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Abstract: The NiO-MgO solid solution has been proven to be an efficient catalyst for the carbon
dioxide reforming of methane (CRM). However, the challenge is still there for the facilely controlled
synthesis of the single-phase solid solution with the uniform composition, and the interactions
between NiO and MgO are not consistently correlated with the CRM performance. To address these
issues, in this work, the complex-decomposition method was applied to regulate the chemical and
structural properties of NiO-MgO catalysts via simply changing the complexing agent, calcination
temperature, and Ni/Mg molar ratio. The catalysts were comparatively evaluated for CRM under
severe reaction conditions of 750 °C, 0.1 MPa, CH,/CO;, =1, and a gas hourly space velocity of
60000 mL-g~1-h~1. Trrespective of the complexing agents investigated, NiO-MgO solid solution was
exclusively formed. However, the structural and reductive properties of the NiO-MgO catalysts
were strongly dependent on the complexing agent, which is reasonably explained as the varied
coordinative capabilities of the complexing agent with the metal cations. Moreover, the highest
CRM performance, i.e., the initial CHy conversion of ~86% kept constant for a time-on-stream of
20 h, was achieved over the Nijp Mg 9O catalyst by using glycine as the complexing agent and
calcined at 800 °C. The characterization and CRM results vigorously confirmed that a good balance
between the sintering and the in situ release of active metallic Ni under CRM reaction conditions was
constructed over the NiO-MgO catalyst prepared using glycine as the complexing agent, leading to
its highest stability. Considering the simple procedure of the complex-decomposition method and the
convenient adjustment of the NiO and MgO interactions by simply changing the complexing agent
and calcination temperature, the thus developed catalyst can be applied for extensive understanding
the CRM mechanism, and extended for large-scale preparation.
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1. Introduction

The catalytic carbon dioxide reforming of methane (CRM) has been established as a
promising process to efficiently convert the potent greenhouse gasses of CO, and CHy to the
value-added synthesis gas with a stoichiometric H, /CO ratio of 1 [1,2], which satisfies the
synthesis of chemicals [3,4], such as methanol [5] and dimethyl ether [6]. Moreover, CRM
also opens an alternative way for the direct utilization of natural gas (mainly composed of
CH,4) with a high CO; level, such as marine gas [7,8]. In this context, CRM has attracted
much attention in the academic and industrial domains. Unfortunately, due to the high
partial pressure of CO and high reaction temperature, the commercialization of the CRM
process is still bottlenecked by catalyst deactivation, which is mainly induced by the coke
deposition and sintering of metal catalysts [9,10].

Generally, nickel is regarded as an applicable catalyst for industrial CRM owing to
its relatively higher activity, lower cost, and reasonable availability compared to noble
metals [11,12]. To improve long-term stability, abundant studies have focused on Ni-based
catalysts with improved capacities of anti-coking and anti-sintering. Therefore, different
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strategies are practiced to achieve this target. Among the currently available methods,
adding basic oxides such as La;O3 [13] to adjust the acid-base properties of the support has
been reported to be an effective route in inhibiting the coke deposition, which is commonly
explained as the enhanced chemisorption of CO, by the basic center over the Ni-based
catalysts [14]. Alternatively, the partial neutralization of the Lewis acid sites with the added
basic oxides is also conducive to alleviated coke deposition [15,16].

In the case of the Ni metal, its interaction with support is regulated as a general
strategy to optimize the dispersion and reduction extent of Ni, which has been proven
to be an important factor in determining the performance of Ni-based catalysts for CRM.
As the lower limit, the isolated Ni atoms over Ce-doped hydroxyapatite are reported
to be intrinsically coke resistant due to the limited deep decomposition of methane into
carbon [17]. In contrast, comparative results over the single-atom Ni; /Mg(100) and single-
site Nig /Mg(100) catalysts indicate that the formation of the confined single-site Ni/MgO is
required for catalyzing CRM over NiO-MgO solid solutions [18]. Different from these obser-
vations, single-crystalline MgO and the synergetic effect between Ni and Mo bimetals are
essential for the coke- and sintering-resistant NiMo CRM catalysts [19]. Thus, considering
the pioneering work of the Ni-MgO solid solution as an efficient CRM catalyst [20], the ef-
fects of the interactions between Ni and MgO in the solid solution on the CRM performance
are still worthy of investigation. Theoretically, the formation of Ni-MgO solid solution with
continuously varied Ni contents is possible [21]. However, the synthesis of NiO-MgO solid
solution with well-defined crystals free of segregated phases such as NiO is still an issue
provided that the slightly varied radii of Ni2* (69 pm) and Mg2+ (78 pm) cations are taken
into account. Thus, the controlled preparation of solid solutions with varied Ni and MgO
interactions is beneficial not only to the development of a high-performance CRM catalyst,
but also to the better understanding of the CRM mechanism. In this context, we found that
the complex-decomposition method is effective in regulating the interactions between Ni
and SiO; via simply changing the complexing agent [22].

Based on these understandings, in this work, the complex-decomposition method was
applied to prepare a series of NiO-MgO catalysts with different compositions. Importantly,
the simple changing of the complexing agent with varied molecular structures and coordi-
native groups proved to be effective in regulating the interactions between NiO and MgQO,
leading to significant effects on the catalytic performance of Ni-MgO for CRM. Among the
complexing agent studied, the Nip1Mgp 9O catalyst, by using glycine as the complexing
agent, showed the best CRM performance.

2. Experimental Section
2.1. Catalysts Preparation

The NiO-MgO solid solutions were prepared via the complex-decomposition method
by using nickel acetate tetrahydrate (Ni(CH3COO),-4H;0) and magnesium acetate tetrahy-
drate (Mg(CH3COO),-4H,0) as the metal precursors. Glacial acetic acid (Gla), oxalic acid
(Oxa), urea, and amino acids including glycine (Gly), proline (Pro), serine (Ser), and alanine
(Ala), were used as the complexing agent and fuel, respectively. The typical procedure is
reported in our previous work [22]. Specifically, predetermined amounts of nickel acetate
tetrahydrate and magnesium acetate tetrahydrate were dissolved in 40 mL of ethanol under
stirring. By keeping the molar ratio of the complexing agent to the total amounts of the
precursors of nickel and magnesium at 1, the desired amount of complexing agent was
dissolved in 40 mL of deionized water. To carry out the complex-decomposition process,
the two solutions were mixed, and subsequently stirred at 60 °C until a gel was formed.
After burning the gel in the air, the obtained solid was calcined for 6 h with a heating rate
of 2 °C-min~!. According to the calcination temperature and composition, the prepared
catalysts were labeled as NixMg;_O-T-Y, where x, T, Y represent the Ni loading, calcination
temperature, and complexing agent used, respectively.
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2.2. Catalysts Characterization

The phase compositions of fresh, reduced, and spent catalysts were obtained from
powder X-ray diffraction (XRD) on a D8 Advance X-ray diffractometer (Bruker) over a
scattering angle (20) from 10° to 90° at a step of 0.02° with the acquisition time of 0.2 s. In
the case of the reduced catalysts, the reduction was performed at 700 °C for 2 h under a
flow of 50 mL-min~! H, /N, with a molar ratio of 2/3. After cooling to room temperature,
the sample was directly transferred for XRD analysis.

The textural properties of fresh catalysts were determined by the N,-physisorption
method over a BelSorp-Max surface area and porosity analyzer (BEL), which was operated
at —196 °C.

TEM images of reduced and spent catalysts were obtained on a FEI Tecnai G2 F20
microscope (FEI). The particle size distribution was determined by counting 200 particles.

The reduction behavior of the fresh catalysts was analyzed by means of the Hj
temperature-programed reduction (H-TPR), which was carried out on a Autochem 2020
chemisorption analyzer (Micromeritics). Before Hp-TPR, a 50 mg sample was heated to
500 °C in a pure Ar flow of 30 mL-min ! to eliminate the adsorbed water and impurities.
After cooling down to 50 °C, 10%H, / Ar flow (30 mL-min_l) was switched and the temper-
ature was heated to 1000 °C with a temperature ramp of 10 °C-min~'. The H, consumption
was monitored by a thermal conductivity detector (TCD).

The amount of coke formed on spent catalysts was measured via thermogravimetric
differential scanning calorimetry (TG-DSC) on a STA449 F5 thermogravimetric analyzer
(Netzsch). To perform the TG-DSC test, 5 mg of the spent catalyst was loaded, and the
temperature was increased from 25 to 900 °C at a temperature ramp of 10 °C-min~! in an
air flow.

2.3. CRM Reaction

The CRM experiment was conducted on a vertical quartz fixed-bed reactor (OD:
11 mm, ID: 8 mm) by loading 100 mg of each catalyst (40-60 mesh) diluted with 1.0 g of
quartz sands (40-60 mesh). Prior to the catalytic test, the in situ reduction of the catalyst in
a flow of 50 mL-min~! H, /N, (Hp /N, = 2/3) was performed at 700 °C for 2 h. After this, a
pure N, flow was switched, and kept for 30 min. By increasing the temperature to 750 °C,
the dilution-free reactants with a CH4/CO; molar ratio of 1 were introduced for starting the
CRM reaction. For all of the tests, the reaction conditions were kept the same, i.e., 0.1 MPa,
750 °C, and gas hourly space velocity (GHSV) of 60,000 mL-g~!-h~!. After condensing
water in an ice-cold trap, the effluent was online separated and analyzed by GC-9560 gas
chromatography (Shanghai Huaai Chromatographic Analysis Co., Ltd., Shanghai, China)
equipped with Molecular Sieve 5A and Porapak Q capillary columns. The detailed analysis
conditions and the calculations are given in our previous work [14,22], and the equations
for calculating the conversions of CHy (Ccha), CO;z (Cco2), and the Hp /CO molar ratio in
the products (Rypp/co) are given as follows.

Ccna (%) = (Fcng, intet — FCH4, outlet)/ FcH, intet X 100%
Ccoz (%) = (Fcoz, intet — Fcoz, outlet)/ Fcoz, inlet % 100%
Ru2/co = Fr2, outlet/ Fco, outlet
where [ stands for the flow rate.

3. Results and Discussion
3.1. Effects of Complexing Agents

The impact of complexing agents on the phase compositions was investigated by
XRD (Figure 1). Irrespective of the complexing agent used, all of the fresh catalysts exhib-
ited almost the same XRD patterns with obvious diffractions at 26 of 37, 43, 63, 75, and
79° (Figure 1A). These diffractions are assigned to MgO (JCPDS 87-0653) or MgO-based
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NiO-MgO solid solutions [23]. Due to the slight difference between the radii of the Ni%*
(69 pm) and Mg?* (78 pm) cations, it is well known that the XRD peaks of MgO are shifted
to a higher diffraction angle if NiO-MgO solid solution is formed [24]. This is more clearly
illustrated by enlarging the XRD peak at about 43° as a representative (the right side of
Figure 1A); i.e., a 0.6° shift from 43.1 to 99.5° depends on the complexing agent used. Thus,
the NiO-MgO solid solution is formed for all of the catalysts, the amount of which is affected
by the complexing agent. This observation can be explained by the structure, molecular
size, and coordinative groups of the complexing agent. When the structures of various
complexing agents were carefully examined, a smaller steric hindrance was apparent for
glycine, glacial acetic acid, oxalic acid, and urea compared to that for proline, serine, and
alanine, which favors coordination with Ni?* cations. Although NiO-MgO solid solution
was formed over all of the catalysts, the extent was promoted when the complex agent
with a smaller steric hindrance was used. If the molecular nature of the complexing agents
was taken into account, glycine, oxalic acid, and urea possessed more complexing groups
(-COOH, -NH;), which are expected to supply a higher coordinative capacity. Consequently,
the formation of the solid solution was favored, which was reflected by the relatively ob-
vious shift to a higher angle compared to that of Nig1Mg9O-800-Gla. Moreover, the
maximum shifts were observed for Nig 1 Mg 9O-800-Gly and Nig 1 Mgp ¢O-800-Urea due to
the -COOH group possessing a higher coordinative ability with Ni?* cations than that of
-NHj;. As a result of the larger steric hindrance, the coordination of proline and alanine with
Ni2* becomes difficult, leading to more obvious free NiO species over Nig 1 Mg 9O-800-Pro
and Nig1Mgp9O-800-Ala, as revealed from the relatively remarkable NiO diffraction. In
contrast, no obvious NiO species were formed on Nig 1 Mg 9O-800-Ser, although the serine
molecules also showed greater steric hindrance, which could reasonably be attributed to
the additional coordination of -OH groups with Ni*.
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Figure 1. XRD patterns of the fresh (A) and reduced (B) catalysts of Nig;Mgg9O-800-Gly (a),
Nio_1Mg0_9O-800-Gla (b), Nio.lMgo_go-SOO-Oxa (C), Nio_lMgo,90-80()-Pro (d), Nio,lMgQgO-SOO-Ser (e),
Nio_lMgg,gO-SOO-Urea (f), Ni@_lMg0490-800-Ala (g)

The XRD patterns of reduced catalysts are shown in Figure 1B. Apparently, the
characteristic diffractions of NiO-MgO solid solution were still maintained. Apart from
these diffractions, an obvious diffraction of metallic Ni at about 44.5° was observed for
Nip 1Mgp.9O-800-Pro and Nig 1 Mg 9O-800-Ala. This clearly indicates the presence of large-
sized Ni crystalline grains, which probably originate from the reduction of the segregated
NiO phase; i.e., free NiO particles. In contrast, the XRD diffraction of metallic Ni was absent
for the remaining catalysts. These results clearly confirm that the coordinative capacity of
the complexing agent with Ni?* is critical for the formation of NiO-MgO solid solution, the
reduction of which leads to smaller Ni particles. This will be further discussed together
with the TEM observations.
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The textural information of the fresh catalysts was obtained from N»-physisorption
results (Figure S1). All of the samples displayed the type IV isotherm with different
hysteresis loops. Specifically, a H2 hysteresis loop was shown for Nij ;Mg ¢O-800-Gly,
Nig 1Mgp.oO-800-Ser, and Nip1Mgp9O-Oxa, and an H3 hysteresis loop was observed for
the remaining samples, characterizing the mesoporous structure and heterogeneous pore
networks, respectively. These observations can be ascribed as the structure-directing or
templating effect of the complexing agent via the coordination with metal cations [25].
As a result of the varied effects induced by the molecular structure of the complexing
agents, different surface areas, pore volumes, and average pore sizes are shown for all
of the catalysts (Table 1). Moreover, variations in the textual parameters are generally
consistent with the changing order for the molecular sizes of the complexing agent, which
has been reported in our previous work on the synthesis of Ni-5iO; catalysts by the complex-
decomposition method [22]. However, the changes for all of the textural parameters, i.e., the
BET surface area, pore volume, and average pore size, were not very significant, irrespective
of the complexing agent used (Table 1). Moreover, the correlation between the textural
properties and the molecular size of the complexing agent is not very strong. If the sintering
effect induced from the high-temperature calcination is considered, this may reasonably be
ascribed to the diminished textural parameters since the samples were calcined at 800 °C.
Thus, as a result of the molecule-size effect of the complexing agent and high-temperature
calcination, the textural parameters of the catalysts are slightly varied.

Table 1. Textural properties of the fresh Niy Mg 9O catalysts prepared with different complexing agents.

Catalysts BET Surface Area Pore Volume Average Pore Size

(m2-g~1) (cm3.g~1) (nm)

Nip.1Mg(.9O-800-Gly 25.5 0.15 233
Nig 1 Mg 9O-800-Gla 27.4 0.13 21.2
Nip 1 Mgp 9O-800-Oxa 34.6 0.39 35.1
Nig.1Mgo.9O-800-Pro 26.0 0.31 205
Nig.1Mgp.9O-800-Ser 34.5 0.24 34.1
Nio,lMg()AgO—SOO-Urea 27.7 0.17 21.3
Nip 1 Mg 9O-800-Ala 28.1 0.24 345

TEM images of the reduced catalysts showed that the Ni nanoparticles with varied sizes
were randomly distributed in the bulk MgO (Figure S2). Specifically, relatively larger Ni
particles were predominant on Nijp ;Mg 9O-800-Pro and Nig 1 Mg 9O-800-Ala, as confirmed
by the Ni particle size distribution centered at 3.0-5.0 nm. In contrast, the majority of Ni
particles over the remaining catalysts were concentrated in the range of 1.5-5.0 nm. As a result,
the average particle sizes for Nig 1 Mgp 9O-800-Pro and Ni ;Mg 9O-800-Ala were 4.1 £ 0.3 nm
and 4.2 & 0.3 nm, which were slightly larger than those of the remaining samples (3.2-3.5 nm).
The slightly larger average sizes of metallic Ni over the reduced Nij1Mgp9O-800-Pro and
Nip1Mgp9O-800-Ala catalysts can be reasonably ascribed as the larger steric hindrance of
proline and alanine, which inhibits the effective complexing with Ni?* cations. As a result of
the smaller steric hindrance and/or higher amounts of coordinative groups, very similarly
smaller Ni particles were obtained over the remaining catalysts. Thus, the Ni particle sizes
over all of the catalysts are essentially affected by the coordinative capacities of the complexing
agents induced by either the coordinative groups and/or the steric hindrance of the molecule.

The reduction behaviors were analyzed by H,-TPR (Figure 2). The H,-TPR profiles
included several Hy-consumption peaks, and three regions were assigned from the peak
temperatures. According to previous classifications [26], the peak below 500 °C is due to the
reduction of the weakly bound NiO species, and the 500-800 °C peak is usually associated
with the reduction of Ni?* ions in the outermost layer and sub-surface layers of the MgO
lattice. Moreover, the appearance of the very high-temperature peak (>800 °C) is commonly
attributed to the reduction in Ni?* ions in the MgO matrix. Apparently, only a trace of
weakly bound NiO species existed on Nij ;Mg 9O-800-Urea and Nig 1 Mg 9O-800-Ser, as
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revealed by the very low Hj consumption peak at about 460 and 470 °C, respectively.
This is consistent with the fact that no corresponding diffractions were detected by XRD
(Figure 1A). In the cases of Nig 1 Mg 9O-800-Pro and Nij 1 Mg 9O-800-Ala, the peaks with
considerable H, consumption were observed in the range of 500-800 °C. As indicated
from the XRD results (Figure 1A), free NiO species were clearly detected for the fresh
Nip 1 Mg 9O-800-Pro and Nig 1 Mg 9O-800-Ala catalysts. Thus, it is reasonable to assign the
H; consumption to the reduction of the NiO species strongly bound with MgO, which is
different from the reference classification [26]. For the remaining samples, the assignment of
the Hy consumption at 500-800 °C was still valid since the diffractions of NiO species were
also not detected by XRD. If the peak areas of the H, consumptions are taken into account,
the amounts of the free NiO species were clearly varied over these catalysts synthesized by
using different complexing agents. By examining the reduction peak above 800 °C, the peak
temperature varied from about 850 to ~910 °C, which can be attributed to the reduction of
NiO having different interactions with MgO in the NiO-MgO solid solution. Specifically,
this is confirmed by the much higher peak temperature of 900 °C for Nij ;Mg 9O-800-Gly
having stronger interactions between NiO and MgO in the solid solution than those for
Nip 1 Mg 9O-800-Gla and Nip 1Mgp 9O-800-Oxa (850 °C). The phenomena are reasonably
associated with the diffusion of Ni?* into the MgO lattice, which is determined by the
structure, molecular size, and coordinative groups of the complexing agent. Thus, these
results vigorously prove that both the free NiO species and the interactions between NiO
and MgO in the solid solution can be facilely adjusted in relatively wide ranges by simply
changing the complexing agent.
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Figure 2. H,-TPR profiles for the as-prepared catalysts of Nig 1 Mg 9O-800-Gly (a), Nig 1 Mg 9O-800-
Gla (b), Nio,lMgo,go—SOO—Oxa (C), NioJMgO,gO-BOO-PI‘O (d), Nio,lMgo.go—SOO—Ser (e), Nio‘lMgo.go-SOO-
Urea (f), Nig 1 Mg 9O-800-Ala (g).

3.2. CRM Performance

The time-on-stream (TOS) results of CRM are shown in Figure 3. As revealed from
Figure 3A,B, CO, conversions were higher than CHy4 conversions, irrespective of the
catalysts evaluated. This clearly indicates the occurrence of the reverse water-gas shift
reaction (RWGS). As a result, the H /CO molar ratios were achieved in the range of 0.9-0.95
(Figure 3C). Moreover, all of the catalysts exhibited a high initial CH4 conversion of around
80-86% (Figure 3A), indicating the high catalytic activity of the materials for CRM. In the
cases of Nig 1Mgp 9O-800-Pro and Nig ;Mg 9O-800-Ala, the CH4 conversions encountered a
gradual decrease at a TOS of 10 h and then stayed constant. Moreover, Nig 1Mg( 9O-800-Ser
showed a continuously slight decrease in CHy conversion after a TOS of about 5 h. For the
remaining catalysts, the CH4 conversions were kept almost constant until the end of the
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test. Thus, the optimal CRM performance was achieved over Nij ; Mg 9O-800-Gly if both
the methane conversion and stability of the catalyst were taken into account.

A B
100 100
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= =
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4 <
> 701 S 804
g ‘:-I- Nij ;Mg 40-800-Gly Ni. Mg cO-800-Ser X g L 1
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Figure 3. The time-on-stream conversions of CHy (A) and CO, (B), and the H, /CO molar ratio (C) in
the products for Nip 1 Mg 9O catalyzed CRM under the conditions of CH,/CO, =1, 750 °C, 0.1 MPa
and GHSV of 60,000 mL-g~1-h~1.

3.3. Characteristics of the Spent Catalysts

In order to verify the anti-sintering and anti-coking capacities, the spent catalysts were
analyzed by XRD, TG-DSC, and TEM in detail.

From the XRD patterns of the spent catalysts (Figure 4A), clear differences were found
in comparison with those of the reduced counterparts (Figure 1B). For all of the spent
catalysts, the most prominent observation is the higher peak intensity of metallic Ni than
those of the respective reduced catalysts. This indicates that the Ni sintering apparently
occurs over the catalyst evaluated for CRM, the extent of which is closely associated with
the complexing agent used for the synthesis of the catalyst. To quantitatively estimate the
extent of the metallic Ni sintering, the spent catalysts were subjected to TEM observations,
and the results are given in Figure 5. In comparison with the results of the reduced catalysts
(D1, E1, and G1 in Figure S2), the spent Nig 1 Mg 9O-800-Pro, Nij 1 Mg oO-800-Ser, and
Nip 1Mgp9O-800-Ala catalysts showed an obvious sintering, i.e., broader size distributions
of metallic Ni particles with average sizes of 16.7 +2.3,10.5 & 1.0, and 14.4 & 1.2 nm, which
are much larger than those of the reduced catalyst of 4.1 + 0.3, 3.5 + 0.3, and 4.2 + 0.3 nm,
respectively. In contrast, much similarly narrower size distributions of Ni particles around
6-10 nm were observed for the remaining spent catalysts, which were also similar to those
of the reduced counterparts (about 1.5-5.0 nm, Figure S2 (A1,B1,C1,F1)). However, the av-
erage size of the metallic Ni particles over these spent catalysts (7.6~7.9 &+ 0.5~0.6 nm) was
almost double that of the reduced catalysts (3.2~3.4 £ 0.2~0.6 nm). Thus, the Ni sintering
during CRM over Nio.lMgO.go-SOO-Gly, Niothgohgo-SOO-Gla, Ni(].l Mg0.90—800-0xa, and
Nip 1 Mg 9O-800-Urea were effectively inhibited compared with that over Nig ; Mgp ¢O-800-
Pro, Nig 1 Mg 9O-800-Ser, and Nij ;Mg 9O-800-Ala.
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Figure 4. XRD patterns (A) and TG-DSC curves (B) for the spent catalysts of Nip 1 Mgy 9O-800-Gly (a),
Nig,lMgo.gO-SOO-Gla (b), Nio‘lMgO.go-SOO-Oxa (C), NiothgO.go-SOO-PI‘O (d), Nig‘lMgo.go-SOO-Ser (e),
Nio,lMgOgO-SOO-Urea (f), Nio'lMg0.90-800-Ala (g)
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O—800-G1y (A,Al) , Nio.lMgohgo-SOO-Gla (B,Bl), Nio,lMg0.90-8OO-Oxa (C,Cl), Niothg()gO-SOO-Pro
(D,D1), Nij 1 Mg 9O-800-Ser (E,E1), Nig ; Mg 9O-800-Urea (F,F1), Nij 1 Mg 9O-800-Ala (G,G1).
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In addition to the metallic Ni, the other obvious phenomenon is the appearance of a
new XRD diffraction at about 26° for the spent Nij ;Mg 9O-800-Pro, Nig 1 Mg 9O-800-Ser,
and Nig Mg 9O-800-Ala samples. This can be reasonably assigned to the diffraction of
graphitized carbon, since carbon nanotubes are clearly found over these spent catalysts
(Figure 5D,E,G). Moreover, this is further confirmed from the TG-DSC results given in
Figure 4B. Indeed, the weight loss above 300 °C for the spent catalysts was decreased in the
order of Nig 1 Mg0.90-800-P1‘0 > Nio.1Mg0_9O—800-Ala > Nig 1 Mg0.90-800—5er >> Nig 1 Mg0,90-
800-Oxa ~ Nio,lMg0,90-800—Gla ~ Nioleg0b90-800-UI'ea > Nio,l Mgo,go-SOO-Gly. This is
consistent with the DSC curves of the catalysts (Figure 4B), in which large exothermal
peaks were obtained for the samples with significant weight losses. Quantitatively, the coke
content over the spent Nig 1 Mgp 9O-800-Pro, Nip 1 Mgp 9O-800-Ser, and Nip 1 Mgp 9O-800-Ala
was determined to be 9.1, 6.8, and 7.2 wt.%, respectively, which is significantly higher than
those of the remaining catalyst (2.3-2.6 wt.%). Hence, the coke deposition is effectively
suppressed over Nip Mg 9O-800-Gly, Nip Mg 9O-800-Gla, Nig1MgpeO-800-Oxa, and
Nio,lMgo,go—SOO—Urea.

3.4. Impact of Preparation Parameters of NiO-MgO on CRM Performance

In order to obtain the relationship between NiO-MgO solid solution and the CRM
performance, the representative catalysts prepared by using glycine as complexing agent
with different calcination temperatures and Ni/Mg molar ratios were characterized by
XRD, H;-TPR, and TG-DSC, and evaluated for CRM.

Regardless of the calcination temperatures, NiO-MgO solid solution was formed on
all of the catalysts (Figure S3A), but the crystallinity was gradually increased with increas-
ing the calcination temperature (Figure 6A). Moreover, the diffraction at 43° gradually
shifted to the higher diffraction angle. This result can be explained by the promotional
effect of the elevated calcination temperature on forming NiO-MgO solid solution. As
revealed from Figure S3B, metallic Ni particles over the reduced Nig ;Mg ¢O-600-Gly and
Nip 1 Mg 9O-700-Gly catalysts were larger, as revealed by the sharper XRD diffractions of
metallic Ni. In contrast, these diffractions were not detected on the XRD patterns of the re-
duced Nig ;Mg 9O-800-Gly and Nig 1 Mgp9O-900-Gly samples, indicating better dispersion.
The larger Ni particles are attributed to the reduction of the weakly bound NiO species,
which were predominant under relatively lower calcination temperatures of 600-700 °C
(Figure 6B). It should be noted that the amount of the weakly bound NiO species gradually
decreased and finally disappeared with increasing the calcination temperature from 600 to
800 °C. If the calcination temperature was further increased to 900 °C, a similar trend was
found for the reduction of the strongly bound NiO species (~565 °C). Moreover, a gradual
shift to a higher temperature (811, 841, and 895 °C) was observed for the reduction of NiO-
MgO solid solution. These phenomena prove that increasing the calcination temperature
enhances the interactions between NiO and MgO, which can be explained as the faster
diffusion of Ni** into the MgO lattice at higher calcination temperatures.

As indicated from the TOS results of CRM shown in Figure S4A, Nij ;Mg ¢O-600-
Gly, Nig1Mgp9O-700-Gly, and Nig1Mgp9O-800-Gly exhibited a stable CH, conversion,
although it was slightly higher over Nig 1Mgg 9O-800-Gly. In contrast, the CH4 conversion
over Nip 1 Mg 9O-900-Gly gradually increased from 65 to 83% with increasing TOS from
1 to 15 h, and was then kept constant until the end of the test. A similar phenomenon
has been reported on the methanol stream reforming over Cu-Al spinel catalysts [27], the
mechanisms of which are explained by that active Cu is gradually released via the in situ
reduction of the non-spinel Cu®* species in the spinel structure. This explanation may also
be applicable in the case of Nip 1 Mg ¢O-900-Gly, which will be discussed later.

As revealed from Figure S5A and Figure 7A, the shift in the XRD diffraction to a higher
angle became more obvious for the catalyst with a higher Ni/MgO molar ratio, suggesting
that more Ni?* cations are diffused into the MgO lattice to form NiO-MgO solid solution.
When the Ni/Mg molar ratio was higher than 15/85, the free NiO species were formed on
the catalysts, as confirmed by the individual diffraction of NiO. As a result, the reduced
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Nip 15Mgp.850-800-Gly and Nig 20Mgp.80O-800-Gly showed obvious diffractions of metallic
Ni (Figure S5B), attributable to the larger Ni particles. Hp-TPR profiles showed that strongly
bound NiO species and NiO-MgO solid solution co-existed on the catalysts (Figure 7B).
Moreover, the content of strongly bound NiO species gradually decreased, but that of
NiO-MgO solid solution increased with increasing Ni/Mg molar ratios. This was also
confirmed by the varied H; consumption for the respective reduction peak. Apparently,
changing the Ni/Mg molar ratio only alters the content of NiO species and NiO-MgO solid
solution, but does not exert influence on the interactions between NiO and MgO.
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Figure 6. XRD patterns (A) and Hy-TPR profiles (B) for the fresh catalysts of Nip 1 Mg 9O-Gly-600 (a),
Nio,lMg0~90-Gly-700 (b), Nio‘lMgo.go-Gly-800 (C), Nio,lMgO,go—Gly—%O (d)
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Figure 7. XRD patterns (A) and H;-TPR profiles (B) for the fresh catalysts of Nig g5Mgp 950-800-Gly
(a), Nig07Mg0.930-800-Gly (b), Nig.10Mg0.900-800-Gly (c), Nig.15Mg0.850-800-Gly (d), Nig 20Mgp 800-
800-Gly (e).

As for the TOS results of CRM over these catalysts, the initial CH4 conversion was grad-
ually increased with increasing the Ni/Mg molar ratio over the catalysts, and Nig 15Mgp g50-
800-Gly and Nij 20Mgp.80O-800-Gly exhibited the highest CH, conversion, which was kept
stable for a TOS of 20 h (Figure S4B). The varied CRM activities over different catalysts can
be well explained by the increased Ni loading. However, in the cases of Nig gsMgg.950-800-
Gly, Nig 07Mgp.930-800-Gly, and Nig 10Mgp.90O-800-Gly with slightly varied Ni loadings,
the gradual increase in the activity can be mainly attributed to the in situ reduction of the
difficultly reducible NiO-MgO solid solution under CRM conditions, which can supply
extra active sites of metallic Ni.
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4. Discussion

From the characterization and CRM results, the initial CHy conversion and the TOS
stability are significantly affected by the synthesis parameters, i.e., the complexing agent,
the calcination temperature, and the Ni/Mg molar ratio, of the catalysts, which are induced
from the characteristics of the Ni species and the interactions between Ni and MgO in the
NiO-MgO solid solutions. Therefore, in order to testify to the corresponding effect, more
detailed discussions are made as follows.

Nip 1 Mgp9O-800-Y showed high activity for CRM with initial CH4 conversions of
80-86%. Considering the difficulty in reducing NiO-MgO solid solution (Figure 2), the
initially active Ni mainly originated from the readily reducible NiO species during the
pre-treatment of Hj reduction. Apparently, the complexing agents significantly alter the
amounts of the readily reducible NiO species (weakly and strongly bound NiO) over
the catalysts, as confirmed by the varied H, consumptions (Figure 2). More importantly,
the difference in the coordinative capacity of the complexing agents led to the varied Ni
dispersions, which were significantly responsible for the different initial activities. This
result can be well supported by the fact that the Nig Mg 9O catalysts prepared by glycine
and oxalic acid, with stronger coordinative capacity, show a higher activity than those
prepared with inferior coordinative capacity (Figures 1A and 3A). Furthermore, no obvious
correlation between the initial activity and the textural properties was shown for all of the
catalysts (Table 1 and Figure 3). This result suggests that the textural properties adjusted
by the complexing agents hardly affect the activity compared to the Ni dispersion. As
for Nip1MgpoO-T-Gly, the amount of the readily reducible NiO species increased with
decreasing the calcination temperature (Figure 6B). Thus, the initially high CHy conversion
was achieved over the catalysts calcined at lower temperatures (Figure S4A). When the
Ni/Mg molar ratio was examined, the significantly varied activities were easily attributed
to the relatively larger changes in Ni content over the catalysts (Figure S4B).

According to the results of characterization and CRM evaluation, one can be found
that the initial CH4 conversion depends on the amount of the Ni active sites, which are
mainly originated from the readily reducible NiO species. However, the change in activity is
significantly related to the release of metallic Ni from the in situ reduction of NiO-MgO solid
solution under CRM conditions. A gradual increase in activity was shown for Nig 1 Mg 9O-
800-Gly and Nip ;Mg 9O-900-Gly, but the increase rate of Nip Mg 9O-800-Gly was faster
than that of Nig ;Mg 10-900-Gly. Therefore, the activity for Nig ;Mg 9O-800-Gly rapidly
tended to be stable; however, that of Niy Mg 10-900-Gly continuously increased in a TOS
of 20 h. If the varied interactions between NiO and MgO are considered, this phenomenon
can be easily explained as because the stronger interaction between NiO and MgO on
Nig 1Mgp9O-900-Gly causes a lower release rate of active Ni during CRM compared to
Nip 1 Mg 9O-800-Gly (Figure 6B). When the Ni/Mg molar ratio was changed, the difference
in the reduction behaviors was not obvious (Figure 7B). However, more Ni?* ions diffused
into the MgO lattice by increasing the Ni/Mg molar ratio, leading to the NiO-MgO solid
solution. In this context, the amounts of released Ni over the catalysts with a high Ni/Mg
molar ratio are larger than that with a low Ni/Mg molar ratio. Therefore, the increase rates
of the activity were different over NiyMg;_,O-800-Gly (Figure S4B).

Generally, the sintering of metallic Ni and coke deposition, leading to the decrease
in active Ni, are the main factors for the decay of CRM [11,28]. In this work, the loss
of the initially active Ni was caused by the sintering and coke deposition, whereas the
active Ni could be compensated from the in situ reduction in NiO-MgO solid solution
during the CRM process. Therefore, the relationship between the loss of initially active
Ni and the compensation of active Ni is significantly responsible for the stability. In the
case of Njg1Mgp 9O-600-Gly and Nig ;Mg 9O-700-Gly, the larger Ni particles (Figure S3B)
are beneficial to the formation of cokes [29], and the weakly bound NiO species were
predominant on the two catalysts (Figure 6D), which encountered serious sintering (Figure
S6A). Thus, the loss rate of active Ni is larger than the release rate of active Ni, resulting in
a linear decay of activity over Nig Mg 9O-600-Gly and Nip 1Mgp 9O-700-Gly. In contrast,
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the high Ni dispersion (smaller Ni particles, Figure S2A) and the relatively strong metal-
support interaction (Figures 2 and 6B) were shown for Nip 1 Mg 9O-800-Gly, effectively
suppressing the sintering (Figure 5A) and coke deposition (Figures 4B and S6A), which
caused a lower loss rate of active Ni. Therefore, good stability was achieved on this catalyst
by constructing a balance between the loss and release rates of active Ni. Moreover, the
released Ni with strong metal-support interaction probably possesses better anti-sintering
and anti-coking capacities, which also contribute to the high stability of Nip1Mgp oO-800-
Gly. In the cases of Nig 15Mg 850-800-Gly and Nig 20Mgjp.goO-800-Gly, the loss rate of active
Ni was relatively higher than the release rate, resulting in the slight decrease in activities
(Figure S4B).

On the basis of the above discussion, reasonable explanations for the difference in
stability over Nip1Mg( 9O prepared with different complexing agents are provided. In the
cases of Nij ;Mg 9O-800-Pro and Nig Mg oO-800-Ala, the larger Ni particles promoted
coke deposition (Figure 4B), and these gains with relatively weak metal-support interaction
showed inferior anti-sintering capacity (Figure 5D,G). Therefore, the serious sintering and
coke deposition lead to a larger loss rate of active Ni than the release rate, causing an
obvious deactivation at the initial stage of CRM (Figure 3A). Moreover, a balance between
the loss and release rates can be achieved by prolonging the TOS, and hence, the activities
keep constant. As for Nij 1 Mg 9O-800-Ser, the linear deactivation is also attributed to the
mismatch between the loss and release rates, the explanation for which is that the serious
sintering and coke deposition (Figures 4B and 5E) cause a larger loss rate of active Ni. In
the cases of Nig1Mgp9O-800-Gla, Nig 1 Mg 9O-800-Oxa, and Nig Mg 9O-800-Urea, the
relatively slower loss rate of active Ni is achieved, attributable to the lower sintering and
coke deposition (Figures 4B and 5A—C,F), which is conducive to constructing a balance
between the loss and release rates of active Ni, resulting in a stable activity.

Apparently, the complexing agents, calcination temperature, and Ni/Mg molar ratio
can exert a significant influence on the CRM performance over the NiO-MgO catalysts
prepared by the complex-decomposition method. The initial CHy conversion depends on
the initially active Ni, which mainly originates from the reduction of the readily reducible
NiO species. When the complexing agents are carefully compared, a stronger coordinative
capacity is shown for glycine, glacial acetic acid, oxalic acid, and urea, leading to the higher
Ni dispersion, which causes the highly initial activities. Moreover, the loss rate of the
initially active Ni is significantly associated with its anti-sintering and anti-coking capacities,
which can be adjusted by changing the complexing agents, calcination temperature, and
Ni/Mg molar ratio. On the other hand, the varied coordinative capacities of the complexing
agents also affect the formed NiO-MgO solid solution and the interaction between NiO and
MgO, which can adjust the release rate of active Ni via the in situ reduction of NiO-MgO
solid solution. Similarly, the release rate of active Ni is adjusted by changing the calcination
temperature and Ni/Mg molar ratio. Therefore, constructing a balance between the loss
and release rates of active Ni via changing the complexing agent, calcination temperature,
and Ni/MgO is crucial for the highly catalytic stability. Combining the characterization
results with the CRM performance, a good balance between the loss and release rates of
active Ni is achieved over the Nij ;Mg 9O-800-Gly, leading to a highly catalytic stability.
Opverall, the suitable complexing agent, calcination temperature, and Ni/Mg molar ratio are
the essential factors for preparing a high-performance NiO-MgO catalyst via the complex-
decomposition method.

To demonstrate the high performance of the developed catalysts, the CRM perfor-
mance of the optimal Nij ;Mg oO-800-Gly catalyst together with the main reaction con-
ditions is compared with those of the representative Ni-based catalysts reported in the
recent literatures [5,30-34]. As shown in Table S1, Nip1Mg 9O-800-Gly shows similarly
high and even better CRM activity than those of the most Ni-based catalysts. For exam-
ple, Nig 1 Mg 9O-800-Gly exhibits almost the same specific activity as Ni/SBA-15 (11.5 vs.
11.4 mol-g~1-h~!), and is only lower than that of Ni/Lay0,CO;3-Al,03, which is evalu-
ated for CRM with significantly diluted reactants. Moreover, Nij 1 Mg 9O-800-Gly shows
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a similarly high stability to those of the compared catalysts. This vigorously confirms
that the complex-decomposition method is a convenient and promising strategy to pre-
pare high-performance NiO-MgO catalysts. Considering the low cost of the precursor of
nickel, magnesium and the complexing agent, the NiO-MgO catalyst has the potential for
large-scale preparation.

5. Conclusions

In summary, the complexing agents, calcination temperature, and Ni/Mg molar ratio
exerted significant influence on the phase composition, Ni dispersion, and interaction
between NiO and MgO over the catalysts. As a result of the strong coordination between
glycine and Ni?", the highest initial CH4 conversion of CRM over the NiO-MgO catalyst
prepared by using glycine as the complexing agent was obtained (~86%), which could be
mainly ascribed to the highest Ni dispersion over the catalyst. Moreover, with increasing
the coordinative capacity of the complexing agent, Ni** diffusing into the MgO lattice
was increasingly promoted for the formation of the NiO-MgO solid solution. Importantly,
due to varied interactions between NiO and MgO over the catalysts, rates for the in situ
release of metallic Ni under CRM reaction conditions were varied. In this case, the catalytic
stability was obviously dependent on the relationship between the loss of metallic Ni
due to sintering and the release of metallic Ni originated from the in situ reduction of
NiO-MgO solid solution under CRM conditions. As a result of the good balance of these
two factors, the Nip 1 Mg 9O catalyst prepared by using glycine as the complexing agent
and calcined at 800 °C showed the best catalytic stability. Considering the simple procedure
of the complex-decomposition method and the conveniently adjustable properties of the
NiO-MgO catalysts by simply changing the complexing agents, calcination temperature,
and Ni/Mg molar ratio, the thus developed catalyst can be used to better understand the
CRM mechanisms and extend their use to large-scale preparation.
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