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Abstract: CO selective methanation is regarded as an efficient technological solution for
hydrogen-rich gas purification in fuel cells. In this study, a series of bimetallic catalysts
(Ru-Ni/xTiOp-MgAl,O4) were synthesized by impregnation method after surface mod-
ification of MgAl,O4 supports with different contents of TiO,. The prepared catalysts
were characterized by XRD, BET, SEM, TEM, H,-TPR, CO-TPD, NH3-TPD, and XPS. The
Ru-Ni/10TiO,-MgAl,O4 exhibited excellent CO-SMET performance, removing the CO in
the Hp-rich gas to less than 10 ppm with the selectivity above 50% in a temperature window
range of 210-280 °C. The results showed that the TiO,-modified MgAl,O4 support not
only improved the interaction between metal and support, and promoted the dispersion
of active component nanoparticles on the support, but also introduced oxygen vacancies
or defects in the catalyst and enhanced the acidity, resulting in better catalytic activity
and stability.

Keywords: CO selective methanation; MgAl,Oy; TiO,-modified; Ni; Ru

1. Introduction

In the face of the increasingly serious environmental pollution energy crisis, it is a
general trend to respond to use clean energy and implement the green and sustainable
development of energy. The use of proton exchange membrane fuel cells (PEMFC) is
regarded as the most promising energy conversion strategy due to its advantages of high
energy efficiency, environmental protection, and low operating temperature [1,2]. How-
ever, the feedstock hydrogen-rich gas from hydrocarbon steam reforming contains about
0.5-2 vol% CO, which will irreversibly poison the Pt electrodes in the PEMFC, leading to a
severe degradation of cell performance [3]. Therefore, the CO in the reforming hydrogen-
rich gas must be deeply removed to a concentration of less than 10 ppm to ensure the
efficient operation of the PEMFC [4].

The selective methanation of CO (CO-SMET) method is considered to be an effective
chemical method [5] for deep CO removal due to its efficient conversion of CO to CHy. The
key is to develop CO-SMET catalysts with good low-temperature activity, high selectivity,
good stability, and a wide temperature window.

Ni-Ru bimetal-supported catalysts are a class of CO-SMET catalysts that have attracted
much attention due to their superior catalytic performance. It has been shown [6-8] that the
incorporation of a small amount of Ru into the Ni-based catalyst can optimize the pore size
structure of the catalyst, reduce the crystallite size of Ni, and improve its dispersion, thereby
significantly improving the catalytic performance of the catalyst. Tada et al. [9,10] synthe-
sized Ru-Ni/TiO; catalysts by the impregnation method and applied them to CO-SMET;
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the results showed that the Ru-Ni/TiO, catalyst has better low-temperature activity as well
as a wider temperature range compared with the monometallic catalysts. Ru can promote
the reduction of metal Ni by spilling hydrogen, and this inter-metallic interaction improves
the dispersibility and surface area of Ni and increases the active sites for CO methanation,
thus improving the catalytic activity [11]. Yang et al. [12] showed that the doping of Ru is
both kinetically and thermodynamically favorable to promote the decomposition of CO
adsorbed on the Ni surface, thus enhancing the low-temperature activity and stability of the
catalyst. Meanwhile, the choice of support also has an important influence on metal-loaded
catalysts, and different combinations of active component and support exhibit different
catalytic effects. Magnesia-aluminum spinel belongs to the typical cubic crystal system
and has good thermal stability and sintering resistance [13]. Recent studies [14,15] have
shown that magnesium-aluminum spinel can stabilize metal particles well, and reduces
carbon buildup and metal nanoparticle aggregation even at high temperatures. In carbon
monoxide catalytic hydrogenation reactions, the use of MgAl,Oy as a support can avoid
the formation of a difficult-to-reduce NiAl,O4 structure from Ni and Al,O3, which leads to
a decrease in the catalyst activity as well as the loss of the active component Ni [16]. Baek
et al. [17] found that the self-activation property of Ru-promoted Ni/MgAl,O4 was the
result of the simple combination of ruthenium self-activation ability and in situ reduction of
nickel oxides by hydrogen transferred in the gas phase, which was the key for the catalyst to
exhibit higher activity. Andraos et al. [18] showed that the reduced reduction temperature
of NiO in Ru-Ni/MgAl,Oy catalyst promotes its dispersion, thereby exhibiting high activity
and stability. Navarro et al. [19] reported that an MgAl,O4-supported Ru-Ni structured
catalyst exhibited better reaction activity than MgO/Al,O3 for CO, methanation, increas-
ing not only the CO, conversion but also decreasing the yield of the undesired product.
However, MgAl,O4 support does not readily generate oxygen vacancies, which are critical
for enhancing the adsorption and activation of CO molecules [20]. The interaction between
active metal particles and MgAl,Oy is often weaker compared to other supports, which
can result in the sintering of metal nanoparticles at high temperatures, leading to a loss of
active surface area and reduced catalytic activity over time [21,22]. Moreover, it seems that
MgAl,O4-based catalysts have poor low-temperature activity in CO-SMET, which tends
to exacerbate CO, competition for the methanation reaction, thus leading to a decrease in
reaction selectivity [23,24].

It has been shown that the incorporation of a TiO;, additive into metal-supported
catalyst can improve metal-support interactions and expose the acidic centers in the
catalysts, and promotes the dispersion of the metal particles, thereby increasing the reactive
active sites and enhancing the catalytic performance [25,26]. Titanium doping usually
introduces oxygen vacancies or defects into the spinel structure of the support, which
can facilitate the cleavage of C-O bonds and enhance the adsorption and activation of
CO molecules, thereby increasing the catalytic activity [27]. Thus, in this paper, MgAl,O4
(tagged as MA) support was modified by TiO,, and then Ru-Ni/TiOp-MA catalyst was
successfully constructed by the impregnation method. Compared with Ru-Ni/MA catalysts,
the Ru-Ni/TiO;-MA exhibits excellent metal dispersion and reducibility, and better CO
adsorption activation ability, which improve the low-temperature activity and selectivity
of the catalyst for CO-SMET.

2. Results and Discussion

Figure S1 shows the XRD spectra of xTiO,-MA composite supports with different TiO,
contents. It can be found that all of the modified samples exhibit the characteristic peaks
of MA at 31.4°, 37.0°, 45.0°, 59.6°, and 65.5°, corresponding to the (220), (311), (440), (511),
and (400) crystal planes (PDF #73-1959) [28]. The spectrum presents characteristic peaks of
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different crystalline phases of Ti; the diffraction peaks at 25.2° and 53.5° are related to the
reflection planes at (101) and (105) of anatase TiO, (PDF #71-1168), and the characteristic
peaks were observed at 27.1° and 40.6°, which are related to the reflection planes at (110)
and (111) of rutile TiO, (PDF #76-0326), respectively [29]. Compared with MA, the peak
intensity of MA in the xTiO2-MA (x = 5%, 10%, 15%) composites weakened with increasing
TiO, content, where the TiO; characteristic peak intensity strengthened, indicating that
TiO, crystals were formed on the surface of the support and encapsulated the MA [30].
The new crystalline phase peaks were not observed in XRD spectra of xXTiO,-MA, which
suggested that titanium was not incorporated into the framework structure of MA.

Figure S2 and Table S1 show the N, absorption—-desorption isotherms and pore size
distribution results as well as the pore structure characterization of xTiO,-MA with different
TiO, contents. It can be seen in Figure S2 that the xTiO,-MA exhibited the typical [IUPAC
type IV curves and H2 hysteresis loops, indicating the existence of a mesoporous structure
of the supports, while the area of the hysteresis loops exhibited a decreasing trend with the
elevation of the TiO; content, which suggests a consequent decrease in the mesoporous
homogeneity and pore volume [31]. The Brunauer—Emmett—Teller (BET) surface area
and average pore size for the xTiO,-MA composite materials are summarized in Table S1.
The pore distribution of all samples is between 6 and 7 nm, and the pore size is relatively
uniform. The decrease in the specific surface area and the pore volume is due to the fact
that part of the Ti did not enter into the frame pores of the MA supports, which has been
confirmed by XRD test, but instead forms TiO, crystals on its surface [32].

Figure S3 presents the scanning electron microscope images of xTiO,-MA and MA. It
can be observed that all supports show irregular particle structure, and there is no obvious
change in the morphology of MA before and after TiO, modification. xTiO,-MA obviously
distributes more tiny particles on the surface compared to MA, suggesting that titanium is
uniformly loaded on the surface of MA to achieve the purpose of surface modification.

As indicated by the activity evaluation results of catalysts, when the loading amounts
of TiO; was 10%, Ru-Ni/10TiO,-MA exhibited excellent activity and selectivity over a
wide reaction temperature window of 210-280 °C. As such, the role of additive TiO, and
its influence on 10TiO,-MA-supported NiRu bimetallic catalysts will be investigated in
the following.

The XRD patterns of the reduced samples of Ru-Ni/MA and Ru-Ni/10TiO,-MA are
displayed in Figure 1. The diffraction peaks at 44.5°, 51.8°, and 76.4° are related to the
(111), (200), and (220) crystal planes of metallic Ni (PDF #87-0712) for both Ru-Ni/MA and
Ru-Ni/10TiO,-MA [33]. The characteristic peaks observed at 25.2° and 53.5° correspond to
reflection planes at (101) and (105) of anatase TiO, (PDF #71-1168), and the characteristic
peaks located at 27.1° and 40.6° are related to the reflection planes at (110) and (111) of
rutile TiOp (PDF #76-0326) [29]. The characteristic diffraction peaks of Ru species were
not observed, which may be due to the high dispersion of Ru [34]. The characteristic
peaks at 37.0° and 65.5° correspond to the (311) and (400) crystal planes of MA (PDF
#73-1959) [28]. The characteristic diffraction peaks at 62.3° for Ru-Ni/MA were related to
the reflection planes at (220) of MgO (PDF#78-0430), which may be due to the low sintering
temperature, resulting in unreacted magnesium sources existing in the form of MgO [35].
As shown in Figure 1, the diffraction peaks of NiAl,O4 were not observed, suggesting that
the preparation process did not consume the active component Ni to generate difficult-
to-reduce NiAl,Oy. It can be observed that the (111) crystal plane diffraction peak of Ni
for Ru-Ni/10TiO;-MA was weakened in intensity compared with Ru-Ni/MA, indicating
the particle size of the Ni for the Ru-Ni/10TiO,-MA catalyst was smaller than that for the
Ru-Ni/MA catalyst. The Ni particle sizes, estimated by the Scherrer equation [36], are
listed in Table S2. These results suggested that the addition of an appropriate amount of
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TiO, could effectively reduce the microcrystalline size of Ni. This result may be due to
the fact that TiO, formed a strong metal-support interaction with Ni, which effectively
inhibited the aggregation and growth of metal particles [29].

A MgO OMA ONi VTiO,

Intensity

Ru-Ni/MA|

20 30 40 5|0 60 70 80
2Theta(°)

Figure 1. XRD patterns of Ru-Ni/MA and Ru-Ni/10TiO,-MA catalysts.

As observed in Figure S2a, like the xTiO,-MA supports, the Ru-Ni/10TiO,-MA sample
also presented the typical IUPAC type IV curves and H2 hysteresis loops, which suggested
that the sample has a mesoporous structure [31]. As shown in Figure S2b and Table S2, the
specific surface area, average pore volume, and the average pore diameter of Ru-Ni/10TiO,-
MA decreased compared to the support 10TiO,-MA, suggesting that the number of the
mesopores decreased with the addition of the active component, which was attributed
to the fact that some of the mesopores are clogged or filled and transformed into smaller
diameter pores.

The transmission electron microscopy (TEM) images of the catalyst and the particle
size distribution of Ni are shown in Figure 2a,e. As presented in Figure 2a,b, the active
metal Ni and Ru on support MA and 10TiO,-MA, both dispersed and uniformly distributed
in particle size, exhibited high dispersibility. The average sizes of the Ni and Ru nanopar-
ticles for the Ru-Ni/MA and Ru-Ni/10TiO,-MA catalysts are around 7.7 nm and 6.2 nm,
respectively. The crystallite size of active metal for Ru-Ni/10TiO,-MA decreased compared
with Ru-Ni/MA, demonstrating that the introduction of TiO, was beneficial for reducing
the particle size of the active components and improving its dispersion, which is conducive
to creating more active sites for promoting the reaction [37]. It thus enhances the catalytic
activity of Ru-Ni/10TiOp-MA, which is consistent with the XRD results. It can be seen in
Figure 2c that the lattice fringes at 0.20 nm, 0.22 nm, and 0.35 nm correspond to the (111)
crystal planes of Ni, and the (002) crystal planes of Ru, and the (101) crystal plane of TiO,,
respectively [38,39]. The high-angle annular dark-field scanning transmission electron
microscopy (HAADEF-STEM) and EDX elementary mapping images of Ru-Ni/10TiO,-MA
are observed in Figure 2d,e, which indicated that the elements Ni, Ru, Ti, Mg, Al, and O
were uniformly distributed over the entire catalyst surface.
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Figure 2. TEM images and particle size distributions for (a) Ru-Ni/MA, (b) Ru-Ni/10TiO,-MA,
(c) HRTEM, and (d,e) HAADF-STEM and energy-dispersive X-ray (EDX) elemental mapping of
Ru-Ni/10TiO,-MA catalyst.

Figure 3 presents the H-TPR profiles of Ru-Ni /MA and Ru-Ni/10TiO,-MA. The
fractions of each type of NiO estimated from H,-TPR experiments are summarized in Table
S3. As shown in Figure 3 and Table S3, the samples exhibited obviously the reduction
peaks of the Ru species at around 210 °C. For the Ru-Ni /MA catalyst, the reduction
peak at 320 °C corresponds to «-NiO, which interacts weakly with the support MA, and
the Ni particles are prone to form larger particle sizes after reduction. The reduction
peaks at 350400 °C correspond to 3-NiO, and its interaction with the support is relatively
strong, and the metal Ni particles obtained have excellent catalytic activity after 3-NiO
reduction. The peak at 515 °C corresponds to difficult-to-reduce y-NiO [40,41]. For Ru-
Ni/10TiO,-MA, the «-NiO reduction peak shifted to 295 °C. The 3-NiO reduction peak
moves significantly to a low temperature and overlaps with the «-NiO reduction peak,
and the peak area also increases significantly. This is because Ti modification improves
the interaction between the active component and the support, forming more uniformly
dispersed NiO particles, which is conducive to the reduction of NiO, especially 3-NiO [42],
which was beneficial for increasing the dispersion of active Ni species and improving the
performance of the catalyst [43]. The peak area of the y-NiO peak of Ru-Ni/10TiO,-MA at
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450 °C is significantly reduced, indicating that the addition of TiO, significantly reduces
the amount of v-NiO, which is difficult to reduce, thereby effectively increasing the active
sites and enhancing the catalytic performance [44].

Ru-Ni/10TiO,-MA

H,-TPR signal(a.u.)

/\/ NS Ru-Ni/MA
INS DT

T T T T T T
200 300 400 500 600 700 800
Temperature(°C)

Figure 3. H,-TPR profiles of the Ru-Ni/MA and Ru-Ni/10TiO,-MA catalysts.

The CO-TPD curves of the catalysts are displayed in Figure 4. It can be observed
that there are three peaks in the range of 50-600 °C for the Ru-Ni/MA and Ru-Ni/10TiO,-
MA catalysts. The CO desorption peaks at temperatures of 100 °C are assigned to the
desorption of single-site CO chemisorption, and the desorption peaks in the range of
200-600 °C are attributed to the bridge chemisorption of CO, which contributes more
to CHy4 formation than that of single-site CO chemisorption [45,46]. Compared with Ru-
Ni/MA, the chemisorption peak area of single-site CO increased; the reason may be that
the catalyst with proper amounts of TiO, has more exposed acidic sites and forms stronger
chemical bonds with CO molecules, which in turn enhances the adsorption of CO [47]. The
desorption peaks of the bridge-adsorption CO in the range of 200-600 °C for Ru-Ni/10TiO,-
MA shifted toward lower temperatures, indicating that the addition of TiO, reduced the
adsorption strength of the catalyst for CO molecules, and this appropriate adsorption
strength facilitated the adsorption and activation of CO molecules on the surface of the
metal active sites [48]. Therefore, the methane reactivity of CO in CO-SMET was promoted

and the performance of the catalyst was improved.

Ru-Ni/MA
Ru-Ni/10TiO,-MA

CO-TPD Signal(a.u.)

T T T T T T
100 200 300 400 500 600 700
Temperature(°C)

Figure 4. CO-TPD curves of the Ru-Ni/MA and Ru-Ni/10TiO,-MA catalysts.

The NH3-TPD profiles of the Ru-Ni/MA and Ru-Ni/10TiO,-MA catalysts are exhib-
ited in Figure 5. For Ru-Ni/MA, the low-temperature desorption peak located at 140 °C
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represents the weak acid center, and the high-temperature peak at 500 °C is the strong
acid center [49]. After the introduction of TiO,, the weak acid desorption peak area of
Ru-Ni/10TiO,-MA was significantly increased, indicating that the amount of weak acid
was enhanced. Interestingly, a new desorption peak corresponding to medium-strong
acids was observed at 280 °C, indicating that the addition of TiO, increased the number of
medium-strong acid sites, which was conducive to the adsorption and activation of CO
molecules, thus improving the reaction performance [50]. The result can be attributed to
the fact that the Ti** center acts as an electron acceptor and interacts with NHz molecules
to enhance the Lewis acidity and provide more acidic sites for the catalyst [51]. The three
desorption peaks above 400 °C were strong acid centers.

Ru-Ni/MA
Ru-Ni/10TiO,-MA

NH;-TPD Signal(a.u.)

T T T T T T T
100 200 300 400 500 600 700 800
Temperature(°C)

Figure 5. NH3-TPD profiles of the Ru-Ni/MA and Ru-Ni/10TiO,-MA catalysts.

Figure 6 shows the XPS spectra of Ru-Ni/MA and Ru-Ni/10TiO,-MA catalysts. From
the Ni 2p3/, spectra in Figure 6a, both the Ru-Ni/MA and Ru-Ni/10TiO;-MA catalysts
presented three characteristic peaks situated at about 852 eV, 856 eV, and 862 eV, respectively,
which were assigned to the binding energies of Ni® species, Ni?* species, and the satellite
peaks [52]. The characteristic peak of Ru species situated at around 461 eV was attributed
to metallic Ru’, suggesting that the RuOy species is fully reduced. It is clear that the
characteristic peaks of Ni® and Ni?* species for the Ru-Ni/10TiO,-MA catalyst were shifted
towards the direction of low binding energies, while the Ru peak shifted to a higher binding
energy compared to the Ru-Ni/MA catalyst. This result may be due to the synergistic
effect between Ni and Ru that more electrons are transferred from Ru to Ni [53], or the
increase in the metal electron cloud density induced by the strong interaction between the
active metal and TiO; [54,55]. The production of more electron-rich Ni can weaken the
C-O bonding of CO adsorbed on the Ni surface, which promotes the dissociation of CO
and facilitates the methanation of CO [56,57]. For Ti species (Figure 6b), two characteristic
peaks situated at 458.94 eV and 464.4 eV were observed, which corresponded to Ti 2p3
and Ti 2p; /, indicating that the presence of Ti is mainly dominated by Ti**, which is the
key to enhance the surface acidity of the catalyst and to promote C-O hydrogenolysis [30].
It can be seen from Figure 6¢ that the spectral signal with binding energy at 529.38 eV
corresponds to the lattice oxygen of Ti** in TiO,, and the characteristic peak located at
533.68 eV belongs to the defective oxygen resulting from the fact that structural distortion
or defective oxygen exists in voids [58-60]. The phenomenon of increased defective oxygen
in the Ru-Ni/10TiO,-MA catalyst apparently facilitates the adsorption of CO, which in
turn promotes the CO methanation reaction [27].
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Figure 6. XPS spectra of the (a) Ni 2p3,,, (b) Ru 3p and Ti 2p, and (c) O 1s regions for the Ru-Ni/MA
and Ru-Ni/10TiO,-MA catalysts.

In this work, the suitable operating temperature window (SOTW) for CO-SMET was
defined as a CO outlet concentration below 10 ppm and a reaction selectivity greater than
50% [61]. The effects of different Ti content doping on the performance of the Ru-Ni/MA
and Ru-Ni/xTiO,-MA catalysts with different TiO, loadings (x = 5%,10%, 15%) for CO-
SMET were investigated, as displayed in Figure 7. For all Ru-Ni/xTiO,-MA catalysts,
with the increase in reaction temperature, the outlet concentration of CO at the outlet of
the reactor exhibited a rapid decline to less than 10 ppm, and then a slow rise to more
than 10 ppm, but the selectivity of the catalyst presented a monotonically decreasing trend
because high temperature was conducive to the CO; competitive methanation reaction
and reverse water-gas shift reaction. The Ru-Ni/TiO, catalyst shows the lowest catalytic
activity; the CO in Hp-rich gas cannot be removed to less than 10 ppm. For the Ru-
Ni/MA catalyst, the CO concentration could be reduced to less than 10 ppm at the reaction
temperature of 220 °C, and its SOWT was about 220-272 °C. Compared with Ru-Ni /MA,
the low-temperature catalytic performance of Ru-Ni/xTiO,-MA catalysts was significantly
promoted; the SOTW was obviously shifted to a lower temperature and widened after the
introduction of TiO,. Among them, the Ru-Ni/10TiO,-MA catalyst shows the superior
catalytic activity with a SOTW of 210-280 °C. This can be attributed to the formation
of optimal metal-support interaction for Ru-Ni/10TiO,-MA, which promoted the high
dispersion of the active components. Moreover, the increase in defective oxygen and
surface acidity in the catalyst improved the adsorption and activation of CO, leading to the
enhancement of the reaction activity [62]. When the TiO, content was increased to 15%,
the SOTW of the catalyst was reduced to about 210-260 °C, which might be due to the fact
that the excess addition of TiO; clogged the pore channels of the MA, reducing its specific
surface area and pore volume, which led to the reduction of active centers, thus resulting in
a decrease in catalytic activity [63]. In summary, a TiOp-modified MA support followed by
Ru-Ni bimetallic loading can significantly improve the performance of a Ru-Ni/xTiO,-MA
catalyst, and when the loading content of TiO; is 10%, the Ru-Ni/10TiO2-MA catalyst
exhibited excellent CO-SMET performance, which can eliminate CO in the Hy-rich gas to
less than 10 ppm in the temperature window of 210280 °C and maintain its selectivity
above 50%.

The stability test results of the CO-selective methanation reaction over the Ru-Ni/10TiO,-
MA catalyst under specific reaction conditions (210 °C, 0.1 MPa, WHSV = 6000 mL-g~'-h~1)
are displayed in Figure 8. The CO outlet concentration was maintained at about
3 x 107° and the reaction selectivity was higher than 95% during the continuous sta-
bility test of 80 h. The excellent stability exhibited by the catalyst was attributed to the fact
that the addition of TiO, improved the metal-support interactions, facilitated the active
components’ dispersion, and inhibited the sintering agglomeration of active components
under prolonged reaction conditions [64].
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Figure 7. The outlet CO concentration (a) and the selectivity of CO methanation (b) over the Ru-
Ni/TiO; and Ru-Ni/xTiO;-MA (x = 0, 5%,10%,15%) catalysts for CO-SMET.
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Figure 8. Long-term durability test for CO-SMET over the Ru-Ni/10TiO,-MA catalyst at 210 °C.

3. Materials and Methods
3.1. Materials

All raw materials, i.e., MgCl,-6H,0, AlCl3, NaOH, NaAlO,, CgHy; AlO3, Mg(NO3),-6H,0,
C16H3604Ti, NiClp-6H,0, and RuCl3-nH,O, were of analytical grade and used without
further purification.

3.2. Catalyst Preparation

The MA (MgAl,O,) supports were prepared by a modified co-precipitation method
and then loaded with TiO, by impregnation. Firstly, 6.1 g MgCl,-6H,O and 2.0 g AICI3 were
dissolved in 50 mL deionized water and stirred for 20 min at room temperature to form
solution A. Amounts of 2 g NaOH and 1.2 g NaAlO, were dissolved in 50 mL deionized
water and stirred for 20 min at room temperature to form solution B. A total of 2.5 g NaAlO,
was dissolved in 50 mL deionized water and stirred for 20 min at room temperature to
form solution C. Subsequently, solution C was transferred into a three-necked flask with a
water bath heated at 80 °C. Under stirring, solution A and B were added simultaneously
and slowly into solution C in N, atmosphere. Then 0.2 M NaOH solution was added to the
above solution drop by drop until the pH of the solution was 10. The obtained solution
was stirred at high speed for another 20 min. The precipitate was filtered, washed with
deionized water until the pH value reached 7, dried at 100 °C for 24 h, and subsequently
calcinated at 500 °C in a muffle furnace for 3 h to obtain MA.

The xTiO-MA composite supports were synthesized by means of the impregnation
method, where the x represents the mass percent of titanium oxide. Briefly, 0.2 mL tetra-
butyl titanate was dissolved in 5 mL anhydrous ethanol with stirring, then 0.5 g MA was
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impregnated therein. The obtained suspension was stirred thoroughly in air at room tem-
perature for 10 h. Then the product was dried at 110 °C for 10 h, calcinated at 500 °C in
a muffle furnace for 6 h to obtain 10TiO,-MA composite supports with a titanium oxide
mass content of 10%. xTiO,-MA composite supports (x = 5%, 15%) were prepared the same
way as above by adjusting the tetrabutyl titanate.

The Ru-Ni/xTiO,-MA samples were prepared by the co-impregnation method.
Amounts of 0.3 g NiCly-6H,O and 0.015 g RuCl3-nH,O were dissolved in 10 mL an-
hydrous ethanol with stirring, then 0.3 g xTiO,-MA was impregnated therein. The obtained
suspension was continuously stirred at room temperature for 12 h, then evaporated with
slow stirring in a water bath at 80 °C, dried at 100 °C for 12 h, then calcinated in a muffle
furnace at 400 °C for 3 h, and reduced under a H, /N, gas mixture containing Hj 33 vol%
at 400 °C for 2 h. The final product is the Ru-Ni/xTiO,-MA with a loading content of 15%
Ni and 1.5% Ru (x = 0, 5%, 10%, 15%). The actual loading of Ni and Ru in the catalyst was
determined by inductively coupled plasma optical emission spectrometry (ICP-OES). The
results showed that the loading of Ni and Ru in the Ru-Ni/10TiO;-MA sample was 14.16%
and 1.31%, respectively.

3.3. Catalyst Characterization

The purity of the gases involved in the following characterizations (Ar, CO, N, NH3)
was 99.999%.

The crystal structures of samples were recorded by powder X-ray diffraction (XRD)
on a Bruker D8 ADVANCE (Berlin, Germany) X-ray diffractometer with Cu K« radiation
(A =0.154 nm), operating at a current of 40 mA and a voltage of 40 kV. The scanning range
was set between 5 and 90°. Powder samples of 50 mg were smeared uniformly onto a
sample holder to ensure a flat upper surface before the test.

The specific surface area, pore size, and pore volume of the catalysts were measured
using a Micromeritics TriStar II 3020 (Micromeritics Instrument Corporation, Norcross,
GA, USA) fully automated physical adsorbent meter. The nitrogen adsorption—desorption
process was executed at —196 °C. Before testing, the samples underwent degassing and
pretreatment at 150 °C for 12 h. The specific surface area was determined using the BET
method, and the pore size distribution was calculated by the Barrer-Joyner-Halenda
(BJH) equation.

The hydrogen temperature-programmed reduction (Hp-TPR) test was carried out us-
ing a Micromeritics AutoChem II 2920 (Micromeritics, USA) multifunctional chemisorbent.
Before the test, 0.1 g samples were pretreated at 300 °C in Ar gas for 1.5 h to purify their
surfaces. After cooling to 50 °C, 10 vol% H; /N, mixed gas was introduced at a flow rate of
30 mL-min~!, and then the temperature was ramped from 50 °C to 700 °C at a heating rate
of 10 °C-min~!. The signal of the H, that was used for the catalyst reduction was detected
with TCD and, finally, the Hy-TPR curve was obtained.

The carbon monoxide temperature-programmed desorption (CO-TPD) test was con-
ducted on a BELCAT-A automated chemical adsorption instrument (MicrotracBEL Inc.,
Tokyo, Japan) and TCD was used as the detector. Firstly, 0.1 g samples of the catalyst
were weighed to place in the quartz tube, heated to 400 °C from room temperature at a
heating rate of 10 °C-min~! and reduced at 50 vol% H, /N, atmosphere at a flow rate of
60 mL-min~! for 2 h. When the reduction was over, He gas was switched to the quartz
tube at a flow rate of 30 mL-min~!. After the sample was cooled down to 50 °C, a CO

atmosphere with a flow rate of 30 mL-min~!

was introduced for 1 h to saturate the sample
with CO adsorption. Subsequently, He gas was purged at a flow rate of 30 mL-min~! for
1 h to remove the weak physical adsorption CO on the sample surface. When the baseline

signal corresponded to the TCD, the temperature was ramped up from room temperature
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to 800 °C at a heating rate of 10 °C-min~! in He atmosphere. The signal of the CO that was
desorbed on the catalyst during this process was detected.

The ammonia temperature-programmed desorption (NH3-TPD) test was carried out
using the BELCAT-A automated chemical adsorption instrument (MicrotracBEL Inc., Tokyo,
Japan) and TCD was used as the detector. Briefly, 0.1 g catalyst samples were weighed to
place in the reaction tube, and reduced in a 10 vol% Hj /N, atmosphere with a flow rate of
60 mL-min~! at 400 °C for 3 h. Then, He gas was switched to the quartz tube at a flow rate
of 30 mL-min~!. After the temperature was lowered below 50 °C, NH3 was introduced
at a flow rate of 30 mL-min~! and maintained for 1 h to saturate the sample with NH;
adsorption. Following this process, He gas was purged at a flow rate of 30 mL-min~! for 1 h.
When the baseline signal corresponding to the mass spectrum stabilized, the temperature
was ramped up from room temperature to 800 °C at a heating rate of 10 °C-min~!. The
signal of NHj3 desorbed on the catalyst during this process was detected.

The microstructure of the catalysts was observed by a HITACHI SU-8220 (Tokyo,
Japan) high-resolution field scanning electron microscope (SEM) equipped with an energy
dispersive x-ray spectrometer (EDS). Prior to the test, a small amount of sample was
dispersed by ultrasonication with drops of anhydrous ethanol, then a small amount of
the solution was pipetted onto a special silicon wafer and dried in a fume hood at room
temperature. Finally, the dried wafer was sprayed with gold, and put into the sample stage
of the instrument to be fixed and tested.

Transmission electron microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were obtained using a JEOL JEM-2100F transmission electron
microscope (Tokyo, Japan). During the test, the samples were uniformly dispersed in abso-
lute ethanol for 10 min, and a small amount of suspension was applied to the copper grid
coated with a carbon film. Subsequently, the samples were subjected to a drying treatment.

The surface chemical states of catalysts were analyzed by X-ray photoelectron spec-
troscopy (XPS) using Al-Ka X-ray source (hv = 1486.6 eV) from a Kratos Axis Supra+
photoelectron spectrometer (Kratos Analytical Ltd., Manchester, UK). The binding energy
of carbon C 1s (284.8 eV) on the sample surface was used as the internal standard for
calibration, using the software Avantage (5.9) to perform split-peak fitting. Before the test,
powder samples were securely fixed on a sample stage using a conductive adhesive. The
non-adhered powder was removed by gently blowing with an ear wash ball.

The contents of Ni and Ru in the Ru-Ni/ 10TiO,-MgAl,O4 catalyst were assessed
using Agilent 5110 ICP-OES (Agilent Technologies Inc., Santa Clara, CA, USA). The sample
was digested in an HF aqueous solution before measurement.

3.4. Catalyst Activity Evaluation

The CO-SMET reaction was carried out in a fixed-bed quartz tubular reactor with an
inner diameter of 6 mm, an outer diameter of 10 mm, and a length of 300 mm at atmospheric
pressure. The reactor was loaded with about 200 mg of catalyst with a particle size of
40-60 mesh. During the experiment, the catalyst was firstly heated up to 80 °C in N,
atmosphere. Then the reactor was fed with 50 vol% N, /H; mixture gas at the flowrate of
60 mL-min~! and heated up to 400 °C for 2 h. After the temperature of the catalyst bed was
cooled to 150 °C, the hydrogen-rich gas (1.01 vol% CO/20.5 vol% CO,/ 78.49 vol% Hj) was
switched to the reactor at the flowrate of 20 mL-min-1. The effluents from the reactor were
analyzed using an online Agilent 7820A gas (Agilent Technologies Inc., California, USA)
chromatograph equipped with a flame ionization detector (FID) and a thermal conductivity
detector (TCD), and a packed column (TDX-01). The catalytic activity was evaluated based
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on the CO concentration in the effluent [65,66]. The CO selectivity (SCO) of the catalyst
was calculated by the following formula:

inlet outlet
1::CO — 1::CO
outlet
FCH4

SCO = x 100%

where FII$t is the CO concentration in feedstock gases, mmol-min~!, and F&et and F%‘fﬁft

are the concentrations of CO and CHy in effluent gases, respectively, mmol-min .

4. Conclusions

In summary, surface titanium-modified MgAl,O4-loaded Ru-Ni bimetallic catalysts
were successfully synthesized. The results showed that the Ru-Ni/10TiO,-MA catalyst
demonstrated the superior catalytic activity for the selective methanation reaction of CO in
hydrogen-rich gases with the suitable operating temperature window of (210-280 °C). The
addition of TiO; can effectively lower the reduction temperature of the active component Ni,
thus increasing the high dispersion of active component. Moreover, the interaction mode
between the active metal and the support was improved and the acidity on the catalyst
surface was enhanced, which facilitates the adsorption and activation of CO to promote the
reaction. This study provides a new strategy for designing efficient CO-SMET catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal15010018/s1, Figure S1: XRD patterns of the MA and xTiO,-MA
supports; Figure S2: (a) N, adsorption—desorption isotherms and (b) pore size distributions of the
samples; Figure S3: SEM images of (a) MA, (b) 5TiO2-MA, (c) 10TiO,-MA, and (d) 15TiO,-MA; Table
S1: Structural properties of the samples; Table S2: The particle size of Ni estimated by Scherrer
equation of the samples. Table S3: The Hy-TPR Guass fitting analysis of the samples.
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