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Abstract: Nano-porous anodic aluminum oxide (AAO) supported Ni-Ce mixed metal oxide catalysts
were prepared and tested for dry reforming of propane to produce synthesis gas. The presence of
Ce efficiently suppressed the nickel particle sintering and improved the reducibility of nickel oxide
supported on the AAO. The prepared NiO-CeO,/AAO catalyst was highly efficient for the dry
reforming of propane (DRP) with CO, over a temperature range of 480-580 °C. The catalyst achieved
the best reforming performance of 90%-97%, and a Hp /CO ratio close to 1.37 at 580 °C. The AAO
supported NiO-CeO; catalyst can be a promising catalytic system for DRP.
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1. Introduction

The energy-rich gas mixture consisting of hydrogen (H;) and carbon monoxide (CO), called
synthesis gas or syngas, is an important intermediate for the production of value-added chemicals
and liquid fuels [1-3]. Dry reforming of methane with CO, to produce synthesis gas is a well-known
process that has been extensively studied due to its industrial importance. During the last decade,
the work in this area has been extended to other hydrocarbons such as ethane and propane [4-13],
since ethane and propane are more readily activated at relatively low temperatures than methane.
Up to now, the dry reforming of hydrocarbons has been investigated with various catalysts, including
noble metals as well as non-noble metals [14,15]. Among them, nickel-based catalysts are generally
preferred because it is easily available and inexpensive. However, the major drawback of nickel
regarding the dry reforming of hydrocarbon is coking [16-19]. Therefore, much attention has been
paid to the development of more reliable Ni-based catalysts with anti-coking performance. The use of
Lewis bases such as magnesium oxide (MgO) and calcium oxide (CaO) as promoters can enhance the
chemisorption of CO; that in turn reacts with C to form CO, thereby reducing the deposition of coke.
Lanthanide oxides (e.g., CeO, and LayO3) are able to store and release oxygen, and the lattice oxygen
species in these redox oxides can react with deposited carbon, leading to the removal of carbon.

Recently, anodic oxidation technology has been applied to prepare catalyst supports, which offers
a strong metal-support interaction. Porous anodic aluminum oxide (AAO) templates are one of the
most interesting structures because of their unbranched, controllable and nearly uniform pores [20-22].
The catalyst pore structure at the scale of 10-100 nm can affect the flow of reagent, the distribution of
active sites, and the contact time between reacting gas and catalyst. Hence, the AAO can be a highly
efficient catalyst support structure for applications in catalytic reforming reactions.

In the present investigation, the dry reforming of propane (DRP) with carbon dioxide (CO,) was
carried out over Ni-Ce oxides supported on the AAO as the catalyst. A series of NiO-CeO,/AAO
catalysts with different Ni/Ce ratios were prepared and their physicochemical properties were
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systematically analyzed before and after the reforming reactions. The reactivity towards the DRP
and the resistance against carbon deposition over different NiO-CeO, /AAO catalysts were examined
in a temperature range of 480-580 °C. The objectives were not only to obtain optimized, efficient
NiO-CeO,/AAO catalysts for practical applications but also to gain a better understanding of the
fundamental aspects of the DRP process.

2. Results and Discussion

2.1. Characterization of the Catalyst before Reaction

Figure 1 presents the X-ray diffractograms of a series of 20%~80% NiO-CeO,/AAO catalysts.
Figure 1a shows the X-ray diffraction pattern of the AAO support itself, which presents two sharp
peaks at 20 = 45° and 66.2° corresponding to the characteristic peaks of amorphous y-alumina.
In all cases (Figure 1b-h), the characteristic peaks of CeO, cubic phase (26 = 28.4°, 32.94°, 47.3° and
56.2°) appeared, which well match with JCPDS-ICDD PDF No. 43-1002. The catalyst samples also
exhibited weak and broad peaks at 20 = 36.4°, 42.6° and 64.4°, corresponding to NiO phase (ICDD PDF
No. 73-1523), when the NiO concentration was more than 50%. The weak and broad peaks indicate
that NiO crystallites are finely dispersed in the CeO,/AAQO matrix. The characteristic diffraction peaks
of NiO were well recognizable for the 60%~80% NiO-CeO,/AAOQO, but their intensities diminished
when decreasing the Ni loading. Ni in the NiO-CeO;,/AAO catalyst can exist in either crystallized
NiO phase or Ni** ions fused into the ceria lattice. The average crystallite size and lattice strain of both
CeO; and NiO were estimated using Scherrer’s relation, which were presented in Table 1. As seen in
Table 1, the bigger the crystalline size of ceria, the smaller the lattice strain. This result suggests that
some nickel ions (Ni?*) were incorporated into the CeO, lattice and formed a solid solution of NiO and
CeO, (Ce;_,NiyOs_5) since the size of Ni?* ion is smaller than that of Ce** ion [23-26]. Higher NiO
loading inhibited the growth of CeO, [27-29].
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Figure 1. X-ray diffraction (XRD) patterns of the NiO-CeO, /AAO catalysts: (a) Anodic aluminum oxide
(AAO) support; (b) 20% NiO-CeO,/AAO; (c) 30% NiO-CeO, /AAO; (d) 40% NiO-CeO,/AAO; (e) 50%
NiO-CeO, /AAO; (f) 60% NiO-CeO, /AAO; (g) 70% NiO-CeO, /AAO; (h) 80% NiO-CeO,/AAO.

The surface morphology of the bare AAO support was examined with field emission scanning
electron microscopy (FE-SEM). As seen in Figure 2, it showed a well-defined porous structure with
a homogeneous pore size distribution. The morphologies of 20%, 50% and 80% NiO-CeO,/AAO
catalysts with two different magnifications (1 pm and 400 nm) are shown in Figure 3. The surface of the
NiO-CeO,/AAOQ catalysts showed segregated agglomerations of NiO and CeO, nanoparticles with
lack of uniformity in size as well as a great heterogeneity in morphology. From Figure 3a, a well-defined
nanorod like feature can be seen for the 20% NiO-CeO,/AAO catalyst, as can the agglomerations of
nanoparticles for the 50% and 80% NiO-CeO,/AAO (Figure 3b,c).
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Table 1. Brunauer-Emmett-Teller (BET) surface area, mean crystallite sizes, and lattice strains
(as determined by XRD) of the NiO-CeO, /AAO catalysts with different Ni content.

] NiO CeO,
NiO:CeO, SpeT (M?/g) — - - . . 1
Crystal Lattice Size Strain (nm) A Crystal Size (nm)  Lattice Strain A
AAO as prepared 23 - - -
20%:80% 15.1 9 1.1 16 11
30%:70% 14.6 - - 23 0.8
40%:60% 13.9 15 0.4 11 1.5
50%:50% 125 14 0.1 23 0.8
60%:40% 12.7 - - 18 1.0
70%:30% 13.1 20 0.1 10 14
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Figure 2. FE-SEM (field emission scanning electron microscopy) image of the bare anodic aluminum

oxide (AAO) support.

Figure 3. SEM images of (a) 20% NiO-CeO, / AAO; (b) 50% NiO-CeO, / AAO and (c) 80% NiO-CeO,/AAO
with two magnifications (left: 1 um; right: 400 nm scale).
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Figure S1 shows the temperature programmed reduction (TPR) curves for the NiO-CeO,/AAO
catalysts with different Ni contents. In all cases, two reduction peaks, the first one at temperatures
in the range of 208-240 °C and the second one at temperatures from 432 to 496 °C, depending on
the Ni content, were observed. The first peak is due to the reduction of mildly interactive NiO with
CeO; on the AAO support [30-33]. The second one was attributed to the reduction of NiO species
that was strongly interactive with CeO;. The second reduction peak for the 20% NiO-CeO,/AAO was
located at around 432 °C, while that of the 80% NiO-CeO,/AAQO shifted to 496 °C, revealing a stronger
interaction of NiO with CeO, on the AAO support [31,34]. Namely, the reduction of NiO (to Ni) that is
strongly bound to the CeO, requires a higher temperature.

The valence state and fraction of Ce and Ni ions on the surface of the 20%, 50%, and 80%
NiO-CeO,/AAO catalysts before dry reforming reactions were studied by X-ray photoelectron
spectroscopy (XPS). Typical XPS spectra of O 1s and Ni 2p, Ce 3d of the catalysts before the reaction are
given in Figure 4. The O 1s spectra of the 50% NiO-CeO,/AAO catalyst showing a main peak centered
at 529.4 eV has been assigned to the lattice oxygen in CeO, and NiO (O?~ species). The additional
peak at 531.1 eV can be allotted to oxygen ion deficiencies in the subsurface layer of metal oxides
arising from the Ce-Ni solid solution formation [35]. The 20% and 80% NiO-CeO,/AAO catalysts
showed only one peak at 531.1 eV which was ascribed to the different oxygen defects. For the 20%,
50% and 80% NiO-CeO,/AAO catalysts, the Ni 2p region resolved by curve fitting contained both
Ni’ (~853.5 eV) and Ni?* species (~856.7 eV). All three catalysts showed two distinct bands at around
853.5 eV and 856.8 eV that were correlated to the interaction between the support and the respective
Ni’ and NiZ* atoms. The fraction of Ni? was in the order of 80% > 50% > 20% NiO-CeO,/AAO.
Meanwhile, there was no significant variation observed in NiZ* distribution on the surface. In the
Ce 3d spectrum, eight peaks were observed as shown in Figure 4c. One can divide these peaks into
four groups and assign them to four different spin-orbit doublets, i.e., (vg, ug), (v1, u1), (v2, u3), and
(v3, u3), respectively. Among them, those labelled “v” are for 3ds5/, and those labelled “u” are for
3d3/>. The doublets (vy, 1), (v2, uz) and (v3, u3) correspond to the various states of Ce**, while the
doublet (v, u1) is considered as the character of Ce3*. The deconvoluted binding energies of Ce 3d
spectra are summarized in Table 2, which distinctly shows that the fraction of Ce3* (intensities of v
and u;) significantly decreased on account of the formation of CeO, for the 80% NiO-CeO,/AAO.
It is obvious that the observed binding energies of Ce** and Ce" are consistent with the previous
reports [35,36]. The appearance of characteristic Ce>* bands are labelled at 884.4 eV (v1) and 900.8 eV
(ug) suggests that Ce existed in both Ce3* and Ce** oxidation states on the surfaces of the 20%, 50%
and 80% NiO-CeO,/AAO. It can be seen that the intensity of Ce** 3d peaks in the 20%, 50% and 80%
NiO-CeO,/AAO samples apparently increased when increasing the ceria content. The presence of
Ce3* aids the interaction with the peripheral NiO species to form the solid solution.

Table 2. De-convoluted results of XPS (X-ray photoelectron spectroscopy) spectra for the 20%~80%
NiO-CeO,/AAO catalysts.

Ce 3d5/2 Ce 3d3/2

Catalyst

Vo U1 (%) U3 Uup uy U Uus
20%NiO-CeO,/AAO 8825 8844 889.3 8984 900.7 9043 9075 917.0
50%NiO-CeO,/AAO 8825 8843 8874 8984 9009 9044 9075 9169
80%NiO-CeO,/AAO 882.6 8843 889.0 8982 900.8 9044 9075 9169
Assignments Cett  Ce¥*  Ce'*  Cett  Cett  Ce¥  Cett  Cett
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Figure 4. (a) O 1s; (b) Ni 2p; (c) Ce 3d XPS (X-ray photoelectron spectroscopy) spectra of 20%, 50% and
80% NiO-CeO,/AAO catalysts.

2.2. Propane/CO; Reforming

The performance of the catalysts with different Ni and Ce loadings were examined in terms
of C3Hg and CO; conversions at various temperatures up to 580 °C, which is illustrated in
Figure 5. The obtained results showed that both C3Hg and CO, conversions were the highest
with the 20% NiO-CeO,/AAO catalyst. At a lower reaction temperature of 500 °C, 20% and 30%
NiO-CeO,/AAO catalyst exhibited 55% and 40% C3zHg conversion, and 45% and 40% CO; conversion,
respectively, while at 580 °C the same catalysts exhibited 97% and 90% C3Hg conversion and 90%
and 80% CO, conversion, respectively. As expected from the strong endothermic reforming reaction
(AHy95 ¢ = 644.8 k]-mol 1), the catalysts explored in this work showed their best catalytic activity
at 580 °C. Increasing the nickel concentration from 20% to 80% tended to decrease the propane and
CO; conversion due to the lower nickel dispersion at higher nickel loadings. Also, it is clear that
the conversion efficiency of CO, was lower than that of C3Hg for all the catalysts, which can be
explained by the additional propane consumption caused by its cracking into carbon. The C3Hg
cracking into carbon and H, consumed more C3Hg than the stoichiometric value. Meanwhile, the 50%
NiO-CeO,/AAO catalyst was less active for propane reforming when compared with 40% and 60%
catalyst. This might be due to the low BET surface area and large crystal size (23 nm) of ceria (Table 1).
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Figure 5. C3Hg (lower) and CO, (upper) conversion efficiencies obtained with different catalysts.

The product concentrations of Hy and CO obtained during the DRP with various NiO-CeO,/AAO
catalysts are represented in Figure 6, where it can be seen that the CO and H; concentrations increased
when gradually increasing the reaction temperature. The H, concentration was higher than that of
CO, as the temperature increased, because of the C3Hg cracking. From the effects of temperature
on the conversion and product concentrations, it can be concluded that increasing the temperature
is beneficial for the improvement in the conversion and the generation of syngas. Under the tested
conditions, the adequate temperature appears to be 580 °C for the 20% NiO-CeO,/AAO. The H, /CO
ratios acquired with the NiO-CeO,/AAOQO catalysts are shown in Figure S2 as a function of reaction
temperature. At temperatures in the range of 480-580 °C, the 20% and 30% NiO-CeO,/AAO catalysts
showed somewhat higher H, /CO ratio than the other ones. The enhanced catalytic activity of the 20%
and 30% NiO-CeO,/AAO catalysts may be due to the ultrafine NiO/CeO, nanoparticles or nanorods
with high dispersion over the AAO support. It has been reported that the stability and dispersion of
metal is significantly improved by the metal-oxygen species formed on the surface of CeO, [37]. It has
also been well recognized that the state of metallic Ni phases such as reduced and dispersed phases as well
as the redox ability of CeO, has a strong influence on the catalytic activity of CeO,-based Ni catalyst [38].
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Figure 6. Concentrations of H, (top) and CO (bottom) produced by the DRP with different catalysts.
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The catalytic stability of the NiO-CeO,/AAO catalysts was examined over the period of 55 h at
500 °C, which is shown in Figure 7. It appears that the 20% NiO-CeO, /AAO showed higher and more
stable catalytic activity during the DRP, compared to the other catalysts. For instance, the CsHg and
CO; conversions over the 20% NiO-CeO, /AAO catalyst was 54% and 43% at the start of the reaction,
which decreased to 49% and 39%, respectively, after 55 h of the reaction. These small decreases in the
C3Hg and CO; conversions confirm its higher stability over the other catalysts. The higher activity
and long-term stability of the 20% NiO-CeO,/AAO are credited to its features such as high thermal
stability, redox behavior, reducibility and surface acidity [39]. The stability of the catalysts was also
examined in terms of Hy and CO concentrations under the same conditions (Figure 7b). Decreases in
the C3Hg and CO; conversion efficiencies as well as in the H, and CO concentrations with elapsed time
were observed for the catalysts. For the 20% NiO-CeO,/AAO catalyst, the H, and CO concentrations
slightly increased in the early stage, probably because some further reduction of the metal oxide
species occurred. As presented in Figure 7a,b, the catalytic stability did not decrease much during the
10-h reforming reaction on stream.
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2.3. Characterization of the Catalyst after Reforming

One of the major drawbacks regarding the dry reforming of hydrocarbon is catalyst deactivation
mainly due to the deposition of carbon [8,26,40]. So as to investigate the formation of carbon during
the reforming reaction, the spent catalysts were collected after 10 h DRP reaction and characterized
by FE-SEM, transmission electron microscopy (TEM), Raman spectroscopy, XPS and temperature
programmed oxidation (TPO) analysis. Figure 8 shows the FE-SEM images of the spent catalysts.
The FE-SEM images of the spent catalysts exhibited changes in the morphology from the fresh ones. Unlike
the fresh catalysts, heterogeneous morphologies were observed in the used catalysts due to the presence
of carbon deposits. As seen, the morphology of the deposited carbon over the 20% NiO-CeO,/AAO
was quite different from the cases of 30%, 50%, and 80% NiO-CeO,/AAQ; limited filamentous carbon
was produced for the 20% and 30% NiO-CeO,/AAO catalysts, while in the cases of the 50% and 80%
NiO-CeO,/AAOQ, nearly all active sites were veiled by long carbon filaments. Energy dispersive X-ray
(EDX) analysis of the used catalyst (20% NiO-CeO,/AAO) is shown in Figure S3, where the elemental
composition is also provided. In the used catalyst, the presence of carbon can clearly be seen.

Figure 8. FE-SEM images of the spent catalysts. (a) 20%; (b) 30%; (c) 50%; (d) 80% NiO-CeO,/AAO
with two magnifications (left: 1 um; right: 400 nm scale).
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The deposition of the carbonaceous material on the catalyst surface during the reforming was
further evidenced by the TEM images shown in Figure 9. The TEM images definitely show the
formation of carbonaceous material on the catalyst surface. The TEM images of the used catalysts
depict carbon nanotubes formed during the DRP with diameters ranging from 10 to 100 nm along with
NiO and CeO; particles embedded in them.

The Raman spectra of the spent catalysts (20%-80% NiO-CeO, /AAO) are presented in Figure 10.
It is noticed that all the used catalysts invariably showed two distinct bands, one located at
1590-1600 cm ! and the other at 1380-1400 cm~!. The former and the latter are ascribed to the
amorphous carbon and the graphitic carbon, respectively [41-43]. For the 70% NiO-CeO,/AAO
catalyst, the intensity of the D band is stronger than that of the G band, implying that amorphous
carbon is predominant. The relative ratio of the D band intensity to the G band intensity was 1.37
for the spent 80% NiO-CeO,/AAO catalyst, and 1.06 for the spent 20% NiO-CeO,/AAO catalyst.
These results demonstrate that the carbon deposited on the 20% NiO-CeO,/AAO catalyst was highly
graphitized, which agrees well with the TEM images. In this figure, a few peaks corresponding to
CeO; can also be observed for all the catalysts, indicating that the formation of carbon is less when
ceria loading on the AAO support is higher and there is no carbon deposited on CeOs.

&

Figure 9. TEM (transmission electron microscopy) images of the 20% NiO-CeO, /AAO catalyst after
the DRP with different magnifications: (a) 100 nm; (b) 50 nm; (c) 20 nm; (d) 10 nm.
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Figure 10. Typical Raman spectra of the NiO-CeO, /AAO catalysts after the DRP.

The catalyst deactivation during the reforming reaction is mainly caused by two reasons such
as carbon deposition and metal sintering. The metal sintering leads to aggregation of metal particles
during the reaction and causes catalyst deactivation. To date, it is well known that the deposition of
carbon on the surface is one of the main reasons for catalyst deactivation. For more information on
the carbon species formed during reforming reactions, we monitored the XPS scanning in the C 1s
region after the reforming reaction on the 20% and 80% NiO-CeO,/AAOQ catalysts. The C 1s spectra
in Figure 11a showed a narrow band at 284.7 eV and a shoulder peak at 287.12 eV, which reveals the
presence of two types of carbonaceous species, i.e., carbonaceous layer on the surface of the grains
and filaments [44,45]. These two types of carbon species may be detected at a binding energy of
284.5 eV. Also, the metal sintering is not ignorable, though the effect is limited. Here, the observed
long-term stability of NiO-CeO,/AAO catalyst further reveals the limited sintering of Ni and Ce
particles and good coking resistance as well. So as to understand more about it, we have compared the
oxidation state of Ni and Ce before and after the reforming reaction. The XPS spectra of Ce (3d) and
Ni (2p) regions for the 20% and 80% NiO-CeO,/AAO are shown in Figure 11b,c. After the reaction,
the intensity of Ce®>* band was observed to decrease, which might have been due to the sintering and
some Ni clusters covered by the AAO support. Here, neither sintering nor diffusion of ceria into the
bulk should be put aside either. A small reduction of Ce** to Ce3* can be best sensed as the small
increase of the 903.9 eV and 885.3 eV intensity and also the weaker 899.3 eV and 880.2 eV components,
which are the characteristics of Ce3* [46,47]. After an elaborate analysis of the Ce 3d spectra, it can
be concluded that the reduction of Ce is limited during DRP reactions. The Ni 2p spectra of the 20%
and 80% NiO-CeO,/AAO catalysts are shown in Figure 11c, where the observed binding energy
values at 854.2 eV (Ni 2p3/,,) and 872.8 eV (Ni 2pq /») further confirmed the presence of Ni?* in the
catalyst. In addition, the presence of metallic Ni’ and Ni?* indicated the reduction of Ni?* to Ni under
an inert atmosphere.
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Figure 11. (a) C 1s; (b) Ce 3d and (c¢) Ni 2p XPS spectra of 20% NiO-CeO,/AAO and

80% NiO-CeO,/AAO catalysts.

The typical TPO profiles (desorbed CO,) of the spent NiO-CeO,/AAO catalysts are shown in
Figure 12, which clearly showed the presence of three different types of carbonaceous species on the
catalysts formed during the DRP. The first peak observed between 100 and 200 °C is attributed to the
active carbon species reacted with oxygen at low temperatures. The second broad peak located at the
higher temperature region (400~700 °C) is ascribed to the amorphous and/or graphitic carbon. It is
obvious that the addition of CeO, modifier had a significant effect on decreasing the intensity of this
peak. The last peak at around 750 °C is attributed to the filamentous form of carbon [48]. It is obvious
that the addition of this basic modifier reduced its intensity, and it can be said that the addition of this
modifier enhanced the basicity of the catalyst, increased the CO, adsorption and inhibited the CO
decomposition reaction, suppressing the coke formation [48,49].
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Figure 12. TPO profiles of different NiO-CeO, /AAO catalysts after the DRP.
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3. Materials and Methods

3.1. Preparation of AAO Support and NiO-CeO,/AAQO Catalyst

Porous AAO was used as the catalyst support; it was prepared by anodization of aluminum
sheet using aqueous oxalic acid solution [50-53]. Briefly, a high purity aluminum foil was anodized in
the oxalic acid solution of 0.3 M at 40 V for 24 h at a temperature of 10 °C to form a porous y-Al,O3
layer, and then, pore widening treatment was performed with the same aqueous oxalic acid solution
mentioned above for 4 h at 30 °C. When the pore widening treatment was finished, it was immersed in
deionized water for sufficient time to wash out the residual oxalic acid. Finally, the AAO support was
calcined in air atmosphere at a temperature of 450 °C for 4 h.

Nickel and ceria were loaded onto the AAO support by impregnating with aqueous
Ni(NO3),-6H,0O and Ce(NO3)3-6H0 solutions. Keeping the total molarity of the Ni and Ce at
1.0 M, the molarity of Ni was changed from 0.2 to 0.8 M. For instance, the prepared catalyst,
NiO(x-0.2) + CeOpy=p8) (X + Y =1.0 M), was denoted as 20% NiO-CeO,/AAO in term of Ni molar
percentage. The prepared catalysts were calcined at a temperature of 450 °C for 6 h. The content of
metal oxides in the prepared NiO-CeO,/AAO catalyst was about ~4 wt % (obtained by measuring the
weight of the support before and after catalyst loading).

3.2. Characterizations

The Brunauer-Emmett-Teller (BET) surface areas of the catalysts were measured with a surface
area analyzer (AUTOSORB-1-MP, Quantachrome Instruments, Boynton Beach, FL, USA). Before the
surface area analysis, each sample was degassed under vacuum condition at 200 °C for 4 h. The X-ray
diffractograms of the catalysts were obtained by an X-ray diffractometer (XRD) (Rigaku D/max-2200H,
Tokyo, Japan) with a Cu K« radiation source. An FE-SEM (JEM-1200EX 11, JEOL, Tokyo, Japan)
and a TEM (JEM-2100HR, JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV were employed
to observe the surface structure and the distribution of the metal oxides over the AAO support.
The Raman spectra of the catalyst were measured by micro-Raman microscopy (LabRm HR, Horiba
Scientific, Irvine, CA, USA). The Raman spectra were excited by a 514 nm Ar* ion laser with a power
of 30 MW at room temperature. The characteristics of the catalyst surface was also examined using
an XPS (VG Microtech, ESCA 2000, East Grinstead, West Sussex, UK) with monochromatic Mg K
radiation (1253.6 eV) operated at 13 kV and 15 mA X-ray excitation source.

Temperature-programmed experiments, i.e., TPR and TPO were performed with an online gas
chromatograph (Micro-GC CP-4900, Varian, Palo Alto, CA, USA) equipped with a thermal conductivity
detector (TCD). The sample (100 mg) was placed on the quartz frit in the center of the reactor tube
that was heated in an electric furnace. For the TPR investigation, the temperature was increased from
25 to 650 °C at a heating rate of 5 °C-min ! and the amount of H, uptake was monitored. The TPO
experiments were performed with spent samples. First, the 100 mg of sample was heated at 450 °C for
30 min (pretreatment) and then cooled down to 20 °C in a flow of N (30 mL-min~!). Then the sample
was ramped to 850 °C (linear heating rate of 5 °C-min~!) in a flow of 30% O5 (30 mL/min, N, balance).
The analysis of CO, was performed with the gas chromatograph (GC) (Micro-GC CP-4900, Varian,
Palo Alto, CA, USA).

3.3. Catalytic Activity Test

The DRP experiments were carried out in a self-designed thermo-catalytic fixed bed reactor.
The catalyst plate (10 g, 5 cm x 6 cm) was cut into small pieces with a size of 2-3 mm? and then
packed in the reactor. The catalytic activity for the dry reforming was examined over a temperature
range of 480-580 °C for all the catalysts with different Ni and Ce contents. The reactants such as C3Hg
and CO, were directed to the reactor at a proportion of 10/30/60 (CsHg/CO,/Ny). The flow rate of
the feed gas was 300 mL-min~! throughout this work. The concentrations of reactants and products
were analyzed by the GC. All the gases were detected in the present work by a thermal conductivity
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detector (TCD). The concentration of propane and CO, are analyzed by GC (Micro-GCCP-4900; Varian,
Palo Alto, CA, USA, 10 m PPQ column), the concentration of hydrogen and CO are analyzed by GC
(Micro-GCCP-4900; Varian, Palo Alto, CA, USA, 10 m M5A column), and to cross check the H, and
CO concentration we used Bruker 450-GC equipped with TCD detector; and 20 m CP-Molsieve 5A
column. Argon used as a carrier gas for both GC’s.

The overall reaction of propane with CO, can be written as follows:

C3Hg + 3CO, = 6CO + 4H,, AH%gx = 644.8 kJ-mol~! 1)

As understood from Equation (1), the dry reforming of propane is a strongly endothermic reaction
that is favored at high temperatures. The conversion (X4) was calculated using the Equation (2)

below [8,54,55].
Cao — Ca
XA(%) = ————— x 100(% 2
A(%) Cro - eACA (%) (2)
Here, C 49 and C4 are the inlet and outlet concentrations of the reactant (CsHg or CO5), respectively,

and ¢y is defined as

NXao1 ~ MXao
€A =

®)

MX4—o

where ny,  indicates the total number of moles of reactants (no conversion) while nx, , stands
for the total number of moles of products (complete conversion). For the feed gas composition of
10/30/60 (C3Hg/CO,/Ny), €4 is calculated to be 0.6. Since € is not small, the fractional change in the
volumetric flow rate with the reaction progress cannot be ignored in calculating the conversion (X4).

4. Conclusions

The DRP with CO, was studied with the Ni-based catalysts supported on the AAO. The presence
of CeO, as a promoter had favorable effects on the catalytic activity for the dry reforming, stability
and suppression of carbon deposition. Among the evaluated catalysts (20%-80% NiO-CeO,/AAOQO),
the 20% NiO-CeO,/AAO was found to be the most active, achieving a high C3Hg conversion of
97% at 580 °C. Besides, the 20% NiO-CeO,/AAOQ catalyst exhibited a better stability than the others.
It is also noteworthy that the CeO, basic centers had a positive influence in improving the catalytic
properties. In particular, CeO, basic centers were able to promote the chemisorption and activation of
CO,, improving the catalytic activity. Besides, the chemisorbed CO, was also able to participate in the
coke removal process and raise the catalytic stability. The deposited carbon was mainly in the form of
nanotube. The graphitic carbon was observed to block the small pores of the NiO-CeO, /AAQO catalyst,
which led to a decrease in the catalytic dry reforming performance. Finally, it could be concluded
that the AAO-supported Ni-Ce plate-type catalyst derived from the impregnation method can be
considered a very interesting system in comparison with those reported in the literature.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/10/154/s1.
Figure S1: TPR (temperature programmed reduction) profiles of the catalysts: (a) 20% NiO-CeO,/AAQO;
(b) 30% NiO-CeO,/AAO; (c) 40% NiO-CeO,/AAO; (d) 50% NiO-CeO,/AAO; (e) 60% NiO-CeO,/AAO;
(£) 70% NiO-CeO, / AAO; (g) 80% NiO-CeO, /AAO; Figure S2: Hp /CO ratios achieved by the DRP (dry reforming
of propane) over different NiO-CeO, /AAQO catalysts; Figure S3: SEM-EDX spectrum of the 20% NiO-CeO,/AAO
catalyst after the DRP.
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