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Thin film-based systems hold enormous potential for atomic-scale control of catalysts and their supports. So far,
there is only limited reactor design with dedicated characterization methods for such catalyst systems. Thus, this
work focuses on designing and prototyping a tailored reactor to characterize thin films catalysts. Herein, an
electrically driven reactor and its virtual replica are designed together in a way to measure and describe the
reaction processes over thin film catalysts. The developed numerical model comprised of coupled fluid-, thermal-
, and chemical reaction models in combination with the well-defined geometry of the prototype allows a fast and

comprehensive testing of novel catalysts systems, which is illustrated by acetylene hydrogenation with a
palladium based thin film catalyst on silicon substrates as first model reaction. A power law model was found to
be most appropriate to describe the kinetics of the corresponding reaction. It is shown that the codesigned virtual
replica offers a strong platform for comprehensive testing and fairly accurate description of thin film catalysis.

1. Introduction

Thin-film technology has proven to allow for both: atomistic control
of bulk and surface of materials, as well as easy and economic upscaling.
This is impressively reflected in photovoltaics, where the current solar
cell records [1] would not be possible without a perfect understanding
and control of interface-state density and bulk quality on the one hand
and up-scaling the technology to 500GW/a in 2021 (PV-magazine) on
the other hand [2]. The transfer of this principle to catalysis shapes the
core mission of the CatLab project [3], in which the development and
production of tailored, thin-film catalysts are the main focuses.

Up to now spray coating, impregnation or sintering are the main
technologies for large volume catalyst production [4,5], on the lab-scale
nano particle growth is intensively studied [6], but due to the high
complexity of the deposition methods, up-scaling is challenging. The
formation of thin films is precisely controllable in crystallography,
composition and homogeneity, suitable for research both in small and
large scale since it is a well-understood technology [7,8], but applying
this approach to catalysis demands new reactor concepts to study the
catalytic properties of these layer systems.

There are limited reactor designs with dedicated characterization
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methods for thin-film catalyst. A variety of catalytic characterization
systems which are designed for powders or monoliths are mostly
packed-bed reactors [9], and few of them own very rare design concepts
(e.g., Jet-Loop). Some studies of thin film catalyst characterisation were
conducted in tubes utilizing a conventional furnace as heat source
[10-12]. However, it is challenging to assess the dead volume and
evaluate the correct temperature on surface of samples [13]. Micro-
channel reactors and monolith reactors prepared by wash coat method
have showed advantages to circumvent this, with high surface to volume
factor, suppression of hot spots and low pressure drop, high conversion
and selectivity [12,14-19]. In both types of reactors, the thickness of the
catalyst films on reactor walls is um scale but are not specified for
catalyst characterization. The monolithic electropromoted reactor
[20,21], a hybrid between honeycomb monolithic reactor and plate flow
cell, is for screening thin film catalyst with the advantage of flexibility in
assembly and dismantling of catalyst coated substrates. Microreactors as
demonstrated by Srinivas et al. [22] offer low dead volume, high surface
to volume ratio, but the fabrication is complex due to photolithography
or polymer synthesis technology [23]. Moreover, the heating supplies of
the previously described reactors are conventional furnaces or cartridge
heaters [14,22,24,25], neglecting an inherent advantage of thin-film

Received 16 February 2023; Received in revised form 18 October 2023; Accepted 23 October 2023

Available online 25 October 2023

1385-8947,/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:cham.trinh@helmholtz-berlin.de
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.146926
https://doi.org/10.1016/j.cej.2023.146926
https://doi.org/10.1016/j.cej.2023.146926
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.146926&domain=pdf
http://creativecommons.org/licenses/by/4.0/

C. Trinh et al.

Fig. 1. Scheme of simulated reactor with the configuration of triple circular
nozzles. Si substrates are displayed as violet colour and the grey one is the inner
of reactor.

catalysts: energy efficient and fast heating by deposition of catalysts on
electrical conductors allowing for direct current electrical heating,
which is the heating concept of the approach described in this paper.

In this work, a reactor design for thin film catalyst activity charac-
terization is proposed. Our reactor concept aims to maximise catalytic
surface area and achieve homogenous reaction conditions by low tem-
perature and pressure gradients, easy fabrication, handling and adaption
to various reaction conditions or analytical instrumentation.

2. Concept and design rules

nm-thick thin film catalyst, which is deposited on substrates (so
called catalyst plates), is the main object of our work. To characterize
our catalysts the reactor design is proposed to:

(1) maximize the active area meaning A(cat) / A(total) = 1 and
minimize dead volume.

(2) provide gradient free operation (radial concentration, tempera-
ture, radial flow velocity, pressure etc.).

(3) well-defined geometries to allow rigorous coupling to numerical
modelling.

Based on this proposal, a small channel design with symmetric face-
to-face catalyst plates was envisioned. The small cross section is able to
fulfil requirement (1) and (2): the dead volume around the corner of the
reactor is eliminated by the round corner design to maximize the active
catalytic area, and the symmetric narrow cross-section enables homog-
enous characterisation conditions and avoid uneven temperature dis-
tribution. And the long channel allows long gas residence time for
characterization. In our design, length and width of reactor was chosen
as 5 cm x 1 cm with a variable spacing of the catalyst plates. According
to this well-defined and robust geometries, the 3-D modelling were then
done to prove the concept, fulfilling requirement (3). More details are
given in the following sections.

Side walls are designed as frame structures with gas-inlet and outlet

Table 1
Governing equations.
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nozzles located at the short sides of the structure. This offers a high level
of modularity, since the frame is exchangeable and can be further
tailored to match a variety of reaction conditions, channel widths or
nozzle geometries. For this concept channel design, nozzle configuration
and diameter have to be optimized to maximize the interaction between
feed gas and catalyst surface. Particularly, nozzle configuration and size,
catalyst plates distance play an important role in generation of disper-
sion [26,27], which is caused by turbulent regime next to inlet nozzles,
and can improve the mixing of feed gases and enhance gas interaction
with the top and bottom catalytic surface. But since homogenous re-
actions are required throughout the whole reactor, the conditions of
formation of this turbulent region and extension needs to be understood
and should be as small as possible.

Additionally, our heating concept, which is direct resistive heating of
the catalyst plates, is included in the numerical model to investigate the
temperature profile of the reactor. The direct current electrical heating
provides a fast and accurately controlled temperature during reaction.
Due to the fast response, temperature deviations can be compensated
quickly. Finally, to investigate the chemical reaction properties, a sur-
face reaction rate-based model is implemented as described in the
following section.

3. Simulation method

We used COMSOL Multiphysics [28] as a platform to simulate the
processes in the designed reactor. Details of the mesh of the simulation
model is given in Fig. Al. As mentioned before, we employed 3 physical
domains to create a virtual replica of the prototyped reactor: computa-
tional fluid dynamics (CFD) for gas flow and distribution simulation,
heat transfer and finally a basic chemical reaction model (transport of
concentrated species) based on surface rate equations. The scheme of
3D-simulated device is shown in Fig. 1. The governing equation, model
assumption and related boundaries are listed in Table 1 and 2.

The gas flow inside reactor was first modelled to study the influence
of nozzle configuration and the reactor geometry on the flow. Three
configurations were investigated: slit nozzle, single circular, and triple
circular nozzles (Fig. 3a). The influence of gas channel height (spacing
between the face-to-face catalyst plates) on gas flow was also investi-
gated. The simulations were performed using the properties of nitrogen
as feed gas in this simulation.

Laminar flow, which is described by the Navier-Stokes equation, was
used to model the flow in the reactor for low and medium flow rates. At
high flow rates of feed gas (>150 ml/min), a turbulent region evolves at
the entrance and a refined turbulent model was employed to simulate
the flow accordingly. Slip at boundaries was neglected for this

Navier Stokes
ot
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p: gas density

u: velocity

u: time-average velocity
p: pressure

p: time-average pressure
w: dynamic viscosity

ur: dynamic viscosity

I: identity tensor

ji: mass flux

D;: diffusivity of specie i
R;: reaction rate of specie i
o;: mass fraction of specie i
T: temperature

k: thermal conductivity
Cp: heat capacity

¢: heat flux

Qyq: viscous dissipation

7: viscous stress tensor
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Table 2
Boundary condition.
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CFD Transport concentrated species Heat transfer
Initial condition u=0,p=0 woi =0 T=297.3K
Inlet Fully developed flow:u = ug w; = Wio T =Tn
At wall No slipu =0 On Si (boundary flux-surface reaction): On Si surface, constant temperature according to testing conditions:T = T¢onst
—n-J; = Jo;; Other walls (no flux):—n-J; = 0
Outlet P =DPout n-p;-DiVw; =0
bl acetylene) is based on a power-law model and is written as [38]:
Table 3

Kinetic parameters from literatures for Pd foil taken from [37-39].

Parameter A x y E, (kJ/mol) A, (m*/mol)
Value 5 x 10° 1.04 —0.66 40 1.26 x 10*
Table 4
Kinetic parameters from literatures for Pd/ y-Al,O3 taken from [40].
Parameter Ay Ay Az Ay (mz/kg)
Value 750.9 x exp(—1§15> 6.74 x exp(171:,32> 3.95 350

simulation. The inlet condition was set by mass flow rate. At the outlet,
back pressure is equal to working pressure (i.e., gauge pressure).

For direct current electrical heating concept, the resistivity of the
silicon substrate is 1.5x102 Qcm. Temperature dependent heat capacity
and thermal conductivity of Si [29,30] were considered. Since the direct
current electrical heating provides a fast and accurately controlled
temperature during reaction (see Fig. A2), a constant-temperature
boundary on the Si surfaces is considered in Table 2.

Chemical reaction modelling was performed to provide an assess-
ment on catalytic performance of the catalyst material in this reactor.
The transport of the reaction species was simulated by transport of
concentrated species model [28], which was coupled with laminar flow
to evaluate the mass transport. The surface reaction was modelled as
flux of reactive species onto the catalyst surface and product flux leaving
the catalyst surface.

For our chosen model reaction, namely acetylene hydrogenation, the
reaction pathway including first the conversion to ethylene and to
ethene subsequently is described by:

CyH, + H, + AS(ads)2C,Hy + AS(ads) 1)
CH, + H, + AS(ads)2C,Hs + AS(ads) 2)

where, AS(ads) is the surface element, which is set to constant concen-
tration during kinetic simulation of the reaction. In this simulation,
acetylene is assumed to first be converted to ethylene, as shown in Eq.
(1), and other products are formed by the consecutive reactions, similar
as Eq. (2). This means for the evaluation of the conversion, only Eq. (1)
was taken into account in the simulation and the conversion results will
be compared with experimental tests, while the selectivity is not
considered in the simulation due to the lack of thin-film characterisation
in the literature.

There are various models to study the kinetic mechanisms for this
reaction, which are described in literature [30-37], and they are not
developed directly based on thin-film catalysts. Nevertheless, consid-
ering that a catalyst supported in different forms of substrates is likely to
behave similarly due to same intrinsic kinetic mechanism, we assume
that some of these reaction rates of acetylene can be adapted to our first
reaction model for thin-film catalysts. In this work, we used two models
to simulate kinetic data. First, a model created for palladium foils
[38,39]; and second, a model for Pd supported on y-Al,O3 developed by
Bos et al. [40].

For the case of a Pd foil, the reaction rate (consumption rate of

: —E, . .
—re, = A X Py X Pey, X exp (ﬁ) (reactions /site/s) 3

where the constant values (pre-exponential factor A, reaction orders x
and y) were determined by fitting the experimental data of Pd foil and
listed in Table 3. Py, and Pg,n, are the partial pressures of hydrogen and
acetylene respectively. E, is activation energy and R, T are Boltzmann
constant and temperature, respectively. The reaction rate is determined
by the unit reactions per active site per second or turn over frequency
(TOF). The total number of active sites on the surface is assumed to be
equal to surface concentration (As,c-mol/mz) of metal atoms multiplied
with the site occupancy number of acetylene on a Pd surface [28,41].
For the first study, site occupancy number is assumed to be 1, meaning
one acetylene molecule adsorbs on one Pd surface atom, thus the surface
reaction rate will be:

Ye,Hy s = YoyH, X Ax.c (mOI/mZ/S) (4)

where A, is taken from literature [37] and listed in Table 3.

The model from Bos et al. [40], derived by CO poisoning studies on
Pd nanoparticles on alumina, holds validity for feeds with or without CO
in the feed gas. The rate expression based on the Langmuir-Hinshelwood
type mechanism can be simplified for the case without CO to:

APy, Pr,
(14 AxPcym,) x (14 A3Py,)

(mol/kg.,/s) 6]

—rcH, =

where, A, Ay, A3 are experimentally fitted terms listed in Table 4.

One should note that this model was developed for pellet catalysts.
The unit of the reaction rate is therefore mol/kgcat/s. In order to adapted
it to thin-film catalyst, in this work, the surface reaction rate for the gas
CoH, is assumed to equal to the reaction rate for the gas CoHy per mass
divided by the active metal surface (As-mz/kgcat):

rc,H,
Teatys =4~ (mol/m* [s) 6)
An overview of all parameters for kinetic simulations is provided in
Table 4. Thus, the simulated conversion of the reaction is calculated as:
NGy, — N Hy o

X oy gimitaed = &)

ey Hy

where, nc,n,,, and ne,n,,, are the total mole flow (mol/s) at inlet and
outlet, respectively.

4. Experimental methods and catalyst preparation
4.1. Pressure drop and heating experiment

Pressure drop inside the reactor is one of the most important integral
factors to assess gas phase processes inside the reactor. Low pressure
drop indicates a low gradient in gas concentration, enabling a homog-
enous concentration of the reactants over the whole reactor, thus this
parameter was determined experimentally using the manufactured
prototype as shown in Fig. 2 and correlated to the developed CFD model.
Before the actual pressure drop measurement, the reactor was filled with
nitrogen until a steady state was reached. During measurements, the
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Fig. 2. (a) 3D sketch of body reactor with structuring frame, 4 metal roots are for electric power connecting and one connection (in middle) for thermocouple. (a)
Manufactured reactor with housing (b) manufactured reactor body assembled Si wafer. The frame of reactor body is made by PEEK. The reactor is symmetric both in
flow and cross-section directions, so the assignment of inlets/outlets can be either side.

(a)

Slit nozzle

Single nozzle

Triple circular

nozzles L

(b)

0.3 mm diameter 1 mm diameter

Fig. 3. (a) (Left) 2D image of simulated device and (Right) Streamlines in case of slit nozzle, single and triple circular nozzles. (b) Streamlines in 2D view for reactor
with 0.3- and 1-mm nozzle diameter. Simulations were done with channel height of 1 mm, the flow rate of 140 ml/min, operating pressure of 1 bar and at room
temperature.
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Table 5
Testing condition.

Chemical Engineering Journal 477 (2023) 146926

Test Pressure drop Heating Catalysts Activity
High conversion condition Low conversion condition

Pressure(bar) 0.5-1.25 1 1 1
Temperature (°C) Room Temperature 100 30,50 19.5-50
Gas N2 Nz CoHy, Ha, N CoHy, Ha, N
Flow rate (ml/min) 30-350 33.7 134.8
Mole ratio 1:30:6.5 1:10:26.5

CyHy: Hy: Ny
Pd area (cm?) 10 5

back pressure was controlled at a constant value, and the volumetric
flow rate (at standard condition) of N5 feed gas was varied from 10 to
350 ml/min. The experiment was conducted at room temperature.
Pressure drop was determined as difference between pressure gauge
readings at inlet and outlet port. The back pressure itself was varied from
0.5 to 1.25 bar.

Integrated electrical heating was implemented in this reactor design.
Identical catalyst plates were directly connected to a constant current
source in series, thus same temperatures are expected for both. The
temperatures were measured by thermal couples touching the rear of the

1,0

catalyst plates at their centre position. An asymmetric heating test, in
which only one Si wafer was heated, was performed additionally to
examine differences in temperature between these two wafers. Due to
the thermal limitation of the frame material (Polyether ether ketone
(PEEK)) for the first manufactured prototype, the target temperature is
set t0100 °C for the test.

4.2. Catalysts preparation and catalytic testing

A 200 nm thick SiNy film was deposited on doped (1.5x102 Qcm) Si

S = 8
[ -} ©

velocity [m/s]

=
N

0,0

Distance from inlet [mm]

Fig. 4. Velocity distribution along reactor at different reactor height (distance between plates). Simulations were done with the flow rate of 140 ml/min, operating

pressure of 1 bar and at room temperature.

T T T T T
241 Simulated data Experimental data
22 Diameter: 0.5 mm = 0.5 bar
201 0.5 bar e 1bar
g sl 1 bar A 1.25bar ,
€.l 1.25 bar
=18 Diameter: 0.4 mm P 7/
S — —05bar ,
S
T12f — — 1bar ’ .
€[ — —125bar ’
3 8
g
o 6
4
2
0

/: 30 ml/min
o
i 90 ml/min
360 ml/min

Standard flow rate (ml/min)

60 120 240 300

360

Fig. 5. (Left) Pressure drops vs standard flow rate of the feed gas with triple circular nozzles. Pressure drop was determined as difference between pressure gauge
readings at inlet and outlet port, and standard flow rate of the feed gas is given at standardized conditions (ambient temperature, absolute pressure 1 atm). Working
pressures in the reactor of 0.5, 1 and 1.25 bar are marked in the graph as black, red and blue colours. (Right) The streamlines for standard volumetric flow rate of 30,
90 and 360 ml/min at operating pressure of 1 bar and room temperature. Simulations were done with channel height of 1 mm, the flow rate of 140 ml/min, operating

pressure of 1 bar and at room temperature.
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Fig. 6. (Top) Conversion and selectivity in case of two Pd/SiN,/Si substrates at
operating temperature of 35 and 50 °C. (Bottom) Si sample after the test. The
left side of Si is near the inlet. Experimental condition is shown in Table 5 for
the high conversion cases.

substrates (5 x 5 cm) by a plasma enhanced chemical vapor deposition.
Afterwards, 3 nm palladium as catalyst was deposited by magnetron
sputtering and tested under acetylene hydrogenation reaction condi-
tions. Since there exists air contact between these two depositions, there
might be a SiNy layer contaminated by a small fraction of oxygen. Before
catalytic testing, a blank test was performed by installing bare silicon
substrates in the reactor. First, argon was purged into the reactor for 30
min at 80 °C, followed by a gas mixture comprising CoHo, Hy and No. The
gas composition at the outlet was analysed by a gas chromatograph (GC,
Agilent 7890) equipped with a capillary column and a flame ionization
detector (FID). Under these conditions, a negligible acetylene con-
sumption could be detected.

Two catalyst coated plates were installed in the reactor, as shown in
Fig. 1. A total feed flow rate of 33.7 ml/min with 2.67 % of acetylene
was used (CaHz:Hz = 1:30, N balance, see Table 5). It is labelled as ‘high
conversion conditions’ in the experiment to distinguish from ‘low con-
version conditions’, since two catalyst plates are applied and N dilution
is lower compared to another set of tests. The operating temperatures
were set to 30 °C and 50 °C. The working pressure was set to 1 bar.

For precise assessment of low-temperature hydrogenation activity of
Pd, conditions yielding only low conversion rates were chosen after-
wards, achieving homogenous product concentration over the catalytic
plate. Therefore, one catalyst plate was replaced by a blind Si substrate,
and the tests were labelled as ‘low conversion conditions’ in Table 5. The
total flow rate was increased to 134 ml/min (with 2.67 % of acetylene)
while the ratio decreased to CoHo:Hy = 1:10 (N5 balance). These con-
ditions yielded conversion rates low enough to validate the reaction
model. For this validation, the temperature was varied between 19.5 and
50 °C.

For each operating temperature, the measurement was repeated five
times of which each period takes about 20 min. CyHy conversion,
selectivity of CoHy and CpHy in the experiments was calculated as

Chemical Engineering Journal 477 (2023) 146926
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Fig. 7. (Top) Conversion and (Bottom) selectivity of the reaction as functions of
temperature. Simulated data for Pd/Al,O3 and Pd foil are also displayed for
comparison. Simulations were done at the same condition of catalytic test for
the low conversion cases (Table 5) and with only one catalyst plate.

follows:
_ NeyHy i = NCyHy (8)
Ko, =
Ny Hy
Iy Hy o
Sepy =———— 9
NGy Hy . = NCoHy o

where n denotes the molar amounts of the gases in the subscript.
5. Result and discussion
5.1. Reactor design visualization

As shown in Fig. 3, the nozzle configuration plays an important role
in controlling the gas flow inside the reactor. The streamlines in the
reactor are described for three different nozzle geometries. One can see
that for single and triple circular nozzles, a region of turbulent flow can
be observed near the inlet. The effect of nozzle geometries is also esti-
mated through the kinetic simulation, yielding a conversion of 19.8 %
for one circular nozzle compared to 18.9 % for the slit nozzle. As
described by these values, the influence of this turbulent region on the
total conversion is rather small. In the laminar flow region of the reactor,
relatively homogeneous distribution of gas velocities and concentration
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(a) Simulated surface reaction rate (mol/m?/s) on plate:

Slit nozzle

Triple circular nozzles

-4

oo <10
9.5 10 10.5 11

(b) Simulated C,H, concentration (mol/m?)

Slit nozzle:

0.8 0.85

(mol/m?/s)

0.9

0.95 1

1.05

Fig. 8. (a) Simulated surface reaction rate on plate for the case of slit nozzle and triple circular nozzles using model for Pd foil. (b) 2D- planes of simulated CoHy
concentration displayed inside reactor. Simulations were done at the same condition of catalytic test for the low conversion case and at temperature of 50 °C. Only
one catalyst plate was taken in this simulation. The catalyst plate is on the top and the z direction is scale to 5 times for clarification.

is established, which supports similar reaction rates in the whole region
(see Fig. 8). Therefore, to achieve the design goal: both high efficiency
and homogenous reaction inside reactor, the triple circular nozzles
configuration was chosen for the device.

The same rule is applied to select the nozzle diameter. As shown in
Fig. 3(b), the smaller the nozzle diameter is, the higher velocity at the
inlet and larger the turbulent region will be. When the nozzle diameter
equals to the channel width (1 mm), turbulences are only observed at
the corners of the reactor at the inlet side. For ease of manufacturing the
prototype, the dimension of the nozzle size was fixed to 0.5 mm for the
prototype.

We also investigated the influence of the height between the catalyst
plates on the flow patterns established in the reactor. As seen in Fig. 4,
the extension of the turbulent flow region is strongly dependent on this
parameter. The turbulent region is shorter for smaller channels, yielding
a significantly larger area with homogeneous flow properties. The flow
velocity profile also demonstrates that velocity is mainly constant along
the reactor in the laminar flow region. However, there is a trade-off
between reducing the space and the pressure drop occurring along the
channel. Since there is no significant difference in the length of turbulent
regime for channel heights of 0.7 and 1 mm, a height of 1 mm was
chosen. The prototype is displayed in Fig. 2.

5.2. Characterization of reactor performance

5.2.1. Pressure drop experiment and modelling

As shown in Fig. 5, the pressure drop in the reactor increases as the
standard flow rate of the feed gas increases and the working pressure
decreases. This is because both the increase of the standard flow rate and
the decrease of the working pressure result in the increase the actual
volumetric flow and consequently a rise of pressure drop in the reactor.
However, very low pressure drops in the mbar range were observed for
all operating pressures even at very high flow rates of up to 350 ml/min.
Experimental and model data follow the same trend and pressure ranges.
The remaining difference between experimental and theoretical values
of 5 mbar for the worst case of 360 ml/min and 0.5 bar working pressure
(corresponding to a deviation of 1 %) is most likely caused by small
variations in size of the real device or accuracy limits of the pressure
gauges used. To illustrate this, we simulated the pressure drop with a
nozzle diameter of 0.4 mm, in addition. One can see that the experi-
mental values lie between the simulation data for nozzle diameters of
0.4 and 0.5 mm, which is consistent with the given explanation.

Following the depicted trend in detail in Fig. 5, one can see that the
curves are divided into two regions: at low flow rates an exponential
dependence of pressure drop on flow rate is observed meanwhile at high
flow rate, where turbulent flow is dominant, pressure drop increases
linearly with flow rate. This observation is in good agreement with the
basics of fluid dynamics, which is also illustrated by the simulated flow
rates, as displayed in Fig. 5 (right). For low flow rates, such as 30 ml/
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Fig. A2. Temperature profiles during one experimental test within 20 h. The
body of the reactor, the top and the bottom Si wafers were first heated up, then
adjusted to the targeted temperature: 60 °C for the reactor body, 100 °C for the
top and the bottom Si wafers with 2 °C difference.

min, laminar flow is dominant. When gas flow rate increases, turbu-
lences form 5-10 mm near the gas inlet, (Fig. 5, right). Due to inho-
mogeneous reaction conditions in these regions, these areas can be
identified on the sample after catalytic testing (as Fig. 6(b)).
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Fig. A3. Carbon balance for the high conversion cases.

5.2.2. Direct current electrical heating

The direct current (DC) electrical heating was experimentally
investigated for the reactor prototype. The DC source was applied to the
catalyst plate via spring loaded connectional pins, as shown in Fig. 2.
After applying electric power, the temperature increased rapidly to set
temperature (100 °C) and remained stable for a testing time of more
than 20 h, as shown in Fig. A2. For the case of symmetric heating (top
and bottom catalyst plate in series connection) the temperatures were
almost identical on both plates (2 °C difference, see Fig. A2). For the
asymmetric case (only one catalyst plate connected to the current
source), a difference of 20 °C was observed. The temperature of the
reactor housing amounted to 60 °C for both cases. In this work, a total
power of only 6 W was needed to achieve a temperature of 100 °C at the
catalyst plates. This low power demand can be even reduced by imple-
menting a thin-film heater concept as described by Kwon et al. [42] in
future.

5.2.3. Catalytic activity

Finally, we report on the first catalytic test using acetylene hydro-
genation as model reaction, and ethylene and ethane were quantified by
GC analysis. Fig. 6(a) shows the conversion and selectivity profile in the
prototype reactor loaded with two catalyst wafers at two different
operating temperatures 35 °C and 50 °C (tests at ‘high conversion con-
dition’ in Table 5). One can see that the conversion reaches nearly 100 %
at 50 °C but only yields very low selectivity, i.e., around 25 %. For the
35 °C case the selectivity of CoHy is around 70 %. In addition, some
oligomers were formed, and green oil was observed on the surface as
well, shown in Fig. 6(b). This observation is consistent with those in
references [32,33,43,44], where acetylene hydrogenation took place in
the presence of ethylene on Pd black and Pd/Al,Oj3 catalysts, resulting in
a deficit in the carbon balance (see Fig. A3). These observations suggest
that hydrogenation of acetylene using Pd/SiNy catalyst also oligo-
merizes acetylene the same as Pd black and Pd/Al,O3 catalysts.

The results of the full temperature series for tests at ‘low conversion
condition’ with one catalyst wafer (see Table 5) are depicted in Fig. 7(a)
and compared to the previously described reaction models for Pd/
v-Al;03 and Pd foil in simulation. The experimental data obtained for
the Pd/SiNy/Si samples used in this study are in close agreement with
the simplified power low model for a Pd foil, suggesting a good coupling
of the simulation model with the real reactor as proposed in the design
criteria. However, more investigations are still needed to obtain addi-
tional experimental data to enhance the accuracy and reliability of the
kinetic modelling.

As shown in Fig. 7(b), selectivity of both C;H4 and CoHg increases
with temperature. This trend was also observed for a Pd(111) catalyst in
some studies [38,39]. For Pd on supports such as Al;03, TiO3 and SiC,
low temperature is in favour of the oligomerization [45,46]. The
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formation of Cy coupling products such as benzene and other oily
products are known and intensively studied, and are, at this point, not of
interest in the reactor cell development aimed for general catalytic
applications.

Fig. 8(a) shows the spatially resolved simulated reaction rate in the
reactor at 50 °C for a slit nozzle and triple circular nozzles applying the
power law rate equation derived from Pd foil experiments [38,39]. In
general, one can see for both designs that the reaction rate increases
along the reactor axis. This is to be expected, due to the negative reac-
tion order of acetylene and the excess of hydrogen in the feed. While the
consumption of acetylene results in a significant increase of the reaction
rate with increased conversion, the concentration change of hydrogen is
negligible. In case of triple circular nozzles, higher reaction rates can be
achieved compared to the slit nozzle case, which in good agreement with
the previously discussed phenomena. At regions near inlet nozzles, feed
gases move with higher velocity causing significant turbulences and
backmixing (see Fig. 5). The backmixing causes a local decrease of the
acetylene concentration (Fig. 8b) resulting in a higher reaction rate due
to its negative order in the power law rate equation. In the radial di-
rection, the reaction rate is lower at the centre of plate, which agrees
with the CyHy concentration showed in Fig. 8(b), in which more CyH,
gas is consumed near edge regions due to lower velocity here. As shown
in Fig. 8(b), for all the planes, the radial CoH; concentration distribution
is quite homogeneous (2 % deviation), which demonstrate that the
reactor fulfils the requirement of design concepts, as mentioned in the
section Concept and Design rules, enabling fast catalytic characteriza-
tion of materials and adaption to other reaction conditions and a variety
of applications (e.g., operando spectroscopic studies).

6. Conclusion

A reactor cell and virtual replica were presented that are suitable for
comprehensively testing the properties of thin film catalysts. The design
was visualized by CFD simulation and characterized by experimental
and numerical models to achieve additional insight in reactor operation.
The virtual replica on the other hand allows to determine the gas flow
profile and assess operation parameter limits under which homogeneous
conditions are maintained inside the reactor. The direct current elec-
trical heating concept allows for a fast and accurately controlled tem-
perature during reaction. Due to the fast response, temperature
deviations can be compensated quickly. Further advantage of direct
current electrical heating is not only the low power consumption but
also the flexibility and mobility of the reactor cell in assembly with
measurement systems. A first catalytical test with acetylene hydroge-
nation as model reaction and thin-film palladium catalyst plates showed
reasonable results in agreement with model predictions. Operating
conditions can be adapted to enable fast kinetic studies as demonstrated.
The reactor is designed to enable fast catalytic characterization of ma-
terials and can be adapted to a variety of applications. The virtual replica
established by the multiphysics model enables in-depth understanding
of the obtained catalytical data and allows comprehensive parameter
studies to find optimized process parameters without the need of large
amounts of catalyst samples.
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Appendix

The mesh was first generated by Physics-Controlled Mesh Method,
then was refined by using boundary layer mesh at two catalyst plates,
resulting in total 555 468 domain elements and 66 552 boundary
elements.

Pre-estimation for sensitivity of the mesh by changing the numbers of
boundary layers from 0, 5 and 10 was carried out. Less than 1 % of
validation results between 5 and 10 layers were observed. Therefore, 5
boundary layers was chosen, as shown in Fig. Al.

The direct current electrical heating concept benefits our reactor cell
and its virtual replica including: 1) fast and accurately controlled tem-
perature during reaction, 2) low power consumption, 3) the flexibility
and mobility of the reactor cell in assembly with measurement systems,
4) and possible adaptions to a variety of applications (operando spec-
troscopic studies).

As shown in Fig. A2, after applying electric power, the temperature
increased rapidly to set temperature and remained stable for a testing
time of more than 20 h, and the temperatures of the top and bottom Si
wafers were almost identical.

Carbon balance was conducted as shown in Fig. A3. Apart from
ethylene and ethane mentioned in the main text, C4 and other products
were estimated. Carbon balance below 1 means that there are many
other higher CyHy in addition to CaHy4, CoHg and C4Hjo.
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