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Abstract: Due to the increasing attention focused on global warming, many studies on reducing
CO; emissions and developing sustainable energy strategies have recently been performed. One
of the approaches is CO, methanation, transforming CO; into methane. Such transformation (CO,
+ 4H; — CHy + 2H,0) provides advantages of carbon liquification, storage, etc. In this study, we
investigated CO, methanation on nickel-magnesium-alumina catalysts both experimentally and
computationally. We synthesized the catalysts using a precipitation method, and performed X-ray
diffraction, temperature-programmed reduction, and N; adsorption—-desorption tests to characterize
their physical and chemical properties. NiAl,O4 and MgAl,O4 phases were clearly observed in the
catalysts. In addition, we conducted CO, hydrogenation experiments by varying with temperatures
to understand the reaction. Our results showed that CO, conversion increases with Ni concentration
and that MgAl,O4 exhibits high selectivity for CO. Density functional theory calculations explained
the origin of this selectivity. Simulations predicted that adsorbed CO on MgAl;O4(100) weakly
binds to the surface and prefers to desorb from the surface than undergoing further hydrogenation.
Electronic structure analysis showed that the absence of a d orbital in MgAl,O4(100) is responsible
for the weak binding of CO to MgAl,O4. We believe that this finding regarding the origin of the CO
selectivity of MgAl,O4 provides fundamental insight for the design methanation catalysts.

Keywords: CO, methanation; CO, hydrogenation; CO, conversion; nickel aluminate; magnesium
aluminate

1. Introduction

The amount of fossil fuel used worldwide continues to increase, and the resulting
greenhouse gas emissions are now known to represent a major global challenge. The
minimization of CO, emitted from fossil-based energy sources is a priority, and renewable
energy production units such as solar, wind, and geothermal energy plants are actively
being installed [1]. Although solar power is now considered as one of the most economically
competitive energy resources, large-scale investment is still needed to replace fossil-based
energy for massive-scale energy production [2]. Given this scenario, the use of fossil fuels
coupled with CO; capture and utilization offers a near-term solution that meets the need
for economically sustainable energy [3].

CO, capture, utilization, and sequestration (CCUS) technology can provide a means of
sustainable fossil-based energy use [4]. In terms of the large-scale CO, utilization, CO, can
be hydrogenated to produce CHy (by methanation; CO, + 4H, — CHy + 2H,0) [5] which
can be readily liquified, transported, and stored. In addition, CO, a central intermediate for
Fischer-Tropsch and methanol synthesis, can also be produced from CO, hydrogenation
(by reverse water gas shift (RWGS); CO, + H, — CO + H,;O) [6].

Depending on reaction conditions used for CO, hydrogenation, CO, can be converted
into CH4 or CO by methanation or RWGS, respectively [7], although based on considera-
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tions of the scope of CHy utilization and existing natural gas infrastructure, methanation is
preferred.

Group 8 to 10 metals such as Ni, Ru, Rh, Co, and Fe are catalytically active with
respect to CO, hydrogenation [8,9]. Among these metals, nickel is preferred as an active
catalyst metal because it is cheaper than Ru or Rh. The particle size of nickel strongly
determines its selectivity for CO, hydrogenation products produced by methanation or
RWGS [10]. For example, it has been reported that smaller nickel particles favor high CO
selectivity, whereas larger particles are more selective toward CHy [11]. The mechanism of
CO; hydrogenation is believed to proceed via the hydrogenation of a surface-adsorbed
intermediate [12]. CO; is adsorbed on nickel and dissociates into CO, which is strongly
adsorbed and further dissociated into atomic carbon that is hydrogenated to form CHy [13].
On the other hand, weakly adsorbed CO can desorb into the gas phase [14,15]. In addition
to the direct dissociation of CO, on nickel, the dissociation of H, and the resulting atomic
hydrogen can facilitate the dissociation of C-O bonds. This hydrogen-assisted mechanism
has been reported by observing the formation of formates and carbon hydroxyl species on
a nickel-based catalyst [7].

Alumina has widely been used as a support for nickel catalysts due to its moderate
price, high surface area, and ability to resist high temperatures. Although nickel-on-
alumina catalysts are highly efficient for CO, methanation, nickel tends to be dissolved into
the alumina to form nickel aluminate (NiAl,Oy; spinel structured). The catalytic activity
of nickel for CO, methanation is greater than nickel aluminate; therefore, efforts have
been made to suppress the formation of nickel aluminate [16]. MgO was added to nickel-
alumina catalysts to minimize nickel aluminate formation, but magnesium aluminate
was generated [17]. The addition of Mg can boost the basicity of the alumina support
and suppress carbon deposition during CO, hydrogenation, whereas higher Ni content
promotes higher selectivity for CO, methanation due to the dissociation of H, on the Ni’
site [18]. When MgO is added to nickel-alumina catalysts, three possibly active structures
for CO; hydrogenation may be formed, viz., nickel, nickel aluminate, and magnesium
aluminate.

The role played by nickel in CO, hydrogenation is well understood in terms of particle
size [10] and metal-reactant intermediate reactions [19]. It has also been reported that
oxygen vacancies in NiAl,O4 promote the dissociation of CO, to CO [20] and facilitate
the hydrogenation of adsorbed CO to atomic carbon. However, little is known of the role
of magnesium aluminate on CO, hydrogenation. In this study, we explored the use of
nickel and magnesium aluminates catalysts for CO, hydrogenation, experimentally and
computationally.

The following questions are addressed in this article: (1) What are properties of the
nickel-magnesium-alumina catalysts synthesized by co-precipitation?; (2) Are nickel and
magnesium aluminates active CO, hydrogenation catalysts?; (3) What is the reaction
mechanism responsible for CO, hydrogenation on nickel and magnesium aluminate?

2. Experimental Section
2.1. Synthesis of NixMgq_xAl,O4 Catalysts

NixMg;_xAl,Oy catalysts were prepared by co-precipitation. Stoichiometric amounts
of metal nitrate precursors (Ni(NO3),-6H,O (Sigma-Aldrich > 99.0%), Mg(NO3),-6H,O
(Sigma-Aldrich > 99.0%), and Al(NOs3)3-9H,0 (Sigma-Aldrich > 98.0%)) were dissolved
in deionized water, stirred for 1 h, and treated with ammonium bicarbonate (NH3)HCO3,
(Sigma-Aldrich > 99.0%) dropwise to a pH of 7. Solid precipitates were then aged overnight
and filtered. The cake obtained was washed with deionized water 5 times, dried for 24 h
at 100 °C, crushed, and calcined at 900 °C under atmospheric conditions overnight. The
calcined powder was then pulverized in a ball mill using high-purity alumina balls. The
final product was named NixMgj_xAl,O4, where the subscript ‘X’ is the molar ratio of Ni
to Mg.
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2.2. Catalytic Activity Tests

Catalytic activity for CO, hydrogenation was measured using an experimental setup
similar to one previously reported [16]. Catalyst powder (5.0 g) was vertically loaded with
quartz wool into a fixed bed reactor (inner diameter 1/2 inch) mounted in a 3-zone furnace.
Initially, the catalyst was heated to the reaction temperature at 10 °C/min under 800 sccm
N, flow. The temperature of each heating zone was precisely monitored, and the flow rate
of the gas mixture was controlled using a mass flow controller (MFC). The reactant gas
COy:Hjy:Nj (ratio 1:4:6.5 vol/vol) was then supplied at 1013 sccm into the heated reactor.
WHSV (weight hourly space velocity) was set to ~12,000 mL-g~-h~1. Steam in the effluent
gas was condensed out using a cold trap, and the dried product gas mixture was monitored
online using a gas chromatograph (Donam, DS6200) equipped with a thermo conductivity
detector and gas analyzer with an infrared sensor (ABB-A02000). CO, conversion, CHy
selectivity, and CO selectivity were calculated as follows.

Fco, in — Fco, out

CO; conversion =
Fco, in

FCH4 out

CHy selectivity = T —
b n > OU

F CO out
Fco, in — Fco, out

CO selectivity =

where F; is the volumetric flow rate of species i (sccm).

2.3. Characterization of Catalysts

Crystalline structures of catalysts were analyzed by powder X-ray diffraction (XRD,
nickel-filtered CuK« radiation, 40.0 kV and 15.0 mA, Miniflex, Rigaku, Japan) using a
scanning range from 10° to 90° and a scanning rate of 10°/min. Temperature-programmed
reduction (TPR) by H, was measured by chemisorption (BELCAT-B, MICROTRAC, Japan).
Before measurements, samples were degassed at 300 °C under flowing Ar for 30 min and
cooled to 30 °C at the same Ar flow rate. For TPR, samples (50 mg) were heated from 100
to 900 °C at 10 °C/min under a flowing Ar/10 vol.% Hj mix. Effluent gas was monitored
using a thermal conductivity detector.

2.4. Computation Details

All plane-wave DFT calculations were performed using projector-augmented wave
pseudopotentials [21] provided in the Vienna ab initio simulation package (VASP) [22]. The
Perdew—-Burke—Ernzerhof (PBE) [23] exchange-correlation was used with a plane-wave
expansion cutoff of 400 eV. We used the dispersion-corrected DFT-D3 [24] method for all
calculations. Due to the magnetic moment of MgAl,O,4, we performed spin-polarized
calculations for MgAl,O4 but nonspin-polarized calculations for NiAl,O4. We employed
the spinel structures of MgAl,O4 and NiAl,O4 which were dominantly observed by XRD.
The PBE bulk lattice constants of MgAl,O4 (a=b=c=8.16 A,) and NiAlLOy (a=b=c=
8.14 A) were used to fix the lateral dimensions of MgAl,O4 and NiAl,Oy slabs, respectively.
In recent theoretical study using molecular dynamic simulation, the spinel structure of
MgAl,O4 favorably has a low index facet of (100). In addition, the (100) surface is predicted
to easily undergo surface re-constructions to be more stabilized [25]. However, we only
focused our computational studies on the pristine (100) surface for both slabs to explore
the intrinsic reactivity of MgAl,O4(100) and NiAl,O4(100) surfaces. Simulated MgAl,O4
(100) and NiAl,04(100) slabs consisted of 4 layers with two fixed bottom layers, but other
layers were allowed to relax until the forces were less than 0.03 eV / A. Both surfaces of
MgAl,O4 (100) and NiAl,O4(100) had coordinatively unsaturated (cus) surface metal sites
and cus oxygen atoms. The MgAl,O4(100) surface with Mgcyus, Alcys, and Ocys surface
atoms is shown in Figure 1a, and the NiAl;O4(100) surface with Nicys, Alcys and Ocys sites
is shown in Figure 1b. All computational slab models included a vacuum spacing of~20 A,
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which was sufficient to reduce periodic interaction in the surface normal direction. In
terms of system size, 2 x 2 (MgAl,Oy4) and 2 x 2 (NiAl;O4) unit cells with corresponding
2 x 2 x 1 Monkhorst-Pack k-point meshes were employed. Unless otherwise noted,
our DFT calculations were performed for a single molecule adsorbed within the surface
models, and it corresponds to coverages equal to 25% and 50% of the total density of
Alcys metal atoms and cus metal atoms of Mg and Ni, respectively. Although NiO and
Ni were also observed from the XRD experiment, we did not investigate Ni and NiO
computationally because it has been extensively studied and proposed to be very active
toward CO; hydrogenation [8,9,16].

AICUS

Mg,
Nicus

(@ (b)

Figure 1. Top views of the NiAl,04(100) and MgAl,O4(100) surfaces. The cus on NiAl,04(100) and MgAl,O4(100) represent
coordinatively unsaturated sites. Red atoms are oxygens and metal atoms are labeled.

We defined the adsorption energy between molecule and surface as Equation (1),
where Egp, Eiso, and Egjgp4 445 are energies of the bare surface, an isolated molecule, and an
adsorbed molecule on the bare surface, respectively. A larger positive adsorption energy
value indicated high stability of the adsorbed molecule under consideration.

Euds = Esluh + Eiso — Eslub+uds (1)

We evaluated the activation energy barriers for initial steps of methanation on surfaces
using the climbing nudged elastic band (cNEB) method [26], and confirmed that the
resulting transition states had one imaginary vibrational frequency. All energies reported
in this paper are corrections of zero-point vibrational energy.

Projected crystal orbital Hamilton population (pCOHP) has been used to characterize
and quantify the interactions between orbitals of CO and Metalc,s [27-29]. pCOHP pro-
vides a measure of the overlap between specific atomic orbitals, and therefore, a relative
quantification of bonding. LOBSTER software was used to obtain pCOHP values from
VASP outputs [30].

3. Experimental Results
3.1. Characterization of Catalysts

XRD was used to determine the crystalline structures of NixMg;_4Al,Oy catalysts
(Figure 2a). For NijMgpAl,O4, peaks were located at 37.3°, 43.3°, and 63°, which cor-
responded to the crystalline NiO phase. Other peaks near 37.5°, 45.3°, 60.2°, and 66.1°
represented the crystalline NiAl,O4 phase. After adding Mg to the Ni;MgyAl,O4 cata-
lyst to produce Nig 75Mgp 25A1,04, peaks related to MgAl,O4 were observed in the XRD
pattern and the intensities of NiO-related peaks diminished. Increasing the amount of
Mg enhanced MgAl,O4 peak intensities until only MgAl,O, peaks were observed. XRD
patterns indicated that crystalline NiO and NiAl,O4 phases were predominantly formed in
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Ni-rich catalysts and that the addition of Mg into NijMgyAl,O4 resulted in the formation
of a crystalline MgAl,Oy4 phase rather than NiAl,Oj.
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Figure 2. (a) XRD patterns and (b) H,-TPR curves of Ni\Mg;_,Al,Oy catalysts.

The reduction characteristics of NixMgj _yAl,Oy4 catalysts were evaluated by H>-TPR
(Figure 2b). The NiO phase of Ni-included catalysts started to be reduced around 250 °C, i.e.,
Ni was formed at the temperature used for CO, hydrogenation experiments. This reduction
may have been due to the reduction of NiO to Ni, whereas the band observed at ~600 °C was
attributed to the reduction of NiAl,O4 in NijMgpAl,O4 and Nig 75Mgp 25 A1,04, which cor-
responded to that reported in a previous study [31], in which almost-complete reductions
of NiO and NiAl,O4 were observed below 700 °C. Nip5Mgg 5Al,04 and Nig5Mgp 75Al,04
which had a MgAl,Oy spinel rather than NiAl,O4 showed weak reduction bands between
600 and 750 °C due to the minor NiAl,O,4 phase. On the other hand, reduction bands were
hardly observed in H-TPR of NigMg; Al,O4. Based on XRD patterns and TPR curves,
we speculated that the crystalline NiAl,O4 and MgAl,Oy structures of NixMgi_,Al,Oy
catalysts could not be fully reduced during CO, hydrogenation at 450 °C.

Textural properties of NixMg;_xAl,Oy catalysts were evaluated using N, adsorption—
desorption isotherms (Figure 3). All catalysts had similar isotherm type V with a hysteresis
curve around a relative pressure of 0.8 due to high metal loading and the high calci-
nation temperature used (900 °C). Surface areas, total pore volumes, and average pore
sizes were quantified from N, isotherms (Table 1). Despite the different compositions
of NixMg;_4Al,Oy4 catalysts, textural properties were not noticeably different except for
Nig 75Mgp 25Al,O4, presumably because the same alumina support was used and all were
calcined at 900 °C. The larger surface area and total pore volume of Nig75Mgn25A1,04
might increase the catalytic activity for CO, hydrogenation. However, for other catalysts,
the observation of similar textural properties given different crystalline structures implies
that different catalytic activities for CO, hydrogenation were predominantly due to the
different NiAl,O4 and MgAl,O4 crystalline structures of NixMgj_xAl,Oy catalysts.

Table 1. Textural properties of NixMg;_,Al,Oy catalysts.

Sample Surface Area (m?/g) Total Pore Volume Average Pore Size
(mL/g) (nm)
Ni;MgoAl,Oy4 38.0 0.17 10.8
NiO.75Mg0.25A1204 64.2 0.26 114
Nio'5Mg0.5A1204 38.1 0.13 94
Ni0.25Mg0.75A1204 328 0.10 8.4

NigMg; Al,Oy 32.1 0.10 8.2
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Figure 3. BET results of NixMg;_,Al,Oy catalysts.

3.2. CO, Hydrogenation Activity

CO; hydrogenation was conducted over Ni,Mg;_4Al,O4 catalysts to examine the
different catalytic characteristics of NiAl,O4 and MgAl,Oy spinel structures. More specifi-
cally, H, and CO, conversions were measured versus temperature over NixMg;_4Al,O4
catalysts (Figure 4a,b). Despite the exothermic nature of CO, methanation, Hy and CO,
conversion increased with temperature for all catalysts because reactions were conducted
using a kinetically controlled regime. Regarding the effects of catalyst compositions, Hp
and CO, conversion tended to increase with the Ni composition. For example, whereas
NigMg1 Al,O4, which mainly consisted of MgAl,Oy, achieved CO, and H; conversions
of 3.6 and 11.2%, respectively, at 450 °C, Ni;MgoAl,O4, which was composed of NiO
and NiAl,Oy, achieved 39.8 and 42.5%, respectively. It has been widely reported that
the presence of the metallic Ni, which can be partially reduced from NiO, is an excellent
catalyst for CO, hydrogenation [32]. A number of studies have investigated the catalytic
activities of NiAl,O4 and MgAl,O, for CO, hydrogenation [16].

To understand the mechanisms responsible for the catalytic effects of NiAl,O4 and
MgAl,O4, we calculated molar ratios of Hy to CO, consumed (Figure 4c). This molar
ratio is theoretically four, based on the stoichiometry of CO, methanation, but one for
RWGS. As nickel content increased, the molar ratio of consumed H; to CO approached four,
suggesting that CH4 methanation predominated over Ni and NiAl,Oy. In contrast, as the
Ni content decreased, the molar ratio approached one, indicating that RWGS predominated
over MgAl»,Oy.

We also measured CO selectivity versus the Mg content of Nix\Mg;_4Al,Oy catalysts
(Figure 4d) to confirm the different reaction behaviors of NiAl,O,4 and MgAl,O, (Figure 4c).
As was expected, CO selectivity increased with the increasing Mg content. In particular, the
CO selectivity of Nig sMgp 5Al,O4 was much greater than that of Nig 75Mgp 25 Al. This might
be due to their distinct crystalline structures, whereas in the XRD patterns of Nig 75 Mg 25Al,
NiO and NiAl,O4, MgAl,O4 peaks predominated in the XRD pattern of NigsMgp5Al,O4
(Figure 2a). Considering the enhanced CO selectivity of Nig75Mgp 25Al,04 and its distinct
MgAl,Oy structure, we speculated that the MgAl,Oy4 structure promoted RWGS. The
detailed reaction mechanisms of MgAl,O4 and NiAl,O4 were further investigated by
computational study.
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Figure 4. Results of catalytic activity tests for CO, hydrogenation over NixMgj_,Al,Oy catalysts, (a) H, conversion versus

temperature, (b) CO, conversion versus temperature, (c) molar ratio of consumed H,/CO, versus X for Nij_,MgyAl

catalysts, and (d) CO selectivity versus X for Nij_,MgyAl catalysts.

4. Computational Results
4.1. Stabilities of CO, and CO on MgAl,04(100) and NiAl;O4(100)

To understand the CO, methanation mechanism, we evaluated adsorbed CO; stability
on MgAl,04(100) and NiAl,O4(100). DFT predicted the most favorable configurations
of adsorbed CO; on both surfaces are shown in Figure 5; the corresponding adsorption
energies are provided below each configuration in the figure. We also tested other sites
and other configurations of CO,, but the configurations shown in Figure 5 were predicted
to be the most energetically favorable. Our simulations predict that adsorbed CO, on
Mgus site is more stable than the CO; on the Alqs site on the MgAl,O4(100) surface.
The linear configuration of CO; on the Mg site transformed to the bent configuration
during DFT relaxation. In contrast to the Mgy site, the linear CO, weakly bound with
an adsorption energy of 5.3 k] /mol on the Al site (not shown), for which the energy
barrier of transformation from linear CO, to bent CO, was predicted to be negligible.
This implies that because the linear CO, easily transforms to bent CO; on the Al site
by overcoming the negligible barrier, the bent CO, would predominate at these sites. In
general, CO, tends to bind weakly on catalytic surfaces [33-38], but our results show that
CO; binds strongly at both cus sites with large adsorption energies. Methanation includes
CO formation; therefore, we also investigated CO stability on cus sites of MgAl,O4(100)
and NiAl,O4(100). Our simulations predict that on MgAl,O4(100), CO adsorption on the
Mg.s site is energetically more favorable than on other sites, but that adsorbed CO is much
less stable than adsorbed CO,. These results suggest that adsorbed CO generated from
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initial C-O bond cleavage in CO, readily desorbs from the surface of MgAl,O4, which
supports its observed high selectivity toward CO during CO; methanation.

(b) (©) (d)

Eads=75.3 k]/mol

Eads=162.9 kJ/mol Eads= 30.8 kJ/mol Eads=59.7 kJ/mol

(e)

() (8) (h)

Eads=15.5 k]/mol

Eads=36.5 k]/mol Eads=16.9 k]/mol Eads=179.8 k]/mol

Figure 5. Top and side views of adsorbed CO, and CO on MgAl,04(100) (a—d) and NiAl,O4(100) (e-h). DFT-predicted
adsorption energies are provided below each figure. Dark grey and purple atoms are carbon of CO and oxygen of CO,
respectively. The colors for other atoms are described in Figure 1.

In terms of NiAl,O4(100), our simulation predicts that CO, binds weakly to its sur-
face with adsorption energies of 15.5 kJ/mol and 36.5 k] /mol on Al.,s and Mgs sites,
respectively (Figure 5). In addition, we tested bent CO, configurations on both sites, and
found that bent CO, transformed to linear CO, during DFT relaxations, which is the oppo-
site of that observed for MgAl,O4(100). These results imply that CO, experiences strong
repulsive interactions during adsorption on NiAl,O4(100), which cause weak binding of
the adsorbed CO;. In contrast, adsorbed CO binds strongly to NiAl,O4(100). CO strongly
and stably interacted with Nigs sites with an adsorption energy of 179.8 k] /mol, but only
interacted weakly on Al sites. Accordingly, the order of the predicted stabilities of CO,
and CO on NiAl;O4(100) contrasted with that on MgAl,O4. Overall, our computational
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results confirm that the experimentally observed higher selectivity toward CO for CO,
methanation on MgAl,Oy4 stems from the low stability of adsorbed CO, which leads to
facile CO desorption during the methanation reaction

During catalytic reactions, surfaces are not pristine because of on-going oxidation and
reduction reactions. Thus, catalytic surfaces have edges, kinks, and some reduced sites,
and these features have been proposed to be highly active because they are coordinatively
more saturated [39-42]. To consider these effects during CO, methanation, we assume that
the effects of oxygen vacancies (Ov) can be representative of the effects of reduced sites,
which would provide initial insights for the effects of reduced sites. We first checked the Ov
formation energy to evaluate the thermodynamic feasibility of Ov formation on the (100)
surfaces [39]. The predicted Ov formation energies were 589 kJ/mol for MgAl,0,(100)
and 414 kJ/mol for NiAl,O4(100). This implies that Ov rarely forms on both surfaces
thermodynamically. Despite the less favorable Ov formation, the oxygen vacancies still can
be kinetically generated by surface reactions with carbon species from the CO, methanation
process. Therefore, we tested the effects of adjacent oxygen vacancies on the stabilities of
CO; and CO on MgAl;O4(100) and NiAlyO4(100) surfaces by removing a surface oxygen
adjacent to adsorbates.

Our simulations predicted that the presence of an oxygen vacancy would signifi-
cantly stabilize adsorbed CO and CO, on MgAl;04(100) and NiAl,O4(100) for most cases
(Table 2). On MgAl,04(100), CO stability on the Alqys site is enhanced with an adjacent
oxygen vacancy by ~ 57 k] /mol, but this is still too low to effectively prevent CO des-
orption during methanation. In contrast to MgAl,O,4, we found that CO on Al sites
in the presence of Ov is not stable on NiAl,O4; CO on Al sites with Ov was found to
migrate to Nigys sites during DFT relaxation. On Nicys sites, the presence of Ov improves
CO stability by ~ 40 k] /mol. Based on these results, we conclude that the presence of
oxygen vacancies influences the surface stabilities of CO and CO, on MgAl,O4(100) and
NiAl;O4(100), but that the effect of Ov on the stability of CO on MgAl,O4(100) is not
enough to secure adsorbed CO during methanation, which suggests that CO selectivity
would not be considerably changed by the presence of surface defects.

Table 2. Adsorption energies of CO; and CO on MgAl,04(100) and NiAl,O4(100) with and without adjacent oxygen

vacancies.
MgAl, 04 NiAl,O4
Adsorbed Molecule Alcys Mgcus Alcys Nicys
0 Ov 10v 0 Ov 10v 0 Ov 10v 0 Ov 10v
CO 30.8 87.9 59.7 57.8 16.9 - 179.8 233.1
CO, 75.3 187.1 162.9 138.3 79 68.3 36.5 —4.6

4.2. Electronic Analysis of the Stability of Adsorbed CO

To determine the reasons for the different stabilities of CO on MgAl,O4, we conducted
pCOHP analysis between CO molecules and the cus sites of Mg and Ni [27-29]. Integrated
pCOHP (IpCOHP), obtained by integrating the pCOHP up to the Fermi level, allowed
us to separately evaluate bonding and antibonding contributions to CO stability. Table 3
shows the IpCOHP results for CO-Mgys, and CO-Nigys. Results show that CO and Nicys
have much higher total bonding interactions than CO and Mgs. For s and p orbitals, weak
bonding and strong antibonding interactions, and thus, weak total bonding interactions,
were predicted for CO-Mgcys. The CO-Nigys interaction was predicted to involve strong
bonding and weak antibonding interactions. In addition, the presence of d orbitals of the
Nigys site was found to strongly contribute to the bonding interaction (—3.58), whereas
no d orbitals were present at the Mg.,s site. We believe that the weaker bonding and
stronger antibonding for s and p orbitals and the absence of d orbital is why adsorbed CO
on MgAl,Oy tends to desorb from Mgcys site.
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Table 3. [pCOHP results for CO-Mgcys, and CO-Nicys.

MgA1204 NiA1204
Bonding Types Mgcus Nicus
s, p d s,p, d S, p d s, p,d
Bonding —2.08 - —2.08 —2.68 —3.58 —6.26
Anti-Bonding 0.36 - 0.36 0.31 1.11 1.42
Total Bonding —-1.72 - —-1.72 —2.37 —247 —4.83

4.3. C-O Bond-Breaking Kinetics

In this section, we focus on C-O bond cleavage of CO, and CO to generate the
carbon that subsequently undergoes hydrogenation to form CHy. Energy diagrams of C-O
bond cleavages on MgAl,04(100) and NiAl,O4(100) are shown in Figure 6a. The proposed
mechanism is based on the most favorable configurations of CO, on both surfaces, meaning
that CO; is on the Mgys site of MgAl,O4 and on the Nigys site of NiAl,O4. C-O bond
cleavages of CO; on the Al site were also examined (not shown) but were predicted to be
energetically less favorable than cleavages on Mgcys and Nicys sites. Our results show that
the overall C-O bond cleavage from CO, to C is endothermic on pristine MgAl,O4(100)
and NiAl;O4(100), and that cleavage requires 715 kJ /mol and 578 kJ /mol for MgAl,O,4 and
NiAl,Oy, respectively. These results indicate that the overall C-O bond cleavage on both
substrates requires high temperatures to overcome unfavorable thermodynamics. We also
found that C-O bond cleavage of CO, (CO) on MgAl,O4 had negligible reverse barriers,
i.e., CO* and O* (C* and O*) are predicted to readily recombine. The C-O bond cleavage
of CO; on NiAl,04(100) had a relatively small barrier of 127.2 kJ/mol and a reverse
barrier of 26.6 kJ /mol, and C-O bond cleavage of CO also had a negligible reverse barrier,
which is similar to that of MgAl,Oy4. It should be noted that the CO desorption energy is
much smaller than the energy required to cleave the C-O bond of CO (30~60 kJ /mol vs.
622 kJ /mol) on MgAl,O4(100), which implies that the CO desorption rate would be much
faster than the C-O cleavage rate regardless of prefactors. Again, these results agree well
with the experimentally observed high CO selectivity of MgAl,Oy4. Overall, DFT-predicted
large energy barriers for C-O cleavages and negligible reverse barriers on Mgeus and Nicys
sites suggest that methanation kinetics via C-O bond cleavage on pristine surfaces are
energetically and kinetically unfavorable, and thus, would require high temperatures.

We also evaluated the kinetics of C-O bond cleavage on reduced surfaces of MgAl,O,4(100)
and NiAl,O4(100) with an oxygen vacancy. Figure 6b provides energy diagrams of C-O
bond cleavage on both surfaces. Again, results were obtained using the most stable con-
figurations for CO, and CO on Mgcys (MgAl,O4) and Nigys (NiAl,Oy) sites. The kinetics
of C-O bond cleavage in CO; on the Al site was also investigated (details not shown),
but the kinetics were found to be energetically less favorable than those at Mgc,s and
Nigys sites. From the simulations, we found that the oxygen vacancy was healed by an
oxygen generated from C-O bond breaking from CO; to CO on both surfaces and that bond
breaking on MgAl,Oy4 requires much lower energy compared to the NiAl,Oy4. The CO,
bond cleavage on reduced MgAl,O4(100) was predicted to be exothermic (207.4 k] /mol),
but that on reduced NiAl,O4(100) was predicted to be endothermic (693.6 k] /mol). Ki-
netic enhancement by adjacent oxygen vacancies has been reported for transition metal
oxides [39,40,43]. In particular, on PAO(101), oxygen vacancies were found to impact CO
oxidation and thermal reduction kinetics significantly. Metal atoms adjacent to oxygen
vacancies can abstract electrons, which modifies their electronic structures and influences
surface reaction kinetics. We found the similar enhancements for MgAl,O4(100) but not for
NiAl,O4(100) (Figure 6b). Although a single oxygen vacancy did not enhance the kinetics
of overall C-O bond cleavage on NiAl,O4(100), the kinetics were significantly affected.
Initial bond cleavage in the presence of adjacent Ov required the more energy than cleavage
on a pristine surface, but subsequent bond cleavage in the presence of adjacent Ov required
the less energy than the C-O bond cleavage of CO on a pristine surface. Based on these
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results, we would expect that the presence of surface oxygen vacancies would strongly
affect CO, methanation kinetics on MgAl,O4 and NiAl,O4 surfaces.
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Figure 6. Energy diagrams of C-O bond cleavages for CO, and CO on (a) pristine and (b) defected
surfaces. * represents adsorbed species on the surfaces (e.g., CO,*: adsorbed CO, on the surface).

4.4. C-O Bond Cleavage of CO vs. C-O Bond Cleavage of CHO
In addition to the C-O bond cleavage of CO, and CO, many other potential C-O
bond-breaking mechanisms may contribute to CHy generation, and one such mechanism
is H-assisted CO; activations. On Ni-based catalysts, formate (CHOO) and carboxylate
(COOH) pathways have been proposed, which provides kinetically and thermodynamically
different preferences for the hydrogenation of CO, [44]. However, in this study, we focus
on another potential pathway of C-O bond breaking from CHO on MgAl,04(100) and
NiAl;O4(100). After initial bond cleavage of CO,, the generated CO reacts with adjacent H
to form CHO, which undergoes C-O bond cleavage to produce CH. Such reactions would
proceed if the kinetics and thermodynamics are more favorable than the other reactions
paths. We evaluated the feasibilities of other potential mechanisms of C-O bond cleavage
by focusing on the C-O bond cleavage of CHO. Simulations were performed on reduced
surfaces because we had found earlier that the reduced surface enhances kinetics and
adsorbate stabilities. Energy diagrams of C-O bond cleavage of CO vs. C-O bond cleavage



Catalysts 2021, 11, 1026

12 of 15

of CHO are provided in Figure 7. Results are based on the most stable configurations of
CO and CHO on Mgc,s (MgAl,O4) and Nicys (NiAL,Oy) sites. The simulation predicted
that on NiAl;O4(100), CHO formation from CO and H requires 165.7 k] /mol, but that the
C-O bond cleavage of CHO has a large energy barrier of ~232.9 k] /mol (Figure 7a). The
activation energy required to cleave the C—O bond of CHO is similar to that required to
cleave CO, which suggests that on NiAl;O4(100), C-O cleavage in CO and CHO would
competitively occur due to the similar overall energies required. Energy diagrams of bond
cleavages on reduced MgAl,O4(100) are provided in Figure 7b, which show the different
behaviors of C-O bond cleavage. Our results show that CHO formation is exothermic, with
339.9 k] /mol, and that C-O bond cleavage in CHO has an activation energy of 192.4 kJ /mol
and a negligible reverse energy requirement. The overall energy required to active the
bond breaking is exothermic, but the C-O bond breaking from CHO is not. These results
indicate that CO bond-breaking mechanisms from CHO would occur more readily than
direct C-O bond breaking when surface defects are present. Based on the results obtained,
we cannot conclusively establish that the C-O bond cleavage of CHO is the dominant
pathway on reduced MgAl,Oy4. Nevertheless, we believe that the alternative C-O cleavage

pathways, including C-O bond cleavage in CHO, compete with direct C-O bond cleavage
during methanation.
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Figure 7. Energy diagrams of the direct C-O bond breaking (CO* — C + O*) vs. indirect C-O

bond breaking (CO* + H* — CHO* — CH* + O*) on (a) defected NiAl;04(100) and (b) defected
MgAl,04(100).
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5. Conclusions

Mixtures of nickel-magnesium-alumina with different metal contents were investi-
gated as CO, hydrogenation catalysts. A range of NixMgj_Al,O4 spinels were produced
(from x = 0 to 1) by co-precipitation. According to our experimental results for CO; hy-
drogenation over these catalysts, the reverse water gas shift reaction (CO, — CO) was
preferred at high magnesium atomic ratios, and CO, methanation (CO, — CH,4) was
favored by increasing nickel contents. To understand the kinetics for product selectivity of
MgAl,O4 and NiAl,Oy4, we performed DFT calculations. Our simulation predicted that
CO strongly adsorbs on the Nigys site of NiAl,O4; however, CO weakly adsorbs on the
Mgus site of MgAl,O4 due to the weak total binding interactions within s and p orbitals,
and the absence of a d orbital. The low stability of adsorbed CO on MgAl,Oy triggers CO
desorption rather than undergoing further hydrogenation or C-O dissociation. As a result,
the CO selectivity is higher on MgAl,O, than NiAl,O4. Based on our experimental and
computational results, the different reaction mechanisms on NixMg;_,Al,Oy spinels for
CO; hydrogenation were revealed.
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