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Graphical Abstract

CeOs,-decorated Ni/y-Al,O3 exhibited high activity, coking- and sintering-resistance for CO
methanation because CeQO; selectively deposited on the surface of NiO.
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Abstract

We report the preparation of highly active, coking- and sintering-resistant CeO,-decorated
Ni/y-Al,Os catalysts by impregnation method followed by a modified deposition-precipitation (DP)
of CeO,. The samples were characterized with Nitrogen adsorption, X-ray diffraction, scanning
electron microscopy, transmission electron microscopy, thermogravimetric analysis, H;
temperature-programmed reduction, H, temperature-programmed desorption and zeta potential
analysis. The results revealed that compared with the Ni catalysts with a NiO loading of 40 wt%
prepared by co-impregnation (CI) and sequential impregnation (SI) methods, the Ni catalyst
synthesized by DP method showed the enhanced catalytic performance for CO methanation at
atmospheric pressure and an extremely high weight hourly space velocity (WHSV) of 240000 mL
g’ . In a 50-h high-pressure life-test, this catalyst showed a high resistance to both coking and
sintering. It was found that CeO, nanoparticles were selectively deposited on the surface of NiO
rather than on Al,Os; due to the electrostatic interaction during the DP process, effectively
restraining Ni particles from sintering during the reduction and reaction at the high temperatures,
and inhibiting coke formation by increasing supply of active oxygen species on the nickel surface.
As a result, the formed CeO,-decorated Ni/Al,O; catalyst exhibited excellent catalytic performance
and stability in CO methanation. This work demonstrated that catalytic property could be much

improved on a usual catalyst but with well-designed structure.
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1. Introduction

The production of synthetic natural gas (SNG) via methanation reaction (CO + H, — CHy4 +H,0) is
of great interest,"? particularly in the regions with rare natural gas and abundant coal resources such
as China and Korea. Normally, coal or biomass can be gasified to produce synthesis gas containing
CO and H;, which can be used as the raw gases of methanation. In this reaction, Ni/Al,O5 catalysts
are often employed due to their relatively high activity and low cost.” However, these catalysts often
suffer from sintering of the Ni particles and the Al,O3 support as well as coke formation on Ni
during the methanation process.4’ > In the last several decades, great efforts have been made to
improve the Ni/ALOs catalysts, e.g., by modification of the ALO; support,® by application of
various preparation methods including solution combustion method’ and single-step sol-gel
method,® and by use of various promoters such as MgO,’ Zr0,' and MnO,."" Although partial
success has been achieved, it is still hard to simultaneously inhibit the coke formation and sintering
of Ni particles to obtain a high catalytic activity. Hence, the stability of Ni/Al,O; catalyst should be
further improved.

In heterogeneous catalysis, CeO, is often used as structural and electronic promoter or support,
mainly because of its ability to improve dispersion of active components and thermal stability of the
support, and to enhance the migration and exchange of oxygen species.' '* For example, acting as
the promoter of Ni/Al,O; catalysts for CO and/or CO, methanation to increase the dispersion of Ni
particles as well as their reducibility, thus to improve their catalytic activity.'*'® However, coking-
and sintering-resistant behaviors of the above catalysts in the methanation reaction are not yet
investigated, particularly under the harsh reaction conditions such as high reaction temperatures and
high weight hourly space velocities (WHSVs). Although coking and sintering often occur

simultaneously, most of approaches can only work on one of them. Indeed, several Ni catalysts have
3

Page 4 of 35



Page 5 of 35

RSC Advances

been reported to inhibit coking and sintering of Ni particles simultaneously while maintaining the

17-19

high catalytic activity of the catalysts in methane reforming with carbon dioxide, methanation of

. 120, 21
carbon monoxide,”™

and other hydrocarbon reactions such as partial oxidation of methane to
syngas.” There are still some limitations in the methods to synthesize these catalysts, including the
use of expensive materials such as block copolymers'’ and organometallic salts,'” ' low NiO

20-21 complicated preparation conditions,” and the need of special equipment such as

loadings,
atomic layer deposition reactor.'® Therefore, it is necessary to develop new method to prepare
Ni/Al,Os3 catalyst with high resistance to coking and sintering.

Recently there are several reports showing that the construction of an oxide-on-metal surface
structure, the so-called inverse catalysts, can enhance the catalytic reactivity of metal catalysts
dramatically.>* Inspired by the progress in catalyst development, we worked on a series catalysts
that have specific oxide-on-metal structures. Following our previous work on CO methanation,”**
2629 here we report CeO,-decorated Ni/y-Al,O; catalysts with a NiO loading of 40 wt% for
enhanced CO methanation. The Ni/y-Al,Os catalysts were prepared by impregnation method
followed with addition of CeO, by a modified deposition-precipitation (DP) procedure, by which
the CeO, particles were selectively deposited on NiO. The obtained catalyst is much more active
than those prepared by co-impregnation (CI) and sequential impregnation (SI) methods, and is
stable for CO methanation under the harsh reaction conditions. It is found that, in this DP-derived
catalyst, two structural factors are responsible for the outstanding catalytic performance. First, the
CeO; nanoparticles (NPs) are selectively deposit on the Ni surface and act as a physical barrier to
restrain the growth of the Ni particles during the reduction and catalytic reaction at high

temperatures; Second, the addition of CeO; can inhibit the growth of carbon filaments by increasing

supply of active oxygen species on the Ni surface during the reaction.
1
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2. Experimental

2.1. Catalyst preparation

All the chemicals of analytical grade including cerium (III) nitrate hexahydrate (Ce(NO;)3;-6H,0),
ammonia (NH4OH), polyethylene glycol (PEG) (average molecular weight (MW) =20 000), nickel
(IT) nitrate hexahydrate (Ni(NOs;),-6H,O) and ethanol were purchased from Sinopharm Chemical
Reagent Co. Ltd., China, and used without further treatment. Polyvinyl pyrrolidone (PVP)
(MW=58,000) was purchased from Alfa Aesar. The commercial porous y-Al,O; (purity >95%
GongYiHuaYu Alumina Co. Ltd., China) with a surface area of 300 m” g"' was calcined at 400 °C in
air for 2 h before use. The Ni/y-Al,O; catalyst was prepared by the wet impregnation
method. Typically, 0.89 g of PEG and 7.79 g of Ni(NOs),-6H,0 were dissolved in 50 mL deionized
water, then 3.00 g of the y-Al,O3 support was added to the above solution to form a slurry, which
was kept vigorous stirring at room temperature overnight, and then heated to 80 °C to evaporate the
liquid, dried at 100 °C for 24 h and further calcined at 400 °C for 2 h in air with the heating rate of 2
°C min™. The collected catalyst was denoted 40NiA with a NiO loading of 40 wt%.

For the addition of CeO,, a modified DP method® was used. 0.62 g of PVPwas added to 250 mL
of distilled water, followed by the addition of 0.50 g of 40NiA powders, and the resulted mixture
was thoroughly dispersed by ultrasonic treatment for 1 h. The obtained slurry was slowly heated to
80 °C in a water-bath under vigorous stirring. Subsequently, 0.005 M Ce(NOs); aqueous solution
was added at a rate of 0.5 mL min'l, and 0.1 M NH4OH solution was concurrently added to control
the pH value at around 8.0. The slurry was further aged for 6 h under slow stirring and cooled down
to room temperature. The product was collected by centrifugation, washed twice with distilled

water and ethanol, and dried at 40 °C in air, and finally calcined at 400 °C for 2 h with a heating rate
5
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of 1 °C min™. The obtained samples were denoted hereafter as 40NiAxC (x = 3, 5 and 7), where x
represented the mass percent of CeO, deposition. It should be pointed out that the real Ni loadings
of 40NiAxC were slightly lower than 40 wt% due to the addition of CeO, to 40NiA.

The catalysts with the same composition of 40NiA5C were also prepared by CI and SI methods
respectively. For CI method, the aqueous solutions of stoichiometric quantities of Ce(NO3);-6H,0
and Ni(NOs3),-6H,0O were mixed together. After addition of the y-Al,O3 support, the suspension was
stirred overnight, and then evaporated at 80 °C to remove water. The sample was dried in air at 100
°C for 24 h, and calcined at 400 °C for 2 h in air with the heating rate of 1 °C min™. The catalyst
was denoted as 40NiA5C-CI. For SI method, 40NiA was impregnated with the solution of cerium
nitrate followed by drying and calcining under the same conditions, and the catalyst was denoted as
40NiA5C-SI.

The catalysts with 20 wt% NiO loading were also prepared with the same methods mentioned
above, and the detailed experimental procedures, characterization and catalytic tests data were
described in the supporting information. In addition, a commercial Ni/Al,O;3 catalyst HT-1 (57 wt%
NiO loading) was purchased from Liaoning Haitai Sci-Tech Development Co., Ltd., China. CeO,
powder used in this paper was made by precipitation method. The procedure was same as that of
40NiAxC only without addition of 40NiA and PVP, and the product was calcined at 400 °C for 2 h

in air with the heating rate of 2 °C min™.

2.2. Catalysts characterization
X-ray diffraction (XRD) patterns were recorded on a PANalytical X'Pert PRO MPD with a step of

0.02° using the Cu Ka radiation (A=1.5418 A) at 40 KV and 40 mA, and checked with the card

number of Joint Committee on Powder Diffraction Standards (JCPDS). The crystal size of the
6
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sample was calculated using the Debye-Scherrer equation. N, adsorption at —196 °C was measured
using a Quantachrome surface area & pore size analyzer NOVA 3200e. Prior to the measurement,
the sample was degassed at 200 °C for 4 h under vacuum. The specific surface area was determined
according to the Brunauer-Emmett-Teller (BET) method in the relative pressure range of 0.05—-0.2.
The pore size distribution (PSD) was calculated with the Barett-Joyner-Halenda (BJH) method
using the adsorption isotherm branch. The microscopic feature of the samples was observed by field
emission scanning electron microscope (SEM) (JSM-6700F, JEOL, Tokyo, Japan) and transmission
electron microscopy (TEM) (JEM-2010F, JEOL, Tokyo, Japan). Before the TEM measurement, the
H-reduced catalysts were cooled to room temperature in H, flow and then passivated in 1 vol%
O,/Ar gas mixture for 30 min to prevent bulk oxidation of the Ni NPs. Thermogravimetric (TG)
analysis was conducted on a Seiko Instruments EXSTAR TG/DTA 6300. 10 mg of the sample was
used and heated under air (200 mL min™) from room temperature up to 1000 °C (10 °C min™). Zeta
potential analysis was carried out on a Beckman Coulter DelsaNano C particle size and zeta
potential analyzer. The powders (40NiA, y-Al,O3 and NiO) were mixed with 250 mL distilled water
and 0.6253 g PVP, and the mixture was treated by ultrasonic for 1 h. Ce(OH); used in zeta potential
analysis was made by the method similar to that for 40NiAxC catalysts only without addition of
40NiA during the process. The pH values were adjusted by the addition of 0.1 M HCI or NaOH
aqueous  solution. H,  temperature-programmed  reduction  (H,-TPR) and H;
temperature-programmed desorption (H,-TPD) were carried out on Quantachrome Automated
chemisorption analyzer (chemBET pulsar TPR/TPD). For H,-TPR, 0.05 g sample was loaded in a
quartz U-tube and heated from room temperature to 200 °C at 10 °C min" and maintain for 1 h
under Ar flow. Then, the sample was cooled to room temperature and followed by heating to 1000

°C at 10 °C min™ under a binary gas (10 vol % H»/Ar) with a gas flow of 30 mL-min™. For H,-TPD,
7
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0.2 g catalyst was used and reduced in situ by Hy/Ar flow previously. Then, the sample was cooled
to room temperature and saturated with H,. After removing the physically adsorbed H, by flush
with Ar for 2 h, the sample was heated to 850 °C ramping at 10 °C min™ in Ar flow (30 mL min™).
The consumed or desorbed H, was detected continuously as a function of increasing temperature
using a thermal conductivity detector (TCD). The number of surface Ni sites per unit mass of
catalyst was determined by means of H,-TPD assuming the adsorption stoichiometry of H/Ni=1:1.
The peak area of H,-TPD profile was normalized by that of H,-TPR of a standard CuO sample. The
dispersion of Ni was calculated based on the volume of chemisorbed H, using the following

simplified equation:

2><VM,><M><SF><
mxPxV xd,

D(%) = 100

where V,; (mL) represented the volume of chemisorbed H, at the standard temperature and
pressure (STP) conditions measured in the TPD procedure; m was the sample weight (g); M was the
molecular weight of Ni (58.69 g mol™); P was the weight fraction of Ni in the sample as determined
by ICP; SF was the stoichiometric factor (the Ni:H molar ratio in the chemisorption) which was
taken as 1 and ¥, was molar volume of H, (22414 mL mol™) at STP; d, was the reduction degree of

nickel calculated based on H,-TPR.

2.3. Catalytic Measurement

The CO methanation reaction was carried out in a fixed bed reactor equipped with a quartz tube at
0.1 MPa and a stainless steel tube at 3.0 MPa respectively.’ The influence of mass transfer had
been examined and eliminated before the catalytic tests. First, 0.05 g catalyst sample (20—40 mesh)

diluted with 5.0 g (2.5 g at 3.0 MPa) quartz sands (20—40 mesh) was uploaded in quartz tube with
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an inner diameter of 8 mm. The addition of the quartz sands was to avoid the generation of hotspot
in the catalyst bed. For test at 3.0 MPa, the above quartz tube was then packed in the stainless steel
tube. A thermocouple was inserted into the furnace chamber and bonded to the outside of the reactor
tube near the middle position of the catalyst bed to control the reaction temperature. The catalysts
were reduced at 600 °C in pure H, (100 mL min™") for 2 h and then cooled to the starting reaction
temperature in H,. The mixed H, and CO as well as N, (as an internal standard) were introduced
into the reactor at a molar ratio of Ho/CO/N,=3/1/1 and a total flow rate of 200 mL min™ with the
WHSYV of 240000 mL g'1 h'. The outlet gas stream from the reactor was cooled using a cold trap.
Inlet and outlet gases were analyzed on line by Micro GC 3000A (Agilent Technologies) after 1 h
(0.1 MPa) or 2.4 h (3.0 MPa) of steady-state operation at each temperature. The concentrations of
H;, N, CHy, and CO in gas products were detected by a TCD detector with a Molecular Sieve
column while the concentrations of CO,, C;H4, C;Hg, C3Hs, and CsHg were analyzed by another
TCD with a Plot Q column. Stability test at 3.0 MPa was carried out using the fresh catalyst. After
being reduced in pure H; at 600 °C for 2 h, the catalysts were cooled to reaction temperature and the

H, flow was changed to reaction mixture gas to perform the stability test. Here, we defined:

V.=V,
CO conversion: X, (%) = 21220, 100

CO.,in

D 0/\ _ VCH4,out
CHy selectivity: Sy (%) = —————x100

CO,in - CO,out

XCO X SCH4 — VCH4,0ul x 100
100 Veoun

CHa yield: Y, (%) =

Where V; i, and V; ., were the volume flow rate of species i (i=CO or CH,) at inlet and outlet
respectively. Blank test was carried out with 5.0 g quartz sands and the maximum of CO conversion

was less than 2% under our experimental condition.
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3. Results and discussion

3.1. Characterization of the catalysts

Fig. 1 shows the N, adsorption-desorption isotherms and PSD curves of the y-Al,Os support and the
catalysts. The adsorption-desorption isotherm profiles of all the samples are all compliance with the
type 1V features of mesoporous materials (Fig. 1a). The PSD curves of the catalysts loaded with
NiO and CeO; are slightly different from that of y-Al,O; support, as the former curves have small
ratio of pore size at 6—8 nm (Fig. 1b), indicating that some nanoparticles (NPs) may enter the pores
of y-AL,O;. Furthermore, the PSD curves of the 40NiAxC and 40NiA catalysts are similar, while
those of 40NiAS5C-CI and 40NiAS5C-SI are different, suggesting variation of CeQO, distributions in
the catalysts synthesized by different methods. Table 1 compiles the surface areas and pore volumes
of the support and catalysts. The porous y-Al,O3 support has a surface area of 300 m* g ', which is
decreased to 206 m” g_1 (40NiA) after loaded with NiO, probably because the pores are blocked by
NiO NPs. However, the surface areas and total pore volumes of 40NiAxC become larger compared
with that of 40NiA, probably due to the fact that some CeO, NPs are not inserted into the pores but
located on the outer surface of 40NiA catalyst. In contrast, the 40NiASC-CI and 40NiAS5C-SI
catalysts have lower surface areas than that of 40NiA, because some of the pores may be blocked by
CeO; NPs and the density of CeO; is larger than that of Al,Os.

Fig. 2A shows the XRD patterns of the reduced catalysts and CeO,. For 40NiA, the peaks at
37.44, 44.37, and 67.25° are attribute to the characteristic diffraction peaks of y-Al,O; (JCPDS
00-034-0493), while those at 44.64, 51.81 and 76.59° correspond to the (111), (200) and (220)
diffractions of metallic Ni (JCPDS 01-070-1849). After addition of CeO,, a new peak at about

28.02° appears in the XRD pattern of 40NiAxC catalysts, which corresponds to (111) diffraction of
10
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CeO; (JCPDS 01-089-8436). The peak intensities of CeO, for all the catalysts are very weak and
difficult to be discerned in some cases, indicating the high dispersion degree of CeO, over the
catalyst surfaces. In addition, the peak intensities of Ni over these catalysts are different, and the
calculated Ni particle sizes are listed in Table 1. It can be seen that the Ni particle sizes of 40NiAxC
and 40NiAS5C-SI are a little smaller than that of 40NiA, probably due to the presence of CeO, in the
former catalysts that can physically separate the Ni particles from each other. This steric hindrance
by CeO; can help these Ni particles maintain their original shape and size during the H, reduction
process at high temperature. In contrast, the Ni particle size on 40NiAS5SC-CI is bigger than that of
40NiA, implying that the Ni particles are worse dispersed and the addition of CeO, does not
facilitate the dispersion of Ni probably because of the competitive adsorption of Ni*" and Ce’
occurring during the CI process.

Fig. 2B presents the H,-TPR profiles of CeO, and the catalysts. There is a weak peak at 447 °C in
the H,-TPR profile of CeO,, corresponding to the reduction of Ce*" to Ce***! Because of the small
amount of CeO; in the catalysts and the weak intensity of its reduction peak, we will focus on the
reduction behaviors of NiO. The reducible NiO species in the catalysts can be approximately
classified into three types: a-type (weak interaction of the NiO with support, 290—475 °C), p-type
(mid-interaction, 475—753 °C), and y-type (strong interaction, 753—894 °C).*>*’ In the H,-TPR
curves of 40NiA, 40NiAS5C-CI and 40NiAS5C-SI prepared by different impregnation methods, there
are all two major peaks, but there is only one broad peak in the curves of 40NiAxC catalysts. For
40NiA5C-CI, the two peaks belong to the reduction of a-type NiO, indicating a weak interaction of
NiO with the support, as evidenced by the big Ni particle size in this sample (Table 1). For 40NiA
and 40NiAS5SC-SI, the peaks at the low temperature belong to a-type, while those at high

temperature are diffusing in a wide range, attributing to the reduction of highly-dispersed NiO
11
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species with a strong bonding to the Al,O; support. Moreover, it should be noted that the intensity
ratio between the low-temperature and the high-temperature peaks of 40NiAS5SC-SI is smaller than
that of 40NiA, indicating a stronger interaction between NiO and the support over 40NiASC-SI. As
a result, smaller Ni particle size in 40NiAS5C-SI is observed than that in 40NiA (Table 1). For
40NiAxC, the H, consumption peak below 370 °C is disappeared, while the intensity of the peak
above 370 °C is increased obviously compared with the curve of 40NiA. This may be because the
NiO (especially the free NiO) in 40NiA is covered by CeO, after the addition of CeO,, thus the NiO
species become more difficult to be reduced with the shift of the H, consumption peak below 370
°C to high temperature.

Fig. 2C shows the H,-TPD profiles of CeO, and catalysts, and Table 1 lists the calculated
hydrogen uptake values and Ni dispersion of the catalysts based on the H,-TPR and H,-TPD results.
For CeO,, it has a strong H, desorption peak at 415 °C, suggesting CeO; can increase the hydrogen
uptake of the catalyst, which is accordant with the literature results.*> ** It can be seen that the
H,-TPD profiles of all the catalysts are similar and exhibit three H, desorption peaks around 218,
357 and 699 °C respectively, while there is no obvious desorption peak at about 415 °C, indicating
the H, absorption of CeO, on the catalysts is negligible. In addition, y-Al,O3 used in this work is
stable and the weight loss is only 2.6 wt% at 1000 °C detected by TG in air (not shown here). The
intensity of Hp-TPD profile of y-Al,O3 (not shown here) is very weak compared with that of the
catalysts. Thus, the effect of the support Al,O3 can be neglected. The first peak at low temperature
(218 °C) can be attributed to chemisorbed hydrogen on the highly dispersed Ni NPs with a large
density of surface defects, which can serve as capture traps for surface hydrogen diffusion so as to
reduce the activation energy of hydrogen dissociation.* The second peak (357 °C) is attributed to

hydrogen adsorbed at bulk or lowly-dispersed Ni NPs. In addition, the peak located at around 669
12
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°C can be attributed to the H, adsorbed in the subsurface layers of Ni atoms and/or to the spillover
H,.** For 40NiAxC, there is an obvious increase in the integral area of the H, uptake peaks
comparing with that of 40NiA, indicating more Ni sites are exposed to H,. Meanwhile, there is an
increase in the amount of surface-dissociated H; or spillover H, due to the contribution of CeO,.
Table 1 reveals that the addition of proper amount of CeO, can increase the H, uptake and the
dispersion of Ni in the 40NiAxC catalysts, and 40NiASC has the highest total H, uptake of 378.5
umol ge. ' and Ni dispersion of 14.9%. However, excess CeO, may cover some of the surface Ni
atoms, thus the H, uptake and Ni dispersion of 40NiA7C are decreased again compared to those of
40NiA5C. 40NiA5C-SI also has a high H, uptake of 330.7 umol-g.,' and a Ni dispersion of 13.0%,
close to that for 40NiA5C. Although 40NiA5C-CI has the same composition as 40NiA5C and
40NiAS5C-SI, its H, uptake is much lower due to its bigger Ni particle size.

The Nitrogen adsorption, XRD, H,-TPR and H,-TPD tests over the catalysts with 20 wt% NiO
are also conducted, and similar trends to those over the catalysts with 40 wt% NiO are observed
(Fig. S1-2 and Table S1-2).

Fig. 3 shows the TEM images of the reduced 40NiAxC catalysts. No obvious Ni particles
agglomerations in the reduced 40NiAxC catalysts is observed, and the Ni particle sizes are about
5-35, 5-15 and 5-25 nm in 40NiA3C (Fig. 3a), 40NiASC (Fig. 3b) and 40NiA7C (Fig. 3c),
respectively. CeO; nanocrystallites cannot be identified in the TEM images due to the poor contrast
between Al,O3 and CeO,. Fig. 3d shows the HRTEM images of 40NiA7C. The observed lattice
spacing of ca. 0.20 nm corresponds to the Ni (111) plane, as reported previously,’ which is closely
related to the active sites for the methanation reaction. The lattice spacing at ca. 0.31 nm
corresponds to the CeO, (111) plane and the CeO, nanocrystallites are well dispersed among or

closely connect with the Ni particles.
13
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3.2. Catalytic properties of the catalysts

CO methanation was first carried out in the temperature range of 300—600 °C at 0.1 MPa and a
WHSV of 240000 mL g h™', and the results are listed in Fig. 4a—c. Overall, the CO conversion and
CHy4 yield of all the catalysts present volcano-shaped trends with increase of the reaction
temperature. This is because CO methanation is a strongly exothermic reaction and the high
temperature has adverse effect on this reaction.” After addition of CeO», the activities of 40NiAxC
catalysts are improved significantly compared with those of 40NiA. After addition of CeO,, the
activities of 40NiAxC catalysts are improved significantly compared with those of 40NiA, and the
maximum of CO conversion and CH4 yield are obtained over 40NiA5SC with 99 and 85%
respectively at 350 °C. For 40NiA7C, although it has more CeQ,, its activity becomes lower,
probably due to the coverage of active sites by CeO,. The CO conversion and CHy yield of
40NiASC-SI are also lower than those of 40NiASC, although its CHy selectivity of 40NiASC-SI is
close to that of 40NiA5C. Meanwhile, the activity of 40NiASC-CI is much lower than that of the
others. In addition, compared to 40NiA, the low-temperature CO methanation below 350 °C over
the catalysts with the addition of CeO, are all enhanced except for 40NiA5C-CI at 300 °C. For
40NiA5C, the CO conversion is 84% and the CHy yield is 68% at 300 °C, which is higher than the
maximum value of the CO conversion and CHy yield over 40NiA at 450 °C. In short, the addition of
CeO; on Ni/Al,O3 can enhance the CO methanation obviously at atmospheric pressure. In addition,
thermodynamic equilibrium analysis of CO methanation at different conditions was systematically
carried out previously.”” CO conversion on 40NiAS5C nearly reaches the equilibrium at 350—450 °C,
but lower than equilibrium below 350 °C and beyond 450 °C. On the contrast, CO conversion on
others catalysts is under the equilibrium in the total temperature range. On the other hand, the CH4

selectivity on all the catalysts can reach equilibrium only at 450 °C, while it is lower below 450 °C
14
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but higher than equilibrium above 450 °C. Xavier et al.," also reported the doping of CeO, on
Ni/Al, O3 could improve the activity of the catalyst for CO methanation. They found Ce®" sites had
strong interactions with oxygen atom of the chemisorbed CO molecules, which weakened the CO
bond and thus facilitated the formation of surface carbon. The later was further hydrogenated to
form methane. It should be pointed out that the activity sequence of all the catalysts is accordant
with that of H, uptake and Ni dispersion shown in Table 1. Moreover, similar trends are also
observed over the catalysts with 20 wt% NiO, and the best catalyst is 20NiA3C (Fig. S3).

CO methanation over the best catalyst of 40NiAS5C is also carried out at 3.0 MPa and a WHSYV of
240000 mL g' h™ because this reaction is a volume-reduced and normally conducted at high
pressure (2.94-3.43 MPa) in industry.”> For comparison, 40NiA and a high NiO loading
commercial methanation catalyst HT-1 are also tested, and the results are shown in Fig. 4d—f. The
CO conversion over these three catalysts is very close to thermodynamics equilibrium®, and it can
reach 100% at 300—450 °C, then a decrease occurs at higher temperature for exothermic character
of CO methanation (Fig. 4d). At the same time, 40NiAS5C has the highest CH4 selectivity and CHy
yield (except for 600 °C) among the above catalysts. Obviously, 40NiA5C is a competitive catalyst,
even to the commercial methanation catalyst HT-1 (Fig. 4e—f).

The life time test is essential for evaluation of a catalyst, and maintaining the activity and
stability of the catalyst under harsh reaction conditions is crucial for the industrial process. However,
some literature works only evaluated their catalysts at low temperature and low WHSVs under
atmospheric or low pressures,” '* although their activities were reported to be stable more than 100
h. Therefore, these data for evaluation of thermal stability and resistance to carbon deposition of the
catalysts are not sufficient. In order to study the coke and sintering resistance of the catalysts, we

thus conduct a life time test at 300—600 °C, 3.0 MPa and a high WHSV of 240000 mL g'1 h', and
15

Page 16 of 35



Page 17 of 35

RSC Advances

the results are shown in Fig. 5. For 40NiAS5C, the activity can remain constant during every time
period from 300 to 600 °C, suggesting its good stability at both low and high temperature at a high
WHSV. In contrast, the activity of the HT-1 catalyst can remain steady at low temperature (300 and
400 °C), but the test has to be terminated after 26 h (6 h at 500 °C) because the large pressure drop
of the catalyst bed occurs (Fig. 5d). For 40NiA, the test was terminated after 31 h (1 h at 600 °C) for
the same reason as HT-1, which is consistent with the previous results.*® In Fig. 5d, the pressure
drop of 40NiASC remains constant at 0.02 MPa (the system pressure drop of the catalyst bed)
during the test, indicating no obvious carbon deposition. On the contrary, the pressure drops of
HT-1 and 40NiA increase quickly after 26 and 31 h respectively, suggesting serious carbon
deposition occurred on them. It should be noted that the syngas methanation often runs at the high
concentration of CO (with a H,/CO feed ratio of about 3.0) and high temperature (300—600 °C),’
which is quite different from the selective CO methanation reaction for the removal of trace CO
(usually ca. 1 vol%) from the H, rich stream at low temperature (200—250 0C).37 Thus, HT-1 may
be a commercial selective CO methanation catalyst with a high loaded NiO (57 wt%). Additionally,
a life time test of 40NiAS5C is also carried out at 600 °C, 3.0 MPa and a WHSV of 30000 mL g'1 hl,
and the catalytic activity of this catalyst can also remain constant for 104 h which further testifies its
good thermal stability at high temperature (Fig. S4). Furthermore, 40NiA5C and 40NiA are also
molded by a tablet press machine, which are denoted 40NiA5C-G and 40NiA-G respectively (Fig.
S5). The crushing strengths of the three catalysts are also tested. The radial and axial crushing
strengths of 40NiAS5SC-G and 40NiA-G are a little higher or comparable compared with those of
HT-1 (Table S3). The catalytic performance of the three catalysts is also tested at 3.0 MPa and a
WHSV of 30000 mL g h™. It can be seen that the activities of 40NiA5C-G and 40NiA-G are close

to those of HT-1, especially, the CH, yield of 40NiA5C-G can be higher than that of HT-1 in the
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temperature range of 300—550 °C (Fig. S6), indicating the activity of 40NiA5C can be very high
both before and after molding.

3.3. Characterization of the spent catalysts

Fig. 6a shows the XRD patterns of the used HT-1, 40NiAS5C and 40NiA catalysts after life time test
as well as the freshly reduced HT-1. The Ni particle size of the used 40NiA5C is calculated to be
9.3 nm, a little larger than that of the freshly reduced 40NiAS5C (8.3 nm), indicating the good
thermal stability of 40NiASC. In contrast, the Ni particle sizes of HT-1 and 40NiA increase from
9.9 to 17.9 nm and from 9.5 to 13.6 nm after the life time test respectively, suggesting their poor
thermal stabilities at high temperatures. On the other hand, there is a new diffraction peak at 26.55°
in the XRD patterns of the used HT-1 and 40NiA, corresponding to graphitic carbon (JCPDS
03-065-6212). It is known that the deposited carbon may have various forms such as amorphous
carbon, vermicular carbon and graphitic carbon,”® but only graphitic carbon can be detected
apparently by XRD. The carbon peak in the XRD pattern is very weak, indicating the graphitic
carbon is not well crystallized in the used HT-1 and 40NiA. Of course, the formation of amorphous
carbon still cannot be excluded. The amount of the deposited carbon on the used catalysts is
determined by TG analysis, as presented in Fig. 6b. The carbon content in the used HT-1 and
40NiA catalyst is estimated to be 10.0 and 4.0 wt % respectively, while it is only 0.8 wt % for the
used 40NiASC catalyst. From the SEM images it can be seen that there are many filamentous
carbons formed on the surface of the used HT-1 (Fig. 6¢), and some filamentous carbons can be
also found over 40NiA catalyst (Fig.6e), however, filamentous carbon is absent in the used
40NiASC (Fig. 6d). There are two questions perplexing us, one is that the carbon amounts of the
used HT-1 and 40NiA are still not very high, contradictory to the fact that the catalyst beds were

blocked during the life time test; the second is that although there is 0.8 wt% carbon on the used
17
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40NiASC, there is no filamentous carbon observed by SEM.

For the first question, we examine the changes of quartz tube before and after the life time test of
40NiA, and have obtained some probable causes (Fig. S7-9). Similar to the literature result,” the
clog of the tube is mainly found on the top of the catalyst bed (Fig. S7d). As we all know the rate at
which deactivation occurs for a given catalyst and reaction depends greatly on reaction conditions,
especially temperature. Rates of carbon precursor formation and gasification both increase
exponentially with temperature, although the difference between them varies a great deal with
temperature because of differences in pre-exponential factors and activation energies.40 Thus, once
the carbon deposition is initiated, the rates of carbon formation are sufficiently high to cause
catastrophic pore plugging and catalyst failure within a few hours to days. In this work, the gas
stream flows through the bed from the top to bottom with high concentrations of CO and H; at the
upper of the catalyst bed, and the larger the WHSVs the bigger the concentration difference. Hence,
although some quartz sands have been added to transfer heat, the hotspots may occur at the top of
the catalyst bed for the strongly exothermic CO methanation, resulting in the clog of the quartz tube.
Furthermore, from the results of the blank tube tests (Fig. S9) we know some deposited carbon in
the catalyst bed can be eliminated by the steam produced by CO methanation, while there is no
steam at the top of the catalyst bed, which may be the main reason for that the clog of quartz tube
found on the top of the catalyst bed rather than the upper. On the other hand, Ni particle size will
also affect the growth rate of carbon filaments on the catalysts. Chen ez al.,*' has reported that the
optimum growth rate and yield of carbon nanofibers could be achieved on optimally sized Ni
crystals (around 34 nm), and small Ni crystals yielded a low growth rate. The Ni particle size of the
used 40NiA that is recycled from the top of the catalyst bed is 18.4 nm (Fig. S8d), so it will also

enhance the growth of the carbon filaments. Therefore, carbon deposition and sintering occur
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simultaneously and reinforce each other at high temperature, which cause the termination of HT-1
and 40NiA life time test in the short time.

For the second question, CeO, has been reported to have positive effect on carbon suppression

42,43

when used as a promoter in Ni/Al,Oj; catalysts for steam reforming, as CeO, could increase

supply of active oxygen species on the Ni surface due to enhanced water adsorption and gasification.

In this work, since there is no graphitic carbon detected by both XRD and SEM in the used
40NiASC, and the carbon content measured by TG is 0.8 wt%, the deposited carbon on 40NiAS5C is
likely to be amorphous carbon. Recently Lu et al.,44 has found that the CeAlO; of Ni/CeAlO5-Al,05
catalyst could inhibit the growth of filamentous carbon on Ni surface while the formation of
amorphous carbon via thermal cracking of methane is independent of CeAlO;. Hence, the CeO,; in
the 40NiASC may play a similar role, which mainly inhibit growth of graphitic carbon but not
workable to the growth of the amorphous carbon.

Furthermore, as mentioned that the Ni particle size of the reduced and used 40NiA5C is 8.3 and
9.3 nm respectively, it indicates good sintering resistance of 40NiA5C. An effective approach to
control sintering proposed in the literature was the addition of a second component or an oxide
phase that is applied as an overcoat.* In this work, CeO, is deposited on the surface of 40NiA
which may play a similar function like the overcoat; CeO, can be physical barrier for Ni particles,
which restrains the increase of Ni particle size during the process of reduction and reaction
conditions at high temperature.

From the above results, it can be seen 40NiAS5SC catalyst has the highest activity for CO
methanation as well as the best resistance to carbon deposition and Ni NPs sintering. A proposed
reaction process and outline for the structure-property relationship are given in Fig. 7. For 40NiA,

Ni particles will agglomerate in the process of reduction at high temperature because of particle
19
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migration or Ostwald ripening'® (seen in Table 1) (Fig. 7a). For 40NiA 5C-SI, CeO, can distribute
on the surface of ALO; and NiO uniformly with high dispersion, because Ce’" can adsorb on the
surface of 40NiA freely, and the CeO; particles can restrain the growth of Ni particles during the
reduction at high temperatures leading to small Ni particles (Fig. 7b).

To further confirm the structure of 40NiAS5C, zeta potentials analysis of 40NiA, y-Al,O3, NiO
and the precursor of CeO, (Ce(OH);) are measured. The zeta potential of PVP-stabilized 40NiA,
y-Al,03 and NiO is 7.9, —9.0 and 14.4 mV respectively. NiO shows a positive zeta potential,
indicating that NiO bears a positive surface charge, which is consistent with the result of Xiang et
al.* In contrast, Ce(OH); is negatively charged with a zeta potential of —13.2 mV in the turbid
liquid, so it will selectively adsorb onto the surface of NiO particles due to the electrostatic
attraction.*’ Therefore, CeO, should mainly distribute on the surface of NiO rather than on Al,Oj3 in
40NiAS5C, and CeO; can enhance the interaction of NiO and support and act as a physical barrier to
restrain growth of Ni particles resulting in small Ni particle size during the reduction. The results of
aforementioned N, adsorption, XRD, H,-TPR and H,-TPD also supported this inference and the
proposed formation process of 40NiAS5C is illustrated in Fig. 7c. The presence of electrostatic
interaction and selective deposition is the critical factor for precipitation-deposition method. The
proper distribution of CeO, on Ni/Al,O3 enhances the promotion effect of CeO,, which leads to the
excellent catalytic performance and stability of 40NiAS5C for CO methanation.

In the preparation process of 40NiA5C-CI, the competitive adsorption of Ni*" and Ce’" occurs
during the co-impregnation process. Ce’" ions adsorbs on Al,Os preferentially with high dispersion
on the support; on the contrary, the Ni*" ions adsorption will be difficult for the steric hindrance and
electrostatic repulsion of Ce*" ions, which results in poor dispersion of Ni*" ions and large Ni

particle size of 40NiA5C-CI (Fig. 7d).
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4. Conclusions

We report the preparation and characterization of CeO,-decorated Ni/y-Al,Oj; catalysts with a NiO
loading of 40 wt% for CO methanation. Compared with the Ni catalysts prepared by the CI and SI
methods, the catalyst of 40NiAS5C derived from DP method shows the enhanced catalytic
performance, which remains high activity and very good carbon and sintering resistance in the life
test. In the modified DP procedure, CeO, can selectively deposit on the surface of NiO rather than
Al,O5 due to the electrostatic interaction, which on the one hand can act as a physical barrier to
restrain the growth of the Ni particles during the reduction and catalytic reaction at high
temperatures and thus effectively inhibit the sintering of the Ni particles, and on the other hand can
reduce the coke formation by suppressing the growth of graphitic carbon via increasing active
oxygen species on the Ni surface. This unique structural characteristic enhances the promotion
effect of CeQO,, and achieves simultaneous inhibition of coke and sintering of Ni particles in

40NiAS5C, while maintaining high catalytic activity for CO methanation.
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Figure Captions

Fig. 1 N, adsorption isotherms (a) and PSD curves (b) of unreduced catalysts (For clarity, the
isotherm of 40NiASC-CI, 40NiA7C, 40NiA5C, 40NiA3C, 40NiA and Al,O3 was vertically shifted
for 50, 50, 110, 140, 170 and 30 cm® g'l, respectively.)

Fig. 2 XRD patterns (A), H,-TPR profiles (B) and H,-TPD profiles (C): (a) CeO,, (b) 40NiA, (c)
40NiA3C, (d) 40NiASC, (e) 40NiA7C, (f) 40NiASC-CI, and (g) 40NiASC-SI.

Fig. 3 TEM images: (a) reduced 40NiA3C, (b) reduced 40NiAS5C, (c and d) reduced 40NiA7C.

Fig. 4 Catalytic properties of the catalysts at 240000 mL g'1 h™': (a and d) CO conversion, (b and ¢)
CHy selectivity, and (c and f) CH, yield.

Fig. 5 Life time test of HT-1, 40NiA5C and 40NiA at 3.0 MPa 240000 mL g’ h™: (a) CO
conversion, (b) CHy4 selectivity, (¢) CHy yield and (d) pressure drop of the catalyst bed during the
test.

Fig. 6 XRD patterns of the catalysts after life time tests (a), TG curves of the fresh and used
catalysts in air (b), and SEM images of used HT-1(c), used 40NiA5C (d), and used 40NiA (e).

Fig. 7 Schematic diagram of the formation process of 40NiA (a), 40NiA5C-SI (b), 40NiA5C (c) and

40NiA5C-CI (d).
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Table 1 Physical and chemical properties of the supports and catalysts.

SgeT” yP Ni particle size” H, uptake D!
Samples

(m* ™) (em’ g") (nm) (nmol g™) (%)

7-AlL,O; 300 0.48 - - -
40NiA 206 0.26 9.9 157.7 5.9
40NiA3C 219 0.35 9.2 253.7 9.8
40NiA5C 222 0.35 8.3 378.5 14.9
40NiA7C 210 0.28 8.9 325.6 13.1
40NiA5C-CI 139 0.21 19.1 151.6 6.0
40NiA5C-SI 171 0.24 8.6 330.7 13.0

“ Surface area of the unreduced catalysts, derived from BET equation.

® Pore volume of the unreduced catalysts, obtained from the volume of nitrogen adsorbed at the
relative pressure of 0.97.

¢ Calculated by the XRD diffraction peak (26=44.64°) of the reduced catalysts using the
Debye-Scherrer equation.

“Ni dispersion, calculated based on the Ho-TPR and H,-TPD results.
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