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One of the important developments in CO, reforming of methane is highly effective MgO-based solid-
solution catalysts. Herein, their high activity and selectivity as well as excellent stability for CO,
reforming of methane were briefly reviewed. How to inhibit carbon deposition via the formation of NiO-

Keywords: MgO or CoO-MgO solid solution was discussed. The reduction of NiO (or CoO) in the NiO-MgO (or CoO-
CO; reforming MgO) solid solution is much more difficult than that of pure NiO (or CoO), which contributes to the
C',"‘* formation of very small Ni particles to inhibit carbon deposition. It is generally recognized that the
gcl)% reduction of a metal oxide is determined by its metal-oxygen bond strength. Herein, however, it was
MgO showed that the reduction of a metal oxide is strongly dependent on both metal-oxygen bond strength

of the metal oxide and the metal-metal bond strength of its metal product. Furthermore, it was proposed
that a critical factor to control the reduction of NiO (or CoO) in the solid solution is the isolation effect
that NiO (or CoO) is isolated by MgO, which inhibits the metal-metal bond formation during the
reduction.
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1. Introduction

In the 1980s, Keller and Bhasin reported the oxidative coupling
of methane to give ethylene and ethane [1]. This work prompted
numerous attempts to convert methane directly to ethylene and
ethane [1] as well as other compounds [2]. However, the best result
obtained in long-run tests has been a C,. yield of only 15% for
methane conversions of 15-40% at a temperature of 1270-1370 K
and a pressure of 1-2 atm with a CH,4/O, molar ratio of 5-10 [3].In
the early 1990s, a consensus emerged that it would be difficult to
achieve a significantly better result than that mentioned above for
the oxidative coupling to become an economical industrial process.
This is because the formation of CO,, instead of more desirable
products (such as ethylene and ethane), is favored thermodyna-
mically when the reaction of methane and oxygen is fast enough to
be of practical interest at temperatures above 973 K. Consequently,
in the early 1990s, the emphasis in research on CH4 conversion
returned to three indirect processes producing synthesis gas [4-8]:
steam reforming (Eq. (1)), partial oxidation (Eq. (2)), and CO,
reforming (Eq. (3)):

CH,4 + COy —2CO + 2H,, AHSgs = 247 kJ mol™! (3)
The steam reforming is a commercial process, which was first
developed by Standard Oil of New Jersey (current Exxon Moil Oil
Corporation)[9]. Compared to the steam reforming of methane, the
methane partial oxidation has two main advantages: (1) the partial
oxidation is slightly exothermic instead of being strongly
endothermic, and (2) the obtained H,/CO ratio of about 2 is ideal
for methanol synthesis and Fischer-Tropsch syntheses of short-
chain hydrocarbons. However, the catalytic partial oxidation of
methane requires a pure oxygen feed, which is prepared by
expensive air separation.

CO, reforming, which is endothermic, can produce synthesis
gas with a low H,/CO ratio (1/1) that is suitable for the Fischer-
Tropsch synthesis of long-chain hydrocarbons [10]. Furthermore, it
can be carried out with natural gas from fields containing large
amounts of CO, without the pre-separation of CO, from the feed.
Because CO, is a greenhouse gas that causes warming of the earth,
there are incentives for reducing its concentration in the atmo-
sphere. Methane should be also considered as a greenhouse gas,
because it can absorb 20 times more heat than CO,. The CO,
reforming of methane may provide a practical method for
consumption of those two greenhouse gases. However, so far,
no industrial technology for CO, reforming of methane has yet

CH4 + H,0 —CO + 3H,, AH%g = 206 k] mol ! (1)

CHa + (1/2)0; —CO + 2H,,  AH%g = —36kj mol ! 2)

* Based on an invited plenary lecture by Y.H. Hu in the 10th International
Conference on CO, Utilization, during May 17-21, 2009 in Tianjin, China.
E-mail address: yunhanghu@mtu.edu.
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been developed. One of the main reasons is that no effective,
economic catalysts have been discovered. When the conventional
Ni-containing catalyst for steam reforming was used for CO,
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reforming, carbon deposits formed on the catalyst, which
deactivated rapidly. A high molar ratio of CO, to CH4 (>3) could
be used to reduce the carbon deposition by inhibiting CO
disproportionation, but the selectivity to synthesis gas could
become much lower than that for the stoichiometric CO, reforming
(CO2/CH4=1). Therefore, the inhibition of carbon deposition
without extra cost and loss of catalyst performance constitutes
a major challenge for CO, reforming of methane. In the past 20
years, one of important developments in this area is MgO-based
solid-solution catalysts [11-19]. In this article, the excellent
catalytic performance of the solid-solution catalysts will be briefly
reviewed. How to inhibit carbon deposition by using solid-solution
catalysts will be discussed. Finally, the isolation effect of solid
solution will be proposed as a critical factor to control the
reduction of NiO in NiO/MgO solid solution, which plays an
important role in inhibiting carbon deposition.

2. Catalytic performances of solid-solution catalysts

MgO is widely selected as a catalyst support due to its high
thermal stability and low cost. The surface area of the metal oxide
powders at high temperatures depends on their intrinsic proper-
ties, particularly melting point and phase transformation. MgO has
a very high melting point (2850 °C), which can allow MgO to
maintain a relatively large surface area at high temperatures
compared to most oxides used as catalyst supports. Furthermore,
MgO, NiO, and CoO have a face centered cubic structure with
almost the same lattice parameters: 4.2112 A for Mg0, 4.1684 A for
NiO, and 4.2667 A for CoO. As a result, the combination of MgO and
NiO (or CoO) leads to the formation of solid solution (NiO-MgO or
Co0-MgO0). Several groups reported the excellent results of CO,
reforming of methane in the presence of NiO-MgO and CoO-MgO
solid-solution catalysts [11-19]. As shown in Fig. 1, a 20 wt.% NiO/
MgO solid-solution catalyst for CO, reforming of methane, which
was prepared by impregnation and was calcined at 1073 K, was
reported [11]. The reduced solid-solution catalyst exhibited almost
100% conversion of CO,, >91% conversion of CH, and >95%
selectivities to CO and H; at 1063 K, atmospheric pressure, and the
very high space velocity of 60,000 ml (g of catalyst)™' h~! for a
CH4/CO, (1/1) feed (Fig. 1) [11]. The conversion and selectivity
remained unchanged during the entire reaction time employed
(120 h), indicating that the reduced NiO/MgO catalyst had a high
stability. In contrast to MgO, the other alkaline-earth oxides, such
as Cao, Sr0, and BaO, were found to be poor supports for NiO, as
they provided catalysts with low activities, selectivities, or
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stabilities [11]. Furthermore, although the reduced NiO/Al,0O3
catalyst provided high initial conversions (CHg, 91%; CO,, 98%) and
selectivities (>95% for both CO and H,), it suffered a rapid carbon
deposition, resulting in the complete plugging of the reactor after
6 h of reaction [12f]. It is reasonable to conclude that the excellent
catalytic performance of NiO/MgO should be attributed to the
formation of a solid solution [12]. The performance of NiO/MgO
solid-solution catalysts are dependent on their composition,
preparation conditions, and even the properties of the MgO
[12]. High and constant H, and CO yields (>95%) occurred with
NiO/MgO catalysts having NiO contents between 9.2 and 28.6 wt.%
[12g]. No activity was observed, however, for a NiO content of
4.8 wt.%. At the high NiO content of 50 wt.%, the CO yield decreased
from 91 to 53% after 40 h due to carbon deposition. This indicates
that too-small amounts of NiO in the NiO/MgO catalysts provided
too-small numbers of Ni sites, and too-large amounts supplied
numerous nickel metal particles that could easily sinter and
generate large particles, which facilitated carbon deposition.
Furthermore, the MgO surface area, pore size distribution, and
lattice parameters exhibited significant effects on the performance
of NiO/MgO solid-solution catalysts [12e].

It was reported that the addition of a noble metal could promote
both the activity and the stability of NiO/MgO solid-solution
catalysts [13e]. The resistance of the Nigo3Mgg 970 solid-solution
catalyst to carbon deposition was retained by the bimetallic
catalysts [13e]. The improved stability of the catalyst was
attributed to the increased catalyst reducibility caused by noble
metal promotion. Furthermore, the water treatment of the
Nig03Mgpg70 solid-solution catalyst increased the catalytic
activity and stability for CO, reforming of CH4 [13d]. This
promoting effect was inferred to be the consequence of a structural
rearrangement of the solid solution by the formation of nickel and
magnesium hydroxides [13d]. Very recently, Liu and Ge et al.
revealed the effect of water on CO, adsorption on y-Al,05 by using
density functional theory (DFT) calculations [20]. Their interesting
results would be useful for ones to explain the effect of water on
CO, reforming of methane.

The catalytic performance of NiO/MgO solid-solution catalysts
for CO, reforming of methane is also affected by reactor type [18].
It was found that the methane and CO, conversion in the fluidized
bed reactor was higher than those in the fixed bed reactor over
Nig.15Mgo.g50 catalyst at a pressure of 1.0 MPa. It was suggested
that the promoting effect of catalyst fluidization on the activity is
related to the catalyst reducibility. The oxidized and deactivated
catalyst can be reduced with the produced syngas and the
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Fig. 1. CH,4 conversion (a), CO, conversion (b), H; yield (c), and CO yield (d) in the CO, reforming of CH, catalyzed by reduced 20 wt.% NiO/alkaline-earth metal oxides. Before
reaction, each catalyst was reduced in flowing H, at 773 K for 14 h. Reaction conditions: pressure = 1 atm, T = 1063 K, CH4/CO, = 1/1, GHSV = 60,000 ml (g of catalyst) ' h~'[11].
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Fig. 2. CH4 and CO, Conversions versus reaction time over 8.8 wt.% NiO/MgO catalyst at (a) atmospheric pressure and (b) high pressure of 1.5 MPa. Reaction condition:

T=1123 K, CH4/CO, = 1, GHSV = 16,000 ml (g of catalyst)~' h~'[15a].

reforming activity can be regenerated in the fluidized bed reactor
during the catalyst fluidization.

CoO/MgO solid-solution catalysts exhibited similar catalytic
performance to those of NiO/MgO [14,19]. For example, an
effective 12 wt.% CoO/MgO solid-solution catalyst had a CO yield
of 93% and a H, yield of 90% at the high space velocity of
60,000 ml (g of catalysts)"'h~! and 1163 K, which remained
unchanged during 50 h [14].

3. Inhibiting carbon deposition via formation of solid solution

Carbon formation can occur via two possible pathways in the
CO, reforming of methane: CH, decomposition and CO dispro-
portionation. The form of carbon on Ni or other metal surfaces
generated during this reaction depends on the reaction conditions,
namely, amorphous and filamentous carbons predominate in the
lower temperature range of 623-873 K [21] and a graphitic
structure at 973 K or higher temperatures [21,22].

Carbon deposition is dependent on both its thermodynamics and
kinetics. Thermodynamic considerations suggest operation at high
CO,/CH4 ratios (>1) and high temperatures to minimize carbon
formation in the CO, reforming of methane [10,23]. However, a
lower temperature and a CO,/CH4 ratio near unity are desirable for
an industrial operation. Such an operation, which is thermodyna-
mically favorable for carbon deposition, requires an effective
catalyst that can kinetically inhibit the carbon formation. Two main
properties of a catalyst affect the carbon deposition: surface
structure and surface acidity [12]. Carbon deposition occurs more
easily on larger nickel particles than smaller ones [24,25]. In other
words, carbon deposition can be reduced or inhibited by decreasing
metal particle sizes of catalysts. Furthermore, carbon deposition is
favored by acidic supports. It has been suggested that carbon
deposition can be attenuated or even suppressed when the metal is
supported on a metal oxide with a strong Lewis basicity [13,26-28].
This occurs because the increase of the Lewis basicity of the support
enhances the ability of the catalyst to chemisorb CO, in the CO,
reforming of methane, and the adsorbed CO, reacts with C to form
CO, resulting in the reduction of coke formation.

The formation of NiO-MgO (or CoO-MgO) solid solution
provides an unique approach to inhibit carbon deposition. MgO
is a strong Lewis base, which has a strong adsorption for CO, to
reduce or inhibit carbon deposition. Furthermore, it was observed
that the reduction of NiO or (CoO) in NiO-MgO (or CoO-MgO) solid
solution was much more difficult than that of pure NiO (or pure
Co0), leading to small nickel particles formed on the surface

[12,13]. The combination of the surface basicity and the small
metal particle size constitutes the ability of MgO-based solid-
solution catalysts to inhibit carbon inhibition. Indeed, experi-
mental results showed that both NiO/MgO and CoO/MgO solid-
solution catalysts inhibited carbon deposition during CO, reform-
ing of methane at atmospheric pressure [11-19].

It is worth noting that the high stability of NiO/MgO solid-
solution catalyst for CO, reforming of methane at the atmospheric
pressure was not maintained in the initial period of the reaction at
a high pressure of 1.5 MPa (Fig. 2) [15a]. However, after the initial
period, the catalyst got stabilized again at the high pressure
(Fig. 2b). It was found that the amount of carbon deposits first
increased with the reaction time at the high-pressure reaction and
then remained unchanged. This indicates that the decrease in
stability of the catalyst in the initial period is due to the carbon
deposition. The carbon deposition did not continue after 12 h,
leading to the re-stabilization of the catalyst. The re-stabilization
was explained as the presence of two types of active sites for the
reaction at the high pressure, namely, when the sites responsible
for the carbon deposition become blocked, the formation of carbon
deposits would stop increasing with the reaction time. Then, the
other type of the metallic sites would function to give a stable
activity for the reaction. The carbon deposition on NiO/MgO
catalysts at high pressures can also be inhibited by fluidizing
catalysts in the presence of O, [25b]. This happened because the
deposited carbon was formed on the catalyst in oxygen-free
reforming zone, and it was gasified in oxygen-rich zone by catalyst
fluidization.

4. Isolation effect of solid-solution catalysts

From the above discussion, one can see that the formation of
NiO-MgO (or CoO-MgO) solid solution makes NiO (or CoO)
difficult to be reduced. In other words, only small amount of NiO
(or CoO) in the solid solution can be reduced, leading to very small
Ni (or Co) particles. The very small sizes of Ni (or Co) particles play
an important role in inhibiting carbon deposition. However, so far,
the reason why the formation of the solid solution makes the
reduction of NiO (or CoO) so difficult is still unknown.

The reduction process of metal oxide (MO) can be expressed as
MO + Hy, =M + H,0 (4)
It is generally accepted that the reduction of a metal oxide was
controlled by the strength of M-O bond: the stronger the M-O
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Table 1
Reduction temperatures of metal oxides and bond energies of metal oxides and
metals.

Reduction T (°C)? Em-o Em-m AE
(kJ/mol)® (kJ/mol)° (kJ/mol)?

PtO — Pt -23 395 307 88

CuO — Cu 227 269 176 93

NiO — Ni 327 382 200 182

CoO — Co 377 384 167 217

MgO — Mg No reduction 363 9 354

2 Reduction temperatures of metal oxides by H; from Ref. [29].

b Bond strength of M-O from Ref. [30].

¢ Bond strength of M-M from Ref. [30].

d Strength difference between M-0 and M-M bonds, i.e., AE=En_o — Ep_m.

bond, the more difficult the reduction is. However, as shown in
Table 1, one can see that the M-O bond strength of PtO is the
largest among five metal oxides, but its reduction takes place at the
lowest temperature. Although MgO occupies the second lowest M-
O bond strength, it cannot be reduced even at a very high
temperature. This indicates that the reduction of a metal oxide is
not simply controlled by the strength of M-0O bond. Actually, the
energy change in the reduction of a metal oxide includes the break
of the M-0 bond (of metal oxide) and the H-H bond (of H,) and the
formation of the M-M (of solid metal) and the H-O bond (of H,0).
Because the break of the H-H bond and the formation of the H-O
bond are the same for the reduction of all metal oxides, the
difference in the reduction of various metal oxides is essentially
dependent on the strengths of M-M and M-0 bonds. The energy is
required to break M-0 bond of metal oxide, and the formation of
the M-M bond of solid-metal product releases energy. It is
reasonable to expect that the reduction should be proportional to
the energy difference between M-O and M-M bonds instead of
only the strength of M-O bond. Indeed, as shown in Table 1, the
reduction temperature of metal oxides increases with the strength
difference between M-O and M-M bonds. The bond strength of
Mg-0 (363 kJ/mol) is slightly lower than those of Ni-O (382 kJ/
mol) and Co-0 (384 k]/mol), but the strength of Mg-Mg bond is
only 9 kJ/mol, which is much lower than those of Ni-Ni (200 kJ/
mol) and Co-Co (167 kJ/mol). This indicates that no reduction of
MgO is mainly due to its too-low Mg-Mg bond strength. In other
words, Ni-Ni (or Co-Co) bond formation plays a critical role in the
reduction of NiO (or CoO). This can be further supported by the
following Gibbs free energy changes. The Gibbs free energy change
in the reduction of solid MgO to solid Mg is much larger than zero,
whereas those of the reduction of solid NiO to solid Ni and the
reduction of solid CoO to solid Co are negative (see Fig. 3). Those are
consistent with the experimental results of TPR (temperature-
programmed reduction) that the NiO and CoO can be reduced at
327 and 377 °C, respectively [12-14,29], but MgO cannot be
reduced even at 1000 °C. In contrast, for the reduction of a metal
oxide into its independent metal atom without M-M bonds, the
Gibbs free energy change is much larger than zero for all three
metal oxides (NiO, CoO, and MgO) (see Fig. 4). This obviously
indicates that the reduction of NiO (or CoO) cannot take place
without the formation of Ni-Ni (or Co-Co) bonds. In other words,
the formation of Ni—-Ni bonds is necessary during the reduction of
NiO (see Fig. 5). This can allow us to answer the question “why does
the formation of NiO-MgO solid solution create a difficulty for the
reduction of NiO?”. As shown in Fig. 6, there are two possible types
of NiO species in the NiO-MgO solid solution: (1) NiO surrounded
by MgO and (2) NiO surrounded by NiO. The first type of NiO
cannot be reduced, because NiO is isolated by MgO, leading to
impossibility to form Ni-Ni bond during removing O atom by
hydrogen. In contrast, the reduction of the second type of NiO can
take place (Fig. 6). This happens because the NiO is not isolated by
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Fig. 3. The relationship between Gibbs free energy change (AG) and temperature (T)
of solid metal oxide reduction with H, into H,O and solid metal.
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Fig. 4. The relationship between Gibbs free energy change (AG) and temperature (T)
of solid metal oxide reduction with H, into H,O and independent metal atom.

MgO and therefore Ni-Ni bond can be formed during removing O
by hydrogen (Fig. 6). When NiO content is too low in NiO-MgO
solid solution, NiO is mainly the first type that the NiO is
surrounded by MgO. As a result, the NiO cannot be reduced. This is
consistent with the experimental result that the 4.8 wt.% NiO/MgO
solid-solution catalyst had a negligible activity for CO, reforming
of methane, even after it was reduced by H; at a high temperature
[12g]. In contrast, if NiO content is high, it has a high chance to form
the second type that NiO is surrounded by NiO. Therefore, a large
amount of NiO can be reduced to generate large Ni particles, which
can cause carbon deposition. This would be the reason why the
NiO/MgO solid-solution catalyst with a high content of NiO had a
low stability [12g]. If the NiO content is neither too low nor too
high in the solid solution, most of NiO should be the first type (NiO
isolated by Mg0) and the small part of NiO constitutes the second
type (NiO surrounded by NiO), leading to the reduction of small
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Fig. 6. The reduction of the NiO in a NiO-MgO solid solution (the first type of NiO species, which are surrounded by MgO, cannot be reduced, whereas the second type of NiO

species, which are surrounded by NiO, can be reduced by H»).

amount of NiO to generate very small particles, which contribute to
the inhibition of carbon deposition. As a result, such a NiO-MgO
solid solution with a suitable NiO content had an excellent stability
with a high activity [12g]. Similarly, the isolation effect of solid
solution can also be employed to explain the excellent catalytic
performance of CoO/MgO solid-solution catalysts for CO, reform-
ing of methane.

5. Summary

NiO-MgO (or CoO-MgO) solid solutions exhibited excellent
activity and selectivity for CO, reforming of methane. Furthermore,
the two properties of the solid-solution catalysts, the surface
basicity and the small Ni (or Co) particles on the surface, constitute
an unique resistance to carbon deposition, leading to a high
stability for the reaction. The formation of small Ni (or Co) particles
on the surface of the solid solution was attributed to the difficult
reduction of NiO (or CoO) in the NiO-MgO (or CoO-MgO) solid-
solution catalysts. Different from the general recognition that the
reduction of a metal oxide is determined by its metal-oxygen bond
strength, the reduction is strongly dependent on both metal-
oxygen bond strength of metal oxide and the metal-metal bond
strength of produced solid metal. Furthermore, the difficult
reduction of NiO (or CoO) in the NiO-MgO (or CoO-MgO) solid-
solution catalysts is due to the isolation effect that NiO (or CoO) is
isolated by MgO, which inhibits the formation of the Ni-Ni (or Co-
Co) bond during the reduction.

Appendix A. Calculation of Gibbs free energy change for metal
oxide reduction

For the reduction of a metal oxide (Eq. (4)), the standard enthalpy
and entropy changes at 298 K can be expressed as

AHqg = AHgQS,HZO + AHgQS,M - AHgQS,MO - AHgQS,HZ (A-1)

ASS9s = 98 11,0 + Sos.m — SIos Mo — S908 1, (A-2)

According to the Neumann-Kopp Rule, Gibbs free energy change of
metal oxide reduction can be expressed as

AGP = AHSg5 — TASSgq (A-3)

where: T, reduction temperature; AHYgg n,0r Standard molar
enthalpy of H,O formation at 298 K; AH298H , standard molar
enthalpy of H, formation at 298 K; AH3g o, Standard molar
enthalpy of metal oxide formation at 298 K; AH298 w» Standard
molar enthalpy of metal formation at 298 K; 52931-1 o» Standard
molar entropy of H,0 at 298 K; 5298 My standard molar entropy of
H, at 298 K; S9gg 0. Standard molar entropy of metal oxide at
298 K; 5298 M> standard molar entropy of metal at 298 K; AHZQB,
standard molar enthalpy change of metal oxide reduction at 298 K;
AS9qg. standard molar entropy change of metal oxide reduction at
298 K; AGY, standard molar Gibbs free energy change of metal
oxide reduction at T.

Eq. (A-3) was used to plot Figs. 3 and 4. All standard molar
enthalpies of compound formations and their standard molar
entropies at 298 K were obtained from Ref. [30]. For the reduction
of a metal oxide into solid metal, the standard enthalpy of solid-metal
formation and its standard entropy were utilized. For the reduction of
a metal oxide into an independent metal atom, the standard enthalpy
of gaseous-metal formation and its standard entropy were employed.
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