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ABSTRACT

Two series of Ni/MgO catalysts were prepared by reducing NiO/MgO samples of fixed Ni loading but
different calcination temperatures and of varying Ni loadings but fixed calcination temperature. These
catalysts were investigated in CO, reforming of methane under atmospheric pressure and characterized
with XRD, TPR and H,-TPD techniques. A complete incorporation of NiO into the MgO “support” to form
NiO-MgO solid solution during the calcination stage of the catalyst preparation was identified essential
for the formation of stable Ni/MgO catalysts, and the presence of readily reducible “free” NiO in the cal-
cined (unreduced) NiO/MgO samples was shown to produce the deactivating Ni/MgO catalysts during the
CO,/CH4 reaction. The reactivities of CO,/CH4 were found sensitive to the particle size (or dispersion) of
metallic Ni; the catalytic activity by CHy4 turnover frequency (TOF) decreased with increasing the Ni par-
ticle size. The reduced catalysts showed two H,-TPD peaks and the nickel sites corresponding to H,-TPD
peak at higher temperature showed a higher activity than those associated with the peak at lower tem-
perature. Our data demonstrate that the support in the stable catalysts was actually a kind of NiyMg;_xO
(x=0.02-0.15) solid solution and the stable catalytic sites were associated with nanosized Ni particles

(3-20nm) in strong interaction with the solid solution support..

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Compared with steam reforming of methane (STM) and par-
tial oxidation of methane (POM), CO, reforming of CH4 (CRM)
provides an effective route for coinstantaneous conversion of two
green house gases, CO, and CHy4, into valuable feedstocks with a
suitable H,/CO ratio for methanol syntheses [1-2]. Great efforts
have been made on the development of highly active and stable
catalysts for CRM reaction [3-5]. Over the past decades, Ni/MgO
catalyst reduced from NiO-MgO solid solution has been attracting
renewed interest due to its high stability in CRM reaction [6-13].
Fujimoto et al. prepared and studied Nigg3Mggg70 solid solution
for the CRM reaction. They showed that the catalytic activity of this
Nig 03Mgp 970 catalyst remained stable over 100 days [6-8]. Ruck-
enstein and Hu investigated the catalytic performances of reduced
NiO-MgO solid solutions, which were prepared by impregnation
and subsequent calcination at 800°C, with a NiO content in the
range of 4.8-50.0 wt% [9-11]. They found that catalysts contain-
ing 9.2-28.6 wt% NiO showed stable activity. However, no activity
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was observed over the catalyst with NiO content as low as 4.8 wt%.
And, the catalyst with a high NiO content of 50.0 wt% deactivated
rapidly because of the sintering of Ni particles and severe coke
formation. The authors suggested that the excellent activity and
high stability of the reduced NiO-MgO catalyst depended on their
composition, preparation conditions and the properties of the MgO
support (surface area, pore size distribution and lattice parame-
ters). An unsuitable MgO would lead to a low initial conversion and
along induction period for the reaction [12]. In an exploratory work
using MgO nanocrystals for support of the nickel catalysts, our lab-
oratory showed that a loading of 12 wt% Ni onto MgO nanocrystals,
which were produced by thermal processing of a Mg(OH), alcogel
in flowing nitrogen, can lead to highly active and stable Ni/MgO
catalyst for the CO, reforming of methane [13].

It is indicated that NiO and MgO can form theoretically “ideal”
solid solution in any molar ratio [ 14-16]. However, the formation of
NiO-MgO solid solution is much influenced by the preparation con-
ditions, such as calcination temperature, loading amount of nickel,
and so on [17-19]. Reducibility of Ni2* in NiO-MgO solid solution
depends on the position of Ni2* in MgO lattice and the interac-
tion between NiZ* and MgO [19]. For the Ni/MgO catalyst reduced
from NiO-MgO solid solution, the interaction between metallic Ni
and support would be affected by the preparation history of the
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NiO-MgO solid solution. The intrinsic relationship between the
extent of NiO incorporation in the solid solution and the catalytic
performance of its derived Ni/MgO catalyst has not yet been fully
understood.

In the earlier studies of CRM reaction over supported metals cat-
alysts, CH4 (or CO,) conversion was generally used as a parameter
to evaluate the activity of a catalyst [20,21]. Actually, CH4 conver-
sion is significantly affected by the feed gas hourly space velocity
(GHSV) and the amount of active metal on the reduced catalyst.
Comparatively, the activity can be distinctly clarified by measuring
CH,4 turnover frequency (TOF) on the metallic active sites. In sev-
eral investigations, TOF numbers of CH4 were estimated and used
as standard to describe the activity of a catalyst [22-26]. Unfortu-
nately, the majority of these TOF numbers was obtained by using
low GHSVs, which effected CH4 conversion levels too close to the
thermodynamic equilibrium of the reversible CRM reaction, where
the rate of reverse reaction is comparable with the forward one,
and therefore, the “actual activity” of the active Ni sites in CRM
reaction remains unclear. Thus, it is necessary to perform the CMR
reaction with an enough high GHSV to eliminate the constraint of
thermodynamic equilibrium and obtain the “true” TOF of methane
conversion, as suggested by Parmaliana et al. [22].

In this work, the calcination temperature and NiO loading in
NiO/MgO samples were independently varied to better understand
how the formation of NiO-MgO solid solution in the calcined
NiO/MgO sample would affect the activity and stability of its
derived Ni/MgO catalyst. By measuring the catalytic TOF of CH4
under very high GHSV, we established a correlation between the
intrinsic activity of metallic Ni sites and the particle size of Ni in
the reduced Ni/MgO catalysts

2. Experimental
2.1. Catalyst preparation

Magnesia support was prepared by thermal processing a
Mg(OH), alcogel in flowing nitrogen at 650 °C for 5 h. The Mg(OH);
alcogel was obtained from a Mg(OH), hydrogel by washing with
anhydrous ethanol for several times. Detailed preparation of the
hydrogel was described previously [13]. The oxidized NiO/MgO
samples were prepared by wet impregnating an suitable amount
of Ni(NOs3), aqueous solution onto the MgO nanocrystals. In our
previous work, magnesia prepared in this method was denoted
as MgO-AN and the prepared catalyst Ni/MgO-AN [27-29]. After
impregnation and drying at 120°C for 12 h, two series samples
were prepared as following. In one series, the dried samples with
a Ni loading of 8.8 wt% were calcined in air for 5h at a temper-
ature in the range from 400 to 950°C, while in other series, the
samples with different loading of Ni in the range of 3.4-45.0 wt%
were calcined at 650 °C for 5 h in air. The final loading amounts of
nickel in the samples were determined by XRF analysis. The cal-
cined samples were denoted as NicMg-T, where « is the Ni loading
in weight percentage, and Tis the calcination temperature in degree
Celsius.

2.2. Catalyst characterizations

A Bruker D8 Advance X-ray Diffractometer (XRD) with Cu Ko
radiation (A =0.15406 nm) was used to identify the crystal phases
in the samples. The operation voltage was 40kV and the current
was 40 mA. The XRD patterns were recorded with a resolution of
0.02° and a scan rate of 0.3 s/point.

Quantitative temperature-programmed reduction (TPR) exper-
iments were conducted on a homemade TPR equipment to
determine the reducibility of samples. About 200 mg of sample was

placed in a quartz reactor and reduced by a 5% H,/Ar mixture in a
flow rate of 50 ml/min. The temperature was ramped at 15 °C/min
up to 850°C and held for 1 h. Before reduction, the samples were
purged with pure argon at 600 °C for 30 min. Water, which is the
only volatile product of the reduction, was removed with a cold trap
at —80°C to avoid its interference to TCD detector that was used to
record the hydrogen consumption. The TPR measurement was fol-
lowed by a H,-TPD to measure the chemisorption of hydrogen. After
TPR measurement, the sample was cooled to room temperature in
5% Hy/Ar mixture and held for 1h. The sample was then purged
at room temperature with pure Ar (50 ml/min) for removing the
reversibly adsorbed H,. When the baseline of TCD became stabi-
lized, the sample was heated at a rate of 15°C/min up to 800°C
in pure Ar (50 ml/min). The signal of H, desorption recorded by a
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Fig. 1. XRD patterns of NiO/MgO samples with fixed Ni loading (8.8 wt% Ni) but

different calcination temperatures (400-950°C) (A); and with varying Ni loading
(3.4-45.0 wt%) but fixed calcination temperature (650 °C) (B).
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computer and the ratio of 2 x (area of TPD-area)/(area of TPR-area)
gave the dispersion of reduced nickel. The average particle size of
metallic Ni was calculated according to an empirical equation: d
(nm)=1/dispersion [13].

2.3. Activity test

The CRM reaction was carried out using 100 mg NiO/MgO sam-
ple (20-40 mesh) under conditions: CH4:CO,=1:1 (molar ratio),
750°C, 0.1 MPa, and feed GHSV=1.6 x 104-2.4 x 10°mlg-'h-'ina
fixed-bed quartz tubular reactor (7 mm i.d.). Prior to the reaction,
the sample was reduced in situ with flowing 5% H,/Ar mixture in a
flow rate of 50 ml/min. The temperature was ramped at 15°C/min
up to 850°C and held for 1h. Reaction products were analyzed
with an on-line gas chromatograph (Varian 3400) equipped with a
thermal conductivity detector. Preliminary experiments have been
carried out by changing the flowing rate of the feed gas mixture and
the grain size of the solid catalyst to investigate the diffusion effect,
which showed that the reactant conversions were not significantly
affected by either internal or and external diffusion when the reac-
tant GHSV was in the range of 1.6 x 104-2.4 x 10° mlg~1 h~1 in this
work.

3. Results
3.1. XRD results

According to literature [30] and our recent works [27-29], it
is more sensitive to distinguish the diffraction peak of NiO, MgO
and NiO-MgO solid solution at 26 > 100° with XRD technique. Fig. 1
shows the XRD patterns of pure NiO, MgO and mechanical mixture
NiO + MgO (8.8 wt% Ni), as well as calcined Ni8Mg-T and NieMg-6
samples in a 26 angle range of 124-132°, the corresponding 26 val-
ues of each sample are given in Table 1. It has been known that the
diffraction peaks of MgO would slightly shift to higher angles when
Ni2* ions diffuse into MgO lattice while the diffraction peaks of NiO
would slightly shift to lower angles with the diffusion of Mg2* into
NiO lattice [30]. The physical mixture of NiO + MgO powder showed
the individual XRD peaks at 127.30° and 129.16°, respectively, just as
the standard peaks of MgO(4 2 0) and NiO(4 2 0). This showed that
any interaction between Ni2* ions and the MgO lattice was insignifi-
cant in the physical mixture of NiO + MgO powder [30]. From Fig. 1A
and Table 1, it can be seen that NiO(4 2 0) diffraction peak in the XRD
pattern of Ni8Mg-4 appeared at 128.94°, lower than the diffrac-
tion angle of pure NiO(4 2 0). This indicates the occurrence of Mg+
diffusing into NiO lattice, thus “free” NiO or NiO-based NiO-MgO
solid solution may exist in Ni8Mg-4. Meanwhile, the diffraction

Table 1

peak of MgO(4 2 0) also shifted from 127.30° for the pure MgO(4 2 0)
to a higher angle of 127.34°, giving an evidence of the occurrence
of Ni?* diffusing into MgO lattice to form MgO-based NiO-MgO
solid solution [30,31]. In XRD pattern of Ni8Mg-5, the diffraction
peaks of NiO(4 2 0)and MgO(4 2 0) appeared at 128.50° and 127.38°,
respectively, also showing the existence of “free” NiO or NiO-based
MgO-NiO solid solution and the MgO-based NiO-MgO solid solu-
tion. With increasing calcination temperature up to >650°C, no
diffraction peaks of NiO(4 2 0) were observed in the XRD profiles
of Ni8Mg-6, Ni8Mg-8 and Ni8Mg-9 samples, suggesting that all of
the loaded NiO in the samples were incorporated into the MgO
“support” to form NiO-MgO solid solution.

XRD patterns of Ni«Mg-6 samples are shown in Fig. 1B. The
absence of NiO(420) peak in the XRD patterns of samples with
Ni loadings in the range of 3.4-30.2 wt% revealed that no “free” or
NiO-based MgO-NiO was present in the samples. This indicated
that all of the Ni2* ions were incorporated into the lattice of MgO
“support” to form NiO-MgO solid solution. For the Ni45Mg-6 sam-
ple, an obvious NiO diffraction peak appeared at 129.14°, which
showed almost the same angle with pure NiO, indicating the pres-
ence of “free” NiO or NiO-based MgO-NiO solid solution. For each
one of the samples, the diffraction peak of MgO shifted from 127.30°
up to 127.40°, indicating the formation of a MgO-based NiO-MgO
solid solution due to the incorporation of Ni2* into the lattice of the
MgO “support”.

3.2. TPR results

Fig. 2 shows the TPR profiles of pure NiO, Ni8Mg-T (Fig. 2A) and
NixMg-6 (Fig. 2B) samples. The temperatures of TPR peaks and NiO
reducibility are listed in Table 2. The peaks observed at tempera-
tures lower than 500 °C was denoted as T, 500-750°C as Ty and
the other peak at a temperature higher than 800°C was marked
as Ty. The Ty peaks are usually assigned to the reduction of NiZ*
ions in the outermost layer and sub-surface layers of the MgO lat-
tice, while the Ty peaks can be attributed to the reduction of Ni*
ions in the MgO matrix [31]. The presence of these Ty and Ty peaks
are clear symbols of the formation of NiO-MgO solid solution. As
shown in Fig. 2A, NiO in the Ni8Mg-4 and Ni8Mg-5 samples did
not diffused completely into MgO to form NiO-MgO solid solution.
Whereas, NiO in the other samples calcined at temperatures higher
than 650 °C was completely incorporated into the “support” to form
NiO-MgO solid solution. These results were consistent with the
XRD measurements (see Fig. 1A).

Fig. 2B shows that NiO in Ni45Mg-6 was also not completely
incorporated into MgO to form NiO-MgO solid solution. The NiO
in other NiaMg-6 samples with Ni loadings no higher than 30 wt%

Composition, BET surface area and XRD diffraction angles for NiO(4 2 0) and MgO(4 2 0) planes of the calcined NiO/MgO samples.

Samples Calcination temperature (°C) Ni loading (%) Composition of solid solution Surface area (m? g1) XRD angle (26) (degree)
MgO(420) NiO(420)
MgO 650 - - 59 127.30 -
NiO 650 - - - - 129.16
Ni8Mg-4 400 8.8 75.0% NiO/Nig,015Mgo.9850 56 127.34 128.94
Ni8Mg-5 500 8.8 22.0% NiO/Nig,050Mgo.9500 52 127.38 128.50
Ni8Mg-6 650 8.8 Nio_054Mg0_9350 48 127.40 n.d?
Ni8Mg-8 800 8.8 Nio.064Mg0.9360 36 127.44 n.d.
N18Mg—9 950 8.8 Nio_064Mg0'9350 24 127.46 n.d.
Ni3Mg—6 650 34 Ni0_024Mg0_9760 53 127.40 n.d
NiSMg—G 650 8.8 Nio.054Mg0A9350 48 127.40 n.d.
Ni19Mg-6 650 19.3 Nig15Mgo.850 40 127.40 n.d
Ni30Mg-6 650 30.2 Nio25Mgo.750 38 127.40 nd
Ni45Mg-6 650 45.0 7.0% NiO/Nip38Mgo.620 36 127.40 129.14

2 Not detectable.
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Fig. 2. TPR profiles of the calcined NiO/MgO samples with fixed Ni loading (8.8 wt%
Ni) but different calcination temperatures (400-950°C) (A); and with varying Ni
loading (3.4-45.0 wt%) but fixed calcination temperature (650°C) (B).

was completely converted into the NiO-MgO solid solution. These
results were also consistent with the XRD measurements (see
Fig. 1B).

Since the NiO in NiO-MgO solid solution could not be com-
pletely reduced at the temperature used in this of our work (i.e.,
850°C) the actual support in the reduced catalyst should be bet-
ter called/described as a kind of NiO-MgO solid solution, thus
the reduced Ni/MgO catalyst can be more reasonably expressed
as Nix/NiyMg;_,0 (see Table 2). Where, x and y, respectively, were
the calibrated amount of the reduced and unreduced nickel in the
reduced samples.
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Fig. 3. H,-TPD profiles of freshly reduced Ni8Mg-T (A) and (B) NieMg-6 catalysts.

3.3. H,-TPD measurements

Fig. 3 shows the H,-TPD profiles from the reduced Ni8Mg-T and
NiaMg-6 catalysts. On the basis of TPR and H,-TPD measurements,
the number of exposed Ni atoms, the exposed percentage (disper-
sion) and particle size of the metallic Ni were calculated and listed
in Table 3. Every sample in this table, except Ni45Mg-6, featured
two peaks at about 230 and 435 °C, respectively. This demonstrated
an involvement of two types of Ni sites for hydrogen chemisorp-
tion on each catalyst. For convenience, the two types of Ni sites
were denoted as 01 and 6, (see Table 3) according to the desorp-
tion temperatures of hydrogen from them. The relative areas of the
H,-TPD peaks were used to estimate the relative numbers 67 to 6,
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Table 2

Reducibility of NiO/MgO samples and composition of reduced Ni/MgO catalysts by TPR measurements.

Samples Peak temperature (°C) Reducibility (%) Composition of reduced catalysts
TL Tm Ty
NiO 450 - = - -
Ni8Mg-4 455 = 810 84 Nig.056 /Nio_m Mgo.990
Ni8Mg-5 455 580 850 50 Nio 033/Nio.033Mg0.9670
Ni8Mg-6 = 650 850 24 Nigg]s/Nig_onggg_gsgo
Ni8Mg—8 = 710 850 14 Nig,gog/Ni0_055 Mgo.9450
Ni8Mg—9 = 740 850 7 Nio.005 /Nio(gsg Mgo.9410
Ni3Mg—6 - - 850 18 Niuoo;}/Niovgz MgoggO
NlSMg—G = 650 850 24 Nig_o]s/Nio_onggg_gsgo
Ni]9Mg—6 = 580/720 850 36 Nig‘os/Nio_mMgg‘ggo
Ni30Mg-6 = 570/730 850 47 Nig 14/Nio.15Mgo.850
Nl45Mg—6 460 700 850 53 Nig,zg/Nio_zs Mgo.750

sites, which are shown as 61/6, in the last column of Table 3. For
the preparation of NiO-MgO solid solutions without “excessive” or
“free” NiO at a fixed Ni loading (e.g., 8.8% Ni), the increase of the
calcination temperature from 650 to 950°C (e.g., Ni8Mg-6, -8 and
-9 samples) caused the 6 /6, ratio to decrease from 0.78 to 0.41 and
the Ni particle size to decrease from 6.7 to 2.9 nm. For the samples
with varying Ni loadings in the calcined solid solutions, the 61/6,
ratioincreased from 0.45 to 2.11, while the Ni particle size increased
from 3.2 to 20.0 nm when the Ni loading was increased from 3.4 to
30.2 wt%. These results imply that the 8, Ni sites were prevalent on
large Ni particles while the 0, Ni sites were dominant on the small
Ni particles in the reduced catalysts.

As it was shown in the last section of this paper, a part of NiO
in the NiO-MgO solid solutions of the calcined samples remained
as a constituent in the solid solution support of the final reduced
catalysts (Table 2). These unreduced NiZ* jons in the final support
(i.e., NiyMg;_,0) could induce stronger metal-support interaction
in the final Nix/NiyMg;_,0 catalysts than in conventional Ni/MgO
ones. That is why for the Nix/NiyMg;_,0 catalysts reduced from the
NiO-MgO solutions without “free” NiO, the smaller the ratio of x/y,
the smaller the particle size of the Ni metal (Tables 2 and 3). The
reduction of NiO in the NiO-MgO solid solution could also lead to
anumber of defects at the support surface to “anchor” the metallic
Ni particles, which would easily result in stable Ni sites resistant to
sintering and coking for the demanding CRM reaction.

It should be noticed that the ratios of 61/6, for the reduced
Ni8Mg-4 and Ni8Mg-5 as well as the Ni45Mg-6 samples that were
prepared from calcined NiO/MgO precursors containing more or
less “free” NiO entities, are against the change trend of the 61/6,
ratios with the Ni particle size. A very broad hydrogen desorp-
tion feature, probably involving two unresolved peaks at ca. 200
and 300°C, was detected in the temperature range of 50-500°C
on the H,-TPD profile of the reduced Ni45Mg-6 catalyst, as shown

in Fig. 3B. Although two clear peaks appeared also on the H,-TPD
profiles of the reduced Ni8Mg-4 and Ni8Mg-5 catalysts, the metal-
lic sites on the reduced Ni8Mg-4 and Ni8Mg-5 catalysts seem to
be dissimilar with those on the other catalysts. TPR results have
indicated the existence of “free” NiO on these three exceptive cat-
alysts. Maybe, the Ni particles reduced from the “easily reducible”
NiO were different from those reduced from the “hardly reducible”
NiO-MgO solid solution. This question needs a further investiga-
tion.

3.4. Catalytic performance of the reduced catalysts

The catalytic dry reforming of methane was performed at atmo-
spheric pressure and 750°C, with a stoichiometric feed of CHy
and CO,. Fig. 4 shows the effect of feeds GHSV on CH4 conver-
sion over the reduced Ni8Mg-6 catalyst. This catalyst showed very
stable activity in CO, reforming of methane not only with a low
GHSV (1.6 x 10*mlg-1h~1), but also with a rather high GHSV
(2.4 x10°mlg~1h~1). The CH4 conversion obtained by using the
lowest GHSV (1.6 x 104 mlg~1 h~1) was 84%, just close to the equi-
librium conversion of methane at 750 °C(86%). As expected, the CHy
conversion decreased with increasing GHSV. When the GHSV was
increased to 1.2 x 10° and 2.4 x 10° mlg~1 h~1, the CH4 conversions
decreased to 36% and 29%, respectively. The invariant CH4 conver-
sion levels in the 50 h reaction TOS under these high feed GHSVs
clearly demonstrate the catalyst stability under conditions far away
from the thermodynamic equilibrium of the reaction, revealing a
realization of the steady state of the catalytic kinetics.

Fig. 5 shows the TOF numbers of CH4 calculated on the basis
of exposed metallic Ni atoms (listed in Table 3) and the methane
conversion data under the different GHSVs. The TOF of CHy4
increased from 1.5 to 4.7s~! with increasing the GHSV from
1.6 x 10 to 9.6 x 104 mlg~1h~!, and was kept unchanged when

Table 3
Exposed percentage (dispersion) and particle size of metallic Ni, number of exposed Ni atoms and the ratio of active Ni sites determined from H,-TPD measurements.
Reduced catalysts H,-TPD peak temperature (°C) Dispersion (%) Ni size? (nm) Exposed Ni (wmolg=1) 61/6,°
91 ‘92
Ni8Mg-4 230 425 6 16.7 78 0.54
Ni8Mg-5 225 430 10 10.0 74 0.41
Ni8Mg-6 230 435 15 6.7 52 0.78
Ni8Mg-8 230 425 22 4.5 46 0.62
Ni8Mg-9 225 430 34 29 37 0.41
Ni3Mg-6 220 430 31 32 33 0.45
Ni8Mg-6 230 435 15 6.7 52 0.78
Ni19Mg-6 230 435 7 14.3 84 1.61
Ni30Mg-6 235 440 5 20.0 113 2.11
Ni45Mg-6 50-500 3 333 135 -

2 Ni size (nm) calculated according to the empirical equation: d (nm)=1/dispersion.

b Ratio of active Ni sites associated with the two H,-TPD peaks.
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Fig. 4. CH,4 conversion versus reaction time for CH4/CO, reaction at 750°C with
different feed GHSV (1.6 x 104-2.4 x 10° mlg~! h~') over reduced Ni8Mg-6 catalyst.

the reaction GHSV was further increased up to 2.4 x 10° mlg=1 h-1.
This observation clearly demonstrates that those TOF numbers
of CH4 measured at GHSVs lower than ca. 1.0 x 10°mlg='h-! or
CH4 conversion levels higher than 40% was not reliable, due to
significant influence of the reverse reaction. And, reliable intrinsic
TOF numbers of CH4 over the reduced Ni/MgO catalysts can be
obtained under real kinetic conditions, when the GHSV was enough
high and CH4 conversion was enough low. Thus, the other Ni/MgO
catalysts were evaluated for the CRM reaction under an enough
high GHSV (i.e., 1.2 x 10° mlg~1 h~1) to measure and compare the
intrinsic activity of metallic Ni sites by CH4 TOF.

Fig. 6 shows the effects of calcination temperature and Ni load-
ing on the catalytic performance of Ni/MgO catalyst at 750 °C with

5
80 - L
] - 4
o
& g
g L
= 9
> m3
C 40 O
o T
2 F @
< -
T
o L
20 G
0 v T T T T T g T T 1
0 5 10 15 20 25

GHSVx10' /ml-g”- b

Fig.5. CH,4 conversion and CH4 TOF versus feed GHSV for CH4/CO; reaction at 750°C
over reduced Ni8Mg-6 catalyst.

(A)
50 =
"
J 4%
40 - “‘5_\ ﬁ.
DO NN LR LI Ly
8 1% o0 LT P e———
% 0 1RO a0-0.5® QO—0 QO
(]
> 4
8 —m— Ni8Mg-4
T 2] —4— Ni8Mg-5
| —a— Ni8Mg-6
—eo— NigMg-8
10 - —o— Ni8Mg-9
0 T T T T T T
0 10 20 30 40 50
TOS /h
(B) . I L | ' | Y I ) |
80 -
Ni45Mg-6
.y,
co 4 Ni30Mg-6
g Ni19Mg-6
3 9000000000000 %00 000
£ . NisMg-6
2 (L0 @1 CO—— OG- CO—CQp
I
© 1 Ni3Mg-6
2 [ o000 ®mo 000 W
0 T T T T T T T T
0 10 20 30 40 50

TOS /h

Fig. 6. Catalytic stability by CH4 conversion for CH4/CO, reaction at 750°C and
1.2 x10° mlg~' h~! over Ni8Mg-T (A) and NieMg-6 catalysts (B).

a GHSV of 1.2 x10°mlg-'h-1. All of the reduced Ni8Mg-T and
NieMg-6 catalysts showed very stable activity for the CH4/CO,
reaction, except for the reduced Ni8Mg-4, Ni8Mg-5 and Ni45Mg-
6 catalysts that contained in their oxidized states some unreacted
“free” NiO particles. With decreasing the calcination temperature
or increasing the Ni loading in the process of catalyst preparation,
the initial CH4 conversions increased for the two series of Ni/MgO
catalysts.

4. Discussion

It was documented earlier that when all NiO particles diffuse
into MgO lattice to form a NiO-MgO solid solution, the reduced
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catalyst would show stable activity in the CRM reaction [12]. The
catalytic reaction rate or TOF of CH4 would be dependent of the
number of exposed metallic nickel atoms as well as the size and
shape of Ni particles in the reduced catalyst [21]. Changes in the
preparation conditions, i.e. calcination temperature, Ni loading,
etc. of a Ni/MgO catalyst can adjust and control the formation of
NiO-MgO solid solution and the metal-support interaction in the
final reduced catalyst. The present data are in line with these earlier
understandings on the catalytic activity and stability of the reduced
Ni/MgO catalyst. On the other hand, our data also showed that the
stable Ni catalysts were actually produced by incomplete reduc-
tion of NiO in the NiO-MgO solid solutions; the “real” support of
the stable Ni catalysts was a kind of NiO-MgO solid solution (i.e.,
NiyMg;_,0, Table 2). Thus, it would be interesting to correlate the
extent of NiO incorporation in the MgO “support” or the percent-
age of NiO in the solid solution of the calcined catalyst precursor
with the metal-support interaction and catalytic performance of
the reduced Niy/NiyMg;_,0 catalysts.

4.1. Effect of metal-support interaction on the catalytic stability
of the reduced catalyst

Both XRD and TPR results (Figs. 1 and 2 and Tables 1 and 2)
showed the formation of NiO-MgO solid solution in the calcined
samples. Nevertheless, the extent of NiO incorporation in the
NiO-MgO solid solution depended on the calcination temperature
and the Ni loading. All of the NiO diffused and became incorpo-
rated into the MgO phase to form the NiO-MgO solid solution, when
the calcination temperature was not lower than 650 °C and the Ni
loading was in the range of 3.4-30.2 wt%. Whereas, on the sam-
ples calcined at a lower temperature (e.g., 400 or 500 °C) or with a
higher Ni loading (e.g., 45.0 wt%), only a part of NiO could be incor-
porated into the lattice of the MgO “support”, and the excessive NiO
remained in a form of “free” NiO. Only a fraction of Ni2* jons in the
calcined samples could be reduced to form metallic Ni particles,
though the sample with a lower calcination temperature and/or a
higher Ni loading showed a higher reducibility of Ni2* (see Table 2).
Thereduced Ni8Mg-4, Ni8Mg-5 and Ni45Mg-6 catalysts, whose cal-
cined precursor samples contained NiO-MgO solid solution as well
as “free” NiO phases, showed significant deactivation, while the
other catalysts, whose calcined precursor samples contained the
NiO-MgO solid solution phase only, exhibited quite stable activities
during the CH4/CO, reaction (see Fig. 6).

The metallic Ni particles in the deactivating Ni/MgO catalysts
were formed from reduction of the “free” NiO and a part of NiO
in the NiO-MgO solid solution of the calcined Ni8Mg-4, Ni8Mg-5
and Ni45Mg-6 samples. The so-called “free” NiO in these sam-
ples showed less interaction with their underlying support and
was reduced at much lower temperatures (Fig. 2) than its coun-
terparts in NiO-MgO solid solution. Such easily reducible “free”
NiO would lead to Ni sites having much weaker metal-support
interaction, which could be responsible for the deactivation of the
reduced Ni8Mg-4, Ni8Mg-5 and Ni45Mg-6 catalysts. It is noted that
the deactivation rate of the reduced Ni8Mg-5 catalyst was slower
than that of the reduced Ni8Mg-4 as shown in Fig. 6A. Since these
two samples had the same Ni loading (8.8 wt%), their difference in
the percentages of “free” NiO (75% in Ni8Mg-4 and 22% in Ni8Mg-
5, see Table 1) would suggest that the catalyst deactivation rate
was dependent of the percentage of NiO (or Ni%*) incorporation
in NiO-MgO solid solution of the calcined sample; the higher the
percentage of Ni2* incorporation the higher the catalytic stability
of the reduced catalyst. When all of the loaded Ni2* ions (or NiO)
were incorporated into the lattice of the MgO “support” during the
calcination step in the catalyst preparation, the reduction with H,
at 850 °C always produced metallic Ni sites showing stable catalytic

activities for the CRM reaction (Fig. 6), indicating that a NiO-MgO
solid solution without any “free” NiO is a key to the very stable
Ni/MgO (or Ni/NiyMg;_,0) catalyst. The Ni particles formed from
such a reductive partial extraction of Ni2* ions in the solid solution
would have strong enough interaction with the NiyMg;_, 0 support
to resist the sintering and to depress the deposition of carbon on
the reduced catalysts [12].

Hu and Ruckenstein [12] also observed that the reducibility of
NiO in calcined NiO/MgO increased with increasing the Ni loading.
As a result, the particle size of metallic Ni would also increase with
the Ni loading and would became too large to resist sintering and
coking at high Niloadings [12]. They thus suggested that the large Ni
particles in Ni/MgO catalyst of high Ni loading were the main cause
for Ni sintering, coke formation and catalyst deactivation during the
CRM reaction [12]. However, according to the present data (Table 3
and Fig. 6), the particle size of metallic Ni was not the only affecting
factor on the catalytic stability of the reduced Ni/MgO catalyst. The
size of Ni particles on reduced Ni30Mg-6 (20.0 nm) was much larger
than those on reduced Ni8Mg-4 and Ni8Mg-5 (16.7 and 10.0 nm,
respectively), as shown in Table 3. However, the Ni30Mg-6 catalyst
showed very stable activity, but the Ni8Mg-4 and Ni8Mg-5 catalysts
deactivated rapidly in the CH4/CO, reaction. These results indicated
that not only the loading of Ni and Ni particle size in the reduced
catalyst but also physicochemical state of NiO in the oxidized sam-
ple affected the stability of the reduced catalyst. That is to say that it
would be impossible to obtain stable Ni sites for the CRM reaction
if one reduces an oxidized/calcined NiO/MgO precursor contain-
ing NiO entities that are not belong to the NiO-MgO solid solution.
Therefore, a complete reaction of the NiO component with the “sup-
porting” MgO during the calcination step to form a NiO-MgO solid
solution phase is the key to the preparation of stable Ni/MgO cata-
lyst. The incomplete reduction of NiO from the solid solution would
produce Ni sites that interact strongly with a NiyMg;_,0 support.
This NiyMg;_,0 support can be considered as deficient NiO-MgO
solid solution featuring a number of Ni2* defects. It is suggested that
these defects played an important role in stabilizing the catalytic
Ni sites for the CRM reaction.

4.2. Effect of metal-support interaction on CHy turnover
frequency

In order to elucidate the effect of metal-support interaction on
the initial rate of CH4 conversion, we show in Fig. 7, the change
trend of the initial CH4 TOF (i.e., CH4 TOF measured in the initial
20 min of the reaction) with the Ni particle size on the two series
of Ni/MgO catalysts, which covered a relatively wide Ni particle
size range (3.0-30.0 nm, see Table 3). Whether for the Ni8Mg-T or
NixMg-6 catalysts, the TOF of methane conversion increased with
decreasing the Ni particle size. Thus, the catalytic activity expressed
by the TOF of CHy4 is of the function TOF = f (Ni size) for the two series
of Ni/MgO catalysts, revealing that the catalytic activity (CH4 TOF) of
metallic Ni at the beginning of the reaction was related with the Ni
particle size, but not the calcination temperature or Ni loading. The
relationship also suggests indicated that the reaction of CRM over
reduced Ni/MgO catalyst was strongly structure-sensitive. A simi-
lar observation was documented earlier for Ni/MgO catalyst in the
CH4/H; O reaction (i.e., steam reforming of methane) by Parmaliana
etal. [22].

4.3. CH4 turnover frequency on different Ni sites

In order to correlate the energy state of different Ni sites on the
reduced catalysts with their steady state catalytic activity in the
CRM reaction, the steady state CH4 TOF is plotted in Fig. 8 against
the fraction of 64 sites, which is equivalent to the fractional area
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Fig. 7. CHy TOF versus Ni particle size for CH4/CO; reaction at 750°C and
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of the low temperature hydrogen desorption peak (61 peak) on the
H,-TPD profiles in Fig. 3. This low temperature (ca. 230°C) 6, peak
can be attributed to the hydrogen desorption from the low-index
planes and terraces at the surface of metallic Ni particles. And, the
6, peak at higher temperature (ca. 435 °C) can be attributed to the
hydrogen desorption from the step and kink sites at the surface
of metallic Ni particles. The CH4 TOF decreased with increasing the
fraction of 0 sites, as shown in Fig. 8. This correlation indicates that
the 0, sites are less active than the 0, sites in the CRM reaction. With
reference to the Ni particle sizes shown in Table 3, it is concluded
that small Ni particles (ca. 3.0nm) in strong interaction with the
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Fig. 8. CH4 TOF versus the fraction of 0, sites for CH4/CO; reaction at 750°C under
afeed GHSV of 1.2 x 10° mlg~' h~! over Ni8Mg-T (00) and Ni«Mg-6 catalysts (a).

solid solution NiyMg;_,0 support are most active and yet stable for
the CRM reaction.

Szuromi et al. investigated the C-H bond activation of methane
on model metal surfaces and concluded that the C-H bond dis-
sociation was a kinetically relevant step in methane conversion
and occurred faster on step and kink sites than on terrace sites of
metal particles [33]. Density functional theory has also been used
to understand the activation of methane on Rh-based model cata-
lyst. It was found that the activation energy of CH4 on the step and
kink sites was about 30 k]/mol lower than that on close-packed ter-
race planes [32]. Wei and Iglesia investigated the turnover rates
of CH4 for the forward reactions of CH4/H,0, CH4/CO, and CHy
decomposition reactions on Al,03 or ZrO, supported Rh of various
dispersions. They found that the methane turnover rates increased
as the particle size of Rh supported on Al,03 or ZrO, decreased.
They also suggested that the coordinatively unsaturated surface
atoms prevalent in small crystallites were significantly more active
than those in the low-index planes predominately exposed on large
crystallites [25,26].

It should be mentioned, however, that the relationship shown
in Fig. 8 is not applicable to the reduced Ni45Mg-6, Ni8Mg-4 and
Ni8Mg-5 catalysts. Perhaps, the involvement of Ni sites from the the
reduction of “free” NiO in the calcined/oxidized catalyst precursor
would lead to less defects in the final NiyMg;_,0 support, which
would then weaken the metal-support interaction in the reduced
catalyst to favor metal sintering and coking during the reaction.
This point needs a further investigation.

5. Conclusions

The present data showed that a complete reaction of the
NiO component with “supporting” MgO to form a solid solution
NixMg;_»O phase (x=0.06-0.25) during the calcination of NiO/MgO
precursors is the key to stable Ni/MgO catalysts for the CRM reac-
tion. The support in the stable catalyst was actually a kind of
NiyMg;_,0 (y=0.02-0.15) solid solution and the stable catalytic
sites were associated with nanosized Ni particles (3-20nm) in
strong interaction with the solid solution support. The catalytic
activity by methane turnover frequency increased with decreasing
the Ni particle size. The reduction of an oxidized/calcined NiO/MgO
precursor containing NiO entities that were not incorporated into
the NixMg;_,O solid solution was shown to produce the deactivat-
ing catalyst.
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