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Abstract

CrossMark

Supported Pd catalyst is an important noble metal material in recent years due to its high

catalytic performance in CO, hydrogenation. A fluidized-bed plasma assisted atomic layer
deposition (FP-ALD) process is reported to fabricate Pd nanoparticle catalyst over y-Al,O; or
Fe,03/y-Al,O5 support, using palladium hexafluoroacetylacetonate as the Pd precursor and H,
plasma as counter-reactant. Scanning transmission electron microscopy exhibits that high-
density Pd nanoparticles are uniformly dispersed over Fe,0;/y-Al,O; support with an average
diameter of 4.4 nm. The deposited Pd-Fe,05/y-Al,O5 shows excellent catalytic performance for
CO, hydrogenation in a dielectric barrier discharge reactor. Under a typical condition of H, to
CO, ratio of 4 in the feed gas, the discharge power of 19.6 W, and gas hourly space velocity of
10000 h™', the conversion of CO, is as high as 16.3% with CH;OH and CH, selectivities of 26.5%

and 3.9%, respectively.
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1. Introduction

The increasing emission of carbon dioxide (CO,) causes
serious environmental problems such as climate change and
global warming [1]. To limit its negative impact on our envi-
ronment, several strategies have been investigated, includ-
ing the storage and capture of CO,, direct use of CO, for
food packaging [2], and conversion of CO, into value-added
products [3]. Among them, the reduction of CO, to CO, CH,,
and CH;0H is considered to be a promising process since
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the afforded products are important chemical feedstocks for
the synthetic fuels by the Fischer-Tropsch process and the
synthesis of various chemicals [4]. However, carbon dioxide
is a very thermodynamically stable molecule with a dissocia-
tion energy of 799 kJ mol'. To lower the activation energy
barrier, considerable catalytic systems have been investi-
gated for the reduction of CO, using precious metals [5-8],
transition metal [9], and their compounds [10] as catalysts.
Another effective pathway for CO, conversion is plasma-
based technology [l1]. Generally, the low-temperature
plasma consists mainly of ground or excited atoms and
molecules, positive and negative ions, and energetic elec-
trons (1-10 eV) [12—15]. The high-energy electrons make
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CO, molecules active and are regarded as initiators of highly
reactive chemical mixtures. So, CO, can be converted into
the desired products by adjusting the discharge parameters
[16]. In addition, the introduction of a catalyst into the
plasma-based CO, reduction can improve the conversion rate
as well as improve the selectivity of the desired products [1].
In other words, the synergistic effects of plasma catalysis
can be obtained [17].

Precious metal NPs have received increasing attention in
the field of catalytic hydrogenation of CO, due to their
excellent catalytic properties and excellent chemical stabil-
ity. Palladium (Pd) is one of the most important noble
metals. The traditional method for CO, reduction catalyst
preparation is the wet chemical method [18-20], which
implies that the porous support material is impregnated with
an aqueous solution of the Pd precursor, or the Pd NPs are
reduced in solution by a chemical-reducing agent [21]. It is
well known that the catalytic performance of a catalyst
depends largely on the size and shape of the metal particles
and their distribution on the support; moreover, the interac-
tion between the support and the metal affects the catalytic
activity and selectivity [22]. However, wet chemical meth-
ods not only result in wastage of precursors but may suffer
from poor control of the catalyst structure, leading to a wide
distribution of particle sizes and non-uniform distribution of
catalytically active sites on the carrier. This structural
complexity hinders the improvement of catalytic activity and
selectivity for the desired products of CO, reduction. There-
fore, there is a need to develop a synthetic method to achieve
precisely controlled catalyst synthesis. Over the past two
decades, atomic layer deposition (ALD) has aroused great
interest in the fabrication of precisely controlled heteroge-
neous catalysts [23]. In a typical ALD process, two precur-
sors were alternatively introduced into the deposition cham-
ber separating with the inert gas. Due to the self-limiting
behavior of the ALD surface reactions, the uniform deposi-
tion of the target material can be achieved on flat substrates
or complex three-dimensional structures with high surface
area or high aspect ratio trenches. Various single atoms, the
sub-nanometer cluster (less than 20 atoms), or nanoparticles
have been fabricated on different porous supports by vary-
ing the number of ALD cycles and the deposition tempera-
ture [24]. Pd(II) hexafluoroacetylacetonate [Pd(hfac),] has
been shown to be a good candidate for Pd ALD because of
its high vapor pressure and relatively high thermal decompo-
sition temperature up to 230 °C on the oxide surface [25].
Liang et al used palladium hexafluoroacetylacetonate
Pd(hfac), and formalin as reactants to deposit Pd nanoparti-
cles on ALO; by ALD technique at 200 °C [21]. It was
found that the amount of Pd on Al,O; support and the size of
the Pd nanoparticles were controlled by the number of ALD
cycles and the Pd(hfac), pulse time. Mackus et al investi-
gated how to precisely control the size of the nanoparticles
by ALD in the synthesis of nanoparticles of palladium and
platinum [26]. The results of TEM analysis confirmed that
the size of the synthesized Pd and Pt nanoparticles can be
precisely controlled to the size range relevant to the catalytic
application by controlling the number of cycles of ALD. On

the other hand, the distribution of the particle size also
depends on the experimental conditions. All these results
suggest that the metal ALD nucleation mechanism is crucial
for further improvement in the preparation of controllable
nanoparticle size and uniform distribution of ALD on large
specific surface area supports [27].

The current work aims to prepare Pd-Fe,O; catalysts
over vy-Al,O; support, in which Fe,O; was prepared by
impregnation method using iron nitrate as the precursor, and
Pd nanoparticles were deposited via a fluidized-bed plasma
assisted atomic layer deposition (FP-ALD) using palladium
hexafluoroacetylacetonate [Pd(hfac),] as the Pd precursor.
H, plasma was employed as a reducing agent. Compared to
fixed-bed atomic layer deposition, FP-ALD is capable of
good mixing, large gas-solid contact area, obvious size
reduction of agglomerates, and good particle distribution [28].
Therefore, the high coating efficiency of mass and heat
transfer can be obtained by employing the fluidized-bed
atomic layer deposition. Moreover, the combination of H,
plasma with fluidized-bed ALD makes the Pd deposition
performed at a relatively low temperature (80 °C), which
also contributes to reducing Pd nanoparticle agglomeration.
The y-Al,O; was chosen as the substrate because of its more
robust CO, adsorption capacity and smaller dielectric
constant, which is conducive to the generation of plasma and
thus promotes the activation of CO, molecules [29-31].

2. Experiment

2.1. Catalyst synthesis

10wt% Fe,O; supported on y-Al,O; powder was synthesized
by wet impregnation with iron nitrate (Fe(NO3);-9H,0)
dissolved in water. After adding y-Al,O; to the iron nitrate
solution, the mixture was continuously stirred at room
temperature for 12 h. Finally, it was dried at 120 °C and
calcined at 450 °C for 5 h. The resulting catalyst was labeled
as 10Fe,0;/Al1,0;.

The deposition of Pd nanoparticles over Fe,03/Al,0;
powders (40-60 meshes) was performed in a home-built
vertical FP-ALD reactor, which had been described else-
where [32], and only the main features were outlined here
(figure S1). The deposition chamber consists of a fused silica
tube (50 mm in height and 25 mm in outer diameter) with
the middle enlarged to an outer diameter of 50 mm. An elec-
tric clamshell-type oven was used to heat the deposition
chamber. A silica plate (1 mm thick) with 900 pores (200 pm
in diameter) was fixed on the bottom part of the tube, on
which 1 g 10Fe,03/Al,0; powders were placed. The
Pd(hfac), precursor was placed in a stainless-steel bubbler,
and it was heated to 50 °C to ensure that the precursor vapor
pressure was high enough for Pd deposition. High-purity
(99.999%) Ar gas with a flow rate of 50 standard cubic
centimeters (sccm) was introduced into the bubbler to carry
Pd precursor vapor to the deposition chamber. Ar gas was
also used as the purge gas to remove unreacted Pd precursor
and the volatile byproducts generated during the deposition.
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High-purity H, (99.999%) was employed as the discharge
gas to produce H, plasma with a flow rate of 50 sccm. The
upward gas flows were obtained by introducing Ar and H,
gas streams from the bottom of the FP-ALD reactor. To avoid
v-AlLLO; powders entering the pump line, the upper exit of FP-
ALD reactor was wrapped by a Cu grid (75 um pore size).
Two copper coils with a distance of 60 mm covered the
outside of the reactor tube’s expansion region and served as
the high-voltage electrode and the ground electrode, respec-
tively. The high-voltage electrode was connected to a dielec-
tric barrier discharge power source (HV Power Supply
Source, CTP-2000, Nanjing Suman Plasma Technology Co.
LTD) with a peak-to-peak voltage of up to 30 kV and a vari-
able frequency of 10-30 kHz. Before deposition, we evacu-
ated the deposition chamber down to about 5 Pa. A typical
FP-ALD cycle for Pd deposition consists of the following
sequence: 5 s Pd(hfac), pulse, 10 s Ar purge pulse, 10 s H,
plasma pulse, the second 10 s Ar purge pulse, and 30 W
input discharge power (£;) under a working pressure of
50 Pa. A 60-cycle deposition process was performed over y-
AL)O; and Fe,0;3/y-Al,O3 supports, and the Pd loading
amounts were all found to be ~2%. Based on the loading
masses of metal, the afforded catalysts were labeled as
2Pd/Al,05 and 2Pd-10Fe,05/Al,0s, respectively.

2.2. Characterization

The Pd loading amounts of 2Pd/Al,0; and 2Pd-10Fe,0;/Al,0;
were analyzed by inductively coupled plasma-atomic emis-
sion spectroscopy (ICP-OES) (Puyu, EXPEC 6000). The
crystal structure of the deposited samples was measured by
X-ray diffraction (XRD) (Rigaku, MiniFlex600) with Cu-K,
radiation. The 26 detection range is 30°-80°, with a step of
0.02° and a scanning speed of 4° min~'. The chemical
composition and impurity of the grown Pd were determined
by X-ray photoelectron spectroscopy (XPS) (Thermo, Escalab
250Xi) with a monochromatic Al-K, source (1486.6 eV).
The particle size distribution and elemental profiles of the
deposited samples were determined by scanning transmis-
sion electron microscopy with energy dispersive X-ray spec-
troscopy (STEM-EDS) (FEI Talos F200S).

The reduction properties of the deposited catalysts were
determined by the temperature-programmed reduction
method. A ChemBET Pulsar TPR/TPD automatic chemisor-
ption analyzer (Quantachrome) was used for the test.

2.8. Catalytic performance

The catalytic performance of 2Pd/ALL,O; and 2Pd-
10Fe,05/Al,05 for CO, reduction was evaluated in a dielec-
tric barrier discharge (DBD) reactor at atmospheric pressure,
as shown in figure 1. The DBD reactor consists of a fused
silica tube (inner diameter = 9 mm), a stainless steel rod
(outside diameter = 3 mm) as a high voltage electrode placed
along the axis of the outer tube, and a stainless steel mesh
wrapped around the outer surface of the quartz tube as a
ground electrode. The high-voltage electrode is connected to
a DBD power supply source (HV Power Supply Source,

Figure 1. Schematic diagram of DBD experimental setup for CO,
hydrogenation.

CTP-2000, Nanjing Suman Plasma Technology Co. LTD),
which is able to provide a bipolar sine wave output with a
peak-to-peak voltage of 0-30 kV at an AC frequency of
27.7 kHz. The peak-to-peak voltage and the current applied
to the DBD reactor were measured with a digital oscillo-
scope (Tektronix company, DPO4104) using a high-voltage
probe (Tektronix, P6015A) and a current probe (Tektronix
6021AC). The input discharge power was calculated accord-
ing to the Lissajous method. CO, and H, gas flows regu-
lated by mass flow controllers were premixed and then deliv-
ered to the DBD reactor with a total flow rate of 100 sccm,
corresponding to a gas hourly space velocity (GHSV) of
10000 h™!. A small amount of quartz wool was placed under-
neath the catalyst (100 mg) to allow gas flow and hold the
catalyst powders.

The amounts of gas products (CO and CH,) and liquid
phase products (CH;OH) of CO, reduction were analyzed by
an online gas chromatography (GC, INESA, GCI126N)
equipped with a thermal conductive detector (TCD) and a
flame ionization detector (FID) using a TDX-D1 and HT-
PLOT Q column. In this case, the liquid phase product is
condensed and collected in a cold trap (0 °C) to be extracted
and passed into the chromatography for detection. The
conversion of CO, (Xco, ) is defined as:

les of CO rted
XCOZ(%):mo es o , converte

100. 1
moles of initial CO, x 100 M

The selectivities (S) of the CO and CH, are defined as
follows:

moles of CO produced N

Sco (%) = 00, (2)

moles of CO, converted

moles of CH,4 produced
moles of CO, converted

Scu, (%) = x 100, 3)

the selectivity of liquid CH;OH was calculated by subtract-
ing the selectivities of CO and CH,4 from 100%.

3. Results and discussion

3.1. Catalysts characterization

The crystal structures of the prepared 2Pd/AlLOs,
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10Fe,03/A1,0;, and 2Pd-10Fe,05/Al,05; catalysts were
analyzed by XRD. As shown in figure 2, the diffraction
peaks centered at 45.8° and 66.7° can be assigned to y-Al,O5
(PDF No. 29-0063); the other strong peaks marked at 35.6°
and 54.1° can be ascribed to (100) and (116) planes of Fe,O;
(PDF No. 33-0664), indicating that iron oxide was success-
fully synthesized on y-Al,O; support. It is worth noting that
Pd characteristic peaks at 40.1° for all samples are absent,
since the Pd loading amount is as low as 2%. If Pd content
rises to 10%, an obvious Pd diffraction peak (40.1°) can be
observed, as shown in figure S2.

The chemical composition of the synthesized 2Pd/Al,O;,
10Fe,03/Al,0;, and 2Pd-10Fe,05/Al,05 catalysts was exam-
ined by XPS. A 2-keV Ar" beam bombards the deposited
films for 40 s to remove the surface oxide and adventitious
carbon before XPS measurements. Figure 3(a) shows the
survey spectra of 2Pd-10Fe,0;/A1,0; sample. Photoelectron
emission peaks display the presence of Pd, Fe, Al and O
elements. Figures 3(b) and (c) represent the high-resolution
XPS spectra for the core-level emission of Pd 3d and Fe 2p.
As shown in figure 3(b), Pd 3d spectra depict pairs of spin-
orbit split peaks corresponding to the high-energy Pd 3d;,
band and low-energy Pd 3ds, band. For 2Pd/Al,O; sample,
each peak can be deconvoluted into two sets of peaks of Pd’

—— 2Pd-10Fe,0,
M&W
-
=
& — 2Pd
=y
v
£ —— y-ALO,
2
=
Pd (PDF#46-1043) | |
Fe,0, (PDF#33-0664) |
ALO, (PDF#47-1771) | |
L] L] T L] 1
20 30 40 50 60 70
Two theta (degree)
Figure 2. XRD patterns of 2Pd/AL,O;, 10Fe,0;/Al,0;, 2Pd-

1 0F6203/A]203.

(335.2 and 340.4 eV) and Pd*" (336.6 and 341.8 V), and
these values are consistent with the literature reports
[33, 34]. During Pd precursor pulse, Pd(hfac), would be
chemisorbed on the substrate surface, and then reacted with
H atoms contained within H, plasma, releasing some of the
hfac ligand to convert Pd*" metal ion into Pd’. In the case of
2Pd-10Fe,04/Al,0; sample, the values of Pd*" binding
energy were shifted by 0.5 eV to higher binding energy,
which can be explained by the presence of a strong interac-
tion between the Pd-Fe bimetals. Fe 2p spectra (figure 3(c))
display the 2p;»,—2p;,, double peaks at 711.2 eV and 725 eV
for 10Fe,03/Al1,05 catalyst. When Pd was introduced into 10F
€,03/Al,0;, a less pronounced blue shift can be found,
implying again a stronger binding of electrons to Fe and thus
a higher reduction.

To further investigate the strong interaction between Pd
and Fe,03;, the temperature-programmed reduction measure-
ments for the prepared catalysts were performed on a Chem-
BET Pulsar TPR/TPD automatic chemisorption analyzer. As
shown in figure 4, for 2Pd sample, only one H, consumption
peak centered at 90 °C was observed, and this number corre-
sponds to Pd-O hydrogenation [35]. In regard tol0Fe,0;/
Al,O; sample, three broad H, consumption peaks around
450 °C, 600 °C and 750 °C can be found, which are related
to the reduction of Fe,O; to Fe;0,4, Fe;0,4 to FeO and FeO to
metallic Fe process [36, 37]. Regarding 2Pd-10Fe,03/Al,0;
sample, four clear H, reduction signals were identified: one
located at 220 °C attributable to the reduction of Pd-O, and
the others centered at 360 °C, 600 °C and 750 °C attributable
to the reduction of Fe-O. Compared to 2Pd/Al,O; and
10Fe,03/Al,0;5, the TPR temperature of Pd-O in 2Pd-
10Fe,03/Al,0; was shifted towards higher number (from
90 °C to 220 °C), and that of Fe-O was sharply decreased
(from 450 °C to 350 °C), indicating a strong interaction
between Pd and Fe,0;, which is consistent with the results of
XPS analysis. Consequently, 2Pd-10Fe,03/Al,0; exhibits an
enhanced catalytic activity for CO, hydrogenation, as shown
in catalytic performance section.

STEM-EDS was used to evaluate the 2Pd-10Fe,05/Al,04
catalyst and the experimental results are shown in figure 5.
For comparison, STEM-EDS images for y-Al,O; and
10Fe,03/Al,0; samples are exhibited in figures S3 and S4.
EDS images showed that high-density iron nanoparticles
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Intensity (a.u.)
Intensity (a.u.)
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Figure 3. XPS of 2Pd/Al,0;, 10Fe,03/Al,0;, 2Pd-10Fe,03/AL,0;. (a) Survey, (b) Pd 3d spectra, (c) Fe 2p spectra.
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Figure 5. (a) STEM image of 2Pd-10Fe,05/Al,0;, (b) the particle
size distribution diagram of 2Pd-10Fe,03/Al,0;, (c) distribution of
Fe elements in 2Pd-10Fe,03/Al,0; EDS images, (d) distributions of
Pd and Fe elements in 2Pd-10Fe,03/Al,05; EDS images.

were deposited over y-Al,O; support and distributed
uniformly on the whole y-Al,Os. Figure 5(b) shows that the
high-density Pd nanoparticles were deposited on
10Fe,03/Al,05 support. EDS mapping shown in figure 5(c)
displays that Pd is uniformly dispersed on 10Fe,03/Al,0;
support. The average Pd particle size is about 4.4 nm
obtained from TEM image shown in figure 5(b).

3.2. Catalytic performance

In the following part, the catalytic activity of 10Fe,O3/Al,0;
and 2Pd-10Fe,05/Al,05 for CO, hydrogenation was exam-
ined. Prior to catalytic performance measurements, the DBD
discharge characteristics were evaluated. Figure 6(a) showed
the waveforms of DBD discharge voltage and current with-
out catalyst, where the peak-to-peak voltage and the
frequency are 9.8 kV and 27.7 kHz, respectively. The
numerous peaks in the current curve revealed the typical fila-
mentary discharge characteristic. If the catalyst was intro-
duced into the discharge region, the peak-to-peak voltage
slightly rose to 10.8 kV, while the discharge frequency kept
stable, as shown in figure 6(b). In a filled-bed DBD reactor,
the discharge filaments can only be generated in the small
gaps between the pellet-particle and pellet-quartz walls. As a
result, the average electric field of the catalyst was enhanced
[38]. The discharge power was calculated to be 20 W based
on Lissajous plots in figure 6(c), and the presence of cata-
lyst or not had a negligible effect on the input power.

Figure 7 shows the CO, conversion and the selectivity of
CO, CH, and CH;0H for catalyst samples of bare y-Al,Os,
2Pd/A1203, 10F6203/A1203 and 2Pd-10F6203/A1203 with
H,/CO, ratio of 4 at E;;, = 19.6 W. As can be seen from
figure 7, the addition of a catalyst to the CO, reduction reac-
tor has more or less affected the conversion rate and product
selectivity of CO,. With plasma alone, the conversion of
COZ 1S 6.7%. When ’Y-A1203, 2Pd/A1203, 10F6203/A1203
were added to the reactor, the conversions of CO, slightly
increased (7.6%—10.2%). In comparison, the conversion of
CO, for 2Pd-10Fe,05/Al,0; catalyst was as high as 16.3%.
The possible reason for conversion improvement can be
ascribed to the physical and chemical effects. As Neyts et al
pointed out [15], the introduction of catalysts into the plasma
is able to enhance the electric field, generate the micro-
discharge inside the catalyst pores and change the discharge
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output voltage — output current —— output voltage output current — Blank (Quartz wool)
0.10 —— 2Pd-10F¢,0/ALO,
5000 {0.10 0.4
0,05 — . 40004 55
S 2500 LS 1005 Z£Q 02
- ~ ~
8 E 8 =
s L0.00 580 0 0.00 5 & 0.0
= E= Es
=) = o c B =
S 2500 S B 0.05 5 5 -0.2
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Figure 6. (a) Current-voltage waveform for unfilled catalyst, (b) current-voltage waveform for 2Pd-10Fe,0;/Al,O; filled catalyst, and (c)

corresponding discharge voltage-charge Lissajous plot.
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Figure 7. Effect of different catalysts on the performance of CO,
hydrogenation reaction.

type (physical effect); on the other hand, the addition of cata-
lysts can lower the activation barrier for specific reaction,
increase the adsorption probability of species over the cata-
lyst and alter the reaction pathway (chemical effect). For
CO, hydrogenation over 2Pd-10Fe,03/Al,0; catalyst,
another important effect should be considered besides the
physical and chemical effects mentioned above, that is, the
synergistic effect between Pd and Fe components. In
general, the d-band centers of bimetallic catalysts are closer
to the Fermi energy level and interact more strongly. The
synergistic effect may be the mutual charge transfer between
the d-band centers of transition metals, which are confirmed
by XPS and TPR measurements. As a result, the mutual
charge transfer leads to the enhanced adsorption properties
of CO, and H", promoting the conversion of CO, reduction
effect [39].

The dependence of the product selectivity on different
catalyst samples is further shown in figure 7. When plasma
alone or y-Al,O3; was used, only CO was obtained, suggest-
ing that Pd and Fe,O; are required to convert CO, into the
products of CH;0H and CH,. In contrast, the bimetallic 2Pd-
10Fe,03/Al,0; catalyst could afford a high selectivity of
26.5% for CH;0H and a comparable selectivity of 3.9% for
CH,. These results have clearly demonstrated the synergy of
Pd, Fe,O; and plasma for converting CO, into CH, and
CH;0H.

Figure 8 displays CO, conversion and product selectiv-
ity for 2Pd-10Fe,05/A1,05 catalyst as functions of H, to CO,
ratio. With the total gas flow rate of 100 sccm and the input
energy of 19.6 W, the conversion of CO, increased slowly
from 8.9% to 10.3%, as H, to CO, ratio was raised from 1 to
4. Then, Xco,sharply rose to 16.3% at H,/CO, ratio of 4, as
shown in figure 8(a). The influence of H,/CO, ratio on the
product selectivity has been examined (figure 8(b)). With an
increasing H,/CO, ratio from 1 to 4, Sco decreased linearly
from 92.63% to 73.5%, and Scy,on increased monotonously
from 6.3% to 26.5%. As Chen et al pointed out [40], higher
initial H, content in the feeding gas leads to higher atomic H
density, and higher kinetic electrons. As a result, ionization
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Figure 8. Effects of different H,/CO, molar ratios on methanol
synthesis by CO, hydrogenation.
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Figure 9. Effects of different discharge powers on the synthesis of
methanol by hydrogenation of carbon dioxide.

rates can be expected in favor of higher methane and
methanol number densities.

The effect of the input discharge power (£},) on the
conversion of CO, for 2Pd-10Fe,0;/Al,0; catalyst was
further investigated (figure 9). Xco,increases monotonously
as the input discharge power increases, indicating the essen-
tial role of plasma in CO, reduction. In fact, DBD plasma
contains numerous randomly distributed micro-discharge
pulses (luminous filaments). The breakdown voltage to
generate filaments is considered to be constant for a certain
electrode spacing and a certain gas pressure and composi-
tion, that is, the breakdown voltage may not be changed with
the applied peak-to-peak voltage. However, higher input
discharge power (obtained by increasing the applied voltage)
is able to produce more electrons with sufficient energy.
These electrons generate more active intermediates, which is
beneficial to the conversion of CO,.

Figure 9(b) shows the selectivities of CH,;, CO and CH;0
H as functions of the input discharge power. Scy, keeps
almost constant with increasing FE;,. However, Sco and
Scu,on display a minimum number and a maximum one at
E;, = 19.6 W. From a thermodynamic point of view, the
conversion of CO, into CH30H is an exothermic process.
So, higher input discharge power, resulting in a higher
discharge temperature, has a negative effect on Scy,on. On
the other hand, the positive effect of input discharge power
for CH;0H production very likely comes from the reactions
of electron-based CO, reduction. The competition of the
above negative and positive influence leads to a maximum
value of S cu,on at input discharge power of 19.6 W.

Under the above experimental conditions, we tested the
stability of the 2Pd-10Fe,03/Al,0; catalyst with the highest
CO, conversion, as shown in figure 10. The 2Pd-
10Fe,043/Al,05 catalyst was placed into the CO, hydrogena-
tion reactor for 30 h without stopping, and we collected data
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Figure 10. Stability test chart of 2Pd-10Fe,0;/Al,05 catalyst.

at 2 h intervals. As can be seen from figure 10, the catalytic
performance of the catalyst always remained the same,
which indicates that no carbon accumulation occurred on the
surface of the 2Pd-10Fe,05/Al,05 catalyst under the plasma
action. Therefore, it could allow the catalyst to maintain
good activity and stability all the time.

3.3. The reaction pathway for catalysts

The exploration of plasma-catalyst synergism is a very
complex process, including the gas-phase reactions and the
interacting surface processes. The main gas-phase reactions
concerning plasma-based CO, hydrogenation are summa-
rized in table 1. The interacting surface processes are related
to direct adsorption, Eley-Rideal (E-R) reaction between gas-
phase species and surface-adsorbed species, Langmuir-
Hinshelwood (L-H) reactions, as well as dissociative adsorp-
tion and desorption [41].

In terms of gas-phase reactions, high-energy electron
collisions lead to the dissociation of CO, and H,, in which
the electron collision dissociation reaction of H, (Rl:

e+H, =e+2H) is the most efficient pathway for the
production of H atoms. The electron collision ionization
reaction of H (R4: e+H = 2¢+H") is the most efficient
pathway for H loss of reaction, followed by RI1
(H+H+M=H,+M), R12 (H+O+M = OH+M) and
R13 (O” +H = OH +e¢), where M is a third body to carry off
the excess energy in the reaction process. CO is produced
from the dissociation of CO, (R2: e+CO, = ¢+ CO+0),
and O, is produced directly via electron collisional ioniza-
tion (R3: e+CO, = 2e+0,+C"). The electron collisional
ionization reactions of CO (R5: e+CO = 2e+CO", R6:
e+CO=2e+C"+0, and R7: ¢e+CO=2e+C+0") are
the three main destructive reactions of CO. In addition, R14
(H+CO+M = CHO+M) is also considered one of main
CO loss reactions. The product of CHO is considered to be
an important intermediate in the synthesis of methanol [40].
However, the contribution of the generation reaction associ-
ated with CH;0H is reported in the literature to be about
1072 mol/m, which is much lower than that of the reactions
associated with H and CO (107'° mol/m), so it is necessary to
consider interacting surface processes to transfer a large
amount of carbon and hydrogen into methanol.

Based on the previous reports [42, 43], we make a
reasonable speculation on the reaction mechanism for the
preparation of CH;OH by DBD CO, hydrogenation over 2Pd-
10Fe,0;3/A1,05 catalyst. The main reaction pathways for
CH;0H production are as follows:

(1) C atoms dissociated from the CO, molecule combine
with H, to form hydrocarbons (CH, CH,), and then these
hydrocarbons react with CO, to produce oxygenated
compounds (CHO, CH,0). Finally, the sequential H addi-
tion reaction in CHO produces methanol.

(2) The C and O atoms dissociated from CO, are succes-
sively hydrogenated to produce CH; and OH, respectively,
and finally, the reaction of CH; and OH™ or the hydrogena-
tion of CH,OH produces methanol.

As stated in the above study, it is clear that the first one
is the main pathway for CH3;0H production. The postulated
solid-phase reaction mechanism is shown in figure 11.

Table 11. Chemical reactions and active species in DBD-CO, hydrogenation [44]

Index Reaction formula Rate constant Type Species Density (m™)
R1 e+H, >e+2H - Ground CcO 102
R2 e+C0O, =2e¢+CO+0 - State CO*/H;0" 10'®
R3 e+CO, = 2e+0,+C" - Species H,0"/O /H 107
R4 e+H=2e+H" - Radicals H/O 10%
R5 e+CO = 2e+CO* -

R6 e+CO=2e+C"+0 -

R7 e+CO=2e+C+0" -

R8 H,+OH = H+H,0 1.01 x 1071
R9 0'+H,=H,0"+H 1.7 x 107"
R10 H,0+H, = H;0" +CO, 6.4 x 10716
R11 H+H+M=H,+M 6x10%

RI2 H+O0+M= OH+M 433 x107%
R13 O +H=OH+e 5% 10716

R14 H+CO+M = CHO+M 1.54 x 1074
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Figure 11. Possible main reaction pathways for plasma-induced hydrogenation of CO, in the solid phase.

4. Conclusions

In conclusion, Pd based nanoparticle catalyst has been
successfully deposited by a fluidized-bed plasma assisted
atomic layer deposition technique. With a FP-ALD sequence
of 5 s Pd(hfac), pulse, 10 s Ar purge pulse, 10 s H, plasma
pulse, the second 10 s Ar purge pulse, 30 W input discharge
power, and 80 °C deposition temperature, highly-density Pd
nanoparticles with the average diameter of 4.4 nm, were
uniformly distributed over Fe,05/Al,03 support, according
to STEM-EDS measurements. H,-TPR results suggest a
strong interaction between Pd and Fe,O;. With the loadings
of 2% and 10% for Pd and Fe,05, respectively, the deposited
2Pd-10Fe,05/A,05; shows excellent catalytic activity for
CO, hydrogenation in DBD plasmas. Under a typical condi-
tion of Hy/CO, = 4, E;, = 19.6 W, and GHSV = 10000 h™',
the conversion of CO, is as high as 16.3% with CH;0H and
CH, selectivities of 26.5% and 3.9%, respectively. This
result has clearly demonstrated the synergistic effect of Pd,
Fe,03 and plasma for conversion of CO,.
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