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Abstract: Here, we report a skeletal nickel catalyst prepared by cumulative processing. The Ni, Al,
and CoCrMo multi-component alloys were printed by a dual-powder laser-engineered net-shaping
system, and alloy samples with different components were obtained through high-throughput design.
After leaching in 5 mol/L NaOH at 40 °C for 2 h, the specific surface area of the catalyst increased
with increasing Al content. Increasing the leaching temperature and prolonging the leaching time
also effectively increased the specific surface area of the catalyst. After leaching at 80 °C for 12 h,
the specific surface area was 42.36 m?/g. After cleaning and hydrogen-reduction treatment at 400 °C,
the catalyst showed high catalytic activity. The highest conversion rate of CO reached 89.56%, and the
selectivity of CHy remained above 98% for a long time.

Keywords: clean energy; synthetic natural gas; skeleton nickel; 3D print

1. Introduction

Environmental issues are currently among the main challenges faced by mankind,
and clean energy is receiving widespread attention. As a type of clean energy, synthetic
natural gas (SNG) has attracted much attention, and it is considered to be an effective way to
reduce carbon emissions [1,2]. Additionally, obtaining natural gas through coal gasification
and methanation can more rationally utilize coal resources and meet the demands of the
natural-gas market in coal-rich countries [3,4]. The skeletal nickel-based catalyst developed
by Raney [5,6] has a wide range of applications in the field of SNG. It is low-cost and simple
to prepare, and it shows a good catalytic effect. Skeletal nickel is mainly made from Ni-Al
alloy powders with different compositions, and Al is leached by an alkaline solution to
obtain catalyst powders with a high specific surface area. At present, synthesis of SNG is
mainly completed in fixed-bed reactors. However, local overheating easily occurs in fixed-
bed reactors, and problems, such as the high-pressure drop caused by powder-catalyst
filling, limit production of SNG [7-11].

Methods for preparing catalysts include impregnation, co-precipitation, electrophoretic
deposition, microwave, sol-gel, and deposition techniques, such as chemical vapor de-
position and atomic layer deposition. However, these methods suffer from low loading
levels, the uncontrollable distribution of catalytic species, and low mechanical strength.
In addition, the catalysts produced by these methods have poor mechanical properties and
are prone to vibration, wear, and pollution when the carrier gas flow fluctuates, and they
will block the pipeline in severe cases [8,11-13]. Catalyst material coatings are deposited on
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metal or ceramic support structures by relatively novel coating techniques, such as thermal
spraying and plasma spraying [14,15]. These methods are also limited and can only grow
on substrates with simple geometries, which are not applicable to reactors with complex
structures. Large-scale reactors manufactured by traditional methods cannot be flexibly
modified after completion, and the difficulty of replacing catalysts after failure inevitably
leads to high costs, which is detrimental to the development of related industries [16].
In the field of heterogeneous catalysis, there is a need to improve the adaptability of reactor
designs by reducing the size of chemical plants and using modular designs to reduce
manufacturing and design costs.

Three-dimensional (3D) printing technology has received extensive attention from
researchers because of its advantages in the rapid fabrication of complex-shaped parts.
Three-dimensional printing technology, which is also known as additive manufacturing
technology, is a rapid prototyping technology based on digital model files. Differing from
conventional molding methods, 3D printing produces materials with a certain 3D structure
by layer-by-layer printing [17]. Catalysts prepared by 3D printing can better control and
optimize the product structure, while adjusting the mass- and heat-transfer properties of the
material and reducing the bed pressure drop, increasing the service life of the catalyst [18].
In the energy field, there have been a few reports on the preparation of electrodes [19-22]
and micro-reactors [23-27] using 3D printing technology. In the current field of 3D printing
of catalysts, 3D printing technology is mainly used to fabricate the support structure,
and then the active components are deposited on the framework [23,25-27]. Alternatively,
3D printing can be performed by mixing polymer materials with active ingredients, and the
catalysts are obtained by high-temperature calcination [18,24]. There have only been a few
studies on 3D printing of alloy catalysts, and they have mainly been Raney copper alloys.
Albert et al. [28] used the laser metal deposition technique to prepare a Raney copper
catalyst with low product selectivity. Wasserscheid et al. [29] prepared Raney copper
with an open periodic structure by the selective electron-beam melting technique, which
effectively reduced the bed pressure drop.

Research on skeletal nickel alloy catalysts fabricated by 3D printing has not attracted
much attention. In this study, the laser-engineered net-shaping (LENS) [30,31] technique
with dual powder feeding was used to prepare Ni—Al alloy catalysts (Figure 1). To improve
the CO conversion and product selectivity of the catalyst, a certain amount of the CoCrMo
alloy was introduced because addition of such transition metals has been proven to improve
the catalyst performance [32-35]. Because the types of alloy powders suitable for the LENS
process have not been fully clarified, CoCrMo alloys that have a wide range of applications
were selected as additives in this study [30,31,36]. We compared the CO conversion and CHy
selectivity of the Commercial catalyst CRG-52S (Davy, UK), Ni-Al alloy catalyst, and the
catalyst after adding CoCrMo. We also investigated the effect of different Ni/ Al powder
ratios and different NaOH leaching conditions on the catalyst specific surface area to
better understand the characteristics of 3D-printed skeletal nickel catalysts. Related studies
have demonstrated that the sub-regional packing of catalysts with different properties is
beneficial in solving the problem of localized superheating in fixed-bed reactors [11,13].
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Figure 1. Schematic diagram of the LENS System. (a) Working principle of the dual-powder feeder.

(b) Schematic diagram of the LENS working principle.
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2. Experimental Section

All of the samples were prepared by LENS technology. The average diameters of
the Ni powder and Al-CoCrMo mixed powder were 45 to 100 um (Figure 2). The LENS
system used a 400 W dual-powder feeder 3D printer. The sample was a sheet with a size
of 6 mm x 6 mm and thickness of 1 mm. The process parameters were a laser power
of 250 W, scanning speed of 50 cm/min, layer thickness of 25 um, oxygen content of
<20 ppm, and the hatch was set to 75 pum. Printing was performed with different powder
feeding speeds (Table 1), and the samples were finally cut using wire electrical discharge
machining (WEDM) technology. To test the catalytic activities of different formulations,
the samples with different powder ratios were numbered, and the porous catalytic structure
was obtained by the alkaline-leaching method.

Figure 2. SEM images of the (a) Al power morphology, (b) Ni powder morphology, and (c) CoCrMo
powder morphology.

Table 1. Batch numbers of the samples prepared at different powder feeding speeds.

Powder Feeder Speed (r/min)

Batch Number
Ni Al-CoCrMo
1 2 2
2 2 3
3 2 4
4 3 2
5 4 2

The Al-CoCrMo mixed powder used in 3D printing was a mixture of Al powder and
CoCrMo alloy powder. The powder feeder used the LENS system to transport the powder
at speeds of 14 and 6 r/min under the no-laser condition. The powder was completely
mixed in the mixing chamber before reaching the nozzle, and it was finally sprayed and
collected through the nozzle.

Batches 1-5 were added to 5 mol/L NaOH solution and soaked at 40 °C for 2 h.
The surface areas of the different batches were determined by the N, physisorption method
and evaluated by Brunauer-Emmett-Teller (BET). Batch 3 was also leached in 5 mol/L
NaOH at different temperatures and for different times (Table 2).

The BET surface area was measured by a surface area analyser (ASAP2460, Micromerit-
ics, Atlanta, GA, USA), and the surface morphology of the sample after leaching was
analysed by scanning electron microscopy (SEM) (JEB6510, JEOL, Tokyo, Japan). Batch 3
of the 3D printing powder was analysed by X-ray fluorescence (XRF) spectroscopy (ZSX
Primus 1II, Rigaku, Tokyo, Japan), and the printed flake sample of batch 3 was analysed by
SEM/ energy dispersive spectroscopy (EDS) (SU8100, Hitachi, Tokyo, Japan) to determine
the composition of the 3D printing alloy catalyst.
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Table 2. Leaching temperatures and times in 5 mol/L NaOH.

Temperature (°C) Leaching Time (h)
40 2
40 6
40 12
40 18
20 2
60 2
80 2
80 12

The activity of the catalyst was measured on an adiabatic fixed bed. The catalyst was
placed in a stainless-steel reaction tube. Pure hydrogen was fed at a flow rate of 200 mL/min
and pressure of 0.1 MPa. The programmed temperature rise rate was 1 °C/min, and a
constant temperature reduction was performed at 400 °C for 4 h. The catalyst was then
naturally cooled to 240 °C. The pressure was first slowly increased to 3 MPa with nitro-
gen. The activity was then evaluated under conditions of H,:CO = 3:1, a Hj flow rate
of 300 mL/min, CO flow rate of 100 mL/min, space velocity of 15,000 h~!, and reaction
temperature of 260280 °C, and the activity data were collected after the evaluation temper-
ature was stable. A gas chromatograph was used to analyse the product (7890B, Agilent,
Palo Alto, CA, USA).

3. Results and Discussion

The specific surface areas of the samples with different ratios after alkali leaching
were determined by BET analysis. After leaching with an alkali solution at 40 °C for 2 h,
the specific surface areas of the samples significantly changed (Figure 3a). After alkali
treatment, batch 3 with the highest Al content had the largest specific surface area, whereas
batch 5 with the highest nickel content had the smallest specific surface area. Therefore,
the Al content directly affected the surface area after alkaline leaching.

For alkaline leaching of batch 3, we found that as the leaching time increased, the spe-
cific surface area of the sample significantly increased. After leaching for 18 h, the specific
surface area of the sample reached 11.35 m? /g (Figure 3b). This shows that extending the
alkali leaching time can make Al and NaOH more fully react and effectively increase the
specific surface area of the sample.

Using batch 3, we increased the alkali leaching temperature. With increasing tempera-
ture during alkali leaching, the specific surface area of the processed sample significantly
increased. When the treatment temperature was 80 °C, the specific surface area reached
29.33 m? /g (Figure 3c). Finally, we extended the treatment time to 12 h at 80 °C. There
was no obvious bubble formation on the surface of the sample, and the Al element on
the surface of the sample was removed. The specific surface area of the sample reached
42.36 m?/g. This also shows that the Al starts to be severely depleted in the leaching of
2 h, and the dealloying process slows down in the following 10 h. The main reason for this
result is that the efficiency of the 3D printed skeleton structure during alkali leaching is
lower than that of the powdered skeleton catalyst, and the diffusion efficiency is effectively
improved by increasing the temperature during leaching. More severe leaching conditions
can promote the performance of the catalyst. With the increase of the leaching temperature
and the increase of the leaching time, the specific surface area of the catalyst changes more
obviously. The study by Lee et al. showed that more severe leaching conditions have a
promoting effect on catalyst activity and CHy selectivity [37].
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Figure 3. (a) Specific surface areas of the different batches leached at 40 °C for 2 h. (b) Specific surface
areas of batch 3 at 40 °C for leaching times of 2, 6, 12, and 18 h. (c) Specific surface areas of batch
3 leached at 20, 40, 60, and 80 °C for 2 h. (d) Specific surface areas of batch 3 leached at 80 °C for
2 and 12 h.

After alkali leaching treatment at 40 °C for 2 h, the surface morphologies of the
different batches were greatly different (Figure 4). The surface of batch 1 had a large convex
structure, and the overall surface was completely filled without obvious gaps (Figure 4a).
Batch 2 was prone to granular protrusions, and the overall surface unevenness was different,
with a large number of holes (Figure 4b). The surface of batch 3 was composed of petal-like
protrusions, with large holes formed on the surface, and there were obvious ravine-shaped
stripes (Figure 4c). The size of the convex structure on the surface of batch 4 significantly
increased (Figure 4d), and the surface of batch 5 showed densely arranged scales (Figure 4e).
The surface structure of batch 3 was more complex and had a larger specific surface area.

After batch 3 was treated by alkali leaching at 60 and 80 °C for 2 h, SEM observation
showed that the surface pore density of the sample alkali treated at 80 °C was significantly
higher than that of the sample processed at 60 °C (Figure 5b). The sample alkali treated
at 80 °C showed obvious spongy structures (Figure 5d) with only thin-walled structures
between the pores. This shows that the various powders were uniformly mixed during the
preparation of the sample, Al was evenly distributed in the sample, and uniform pores can
be formed by alkali leaching treatment.
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Figure 4. Structures of the different batches soaked in 5 mol/L NaOH solution at 40 °C for
2 h. (a)Batch 1 (Ni:Al-CoCrMo = 1:1). (b) Batch 2 (Ni:Al-CoCrMo = 1:1.5). (c) Batch 3
(Ni:Al-CoCrMo = 1:2). (d) Batch 4 (Ni:Al-CoCrMo = 1.5:1). (e) Batch 4 (Ni:Al-CoCrMo = 2:1).

SEI  10kV  WDSmm  $S30 SEl 10kV  WDSmm  SS30 X5,000  5um

Figure 5. (a) Structure of batch 3 after leaching at 60 °C for 2 h. (b) Surface pores of the sample after
leaching at 60 °C. (c) Structure of batch 3 obtained by leaching at 80 °C for 2 h. (d) Surface pores of
the sample after leaching at 80 °C.
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Batch 3 was leached in 5 mol/L NaOH at 40 °C for 6, 12, and 18 h (Figure 6). As the
treatment time increased, the size of the surface pores of the alloy also increased. The Al
on the surface was continuously dissolved during leaching, gradually exposing the active
components. After leaching the alloy at 80 °C for 12 h, there were no obvious air bubbles,
a large number of convex structures, and the active components were fully exposed on the
surface (Figure 6d).

—_—

SEI  10kV WD6mm $830 X5,000 spm — SE| 10KV WDSmm §530

Figure 6. SEM images of batch 3 after leaching in 5 mol/L NaOH at different temperatures for
different times. (a) 40 °C for 6 h. (b) 40 °C for 12 h. (c) 40 °C for 18 h. (d) 80 °C for 12 h.

After dealloying, a large number of pore structures were produced on the surface
of the catalyst, but the overall structure of the catalyst remained good, and the internal
structure was intact. This indicates that the alloy catalyst prepared by the 3D printing
method can maintain structural integrity. Compared with the impregnation method,
this characteristic can take into account the mechanical properties of the catalyst, which
can optimise the wear and shedding of the surface layer of the catalyst prepared by the
coating method [20]. Preparing monolithic catalysts by the 3D printing method has great
advantages in improving the catalyst durability and reducing product contamination.

Actual XRF test results are biased compared to the nominal powder composition.
This is due to the presence of impurities in the powder. At the same time, the powder
mixed by the powder feeder is partially mixed unevenly. By comparing the XRF (Table 3)
and EDS (Figure 7) results of the 3D printing powder and alloy, the mass fraction of each
element showed a certain change during the 3D printing process. Among the elements,
Al showed obvious mass loss, whereas the mass percentages of the other elements increased.
This is because Al has a lower melting point than Ni and CoCrMo alloys. The melting
point of Ni (1455 °C) is much higher than that of Al (660.4 °C). During printing, Al vapour
is generated instead of staying in the molten pool, which causes a greater loss of Al [31].
In the skeletal nickel catalyst, the loss of Al will greatly affect the specific surface area of
the catalyst after dealloying.
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Table 3. Element mass percentages of batch 3 determined by XRF analysis.

XRF Nominal
Element Mass% Mass%
Al 59.13 64.00
Ni 34.06 32.00
Co 1.87 2.60
Cr 1.49 1.20
Mo 0.46 0.20
others 0.30 _
2.6
24F Ni Element | Mass¥] | Atom[#]
220 | A Al 1589 | 3059
20LC Ccr 8.37 7.86
18L Co 2071 | 1717
16L Ni 5214 | 4341
o 141C Mo 191 0.96
3 12f
0.8} !

"0 1 2 3 4 5 6 7 8 9 10
Energy[keV]

Figure 7. EDS spectrum of batch 3.

Signal(a.u.)

The dealloyed catalyst showed reductivity in the Hy-TPR test (Figure 8). With in-
creasing temperature, the H; reduction peak reached 570 °C, and NiO was reduced in this
range. The second reduction zone appeared between 750 and 850 °C, which is similar to the
reduction curve of the Ni/Co catalysts studied by Chen et al. [34], indicating that addition
of Co affects the reducibility of Ni catalysts.

200 400 600 800
Temperature (C)

Figure 8. H,-TPR test results of the alloy catalyst heated at 10 °C min~! with 10% Hy/ Ar gas mixture.

Chromatographic analysis of the products showed that the catalyst was activated
at 400 °C. When the specific surface of the 1Ni-2Al/CoCrMo alloy catalyst reached
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42.36 m2/ g, the reaction started at 260 °C. The CO conversion rate reached 89.54% af-
ter 1 h of reaction. It then gradually decreased as the reaction progressed, and the CO
conversion rate remained above 60% until 300 min. It decreased to 45.06% at 310 min,
and the catalytic activity was significantly lost (Figure 9a). After 250 min, the activity of
the catalyst showed a slight increase, which indicated that some of the active sites were
reactivated under the action of H; as the reaction progressed. The highest CO conversion
rate of the pure Ni catalyst was only 47.98%, it remained above 40% from 120 to 340 min,
and the CO conversion rate was generally lower than that of the 1Ni-2Al/CoCrMo alloy
catalyst (Figure 9a). This indicates that the addition of the CoCrMo alloy is beneficial
for the improvement of the CO conversion rate and catalytic efficiency of the Ni catalyst.
The CO conversion of the commercial catalyst (CRG-52S) in the initial stage of the reaction
was 39.6%, and with the increase of reaction time, it could reach 89.95% at 260 min and
remained stable. The CO conversion rate of the commercial catalyst after stabilization
is higher than that of the catalyst prepared by 3D printing technology, which is due to
the larger specific surface area, more exposed active sites, and wider distribution of the
commercial catalyst [28].

100%

100%f ~

— 1Ni-2Al/CoCrMq

80% —— 1Ni-2Al
CRG-528 5 80% //—/_/_\
S 5
o
S RRo0l 5 60%
g =
>
2 a0% K B ”
g o 40% —— INi-2AICoCrMo
5 & —— 1Ni2Al
© 20%} 20% CRG-52S
oL
0% 1 1 1 1 0% I L ! !
0 100 200 300 400 500 0 100 200 300 400 500
Time(min) Time(min)
(a) (b)

Figure 9. (a) Conversion of CO for 310 min. (b) Selectivity of CHy4 for 310 min.

As the reaction progressed, the CHy selectivity of the 1Ni-2Al/CoCrMo alloy catalyst
began to stabilise at 20 min, reached 100% from 40-50 min, and remained above 98%
until the end of the reaction (Figure 9b). This shows that the catalyst has good CHy
selectivity in CO hydrogenation. For the pure 1Ni-2Al alloy, the selectivity of CHs was
maintained at 80-90% for 110-370 min, and the stability was significantly lower than that
of the 1Ni-2Al/CoCrMo alloy catalyst. This may be the result of the multiple effects of the
transition metal elements Co and Mo, both of which improve the methane selectivity [33,34].
Compared with the single Ni catalyst, this complex multi-component catalyst can effectively
improve the selectivity of CHy and inhibit the occurrence of side reactions. However,
the catalysts from the LENS process showed a slight improvement in CHy selectivity over
commercial catalysts, indicating that the multicomponent alloy catalysts have a greater
advantage in CHy selectivity.

4. Conclusions

In this study, we investigated the possibility of using LENS technology to prepare
Ni-Al-CoCrMo alloy catalysts and reached the following conclusions:

1. With increasing Al content, the specific surface area of the alloy after leaching in
NaOH solution significantly increased. Increasing the leaching temperature and prolonging
the leaching time effectively increased the specific surface area of the catalyst. After leaching
with 5 mol/L NaOH at 80 °C for 12 h, the dealloying process was basically complete, and the
specific surface area of the catalyst reached 42.36 m?/g.

2. Through analysis of the composition of the 3D printing powder and alloy, we found
that Al mass loss was obvious during the 3D printing process, and the very large difference
in the melting points of Ni and Al was the main cause for element loss. The loss of Al
seriously affected the specific surface area of the catalyst after dealloying.
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3. The activity of the catalyst was the highest at 60 min, and the CO conversion rate
reached 89.54%. With time, the conversion rate decreased to around 60%, and the conver-
sion rate significantly decreased after 310 min. Some active sites were activated by H, when
the reaction progressed to 250 min, and the catalytic performance temporarily improved.

4. During the reaction process of the catalyst, the CHy selectivity reached a stable
state at 20 min, and it remained above 98% or even 100% for a long time. Addition of the
transition metal elements Co and Mo and the composition of the composite catalyst had
positive effects on the catalytic performance.

We initially investigated the possibility of using LENS technology to develop a new
type of scaffold Ni catalyst. Taking advantage of the unique advantage of the rapid
preparation of different component materials, we developed Ni-Al-CoCrMo alloy catalyst
preparation technology for methanation synthesis. In addition, the nickel alloy catalyst
prepared in this study can be used in the manufacture of the porous honeycomb structure,
which provides a new way for the design and production of a new SNG reactor. However,
the process parameters and catalyst composition still need to be further improved, and how
the problem of Al loss in the preparation process can be solved still needs to be further
investigated. At the same time, catalyst deactivation and related research are also issues
that need attention. We will consider the effect of carbon deposition and sulphur poisoning
on catalyst deactivation in future research. Research on the recyclability of deactivated
catalysts and the recovery of spent catalysts will also be our next steps.
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