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Introduction

Producing synthesis gas from greenhouse gases has
become an interesting and challenging subject in the
face of issues like global warming and its undesirable
consequences |[l]. Dry reforming of methane
(DRM) is the main process of producing synthesis
gas with a molar ratio of one [2]. Various studies
have investigated ways to improve the performance
and stability of Ni/ALO, as well as its resistance to
coke formation, with the findings indicating the
effectiveness of adding promoters [3]. Due to methane
decomposition and the Boudouard reaction in DRM,
such catalysts are more susceptible to coke formation,
hence reducing catalyst stability to some extent [4].
Adding an appropriate amount of Co results in strong
metal-support interaction, reduces particle size, and
improves resistance to coke formation, thus enhancing
catalytic activity [5]. On the other hand, given its good
oxidation-reduction and oxygen mobility properties,
ZrO, increases the dispersion of carbon and facilitates
its gasification, hence preventing carbon deposition
[6]. DRM is often performed in fixed-bed reactors. In
fixed-bed reactors, catalytic particles have different
sizes, and they are randomly dispersed on the bed.
This leads to the formation of uneven flow patterns
and the formation of hot spots and high thermal
gradients in exothermic reactions, hence significantly
undermining the reactor’s performance. To eliminate
the problems associated with fixed-bed reactors,
Structured reactors have been introduced as valuable
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alternatives in different processes [7]. Microchannel
reactors constitute one specific type of structured
reactors. The use of micrometer scale in the reaction
space, coupled with the thin film of the catalyst, results
in increased mass and heat transfer. Given that, in
microchannel reactors, a thin film of catalyst covers
the metallic surface, the reactor shows a much lower
pressure drop in comparison with the time a fixed-bed
reactor is used [8]. Physical vapor deposition (PVD)
is a novel method for coating various materials. Using
this method, thin films can be physically coated over
the substrates. PVD can assist in creating durable and
high quality uniform coatings which are economical
as well [9]. The current study was an initial attempt to
examine the optimum performance of a Ni-Co/AlO,-
ZrO, catalyst in a microchannel reactor using Physical
vapor deposition (PVD) method for catalyst coating.

Materials and Methods

Catalyst Coating System

Physical vapor deposition (PVD) method was used to
coat the stainless-steel substrates. The main steps of
this method include evaporation of source material,
vapor transfer from the source material to the substrate,
and formation of a thin film over the substrate through
vapor deposition. The benefits of this method are
the control over film thickness and the amount of
material deposition. The movement of the released
vapor from the material to the substrate is stimulated



by the pressure difference. When the vapor released
from the source material reaches the substrate, it
is condensed and transfers its heat to the substrate
changing from the vapor phase to the solid phase. The
coating obtained through evaporation is applied on the
substrate through the germination and growth process.
Gas atoms and molecules that are separated from
the source material and reach the substrate with high
temperature transfer their heat energy to the substrate
and move over it. Their heat energy is eventually lost
and they are adhered to the substrate forming a set of
atomic nuclei over it. As this process continues and
the number of nuclei on the substrate goes up, the
nuclei stick to each other covering the surface of the
substrate in the form of a thin film. At first, prior to the
deposition process, the steel substrates were cleaned
ultrasonically by acetone and double distilled water to
remove any possible dirt. Our PVD deposition facility
is Multimode VAS system, which uses RF magnetron
sputtering mechanism to deposit insulator targets
like ALO, and thermal evaporation for depositing
materials in granule forms. The deposition process
was performed in three steps:

1. Depositing ALO, thin films by RF magnetron
sputtering.

2. Depositing ZrO, thin films by thermal evaporation
3. Depositing Co doped Ni thin films in various Co
percentage using magnetron sputtering method.

Experimental Setup for Catalytic Performance Test
The experimental set up, which was exploited to
explore DRM consists of five main components: the
feeding component, mass flow controller (MFC),
heating rate control (furnace), chemical reaction in
the microreactor, and analysis of the exit flow. All
reactions were carried out under the pressure of 1
atm. In the initial stage of the experiment, all catalyst
samples were reduced using hydrogen. The samples
were exposed to hydrogen at a flow rate of 30 mL/
min with a constant heating rate of 10 °C /min starting
from the room temperature until the temperature
reached 700 °C. At this temperature, the reduction
operation was carried out for 3 hours. Then, the feed
flow replaced the hydrogen flow with a rate of 10 mL/
min. The feed at the microreactor inlet contained CH,,
CO,, He with a molar ratio of 1:1:8. Each test took
around 360 minutes, with samples being taken every
20 minutes.

Characterization of Catalyst Coating

GIXRD Analysis

Figure 1 demonstrates GIXRD pattern in the range 26
=10-80 for the Ni-Co/Al,03-ZrO, thin film at 4 min
deposition time. GIXRD pattern display some peaks at
20 = 33.4, 38.9, and 44.6°, which are related to ALO,
(JCPDS 00-016-0394) thin films. Also, the reflections
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observed at 20 = 17.54, 42.2, and 64.8° are attributed
to monoclinic ZrO, (JCPDS: 00-007-0343). It is
apparent that the diffraction peaks of AL,O, and ZrO,
are detectable in this pattern, confirming the synthesis
of Al,O,-ZrO, composite used as support. Some peaks
are also observed at 20 =44.5, 51.8, and 76.4°, which
may be related to the cubic phase of Ni (JCPDS 01-
087-0712). With regard to the peaks identified for Ni,
the one at 20= 44.5° is regarded as the main peak.
Based on calculations in light of Debye-Scherer
(0.9 /W COS 0 ) and Gaussian fit method, in 4 min
deposition time, Ni crystallite sizes corresponding to
the main peak of Ni were found to be 11.65 nm.
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Fig. 1 The result of GIXRD for the Ni /Al,O,-ZrO, catalytic
film with catalyst coating at 4 min deposition times.

FESEM Analysis

Figure 2 demonstrates FESEM image for 5Co/Ni
weight percentage on scale of 200 nm. The findings
suggest that surface morphology varies due to changes
in Co/Ni weight percentage. In particular, increasing
Co/Ni weight percentage up to 5% results in a more
uniform morphology with more highly dispersed and
small particles can be observed in micrographs. The
synergetic effect of increasing Co/Ni weight percentage
will provide a uniform environment for the nucleation
and growth of metal particles, simultaneously
preventing the agglomeration of metal particles on
the AL,O,-ZrO, surface. Figure 2 demonstrates the
distribution  of Ni-Co/Al,O,-ZrO, nanocatalysts
synthesized by the physical vapor method, estimated
through Image-J software. Considering the sample
with the Co/Ni weight percentage of 5%, more than
95% of the particles are in the range of 5-20 nm,
respectively. In addition, the average particle size of
the sample containing Co/Ni weight percentage of 5%
is 13.9 nm.

Results and Discussion

Figure 3 displays three dimensional surface plots
for the impact of deposition time (t), Co/Ni weight
percentage (X), and reaction temperature (T) on
catalyst deactivation. Carbon deposition and sintering
are the main reasons for catalyst deactivation in DRM
[10].
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Fig. 2 FESEM-surface image of Ni-Co/AlO,-ZrO, catalytic film in Co/Ni weight percentage, 5% magnified on scale 200 nm
with Surface particle size distribution histogram.
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Fig. 3 Three dimensional surface plots for the predicted model of catalyst deactivation as a function of (a) Co/Ni weight
percentage (X) and reaction temperature (T) at 3 min deposition time (b) deposition time (t) and reaction temperature (T) at
the Co/Ni weight percentage of 5%; (C) deposition time (t) and Co/Ni weight percentage (X) at 750 °C reaction temperature.
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6. Gas Chromatograph(GC)

7. Thermal Conductivity Detector (TCD)
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1. Physical Vapor Deposition (PVD)
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Since carbon is formed through Boudouard reaction
(Eq 1), the CH4 decomposition (Eq 2), CO2
hydrogenation (Eq 3), and CO hydrogenation (Eq
4) [11]. From the thermodynamic viewpoint, the
main factor in coke formation at high temperatures
is methane decomposition. Nonetheless, the other
three reactions are more likely to form coke in lower
temperatures. According to Figure (3-a,b), declined
catalyst deactivation is the outcome of raising reaction
temperature. It is thus concluded that high temperature
blocks three exothermic reactions leading to coke
formation. On the other hand, reverse Boudouard
reaction can be applied to eliminate the coke formed
at higher temperature [12]. Figure (3-b,c) also
demonstrates that raising deposition time (t) results
in reduced catalyst deactivation because it leads to
more uniformity and dispersion of the active phase.
As presented in Figure (3-a,c), the increase in Co/
Ni weight percentage up to 5% led to a significant
reduction in the catalyst deactivation. According to
FESEM analysis, demonstrated in Figure 3, as particle
size reduces, more carbon species are available to react
with active CO, and produce CO. This phenomenon
not only advances the main reaction (Eq 5), but
also influences reduction in coke formation through
reverse Boudouard reaction and stability of catalyst
performance. This phenomenon is less notable when
the particle size increases. Therefore, increasing Co/
Ni weight percentage up to 7.5% leads to declined
catalyst lifetime. In DRM, bigger particle size is more
appropriate for coke formation reaction [ 13].

2CO'«+ CO,+C (1)
CH, <> C+2H, (2)
CO,+2H, - C+2H,0 3)
CO+H,<C+HO 4)
CH, +CO, < 2H, + 2CO %)
Conclusions

This study aimed at investigating synthesis gas
production through dry reforming of methane (DRM)
using a microchannel reactor and physical vapor
deposition (PVD) method for catalyst coating. Also the
effect of process variables on catalyst deactivation was
examined. FESEM images showed that In particular,
increasing Co/Ni weight percentage up to 5% results
in a more uniform morphology with more highly
dispersed and small particles. Also, EDX analysis
indicated a proper dispersion and, as confirmed by
the results, the presence of the utilized elements in
this regard. Based on the characterization results, the
optimum condition were registered when the coating
time was 4 min, Co/Ni weight percentage was 5%, and
the reaction temperature was 800 °C. As the results
of the study suggested, using PVD can offer a simple
way to obtain a uniform structure of active phase with
proper dispersion. The findings also suggest that if
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appropriate methods are used for catalyst synthesis,
microchannel reactors can be implemented using a
significantly smaller amount of catalyst to yield better
efficiency and stability compared to other methods.

Nomenclatures
DRM: Dry reforming of methane
PVD: Physical vapor deposition
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