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Abstract

Reverse water gas shift reaction (RWGS) is an important process which plays a vital
role in many CO; utilization related reactions. Noble metals are the most active
catalysts in RWGS, but the high price and low reserve strangled their applications. In
the present work, we reported a non-transition-metal MgAl>Os4 catalyst which showed
outstanding activity and stability at high temperatures in the RWGS reaction and
improved performance after doping of single atomic Ni"*. The catalyst can obtain 46%
of CO; conversion in durability test of 75 h at 800 °C under high weight hourly space
velocities (225 000 ml g™' h'!). The adsorption sites, possible reaction route, and effects
of Ni"* single atoms on the (111) surface of MgAl>O4 for RWGS were investigated by
in situ DRIFTS and DFT calculations. The results indicated that the rate determining
reaction step of RWGS on MgAl,0O4 and Ni (SA)/MgAl>,O4 were both the reaction of
OH"+H" — H,O" + 7, but the energy barrier was significantly reduced after introducing
single atomic Ni"*. Ni"" atoms can increase the hydroxyl coverage on the surface of

catalyst and AI’* sites near the Ni"" ion are considered as the predominant active sites
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for RWGS reactions.

1. Introduction

Carbon-neutral technologies have attracted increasing attention over the last two
decades because of global warming and climate change caused by excessive CO-
emissions [1-3]. Several strategies have great potential to convert captured CO> to
synthetic fuels i.e. (1) the RWGS reaction [4,5], (2) CO2 direct hydrogenation [6-8], (3)
methane dry reforming [9,10], and (4) CO2 to Lower Olefins [11-13]. CO; reduction to
CO through the RWGS reaction is an attractive process, because not only does it
produce CO, a very useful chemical, it also plays a vital role in many CO:
hydrogenation reactions [4-13]. The RWGS is thermodynamically favorable at high
temperature because of its endothermic nature (CO; + H» «» CO + H20, AH = 41.3
kJ/mol). Therefore, the activity and thermal stability of catalysts are two main concerns

in developing RWGS catalysts [3].

Noble metal catalysts present good low temperature activity and stability in RWGS [14-
16], but the high price and low reserve hindered their applications. Transition metal
catalysts, typically the copper catalysts [17-19], which are more acceptable in price,
have been extensively researched. But the stability of transition metal catalysts at high
temperature is still great challenges [3,20]. It is interesting that mixed main group metal
oxides also show good activity and stability, such as BaZrosYo20; and
BaZrosYo0.16Z1n0.0403 [21]. Oxygen vacancies might play an important role in the activity

of metal oxides in RWGS reactions. However, insertion of additional Ce into the
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structure of metal oxides (introducing more defects) did not have any positive effect on
the catalytic activity for the RWGS reaction and even lowered down the thermal
stability of catalysts. Recently, spinel catalysts (Cu-Al and Co-Al) containing transition
metal oxides as promising candidates for CO> conversion to CO were reported [22,23].
Unlike other copper-based catalysts, spinel catalysts have both high activity and high
stability in RWGS reaction. And under-coordinated transition metal-oxygen ligands
were considered as the active sites for CO; adsorption and activation on the spinel

surfaces [22.23]. However, the related reaction mechanism are still unclear.

Reaction mechanisms of RWGS can be classified into two categories, i.e., redox
mechanism [24,25] and hydrogenation mechanism (through formate (HCOO) or
carboxyl (COOH)) [26,27]. The major difference lies in whether hydrogen species
involves in the formation of carbon-containing intermediates. RWGS reaction via redox
mechanism often consists of a successive rapid alternation on the active sites with
oxidation<>reduction loops. Therefore, noble metal loading on reducible oxide
supports with good redox properties may have excellent RWGS activity, such as Au-
Ce07[28-30]. For the hydrogenation mechanism, the formation of formate or carboxyl
is considered as the critical step of the RWGS process. Hence, transition metal loading
on Brensted acidic supports may be active in RWGS reaction, such as Cu-ZnO [31],
Cu-MgO [32] and Pt-TiO; [33]. It should be noticed that both of the two routes may be

feasible on a given metal/oxide catalysts [34].

In this work, MgAL>O4 spinel catalyst without transition metal oxides was found to be
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active in RWGS at high temperatures. And the H,O formation (OH" + H* — H,0" + )
on spinel was considered as the rate determining step in RWGS over MgAlOy4 rather

than the hydrogenation or the direct dissociation of COs.

2. Experimental section

2.1 Materials Preparation

Materials. Mg(NO3)2-6H20 (99+%, Acros Organics) and C3HsO (99.5%, Acros
Organics) were purchased from Aladdin Industrial Corporation. Ni(NO3)2-6H20 (99+%,
Acros Organics) and AI(NO3)3-9H20 (99+%, Acros Organics) were purchased from
Sinopharm Chemical Reagent Co.LTD. C,HsOH (99.7%, Acros Organics) was
purchased from Xilong Scientific. Deionized water was obtained from a laboratory

purification system.

Synthesis. Preparation of MgAl,04. MgAl,O4 was prepared by sol-gel method [35]. A
certain amount of Mg(NO3)2:6H20 and AI(NO3);-9H,O was solved in anhydrous
ethanol: each 0.01 mol MgAl>O4 corresponds to 70 ml of anhydrous ethanol. After that,
C3HsO was drop wise added into the nitrate solution under stirring at 70°C to obtain
the gel. The obtained gel was dried at 80 °C for 24 h and then treated at 800 °C for 2 h

in muffle furnace with a temperature elevating rate of 3 °C /min.

Preparation of 0.5 wt.% Ni/MgAl,O4 Catalyst (denoted Nano Ni/MgAl,0O4). The Nano
Ni/MgALO4 catalyst preparation process is consistent with the above mentioned
MgAlOs while adding the required amount of Ni(NO3)2:6H20 replacing

corresponding amount of the Mg(NO3),-6H>0.
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Preparation of Ni Single Atom/MgAl>,O4 Catalyst (denoted Ni (SA)/MgAl>O4). Ni
(SA)/ MgAl>O4 was prepared by acid leaching [36]. 0.5 g Nano Ni samples were put
into 30 mL sulfuric acid solution with pH=2, stirred and leached at room temperature
for 2.5 h. Then, the leached samples were centrifuged in deionized water until the

solution reaching pH neutral. Then the products were dried at 80 °C for 24 h.

2.2 Characterization

ICP. The actual Ni content was determined by inductively coupled plasma-optical

emission spectrometry (ICP- OES, Thermo IRIS Intrepid II).

XRD. The X-ray diffraction (XRD) measurement was used to characterize the
crystalline structure of the catalysts. The spectra were collected on the D8 Advance X-
ray diffractometer (XRD) using Cu Ka radiation with a scanning angle (20) of 15~90°.
Analysis of XRD test data and calculation of lattice parameters were performed on

JADE software (JADE version 5, Materials Data, Inc.).

BET. BET surface area and BJH pore volume of catalyst were measured on ASAP 2020
M + C by applying N> adsorption isotherms and BET analysis methods. Before testing,

all of the samples were degassed at 150 °C in a vacuum for 4 h.

TEM and STEM. The MgAl,0O4 and Nano Ni/ MgAl,O4 sample’s structures were
characterized using a transmission electron microscope FEI TECNAI G2 F30 with
scanning TEM (STEM) and high resolution TEM (HRTEM) modes. The single atomic
Ni"" species were characterized by spherical aberration corrected Transmission

Electron Microscope (ACTEM) Titan ETEM Themis.
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EXAFS. Extended X-ray absorption fine structure spectra (EXAFS) at Ni K-edge were
collected at the Singapore Synchrotron Linght Source (SSLS) center, in which the X-
ray beam was monochromatized with channel-cut Si (111) crystals. The Ni K-edge
absorption data was recorded in a transmission mode. Ni foil and NiO were used as
references. The storage ring was working at the energy of 2.5 GeV with an average
electron current of below 200 mA. The acquired EAXFS data were extracted and
processed according to the standard procedures using the ATHENA module
implemented in the IFEFFIT software packages. The k3-weighted Fourier transform
(FT) of ¢ (k) in R space was obtained over the range 0-14.0 A"! by applying a Bessel

window function.

XPS. The chemical states of these catalysts were characterized by X-ray photoelectron
spectra (XPS, PHI-5000 Versaprobe II) equipped monochromatic Al Ka (1486.6 V),
operated at 15 KV and 50 W. The binding energy (BE) was calibrated using the 1s peak
of C at 284.8 eV. The spectra lines were smoothed via the Fourier smoothing method
and fitted using a symmetric pseudo-Voigt function called GL (30) in CasaXPS

software.

H>-TPR. Temperature-programmed reduction (H2-TPR) was performed on a
Micromeritics Autochem 2920 II instrument. Typically, the sample (cat. 50 mg) was
loaded into a U-shaped quartz reactor and dried for 1 h under Ar flow (40 mL min') at
120 °C (5 °C min ). After cooling down to room temperature, switched the flow to a
10 vol% Ha/Ar, and ramped to 860 °C at 10 °C min™! with flow rate 40mL min"'. During

this process, H> consumption was monitored using a calibrated thermal conductivity
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detector (TCD).

In situ DRIFTS. The in situ DRIFTS were collected in the range of 400~4000 cm™!
using a Bruker Vertex 70V FTIR spectrometer equipped with a liquid nitrogen
refrigeration MCT detector. Before measurement, Nano Ni/MgAl,Os and Ni
(SA)/MgAl,04 were pre-reduced at 800 °C in Svol % H; for 2 h. For each measurement,
15 mg of catalyst was placed in the cell, heated up to the test temperature in Svol %H>
flow and then stabilized in Ar for 30 min to ensure the complete removal of adsorbed
species. Then switching to 5vol % COz, the first point was collected after 30 min. Next,
shutting off CO2, Svol %H:> was introduced and the second point was recorded after 10

min.

Catalytic Tests. All catalytic tests were performed in a fixed bed reactor under ambient
pressure. 20 mg sample (60 mesh) was loaded into a 10 mm inner diameter quartz
reactor tube. The bed was heated to 800 °C at a ramp rate of 10 °C min! under 5 vol.%
Hy/Ar (100 mL min') and held for 2.5 h to activate the catalyst in situ. Then, the gas
mixture (5 vol.% COz, 5 vol.% H», He as the equilibrium) was introduced to the reactor
with a total flow of 75 mL min~! (weight hourly space velocity (WHSV) = 225000 mL/
(g-h). Gas analysis was performed online by a gas chromatograph (FULI GC9790Plus)

equipped with a thermal conductivity detector to analyze H>. CO and CO..

2.3 Density functional theory (DFT) Calculation Details

The first-principle calculations were performed with the Vienna Ab-inito Simulation

Package (VASP). The ion-electron interactions were treated with the projected-
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augmented wave (PAW) method. The exchange-correlation interactions were calculated
with the PBE scheme. The energy cut-off was set to 400 eV, and the self-consistent
convergence was set at criteria of 0.0001 eV/atom. The spin polarization was
considered in the calculation. For the MgAl,O4-(111) surface structure, a 1x1 two-
dimensional supercell consisting of four layers was constructed, which contains 16 Mg,
32 Al and 64 O atoms, and the vacuum layer was set at more than 20.0 A. For the single
Ni atom doped MgAl,O4-(111) surface, only a Al atom on the surface was replaced by

Ni atom.

For each step, the free energy differences are calculated with:

AG = AE + AZPE + TA4S

Where AE is the total energy difference between the neighboring states calculated
from DFT calculation, AZPE is the difference of the zero point energy, AS is the

difference of entropies, and the temperature is set at 700 K.

3. Results and discussion

3.1.Structure of Catalysts

The content of Ni in Nano Ni/MgAl,0O4 and Ni (SA)/MgAl>,O4 by ICP-OES is 0.43 wt.%

and 0.21 wt.% respectively. BET and BJH results are shown in Table 1.

Tablel. BET and BJH results of three catalysts

S v v Mean pore
Catalysts oEr " ’ diameter
(m’ g (cm’ g (cm’ g (nm)

Nano Ni/MgAl,0O4 121.69 27.958 0.3159 10.477
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Ni (SA)/MgAL04 131.62 30.241 0.2641 8.2591
MgALLO4 125.35 28.8 0.3406 10.953

The XRD patterns of catalysts are shown in Fig. 1a. All catalysts present well-
crystallized spinel phase. Three sharp peaks at 20 = 36.951°, 44.956° and 65.441° are
ascribed to the (3 1 1), (4 0 0), (4 4 0) planes of cubic MgAl1,0O4 (JCPDS Card No. 21-
1152). No characteristic peaks of nickel species can be detected indicating that Ni
species uniformly distribute on MgAl,O4 or are in the matrix of MgAl>O4. From Fig.
1b and c, the lattice parameters of MgAI>O4 (8.0559 pm) expands to (8.0695 pm) when
nickel doped into the lattice matrix of spinel because of the bigger ionic radius of Ni**
(0.55 A) than those of AI*" ions (0.535 A) [37]. The HRTEM image in Fig. 1d shows
that MgAl,O4 are lamella particles in diameter of ~13 nm. Ni nanoparticles on nano

Ni/MgAL>Og are in size of 2~5 nm (Fig. 1e). After acid leaching, no nano nickel species

but single atomic Ni can be found on Ni (SA)/MgAl,O4 (Fig. 1f).

The local coordination structure of Ni atoms in Ni (SA)/MgAl,O4 was revealed by the
phase corrected Fourier transformation of EXAFS spectroscopy (FT-EXAFS). The X-
ray absorption near edge (XANE) curves (Fig. 1g) indicate that the Ni atoms in Ni
(SA)/MgAlL,O4 are cations but different with Ni** of NiO. The Ni K edge of Ni
(SA)/MgAl,04 shows just one main peak at ~1.65 A in the R-space spectrum (Fig. 1h)
without peaks of Ni-Ni at ~2.18 A and with only weak peak of Ni**-O?-Ni*" at ~2.60
A (Fig. 1i) [38], suggesting that Ni"" ions in Ni (SA)/MgA1>O4 are highly dispersed in

13* ions. This result

the lattice matrix of spinel and the Ni"*-O* species are isolated by A
can also be verified by wavelet transform (WT) based on its ultra-high resolution in k

and R spaces. The Ni K-edge WTEXAFS of Ni (SA)/MgAl1>04 is shown in Fig. 1j~11,
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with references of Ni foil and NiO in Fig. 1k and Fig. 11 respectively. The signals related
to Ni-Ni coordination and Ni>*-O*-Ni?>" were not probed. The distribution of Ni
elements on Ni (SA)/MgAl>O4is dominated by single atoms. The detailed modeling
parameters of Ni (SA)/MgAl>O4 are shown in Table 2. The coordination of Ni with O
is 5.6 + 0.6 indicating that the single atomic Ni ions (Ni"*, 2<n<3) occupy the AI*" sites,

which is consistent with the DFT calculation results (discussed later).
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Figure 1. (a) XRD patterns of catalysts; (b) Angle shift of the (3 1 1) plane, zoom in the 35~39°
region; (c) lattice parameters of catalysts; (d) HRTEM image of MgAl,O4; (¢) HAADF-STEM
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image of Nano Ni/MgAl,04; (f) AC-HAADF-STEM image of Ni (SA)/MgAlL>O4; (g) XANES and
(h) FT-EXAFS spectra of Ni (SA)/MgAl,O4 with references of Ni foil and NiO; (i) Experimental
(red) and fitting curves (black) of Ni K edge of Ni (SA)/MgAlLO4 (G) WT-EXAFS of Ni
(SA)/MgALOq; (k) WT-EXAFS of Ni foil; (1) WT-EXAFS of NiO.

Table 2. EXAFS modeling parameters of Ni (SA)/MgAL,O4

samples shell CN R(A) o2 AEg R factor
Ni-O 56+£06 202+£0.02 0.0034
Ni (SAYMgALOs  Ni-Ni  17+10 259£005 . 7026 00188

Ni-O-Ni  56%1.7 3.06+0.03
aN: coordination numbers; °R: bond distance; °¢%: Debye-Waller factors; ¢ AEo: the inner potential
correction. R factor: goodness of fit. So> was set to 0.76, according to the experimental EXAFS fit
of Ni foil reference by fixing CN as the known crystallographic value; 3: percentage.

XPS spectra were measured to determine the local chemical environment of each
element and the results are shown in Fig. 2. The obtained spectra of Ni 2p3/2 (870~850
eV) have strong satellite peaks at 861.6 eV in Nano Ni/MgAl>O4 (Fig. 2b), attributing
to the long-range scattering of structural -Ni-O-Ni-O--in the lattice of NiO crystals.
However, no satellite peak can be observed in Ni (SA)/MgAl,O4 (Fig. 2b),

consolidating the single atomic state of Ni"". Besides, the 2p3/> binding energy of Ni""
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ions in Ni (SA)/MgALOs is at 857.0 eV which is significantly higher than that of Nano
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Ni/MgALOs at 856.8 eV, also verifying a more positive oxidative state of Ni”* than Ni**
[39]. More positive of Ni"" arising from the interaction between nickel and MgAl,O4
may result in more oxygen vacancies and then lead to more negative hydroxyl groups
on the surface of Ni (SA)/MgAl,O4 catalyst arising from the reaction between H,O and

oxygen vacancies (H20" + Vo' — OH™ + H").

Figure 2. (a) full XPS spectrum of catalysts; (b) Ni 2p spectra; (c) O 1s spectra; (d) Al 2p spectra

The O Ls spectrum of MgAl;O4 is deconvoluted into two main peaks (Fig. 2c). The
peak at 530.1 eV refers to the lattice oxygen (OL), another peak at 531.8 eV is attributing
to the surface oxygen vacancy defect or low-coordinated oxygen ions (Op). However,
a new fitting peak appears at 533.0 eV after introducing nickel into MgAI>O4, which
can be attributed to hydroxyl-type oxygen species (OH"), designated as Ou [40,41]. The

detailed results of O 1s spectra are shown in Table 3.

Table 3. XPS results for the three catalysts : binding energies (eV) ; full width at half maximum
(FWHM) ; relative percentages (%oArea).

Catalysts O (530.1 eV) Op (531.8 eV) Oxn (533.0eV)
%Area FWHM %Area FWHM %Area FWHM
Nano Ni/MgAl,04 27.64 2.17 56.47 2.22 15.88 2.51
Ni (SA)/MgAl,04 11.41 2.20 67.64 2.32 20.96 2.50
MgALLO4 45.39 2.69 54.61 2.89 0 --

The On contention in Ni (SA)/MgA1,04 (20.96%) is much higher than those on Nano
Ni/MgAl,04 (15.88%) and far higher than that of pristine MgAlO4 (0%), indicating
that Ony may arise from the defect introduced by Ni"" on the interface nickel and
MgAl1,04. The presence of On on catalyst may have an important effect on the RWGS

reaction. This conclusion will be confirmed later on by in situ FITR. In addition, the
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binding energy of AI** ions in Ni (SA)/MgAl,O4 and Nano Ni/MgAL,Oy4 is at 74.8 eV
and 74.7 eV respectively, which are both higher than that of MgAl,O4 at 74.5 eV.
Because the AI** sites were occupied by Ni™', leading to more positive AI** to obtain

the surface charge balance.

3.2. Catalytic performance of catalysts in RWGS

Catalytic performances of three catalysts (MgAl,Os, Nano Ni/MgAl,Os and Ni
(SA)/MgAl,04 in RWGS were studied on a fixed-bed flow reactor in the temperature
range of 600~800 °C (Fig. 3a). Surprisingly, as an extremely stable support, MgAl>,O4
showed remarkable activity in RWGS at temperatures higher than 600°C, the CO:
conversion rate reached 37.76% at 800 °C. To be rigorous, we also tested the CO:
conversion in RWGS reaction without catalyst at 800 °C, and the conversion rate of
CO; was zero. Loading Ni nanoparticles on MgAl,O4 improves the CO> conversion
remarkably. Interestingly, leaching out the Ni nanoparticle on MgAl,O4 will obtain
much more active catalyst in RWGS, the CO> conversion rate reached 46.3% at 800 °C,
almost reaching the thermodynamic equilibrium conversion [42]. The conversion of
CO; even remained stable after 75 h of durability test at 800 °C and high weight hourly
space velocities (225 000 ml g'' h™!), as shown in Fig. 3b. In addition, no by-products

were detected during the reaction of the three catalysts.
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Figure 3. (a) Catalytic performances of three samples (MgA1>O4, Nano Ni/MgAl,O4 and Ni
(SA)/MgA1,04) for RWGS in the temperature range of 600~800 °C. (b) Endurance test of Ni
(SA)/MgA1,04 for RWGS at 800 °C.

3.3. In situ FITR of RWGS reactions on catalyst

In situ FITR was performed to investigate the surface species over catalysts under
operando conditions and the results are shown in Fig. 4. Generally, the CO; and H>
derived species on MgAlO4 and Ni (SA)/MgAlO4 are quiet similar, indicating the
reactions proceed the similar routes. After introducing 5% CO., the spectral features
formed at 1642 cm™! clearly demonstrate the formation of surface bicarbonates, which
are generated from the reaction between CO> and hydroxyl groups on MgAl>O4[43].
The bicarbonate peak increased obviously on Nano Ni/MgAl,04 and Ni (SA)/MgAl204
due to more surface hydroxyl groups on nickel doped MgAl>O4. The weak bands at
1380 cm™ and 2910 cm™! indicate that CO, can react with the protons of hydroxyl
groups to generate formate [44-46]. The adsorption band of CO* was not observed in

the FITR spectrum because of the weak adsorption energy of CO” species on MgAl,04

[47]. After switching to H> flow, the signals of bicarbonates decreased quickly while
the formate peaks increase. This result suggests that formate is easy to generate but

difficult to decompose, which means the “formate route” is not the optimal path. The

d0i:10.20944/preprints202105.0562.v1
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DFT calculation below also proves this conclusion. X. Wang [46] and L.F. Bobadilla
[40] demonstrated the formate mechanism of RWGS on Pd/Al,O3; and Au/Al;Os. The
peaks at 2295 cm™! and 2374 cm’! were attributed to the physical adsorbed CO» [44]. In
this work, these two peaks are weakened significantly on Ni (SA)/MgAl>Os, indicating
that CO» is prone to adsorb on AI** sites. Acid leaching leads to the decrease of surface
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Figure 4. In-situ DRIFT spectra of catalysts at 500 °C: (a) MgAl>Os, (c) Nano Ni/MgAIL>O4, (e)
Ni(SA)/MgAlLO4. In-situ DRIFT spectra at 600 °C: (b) MgAl>04, (d) Nano Ni/MgALO4, (f) Ni
(SA)/MgA10s.

3.4. Density functional theory (DFT) calculations

Density functional theory (DFT) method was performed to investigate the adsorption

sites, geometries of intermediate species and possible reaction paths of RWGS reactions
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on (111) surface of MgAl,04 and Ni (SA)/MgALOs.

The primitive cell structure and the geometries of adsorbed species on MgAl>O4 and Ni
(SA)/MgAl,04 are shown in Fig. S1 and S2. Based on the model, the active adsorption
site was AI*" on MgAl,O4 (111) surface (Fig. S1): one CO2 molecule adsorbs on two
adjacent AI*" sites in bridge style. However, when single atomic Ni doped into the (111)

13" site near the Ni*" ion.

surface of MgAl>Oy4, the adsorption site of CO alters to one A
CO; can be directly dissociated into CO" (redox mechanism), or combined with H" to
form COOH® or HCOO®". Then COOH" formed CO by removing OH®, while
dissociation of HCOO" would produce HCO" and O, followed by dehydrogenation of
HCO" to form CO. The detailed energy barriers of elementary steps for RWGS are

shown in Table 4, and the potential diagrams calculated by DFT on MgAl>O4 and Ni

(SA)/MgAl,04 are shown in Fig. 5.

Three reaction routes were proposed, the “redox mechanism”, the “formate route” and
the “carboxyl route”. From the energy view, the “carboxyl route” may be more possible
for the RWGS process on both catalysts rather than the “formate route” and “redox
mechanism”. The rate limiting step is strongly depend on the surface structure. The free
energy differences of the above reactions on MgAl>O4 and Ni(SA)/MgAl,O4 clearly
demonstrates that there are strong interactions between the surface and the absorbed
molecules, such as CO*, 0", OH" and HCO®, which is mainly due to the dangling bond
of the surface. This make the CO2 decomposition is easily. Also due to the large

absorbed energies of O" and OH" on the surface, the AG of the reaction “OH"+H" —
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H,O"+"” largely increases, which means it is the rate limiting step (RDS). The energy
barrier of RDS is significantly reduced from 2.85 eV to 1.68 eV after introducing Ni"*
into MgALOs. Due to the under coordination state of Ni** in MgAl,O4, the ligand
oxygen needs to retrieve more electrons from nearby AI**, leading to more positive AI**

13* and adsorbates. So,

(XPS results) and hence the reduced bonding energy between A
the AG of reaction (CO2" +° — CO" + Q"), reaction (O + H" — OH" + ) and reaction
(OH" + H" — H20" + ) on Ni (SA)/MgAl,04 are remarkably reduced compared with

those of MgAl,O4.

Scheme 1 shows the possible RWGS reaction network, including three CO> activation
steps and pathways which are similar to those reported on transition metal phosphides

and Au/ALO3 [38,45].

l'_____________'l

[ COOH* I
[ T+H | |
| coe) = co, 2 co > cogg) I
1+H T-H“ I

-O* .
HCOO* —> HCO |
[
[

4 +0 + - *
1/2Hy(g) — H' — OH'— H,0" — H,0(g)

l
l
| . : -
l
Scheme 1. Three pathways of CO> activation and the reaction scheme from H» to HO

Table 4. Reaction energy (AG) and activation barrier (£.) of the RWGS elementary steps on
MgAl>,04 and Nano Ni/MgAl>Os.

MgALLO4 Ni (SA)/MgAl,04
No. Elementary steps
AG/eV E.JeV AG/eV EJ/eV
1 COx(g) +"— CO," -0.49 — -0.92 —
2 CO'+"—CO"+0" -2.81 0.65 -0.51 0.82
3 CO;"+H*— COOH" +* 0.72 0.83 0.38 0.90
4 COOH" — CO" + OH" -2.42 0.42 -0.82 0.15
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5 CO"+H" — HCOO™ +* -0.36 0.1 -0.01 0.49
6 HCOO" — HCO™ + O" -0.27 0.42 -1.58 0.83
7 HCO" — CO"+ H” -0.37 0.12 1.08 1.44
8 12 Hy(g) + " — H" -0.48 — 0.06 —
9 O"+H - OH +~ 1.10 1.63 0.07 1.48
10 OH"+H" - H,O" +~ 2.73 2.85 1.56 1.68
11 H,0" — *+ H.0(qg) 0.05 — -0.21 —
12 CO" — "+ CO(g) 0.91 — 0.42 —
4
(@) = HCOO Path
— COOH Path _ RWGS on MgALOy4
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Figure 5. Potential energy for RWGS reaction on (a) MgALO4 (111) and (b) Ni (SA)/MgAl,04
(111) surfaces.

4. Conclusion
In this work, MgAl,O4 was found to be an active catalyst in RWGS reaction at

temperatures higher than 600°C. Mechanism study revealed that OH" + H* — H,O" +

* is the rate determination step in RWGS on MgAl,O4 and Ni (SA)/MgAl,O4. The
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energy barrier is significantly reduced after adding single atomic Ni"" into the matrix
of spinel. The “~-COOH path” may proceed most easily over MgAl,O4 or Ni"* doped
MgAl>O4 at high temperatures.
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