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Abstract: Atmospheric pressure cold plasma is an environmentally friendly and novel method to
synthesize supported metal catalysts, which usually uses active hydrogen species to reduce metal
ions. Ethanol is a hydrogen-rich renewable liquid hydrogen source, and it is more convenient
to store and transport than H,. In this study, a “storage-discharge” ethanol cold plasma was
used to prepare Pd/Al,O3-EP catalysts, and the obtained catalysts are used for CO oxidation.
The complete oxidation of CO temperature (T1op) over Pd/Al,O3-EP was 145 °C, which was
comparable to the performance of Pd/Al,O3-HP that was synthesized by atmospheric pressure
hydrogen cold plasma. Pd/Al,Os-EP-C obtained by calcining Pd/Al,O3-EP at 450 °C for 2 h in
air atmosphere in order to remove residual carbon species showed much higher CO oxidation
activity, and T1gp was 130 °C. The Pd/Al,O3 catalysts were characterized by X-ray diffraction (XRD),
X-ray photoelectron diffraction (XPS), Brunauer-Emmett-Teller (BET), and transmission electron
microscopy (TEM), and the structure-performance relationship was analyzed. The results indicate that
the “storage-discharge” ethanol cold plasma can reduce the Pd precursor ions into metallic Pd state,
and the dissociation of ethanol forms lots of highly active chemisorbed oxygen species, which can
enhance the performance of Pd/Al,O3-EP for CO oxidation. In contrast, Pd/Al,O3-EP-C shows much
higher CO oxidation activity, which is mainly attributed to the removal of the residual carbon species,
and the exposure of more Pd active sites and chemisorbed oxygen species. The “storage-discharge”
ethanol cold plasma is a safe and efficient novel method for synthesizing supported Pd catalysts,
and it has important potential for the preparation and application of supported metal catalysts.
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1. Introduction

Atmospheric pressure (AP) cold plasma has gained increasing attention in the preparation
of supported metal catalysts. AP cold plasma has low electron energy, so it is required to add
hydrogen-containing gases (H;, NHj, etc.) into the working gas. The metal ions can be reduced
by the active hydrogen species generated by the hydrogen-containing gases during the discharge
plasma [1-4]. When compared to low pressure (LP) cold plasma, the active hydrogen species in AP
cold plasma demonstrate a much stronger reduction ability and lower preparation cost without using
the sophisticated and expensive vacuum system [5]. AP hydrogen cold plasma is widely used in the
synthesis of supported metal catalysts [2,6,7], but the gaseous hydrogen has caused severe storage and
transportation problem. Ethanol, as a potential liquid hydrogen carrier, exhibits superiority in high
catalytic energy density, high calorific value, non-toxicity, easy storage, and strong practicability. It has
become a hot spot for researchers to study hydrogen production from liquid fuel [8-11].
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Various technologies have been applied to produce hydrogen from ethanol reforming, such as
steam-reforming, catalytic reforming, and water electrolysis. However, these technologies have
certain limitations. For example, steam-reforming demands high temperatures, catalytic reforming
requires high-efficiency catalyst assistance, and water electrolysis needs high energy cost for hydrogen
production. As a fast, simple, and green method, hydrogen production by ethanol reforming using
plasma shows many advantages. Zhou et al. [12] employed non-thermal spark plasma discharges to
rapidly and selectively reform ethanol at low temperature (<40 °C) without using a catalyst. By using
this method, ethanol was effectively reformed into H, with a high H; yield (H, content > 90%)
at a low energy consumption (~0.96 kWh-m~3 Hj). Meanwhile, valuable carbon dots (CDs) were
also generated during the ethanol reforming process. Ulejczyk et al. [13] used dielectric barrier
discharge (DBD) in order to produce hydrogen from a mixture of water and ethanol. The results
showed that the conversion of ethanol was 71%. The cooling-off gas consisted 48-56% hydrogen and
17-21% carbon monoxide, and the energy yield of hydrogen production can reach 6.15 molH, kWh!.
When compared to the catalytic reforming of ethanol method, the application of plasma can avoid
the deposition of soot on the catalyst, which may reduce the reforming efficiency. Bardos et al. [14]
obtained hydrogen-rich syngas through immersing a pulsed DC discharge plasma in ethanol and water
mixtures. The results showed that a syngas with 60% hydrogen can be generated at 250 sccm outflow
rate, corresponding to a hydrogen production efficiency of 12 kWh-kg~! H,. In addition, liquid pulse
discharge, which combines the advantages of pulse discharge and liquid phase discharge, was also
employed to reduce the energy consumption of hydrogen production. Xin et al. [15] adopted pulsed
spark discharge with needle-balls configuration to produce hydrogen from ethanol-water mixtures.
The results proved that when the pulse discharge voltage peak is 30 kV, the hydrogen flow rate can
reach 1100 mL-min~! with the energy yield of 141.3 gH,-kWh~!. The above researches have shown
that ethanol reforming by plasma to produce hydrogen has important application value. Based on this,
Di et al. [1] developed an AP DBD cold plasma method while using ethanol as the source of active
hydrogen species to treat a Pd/P25 precursor to prepare Pd/P25-EP. The Pd/P25-EP catalyst was further
calcined in an air atmosphere at 300 °C for 2 h to removal the residual carbon species formed by ethanol
dissociation in cold plasma, and it was recorded as Pd/P25-EP-C. The results illustrated that, when the
reaction temperature was 120 °C, the turn over frequency (TOF) value of Pd/P25-EP-C is 3.1 times
as that of the Pd/P25-HP synthesized by hydrogen cold plasma. However, the performance of the
as-prepared Pd/P25-EP is poor. Di et al. [16] further adopted the successive AP ethanol cold plasma to
synthesize Pd/C catalysts. The results indicated that excessive residual carbon species may inhibit CO
oxidation over the catalyst. Therefore, if a “storage-discharge” ethanol cold plasma method instead of
the successive method can be developed and employed to synthesize supported metal catalysts, it will
be competitive.

The “storage-discharge” method has been used in the preparation of catalysts and the removal of
volatile organic compounds (VOCs). Zhang et al. [17] prepared a supported TiO,/y-Al,O3 photocatalyst
using a cyclic “adsorption-discharge” method. During the process, TiCly was adsorbed on the y-Al,O3
pellets and then subjected to plasma treatment. The obtained TiO,/y-Al,O3 photocatalyst showed
stronger adhesion to the support, as compared with conventional plasma chemical vapor deposition.
In addition, the “storage-discharge” process has also widely used for removing VOCs [18-23]. The VOCs
can be effectively removed by the synergy of the packed catalysts and the plasma. In addition,
when compared with the continuous discharge process, “storage-discharge” can significantly reduce
energy consumption.

In this work, Pd/Al,Os catalysts for CO oxidation application were synthesized by a
“storage-discharge” ethanol cold plasma method, and the structure-performance relationship was
discussed. The Pd/Al,O3-EP that was prepared by “storage-discharge” ethanol cold plasma and
Pd/Al,O3-HP synthesized by AP hydrogen cold plasma exhibited similar performance for CO oxidation,
and 100% CO conversion temperature (T1qp) over them was 145 °C. Pd/Al,O3-EP shows high CO
catalytic oxidation activity, mainly attributed to the fact that the “storage-discharge” ethanol cold
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plasma can reduce the Pd precursor ions into metallic Pd, and much chemisorbed oxygen species
were formed by ethanol dissociation. Pd/Al,O3-EP-C was further obtained by calcining Pd/Al,O3-EP
at 450 °C for 2 h. More Pd active sites and chemisorbed oxygen species, beneficial to CO oxidation,
are exposed and formed due to the thermal removal of the residual carbon species. Therefore,
Pd/Al;O3-EP-C exhibits much higher performance for CO oxidation and Ty was decreased to 130 °C.

2. Results and Discussion

Figure 1 illustrates the X-ray diffraction (XRD) patterns of Pd/Al,O3-EP, Pd/Al,Os-EP-C,
Pd/Al,O3-HP, and Al,Os support. There are four characteristic diffraction peaks of Al;O3; support
at 32.8°, 37.3°, 45.9°, and 67.2°, as shown in Figure 1 (JCPDS No. 04-0877). As a result of the
covering effect of Pd species, the characteristic diffraction peaks of Al,Os support in Pd/Al,O3-EP,
Pd/Al,O3-EP-C, and Pd/Al,O3-HP are reduced to some extent. It can be seen from the XRD patterns
of Pd/Al,O3-EP, Pd/Al,O3-EP-C and Pd/Al,O3-HP that there is no obvious characteristic diffraction
peak of metal Pd, which may be ascribed to the high dispersion of Pd nanoparticles on the surface
of the Al,O3 support [24-27] and (or) the low Pd content of the samples [28]. The XRD pattern of
Pd/Al,O3-EP-C shows three diffraction peaks at 33.9°, 41.9°, and 54.8°, corresponding to the (101),
(110), and (111) crystal planes the tetragonal PdO structure (JCPDS No. 41-1107), which is in line with
the transmission electron microscopy (TEM) results (Figure 2). It suggests that some oxidized Pd
species in Pd/Al,O3-EP-C are formed due to the calcination at high temperature in air atmosphere.
Baylet et al. also observed a similar phenomenon [29].

Figure 2 illustrates the TEM images and histograms of the size distribution of Pd/Al,O3-EP,
Pd/Al,O3-EP-C, and Pd/Al,O3-HP, and Table 1 summarizes the relevant data. The Pd nanoparticles in
Pd/Al,O3-EP and Pd/Al,O3-HP show high dispersion on the Al,O3 support, as shown in Figure 2. It can
be seen from Table 1 that the Pd nanoparticles average sizes (Dmean) in Pd/Al,O3-EP, Pd/Al,O5-EP-C,
and Pd/Al,O3-HP are 3.2 + 0.4, 3.7 + 0.6, and 3.0 + 0.5 nm, respectively. The calcination process
at 450 °C under air atmosphere is the main reason for the increase of the Pd nanoparticles size
in Pd/Al;,O3-EP-C. From the images obtained by HRTEM, it can be seen that all the Pd/Al,O3-EP,
Pd/Al,O3-EP-C, and Pd/Al,O3-HP contain Pd(111) crystal planes corresponding to the face-centered
cubic structure with the interplanar spacing of 0.225 nm. In addition, Pd/Al,O3-EP-C contains PdO(101)
crystal plane with the interplanar spacing of 0.265 nm. The HRTEM of Pd/Al,O3-EP-C shows that
there are many mismatch dislocations that are caused by stress at the junction of Pd(111) and PdO(101)
crystal planes, and the lattice mismatch degree is 17.8%. Zhang et al. [30] claimed that the surface
oxidation of Pd nanoparticles started from the edge sites that have atomic steps or vertices, exhibiting
a crystallography preference that proceeded faster on Pd(111) surface.
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Figure 1. X-ray diffraction (XRD) patterns of Pd/Al,O3-EP, Pd/Al,O3-EP-C, Pd/Al,O3-HP, and the
Al,O3 support.
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Figure 2. Transmission electron microscopy (TEM) images of (a) Pd/Al,O3-EP, (b) Pd/Al,O3-EP-C,
(c) Pd/Al,O3-HP, and the corresponding histograms of size distributions of the Pd nanoparticles and
HRTEM images (insets).

Table 1. Brunauer—-Emmett-Teller (BET) results of the Al,O3 support, Pd/Al,O3-EP, Pd/Al,O3-EP-C,
and Pd/Aleg-HP

Sample Sger (m%.g1)  Vp (em3g1) Dp(nm) Dpg (nm)
Al,O3 196.0 0.508 7.92
Pd/Al,O3-EP 203.8 0.434 7.92 3.2
Pd/Al,O3-EP-C 187.8 0.471 7.90 3.7
Pd/Al,O5-HP 196.3 0.438 7.94 3.0

N, adsorption—desorption characterization analysis was adopted to explore the porous structure
of Al,O3, Pd/Al,O3-EP, Pd/Al,O5-EP-C, and Pd/Al,O3-HP. The N, adsorption-desorption isotherms
and the corresponding pore size distributions curves of Al,O3 and the Pd/Al,O3 catalysts are presented
in Figure S1. The Brunauer-Emmett-Teller (BET) specific surfaces areas (Sggt), pore volumes (V5),
and pore sizes (Dp) distributions of the samples are summarized in Table 1. The Sggr of the samples
follows the order: Pd/Al,O3-EP > Pd/Al,O3-HP > Pd/Al,O3-EP-C, and the corresponding data are
203.8, 196.3, and 187.8 m2-g~!, respectively (Figure S1 and Table 1). When compared with Al,O3
support, the Sgpt of Pd/Al,O3-EP synthesized by “storage-discharge” ethanol cold plasma is slightly
increased, which may be attributed to the carbon deposits dissociated from ethanol during cold
plasma. In contrast, the Sggy of Pd/Al,O3-EP-C obtained by calcining Pd/Al,O3-EP was reduced to
187.8 m2-g~!, which is mainly due to the burn-up of the porous structure formed by carbon during the
high-temperature calcination process. The V, of Pd/Al,O3-EP-C is 0.471 cm?.g~1, which is slightly
larger than that of Pd/Al,O3-EP (0.434 cm3-g_1) and Pd/Al,O3-HP (0.438 cm3-g_1), attributed to the
removal of the residual carbon species by calcination treatment. Moreover, there is no too much
difference in D, among the samples.

Figure 3 presents the X-ray photoelectron diffraction (XPS) spectra of Pd3d, Ols and Cls in
Pd/Al,O3-EP, Pd/Al,O3-EP-C, and Pd/Al,O3-HP. There are two characteristic peaks identified at 335.3
and 336.6 eV by deconvoluting the peaks of Pd3ds,, corresponding to Pd? and Pd?* [31], respectively,
as shown in Figure 3a. The relative percentage of Pd components and Pd/Al atomic ratios in Pd/Al,O3
catalysts were calculated according to the surfaces of the peak areas, and illustrated in Table 2. As shown
in Table 2, the Pd° contents in Pd/Al,O3-EP, Pd/Al,O3-EP-C, and Pd/Al,O3-HP are 95.6%, 54.9%,
and 98.8%, respectively. The high and similar metallic PdC content in Pd/Al,O3-EP and Pd/Al,Os-HP
proves that “storage-discharge” ethanol plasma has the ability to reduce Pd precursor ions to a
metallic state, like hydrogen plasma. In addition, the Pd?* contents in Pd/Al,O5-EP, Pd/Al,O5-EP-C,
and Pd/Al,O3-HP are 4.4%, 45.1%, and 1.2%, respectively. The Pd%* content in Pd/Al,O3-EP-C obtained
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by calcining Pd/Al,O3-EP is increased to 45.1%, suggesting that some metallic Pd in Pd/Al,O3-EP
are oxidized at 450 °C for 2 h in air atmosphere. This is consistent with the XRD results (Figure 1).
The atomic ratios of Pd/Al in Pd/Al,O3-EP, Pd/Al,O5-EP-C, and Pd/Al,O3-HP are 0.0128, 0.0248,
and 0.0229, respectively. The Pd/Al atomic ratio of Pd/Al,O3-EP is the smallest among the three
samples, which is mainly attributed to the coverage of the residual carbon species dissociated from
ethanol during the “storage-discharge” ethanol cold plasma process. After the calcination treatment,
the residual carbon species were removed, and the Pd/Al atomic ratio of Pd/Al,O3-EP-C increases to
0.0248, revealing that more active sites are exposed.
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Figure 3. X-ray photoelectron diffraction (XPS) spectra of (a) Pd3d, (b) O1s, (c) Cls in Pd/Al,O3-EP,
Pd/Al,O3-EP-C, and Pd/Al,O5-HP.

Table 2. The Pd component content, Pd/Al atomic ratios and the ratios of chemisorbed oxygen species
in Ol1s (Ochem %) for the Pd/Al,O3 samples.

S | Pd Composition (%) .
ample P Pt Pd/Al Ochem %
Pd/Al,O3-EP 95.6 44 0.0128 27.2
Pd/Al,O3-EP-C 54.9 45.1 0.0248 46.9
Pd/Al,O3-HP 98.8 1.2 0.0229 15.3

Figure 3b illustrates the Ols XPS spectra of Pd/Al,O3-EP, Pd/Al,O3-EP-C, and Pd/Al,O3-HP. All of
them can be fitted with three characteristic peaks at 532.6, 531.5, and 530.4 eV, ascribing to -OH [32],
Al-O [24] and chemisorbed oxygen [25], respectively. Moreover, it can be seen from Table 2 that the
chemisorbed oxygen contents in Pd/Al,Os-EP, Pd/Al,O3-EP-C, and Pd/Al,O3-HP are 27.2%, 46.9%,
and 15.3%, respectively. Because oxygen-containing Pd(NO3); is used as the Pd precursor to synthesize
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the Pd/Al,O3 catalysts, some chemisorbed oxygen can be formed and detected on the surface of
the Al,O3 support [25]. Chemisorbed oxygen species are beneficial to promoting CO oxidation [33].
Pd/Al,O3-EP presents more highly active chemisorbed oxygen species (27.2%) than Pd/Al,O3;-HP
(15.3%), which is ascribed to the dissociation of ethanol during the preparation process to produce.
As for Pd/Al,O3-EP-C, prepared by calcination of Pd/Al,O3-EP at 450 °C for 2 h, the residual carbon
species are removed, and more chemisorbed oxygen species are exposed. Therefore, the content of
chemisorbed oxygen in Pd/Al,O3-EP-C is increased to 46.9%.

Ethanol dissociation in cold plasma can not only generate active reducing species, but can also
generate carbon species [1,27]. The Cls XPS of the three samples were analyzed to study the generation
and removal of the carbon species. When compared to Pd/Al,O3-HP, the intensity of C1s XPS spectrum
for Pd/Al,O3-EP is stronger, as shown in Figure 3c. Two curves at 288.5 and 285.5 eV can be fitted with
the C1s XPS spectrum in Pd/Al,O3-EP, ascribing to the C-O [34] and amorphous carbon species [35]
derived from ethanol dissociation in cold plasma. As far as Pd/Al,Os-EP-C is concerned, the intensity
of the two peaks are decreased, revealing that the calcination process can remove the residual carbon
species, which is in line with the TG/DTG results (Figure S2).

The Pd/Al;O5-HP sample that was prepared by AP hydrogen cold plasma was adopted
as a reference to explore the “storage-discharge” ethanol cold plasma on the performance of
Pd/Al,O3 catalysts. The catalytic performance for CO oxidation of Pd/Al,O3-EP, Pd/Al,O3-EP-C,
and Pd/Al,O3-HP catalysts were evaluated, and the reaction temperature ranged from 30 to 160 °C,
as shown in Figure 4. It can be observed that the CO conversion of three Pd/Al,Oj3 catalysts gradually
increased with the increase of reaction temperature. Pd/Al,O3-EP and Pd/Al,O3-HP exhibit similar
CO catalytic oxidation activity, and both the 100% CO conversion temperature (T1o) are achieved at
145 °C. The TEM results indicate that the particle sizes of Pd/Al,O3-EP (3.2 nm) and Pd/Al,O3-HP
(3.0 nm) are similar. The Pd/Al atomic ratio of Pd/Al,O3-HP (0.0229) is higher than that of Pd/Al,O3-EP
(0.0128), while Pd/Al,O3-EP has more active chemisorbed oxygen species (27.2%) derived from ethanol
than that in Pd/Al,O3-HP (15.3%). Therefore, Pd/Al,O3-EP and Pd/Al,Os-HP show similar catalytic
performance. In contrast, the Ty of Pd/Al,O3-EP-C that was obtained by calcining Pd/Al,Os-EP to
remove the residual carbon species was decreased to 130 °C.
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Figure 4. Catalytic activity of Pd/Al,O3-EP, Pd/Al,O3-EP-C, and Pd/Al,O3-HP catalysts for
CO oxidation.

The particles size, oxidation state of the Pd species, and Pd/Al atomic ratios play important
roles in CO oxidation. The particle size of the Pd species in Pd/Al,O3-EP-C (3.7 nm) is a little larger
that in Pd/Al,O3-EP (3.2 nm) and Pd/Al,O3-HP (3.0 nm), which may decrease the CO oxidation
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activity over Pd/Al,O3-EP-C to some extent. However, from the XPS data (Table 2), it can be seen that
Pd/Al,O3-EP-C has the highest Pd/Al atomic ratio (0.0248), and the content of the active chemisorbed
oxygen is as high as 46.9%. It proves that calcination can remove the residual carbon species that
are produced from ethanol dissociation, and more active sites of Pd are exposed and more active
chemisorbed oxygen species are generated. From Table 2, we can also see that more oxidative PdO
are formed in comparison with Pd/Al,Os-EP and Pd/Al,O3-HP. Zhang et al. [36] claimed that PdO
exihibits lower catalytic activity than metallic Pd due to the strong adsorption of CO molecules on PdO,
which may inhibit the adsorption and activation of oxygen molecules. Luo et al. [37,38] investigated the
performance of the PdO species on CeO, support and found that free surface PdO exhibited the highest
catalytic activity for CO oxidation due to the synergistic effect of the free surface PdO species with the
oxygen vacancies. In this work, the carbon species may facilitate the formation of the free surface PdO
species in Pd/Al,O3-EP-C, which will be further investigated in the future. The synergistic effect of the
free surface PdO species with the chemisorbed oxygen species may also enhance the performance of
Pd/Al,O3-EP-C. Therefore, Pd/Al,O3-EP-C exhibits much higher CO oxidation performance than the
other two Pd/Al,O3 samples. The T1gg of Pd/Al,O3-EP-C (130 °C) was much lower than the bimetallic
PdCu/Al,O3-P catalyst that was prepared by AP hydrogen plasma (140 °C) [24], and the Pd/SBA-15
prepared by LP cold plasma [39].

3. Experimental

3.1. Materials

The Pd(NOs3); solution is a mixture of a certain proportion of Pd(NO3),-H,O and HNO;3 (Tianjin
Kermel Chemical Reagent Co., Ltd., Tianjin, China.). The y-Al,O3 (record as Al,O3, Qingdao Marine
Chemical Plant, Qingdao, China) are 40-60 mesh pellets that were obtained by grinding and sieving.
Before use, the Al,O3 pellets were calcined at 600 °C for 5 h. The Pd/Al,O3 precursor was prepared by
an incipient wetness impregnation method, and the nominal concentrations of metal Pd was 2.0 wt %
in this work.

3.2. Synthesis of Pd/Al,O3 Catalysts

The Pd/Al,O3 catalysts were synthesized by a DBD cold plasma reactor at atmospheric pressure.
The DBD reactor consists of a coaxial quartz tube with an inner diameter of 7.0 mm and an outer
diameter of 10.0 mm, a copper inner electrode with a diameter of 2.0 mm, and an aluminum coil
ground electrode. The discharge length and discharge gap were 25 mm and 2.5 mm, respectively.
The sinusoidal AC power supply CTP-2000K (Nanjing Suman Electronic Co. Ltd., Nanjing, China)
was used for power supply, and the discharge frequency and peak-to-peak voltage are maintained at
13.6 kHz and 19.2 kV, respectively.

The synthesis of Pd/Al, O3 catalysts using “storage-discharge” ethanol cold plasma method can be
mainly divided into four steps, as shown in Scheme 1. Firstly, 0.3 g precursor of Pd/Al,O5 catalyst was
put into the DBD reactor, and then ethanol was brought into the reactor by high-purity Ar for 10 min
at a flow rate of 100 mL-min~! to adsorb ethanol molecules on the surface of Al,O3 support. Next,
the DBD reactor was purged with Ar gas for 10 min at a flow rate of 100 mL-min~! to remove physically
adsorbed ethanol molecules. Subsequently, the Pd precursor ions supported on the Al,O3 were reduced
by cold plasma for 10 min with the assistance of the adsorbed ethanol molecules, and the obtained
sample was recorded as Pd/Al,O3-EP. Finally, Pd/Al,O3-EP was calcined in an air atmosphere of
100 mL-min~! flow rate at 450 °C for 2 h to achieve the purpose of removing the residual carbon species
dissociated from ethanol in the DBD cold plasma. The resulting sample was marked as Pd/Al,O3-EP-C.
Hydrogen cold plasma was adopted to treat the freshly prepared Pd/Al,O3 for 10 min as a comparison,
and the obtained catalyst was marked as Pd/Al,O3-HP. The working gas was a mixture of Ar and Hj
(VH2 Var=1: l) with a flow rate of 100 mL-min~!. As shown in Figure 5, the discharge powers of the
“storage-discharge” ethanol cold plasma and hydrogen cold plasma, measured by the Lissajous figure
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method using a 1000:1 P6015A high voltage probe with a capacitance of 0.47 uF and a 10:1 N2862B
voltage probe, were 2.3 W and 2.2 W, respectively.

7

(@) Ar & ethanol (®) Ay ©) Ar @ Ajy

Y2

355

S

Adsorption Purging Reduction Calcination

Scheme 1. Schematic diagram of Pd/Al, O3 catalysts synthesis using “storage-discharge” ethanol cold
plasma: (a) Adsorption of ethanol; (b) Purging of the physically adsorbed ethanol; (c) Cold plasma
reduction; (d) Removal of the residual carbon species by calcination. 1-inner electrode, 2-ground
electrode, 3-catalyst, 4-quartz tube, 5-plasma zone, and 6-furance.
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Figure 5. The discharge voltage and current waveforms, and the corresponding Lissajous figures of
(a,c) the “storage-discharge” ethanol cold plasma and (b,d) hydrogen cold plasma for synthesis of
Pd/Al, O3 catalysts.

3.3. Characterization

The X-ray diffraction (XRD) characterization was performed on a DX-2700 (Dandong Haoyuan
Instrument Co., Ltd., Dandong, China) diffractometer with Cu K« radiation (A = 0.154178 nm).
The measured 20 range was 10° to 80°, and the voltage and current are 40 kV and 30 mA, respectively.
Using a Thermo VG ESCAL250 X-ray photoelectron spectrometer (Thermo VG Scientific, Waltham, MA,
USA) that was equipped with Al K« radiation (1486.6 eV) to perform X-ray photoelectron diffraction
(XPS) on the surface chemical composition of the catalysts. The binding energies of the elements in
the detection were calibrated by the orbital binding energy (284.6 eV) of Cls. Transmission electron
microscopy (TEM) measurements were collected on a HT7700 transmission electron microscope (Hitachi,
Ltd., Tokyo, Japan) with the acceleration voltage of 120 kV. Calculate the average size (Dmean) and
corresponding size distribution of Pd nanoparticles by selecting more than 100 nanoparticles from the
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TEM images. The characterization of N; adsorption/desorption was carried out on the NOVA 2200e gas
sorption analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The Brunauer-Emmett-Teller
(BET) specific surfaces areas (Sggt), pore volumes (V},), and pore sizes (Dp) distributions of the samples
were measured by Ny adsorption/desorption. The adsorption and desorption data were analyzed
using the Barrett-Joyner-Halenda (BJH) model and Halsey equations.

3.4. Activity Test

The CO catalytic oxidation test was carried out in a quartz tube (inner diameter: 4.0 mm,
outer diameter: 6.0 mm), and the mass of the Pd/Al,O3 sample used was 10 mg. The reaction with
temperature range of 30-160 °C was performed under a stream of CO-O,-N, mixture (1.0 vol% CO,
20.0 vol% O,, and 79.0 vol% N,) with the flow rate of 20 mL-min~!. The SICK-MAIHAK S710 infrared
absorption spectrometer (Sick-Maihak, Waldkirch, Germany) was used to determine the concentrations
of CO and CO; in the outflow gas online.

4. Conclusions

In this work, a safe and efficient “storage-discharge” ethanol cold plasma method was successfully
developed and applied to synthesize Pd/Al,O3 catalysts for CO oxidation. The results indicate
that “storage-discharge” ethanol plasma has the ability to reduce Pd precursor ions to a metallic
state, like hydrogen plasma, confirming that ethanol is an effective source for generating active
hydrogen species. The CO catalytic oxidation performance for Pd/Al,O3-EP synthesized by the
“storage-discharge” ethanol cold plasma is comparable to that for Pd/Al,O3-HP synthesized by the
hydrogen cold plasma, and the T1q is 145 °C. Pd/Al,O3-EP-C obtained by calcining Pd/Al,O3-EP
to remove the residual carbon species shows much better CO oxidation performance, and the T1gg
is 130 °C. It is mainly caused by the removal of the residual carbon species, and the exposure of
more Pd active sites and active chemisorbed oxygen species. Meantime, the synergistic effect of the
free surface PdO species with the chemisorbed oxygen species may also enhance the performance of
Pd/Al,O3-EP-C.

The “storage-discharge” ethanol cold plasma method avoids the problem of extra residual
carbon species being generated by the continuous discharge of ethanol plasma. It is a safe, efficient,
and environmentally method to synthesize supported Pd catalysts and it possesses important potential
application value for preparing other high performance supported metal catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/10/8/907/s1,
Figure S1: N; sorption isotherms (a) and pore size distributions (b) of Pd/Al,O3-EP, Pd/Al,O3-EP-C, Pd/Al,O3-HP,
and the Al,O3 support, Figure S2: The TG and DTG curves of the Pd/Al,O3-EP catalyst in Ar atmosphere at a
heating rate of 10 °C-min~".
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