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Mg–Al layered double hydroxide intercalated with [Ni(edta)]2−
chelate as a precursor for an efficient catalyst of methane reforming

with carbon dioxide
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Coprecipitation of Mg2+ and Al3+ with pre-synthesized [Ni(edta)]2− chelate at basic pH resulted in formation of a new layered double
hydroxide (LDH) where [Ni(edta)]2− species occupied the interlayer space. The synthesized LDH was characterized by X-ray powder
diffraction, diffuse reflectance FTIR and thermogravimetry-differential thermal analysis under inert and oxidative atmosphere. Calcination
of LDH led to NiMgAl mixed oxide which after reduction with hydrogen exhibited high catalytic function toward the reaction of methane
reforming with carbon dioxide to synthesis gas. The catalyst maintained high activity within 150 h time on stream at 800◦C and could
be used repeatedly after regeneration. Although coke deposition onto the catalyst surface attained 5–10 wt%, it did not diminish reagent
conversion and product selectivity.
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1. Introduction

The reaction of methane reforming with carbon dioxide
(also referred to asdry reforming of methane, DRM) is not
only of commercial interest, as it gives rise to synthesis gas,
but also of environmental concern: it employs methane and
carbon dioxide, two main components of greenhouse gases,
and therefore leads to the reduction of their emission to
the atmosphere. The reaction is usually catalyzed by sup-
ported noble metals or Ni-based catalysts that are more cost-
effective [1]. Nickel can be introducedvia common impreg-
nation technique [2], sol–gel method [3,4] or by obtaining
a Ni-containing solid solution [5–10]. Nickel-based cata-
lysts can be also preparedvia a hydrotalcite-like precursor
when Ni2+, Mg2+ and Al3+ are precipitated at basic pH
with carbonate anion [11]. It leads to the formation of LDH
phase with a layered structure very similar to that of hydro-
talcite [12].

We have recently reported that incorporation of nickel
into Mg–Al LDH can be performed by an alternative ap-
proach. It was based on the ability of Ni2+ to react with
an anionic chelating agent of edta4−, i.e., ethylenediamine-
tetraacetate, forming the highly stable [Ni(edta)]2− species
(denoted hereafter by NiY2−). It was suggested that copre-
cipitation of Mg2+ and Al3+ with pre-formed NiY2− gave
rise to Mg–Al LDH intercalated with Ni chelate [13]. How-
ever, the thorough characterization of the newly synthesized
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phase (MgAl–NiY) had not been done so far and was highly
desired.

In this work we present the details of MgAl–NiY syn-
thesis as well as the experimental data confirming involve-
ment of nickel into Mg–Al LDH structure as chelated NiY2−
species. The reductively pretreated NiMgAl mixed oxide,
which was derived from such LDH, demonstrated high ac-
tivity and sustainability toward DRM reaction to synthesis
gas. Moreover, the coke deposition process and morphology
of catalytically produced carbon deposits will be discussed.

2. Experimental

2.1. Reagents and materials

The reagents used in this study were purchased from
Wako Chemicals Co. All chemicals had 98–99% purity and
were used without additional purification treatment. The dis-
tilled and deionized water was used throughout the work.
The reference materials included synthetic hydrotalcite (i.e.,
[Mg6Al2(OH)16]CO3) and [NiMg5Al2(OH)16]CO3 LDH
(designated as MgAl–CO3 and NiMgAl–CO3, respectively),
disodium nickel(II) ethylenediaminetetraacetate dihydrate
Na2Ni(edta)·2H2O (denoted hereafter by Na2NiY), magne-
sium oxide powder (0.1µm particle size) of 99.9% purity,
and a physical mixture of Na2NiY with MgO. In order to
prepare the physical mixture, the powders were placed in a
screw-cap vial of 20 cm3 capacity that was further horizon-
tally rotated with 100 rpm speed at room temperature for
24 h.
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2.2. Synthesis of LDH

The synthesis of Mg–Al double hydroxide included two
steps. First, an aqueous solution of NiY2− was prepared
at room temperature. It was done by dropwise addition of
Ni(II) nitrate solution (100 mmol in 100 cm3 of water) to
tetrasodium salt of edta (100 mmol) dissolved in 100 cm3

of water. The obtained deep blue solution of NiY2− was
transferred into a three-neck reaction flask equipped with a
magnet stirrer and kept at 63◦C. The second step of LDH
synthesis included dropwise addition of 100 cm3 aqueous
solution of Mg(II) and Al(III) nitrates (30 and 10 mmol, re-
spectively) to NiY2− at pH= 10.5 which was adjusted by
addition of aqueous 1.0 M solution of NaOH. When the so-
lution of metal cations was entirely added, the obtained pale-
blue slurry was stirred at 63◦C for 1 h, followed by 18 h ag-
ing without stirring at the same temperature. The resultant
precipitate was separated by filtration, washed with distilled
and deionized water until the filtrate was free from NiY2−
ions, dried in air at 80◦C for 16 h and kept in a desiccator
under vacuum at room temperature.

Calcination of the synthesized solid at 500◦C for 16 h
in air yielded the light green NiMgAl mixed oxide that was
further used as a catalyst.

2.3. Characterization techniques

X-ray diffraction patterns (XRD) of powder samples
were recorded at room temperature under air using a Mac-
Science MXP18 diffractometer with Cu Kα irradiation
source (λ 1.54056 Å) at 40 kV voltage and 50 mA current.

Thermogravimetry and differential thermal analysis (TG-
DTA) were carried out under inert (20 cm3 min−1 of N2)
and oxidative (20 cm3 min−1 of air) atmosphere with TGA-
50 and DTA-50 analyzers (both from Shimadzu, Co.) using
30–50 mg of sample and 5.0◦C min−1 temperature rate.

Specific surface area of NiMgAl mixed oxide was meas-
ured by adsorption of N2 at liquid nitrogen temperature us-
ing a Shimadzu Micromeritics FlowSorb II 2300 analyzer
with N2 : He (33 : 67 by volume) gas mixture. The powdered
sample (30–35 mg) was degassed at 100◦C for 1 h and then
cooled to room temperature before area measurement. Af-
ter several adsorption–desorption cycles an average value of
115.7 m2 g−1 was obtained by BET method.

The elemental composition of NiMgAl mixed oxide was
determined by using an inductively coupled plasma emis-
sion spectrometer (ICP-ES) of Thermo Jarrel-Ash IRIS/AP
model. The mixed oxide was first dissolved in a small vol-
ume of concentrated nitric acid and then diluted by wa-
ter to the concentration level suitable for ICP-ES measure-
ments. It was found that the mixed oxide had a formula
of NiMg7Al2O11 which corresponded to a nickel content of
10 at%.

Scanning electron microscopy (SEM) studies were per-
formed using a Hitachi S-800 apparatus with 15 kV accel-
erating voltage. Transmission electron microscopy (TEM)
was done with a Jeol JEM-2010F machine equipped with

a Gatan slow-scan camera for high-resolution observation.
The accelerating voltage applied was 200 kV. Specimens for
SEM and TEM were prepared by standard techniques.

Diffuse reflectance Fourier transform infrared (DRIFT)
spectra were recorded with a Nicolet Magna-IR 750 spec-
trometer equipped with a chamber for DRIFT measure-
ments, a KBr beam splitter, DTGS (KBr) detector, and He–
Ne laser (λ 633 nm). A chamber with powdered sample was
purged with nitrogen (40 cm3 min−1) for 30 min prior to
every DRIFT measurement. Data acquisition for each sam-
ple involved 200 scans taken within 4 min with 4 cm−1 res-
olution at room temperature under nitrogen flow.

2.4. Catalytic activity tests

NiMgAl mixed oxide prepared from MgAl–NiY LDH
was pressed into a tablet and ground up to sieve 212–425µm
fraction of particles that was used for catalytic experiments.
The catalyst (150 mg) was well mixed with Wakogel sil-
ica G (250 mg; 300–600µm) and C-100 (250 mg; 150–
425µm). The vertically mounted quartz tube reactor (8 mm
i.d.) was charged with a mixture of catalyst and silica, and
gases were introduced with upstream flow direction. Activa-
tion of the Ni catalyst involved the reductive treatment with
hydrogen (H2 : N2 10 : 35 cm3 min−1) at 600◦C for 15 min,
followed by cooling to room temperature under pure nitro-
gen. Then the reactor was fed with the reagent gas mix-
ture of CH4 : CO2 : N2 (25 : 25 : 35 cm3 min−1) and heated
with 5.0◦C min−1 rate to the desired temperature. When the
reactor temperature reached the stated value, the sampling
of post-reactor gas phase was started. Analysis of reaction
products was done by gas chromatography using Porapak Q
and molecular sieve 5A packed columns. After 6 h time on
stream the admission of methane and carbon dioxide was
stopped, and the reactor was cooled to room temperature un-
der a flow of nitrogen.

2.5. Temperature-programmed oxidation of deposited coke

To evaluate the amount of catalytically produced coke,
the spent catalyst was subjected to temperature-program-
med oxidation (TPO) from room temperature to 850◦C with
2.5◦C min−1 rate under 40 cm3 min−1 flow of air. Moni-
toring of CO2 emission was carried out with 10 min inter-
vals (i.e., by 25◦C steps) by gas chromatography. The total
amount of deposited carbon was calculated from the quantity
of CO2 released during the TPO experiment.

3. Results and discussion

3.1. Characterization of catalyst precursor

The results of powder XRD measurements are shown in
figure 1. It can be readily seen that the diffractogram of
MgAl–NiY (pattern A) has a specific set of reflection peaks
that significantly differs from those of reference materials.
The precise measurements of the present three symmetric
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Figure 1. X-ray powder diffraction patterns of Mg–Al double hydroxides:
(A) MgAl–NiY, (B) NiMgAl–CO 3 and (C) MgAl–CO3 (hydrotalcite).

peaks at 2θ 6.0◦, 12.10◦ and 18.36◦ revealed basal spacings
d of 14.7, 7.3 (asd/2) and 4.8 Å (asd/3). These results in-
dicated that the newly synthesized double hydroxide phase
had a layered structure (table 1). Furthermore, the subtrac-
tion of 4.8 Å as an average brucite sheet thickness from the
d value gave 9.9 Å for the interlayer distance that could be
attributed to intercalation of the NiY2− chelate. In contrast,
when Ni2+ was coprecipitated with Mg2+ and Al3+ cations,
the resulting NiMgAl–CO3 LDH demonstrated an XRD pat-
tern very similar to that of hydrotalcite, which can be readily
seen from the comparison of B and C patterns in figure 1
and from data in table 1. The fact that all three LDH sam-
ples showed reflection peaks near 2θ 60◦ and therefore the
samed110 value (1.53 Å) indicated that no change in the av-
erage cation–cation distance in the brucite-like layers had
occurred. As a result, the cell parametera calculated as
2d110gave a value of 3.06 Å for all LDH samples which was
consistent with [12]. Assuming that all three LDH phases
crystallize with rhombohedral 3R packing of layers allows
calculating the cell parameterc [14,15]. As it can be seen
in table 1, ac value of 43.83 Å was obtained for MgAl–NiY
LDH whereas it was about 23.4 Å for NiMgAl–CO3 and
MgAl–CO3. Thus, intercalation of NiY2− species between
brucite sheets of Mg–Al LDH led to expansion ofd spacing
and consequently an increase in cell parameterc.

It is well known that Mg–Al LDHs are highly capable to
absorb CO2 from air to form the hydrotalcite-like carbon-
ate phase. Therefore, significant care should be taken for
the synthesis of carbonate-free LDH phase. In our studies,
all steps of the MgAl–NiY synthesis (i.e., coprecipitation
of Mg2+ and Al3+ with NiY2−, aging of LDH precipitate,
its filtration and drying) were carried out under air. How-
ever, it did not cause formation of an XRD-detectable car-
bonate phase because no impurity peaks related to hydrotal-

Table 1
Supplementary XRD data for MgAl–NiY and reference LDHs.

MgAl–NiY NiMgAl–CO 3 MgAl–CO3

d003 (Å) 14.72 7.80 7.82
2θ (◦) 6.0 11.34 11.30
Intensity (cps) 1983 6850 6119
FWHM 0.44 0.40 0.44

d006 (Å) 7.31 3.89 3.90
2θ (◦) 12.10 22.86 22.78
Intensity (cps) 2422 3758 3406
FWHM 0.42 0.40 0.42

d009 (Å) 4.83 2.60 2.60
2θ (◦) 18.36 34.46 34.44
Intensity (cps) 1726 1920 2138
FWHM 0.44 0.58 0.64

d110 (Å) 1.53 1.53 1.53
2θ (◦) 60.56 60.52 60.42
Intensity (cps) 1118 1412 1463
FWHM 0.40 0.38 0.32

Cell parameters (Å)
a 3.06 3.06 3.06
c 43.83 23.38 23.42

Figure 2. Diffuse reflectance FTIR spectra of (A) MgAl–NiY LDH,
(B) physical mixture of Na2NiY with MgO (1 : 7 by mol), (C) pure Na2NiY

and (D) pure MgO.

cite phase were observed in the XRD pattern of MgAl–NiY
LDH. In our opinion, it was mostly due to use of the de-
gassed and deionized water as a solvent and a high starting
concentration of NiY2− ions in aqueous solution.

To confirm the hypothesis on formation of Mg–Al LDH
intercalated with NiY2− chelate species, diffuse reflectance
FTIR spectroscopy was applied. The results obtained for
MgAl–NiY and reference materials are shown in figure 2.
Pure Na2NiY and its physical mixture with MgO (shown
as spectra C and B) demonstrated the characteristic ab-
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Table 2
DRIFT results for MgAl–NiY and reference materials.

Material Absorption bands Band assignment
(cm−1)

MgAl–NiY 1640 Stretching of –COO− groups coordinated
to Ni(II);

1588 (shoulder) uncoordinated –COO− stretching
2873, 2929, 2953, 2970 All peaks are due to antisymmetric and

symmetric –C–H stretching of methylene
groups

Physical mixture 1555, 1580, 1617, 1645, 1678 Antisymmetric stretching of coordinated
of Na2NiY : MgO and uncoordinated –COO− groups
1 : 7 (mol/mol) 2868, 2887, 2935, 2962, 2986 Antisymmetric and symmetric –C–H

stretching of methylene groups

Na2NiY 1555, 1580, 1615, 1652, 1678 Antisymmetric stretching of coordinated
and uncoordinated –COO− groups

2868, 2887, 2935, 2962, 2986 Antisymmetric and symmetric –C–H
stretching of methylene groups

MgO 1644, 1671 C=O stretching of CO2 strongly adsorbed
on MgO surface

sorption at wavenumbers of 2800–3050 cm−1 due to C–H
stretching of methylene functions of Y4− ligand as well
as at the 1500–1700 cm−1 region that was characteristic
of C=O vibrations of carboxylic groups. The presence
of a notable broadened peak at 2212 cm−1 in spectra B
and C indicated that the reference Na2NiY and its mixture
with MgO contained an impurity bearing a C≡N functional
group. According to literature, H4Y and its derivatives are
commercially produced by two methods, both employing
CN-containing chemicals [16]. The first method is a base-
catalyzed condensation of ethylenediamine with formalde-
hyde and sodium cyanide that directly gives Y4− and then
H4Y upon acidifying [17]. By another technique, con-
densation of ethylenediamine with formaldehyde and HCN
gives with a high yield (ethylenedinitrilo)tetraacetonitrile
[(NCCH2)2NCH2CH2N(CH2CN)2] which is further hy-
drolyzed to Y4− using sodium hydroxide solution [18]. In
our studies, the starting reagents had purity higher than
98.0%. Moreover, synthesis of MgAl–NiY LDH was carried
out in a hot aqueous solution at a moderately high basic pH.
It seemed reasonable to assume that under such conditions
any CN-containing impurity had been readily hydrolyzed.
As a result, the DRIFT spectrum of MgAl–NiY LDH did
not reveal absorption at 2200 cm−1 (see spectrum (A) in fig-
ure 2). The supplementary data on DRIFT bands assignment
are presented in table 2. As NiY2− chelate contains four
COO− functional groups, the resulting DRIFT spectrum of
MgAl–NiY LDH showed strong absorption at 1640 cm−1

which was related to stretching of COO− groups coordi-
nated to Ni(II) [19]. The presence of a peak shoulder at
1588 cm−1 could be assigned to stretching of a free (i.e.,
uncoordinated) COO− group. In such a case Y4− chelate
behaved as a quinquedentate ligand occupying five coordi-
nation places of octahedral Ni2+. The sixth place was cap-
tured by a water molecule [20]. Four broad but readily
distinguishable peaks of low intensity at 2800–3000 cm−1

were due to C–H stretching of methylene groups of NiY2−
chelate [21]. Thus, the results of DRIFT studies clearly
indicated that MgAl–NiY LDH contained the chelated Ni
species that kept integrity and showed IR absorption be-
havior similar to that of free (i.e., non-incorporated) NiY2−
species of Na2NiY.

Figure 3 represents the results of TG-DTA studies per-
formed under the inert (nitrogen) atmosphere with MgAl–
NiY and reference materials at 5.0◦C min−1 temperature
rate. As can be seen in figure 3, the main reduction in weight
of MgAl–NiY, pure Na2NiY and Na2NiY–MgO mixture oc-
curred at temperatures of 360–420◦C. As for MgO prelim-
inarily exposed to indoor air for 5 days, its main loss in
weight took place at lower temperature (300–360◦C). The
DTA pattern of MgAl–NiY shown as curve (A*) in figure 3
presents two endothermic peaks. The broadened peak at
141◦C related to the desorption of physisorbed and struc-
tural water while the intensive one at 409◦C was assigned
to (i) dehydroxylation of Mg–Al double hydroxide, (ii) col-
lapse of the layered structure and (iii) thermal decomposi-
tion of entrapped NiY2− species. Pure Na2NiY (B*) and its
mixture with MgO (C*) revealed DTA profiles very similar
to each other. Both showed small endothermic peaks at 92–
97◦C, which corresponded to the removal of physisorbed
water, whereas higher temperature (225–233◦C) was needed
for desorption of structural water. The peak at 395◦C with
a shoulder at 406◦C for Na2NiY and the poorly resolved
peak doublet (395–407◦C) for the Na2NiY–MgO mixture
were due to thermal decomposition of NiY2− species. Com-
pared to all NiY2−-containing samples, the air-pretreated
MgO showed only one endothermic peak at 346◦C that was
due to release of CO2 strongly adsorbed by MgO from in-
door air. Thermodesorption of water from MgO occurred at
temperature lower than 240◦C (curve (D) in figure 3) and
did not bring about a notable endothermic peak in the DTA
profile (curve (D*)).



A.I. Tsyganok et al. / Methane reforming with carbon dioxide 79

Figure 3. TG-DTA behavior of materials under nitrogen (20 cm3 min−1) atmosphere: MgAl–NiY (A, A*), pure Na2NiY (B, B*), physical mixture of
Na2NiY with MgO of 1 : 10 ratio by mol (C, C*), and MgO exposed to indoor air at room temperature for 5 days (D, D*).

The fact, that the NiY2− species contains six methylene
groups and two tertiary amines per every chelate anion,
strongly suggested that the total oxidation process of the
NiY2− species must be an exothermic reaction, regardless of
the spatial state of the NiY2− chelate (i.e., involved into the
LDH structure as in MgAl–NiY or “free” as in Na2NiY). In
other words, the presence of sufficient organic content in any
material due to NiY2− species implied that under oxidative
atmosphere the characteristic exothermic peak relating to the
combustion of the Y4− ligand ought to appear in the DTA
profile. To verify this assumption, MgAl–NiY and reference
samples were subjected to TG-DTA analysis under flow of
air at 5.0◦C min−1 temperature rate. The results obtained
are shown in figure 4. The first feature that can be seen from
the comparison of TG profiles of MgAl–NiY, pure Na2NiY
and Na2NiY–MgO mixture (curves A, B and C) is that the
drastic decrease in sample weight occurred at temperature
markedly less than 400◦C which significantly differed from
TG curves obtained under nitrogen flow. The air-pretreated

MgO (curve D) was the only material that revealed the same
TG profile under air as that obtained under nitrogen.

The results of DTA analysis done under air strikingly dif-
fered from those obtained under nitrogen, too. As expected,
all samples containing NiY2− species exhibited intensive
exothermic peaks that could definitely be attributed to the
combustion of Y4− ligand of NiY2− chelate. Thus, two
sharp peaks at 380 and 384◦C were recorded with MgAl–
NiY (curve (A*) in figure 4) while the combustion of Y4−
of Na2NiY led to appearance of a sharp peak at 368◦C and
a main broad peak with maximum at 382◦C (B*). The inter-
esting feature of DTA behavior of the Na2NiY–MgO phys-
ical mixture is that the presence of MgO had a promoting
effect on Y4− combustion leading to a shift of DTA peak
maximum to 364◦C (C*). Weak endothermic peaks at 97
and 230◦C in patterns (B*) and (C*) were due to release
of physisorbed and structural water, respectively, as it took
place under inert atmosphere (compare with curves (B*) and
(C*) in figure 3). The air-pretreated MgO (D*) demonstrated
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Figure 4. TG-DTA behavior of materials under air (20 cm3 min−1): curves assignment is the same as in figure 3.

an independent behavior: the resultant DTA profile had an
endothermic peak at 346◦C under both inert and oxidative
atmosphere. In other words, desorption of CO2 strongly
bound to basic surface of magnesia was an endothermic re-
action which did not depend on the atmosphere used in the
TG-DTA studies.

Finally, the notable exothermic peak at 328◦C in the DTA
profile of Na2NiY (curve (B*) in figure 4) was most proba-
bly due to combustion of organic impurity of Na2NiY. We
believe it could be (ethylenedinitrilo)tetraacetonitrile, trace
amount of which ought to offer a significant exothermic re-
sponse of the DTA analyzer under oxidative atmosphere.

3.2. Ni-catalyzed reforming of methane with CO2 at various
temperatures

As reforming of methane with carbon dioxide to synthe-
sis gas is an endothermic reaction, a rise in temperature im-
proves conversion of CH4 and CO2. The results obtained at
various temperatures with the Ni catalyst that was prepared

from MgAl–NiY LDH are shown in figure 5. For every
tested temperature CO2 conversion was notably higher than
that of CH4. It was presumably due to the side reaction of re-
verse water gas shift (RWGS) which accompanied the target
DRM reaction [1]. By this reason the selectivity to H2 low-
ered to about 61% at 500◦C and to 91% at 600◦C. It should
be pointed out that at all the tested temperatures the reduc-
tively pretreated Ni catalyst revealed a sustainable activity
toward DRM reaction within 6 h of time on stream demon-
strating no decrease in conversion and/or product selectivity.
For instance, at 800◦C, conversion of CH4 and CO2 reached
95 and 98% with keeping product selectivity at 98% level
for both H2 and CO.

CO2+ H2 � CO+ H2O (RWGS)

In order to measure the amount of coke that was deposited
onto the catalyst surface, the spent catalysts were subjected
to TPO. As can be seen in figure 6, the peak maximum of
CO2 emission (i.e., the temperature at which the maximum
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Figure 5. Nickel-catalyzed dry reforming of methane to synthesis gas at various temperatures.

Figure 6. Temperature-programmed oxidation of coke deposited over Ni
catalyst during DRM at various temperatures.

amount of CO2 was released) correlated with the tempera-
ture at which DRM was performed. In other words, the coke
deposited over the catalyst at higher DRM temperature re-
quired higher temperature for its oxidative removal. These
results indicate that carbon deposits formed at various DRM
temperatures might have different morphology and/or chem-
ical structure which leads in turn to their differentiation in
resistance to oxidation.

Table 3
Effect of DRM temperature on coke deposition onto Ni catalyst

surface.

DRM temperature Total amount of deposited carbon

(◦C) (µmol) (wt%)

500 128 1.0
600 1241 9.9
700 1129 9.0
800 886 7.0

Quantitative data for the total amount of carbon deposited
onto the catalyst surface under steady-state conditions are
summarized in table 3. The increase in temperature from
500 to 600◦C drastically accelerated the rate of coke deposi-
tion: one can see that the amount of carbon deposit increased
by nearly an order of magnitude. It could be assigned to
the changes occurring in the mechanism of carbon deposi-
tion. According to literature [22,23] and our calculations
(table 4), at 500◦C the most thermodynamically favorable
process leading to formation of coke is the Boudouard reac-
tion (shown under number 1 in table 4) which is catalyzed by
nickel. At 600◦C, the spontaneous dissociative adsorption
of methane to carbon and hydrogen also becomes achiev-
able and thus contributes to coke deposition (reaction (2) in
table 4). However, it should be noted that a rise in reaction
temperature further resulted in lowering the amount of de-
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Table 4
Reactions involving carbon: free (Gibbs) energy valuesvs. reaction tem-

perature.

Reaction �G0 (kJ) at temperature

500◦C 600◦C 700◦C 800◦C

(1) 2CO� Cgraphite+ CO2 −32.1 −12.9 6.3 25.8
(2) CH4 � Cgraphite+ 2H2 8.2 −1.0 −10.1 −19.1
(3) Cgraphite+ H2Ogas� CO+ H2 21.6 5.8 −10.2 −26.5

Figure 7. Check on the durability of Ni catalyst toward dry reforming of
methane at 800◦C.

posited coke (table 3). This finding indicates that at higher
temperature the carbon deposit appeared to become more re-
active and could be gasified by water vapor (see reaction (3)
in table 4) and by carbon dioxide (reversed Boudouard reac-
tion), both reactions becoming spontaneous at temperature
higher than 680◦C.

3.3. A check on the durability of Ni catalyst

As the Ni catalyst revealed no visible loss in activity
within 6 h time on stream, it was worthwhile to examine its
durability toward DRM reaction at 800◦C for longer time.
Thus, the experiment with 150 h time on stream was car-

Figure 8. SEM image of the surface of reductively treated Ni catalyst (sam-
ple was not subjected to DRM reaction).

ried out with pre-reduced catalyst. The results obtained for
reagent conversion, product selectivity and H2 to CO ratio
as functions of time on stream are shown in figure 7. One
can see that conversion of CH4 and CO2 remained as high
as 95.5 and 98%, respectively. Selectivity to both H2 and
CO ranged within 1% from 97.5 to 98.5%. However, due to
RWGS side reaction the H2/CO ratio did not reach the unity
value (though being as high as 0.985), and a trace amount of
water vapor was always detected by GC in the post-reactor
(effluent) gas stream.

3.4. Morphology of catalytically produced carbon deposit

Surface morphology of the reductively treated (but not
subjected to DRM) Ni catalyst can be evaluated from the
SEM image in figure 8. It is seen that the catalyst surface
resembled the agglomeration of flakes of irregular shape.
However, after 150 h DRM run at 800◦C the surface of the
catalyst completely changed. It became covered with carbon
of various textures. Most part of the catalyst surface was
coated with sponge-like carbon as it is seen in figure 9(A).
Some amount of filamentous carbon was observed also (B).
The least part of coke was presented with small agglomer-
ates of separate carbon grains (C). Fine carbon filaments up
to tens ofµm in length were also observed (as it is shown in
figure 9(C)) as well as carbon coils (D). The argument, con-
firming that most of deposited carbon was of graphite struc-
ture, came from TEM observations of the same spent catalyst
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Figure 9. SEM images of Ni catalyst surface after 150 h DRM run at 800◦C.
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Figure 10. TEM micrographs of Ni catalyst after exposure to DRM reaction at 800◦C for 150 h.

(figure 10(A)). Carbon filaments and coils were also graphitic
(B) and possessed with many surface defects. Nickel parti-
cles ranged in size from 15 to 35 nm and were mostly encap-
sulated with graphitic shells, as it is shown in figure 10(C).
The smallest fraction of Ni particles remained uncovered
with carbon even after 150 h DRM reaction (D).

3.5. A check on the reusability of Ni catalyst

The meaningful characteristic of a catalyst for practical
application in industry is its suitable reusability. To check
such a property of the Ni catalyst which was derived from
MgAl–NiY LDH, three consecutive DRM trials were per-

formed at 800◦C for 6 h, with TPO of deposited coke and
subsequent reduction of the oxidized catalyst with hydro-
gen (H2 : N2 10 : 35 cm3 min−1) at 600◦C for 1 h after every
DRM trial. The results obtained are shown in figure 11. As
can be seen in this figure, conversion of CH4 and CO2 de-
creased by nearly 1% after the first DRM–TPO–reduction
cycle, still being as high as 93.5 and 97%. The third DRM
run revealed CH4 and CO2 conversion of the same values
as of the second one. Additionally, for all three consecu-
tive DRM trials the selectivity to H2 and CO was as high as
97.5%.

The results of the temperature-programmed oxidation of
deposited coke are shown in figure 12 and table 5. As it
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Figure 11. Check on the reusability of Ni catalyst derived from MgAl–NiY LDH.

Figure 12. Temperature-programmed oxidation of coke deposited over Ni
catalyst during consecutive DRM runs.

is seen in figure 12, all three TPO “spectra” of CO2 emis-
sion had two distinguishable peaks with maxima at 475 and
600–625◦C. Such observation indicated that, according to
the number of peaks, consecutive DRM runs gave at least
two kinds of carbon, differentiated by resistance to oxida-
tion. An interesting feature can be drawn from the data in

Table 5
Coke deposited over Ni catalyst during consecutive

DRM runs.

Run number Total amount of deposited carbon

(µmol) (wt%)

1 886 7.0
2 762 6.1
3 641 5.1

table 5: it is seen that the amount of deposited carbon de-
creased with increasing number of DRM trial. It could be
attributed, for instance, to a decrease in surface area of cat-
alytically active metallic nickel due to its sintering. Alterna-
tively, under oxidative conditions of TPO nickel may “dis-
solve” in the mixed oxide support to form a NiO–MgO solid
solution [24] which would cause the nickel content on the
catalyst surface to diminish and therefore the coke forma-
tion rate to decrease.

4. Conclusion

It was shown that coprecipitation of Mg2+ and Al3+ with
pre-formed NiY2− species at a moderately high basic pH
resulted in the formation of a novel LDH phase where NiY2−
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chelate resided within the interlayer space of Mg–Al layered
double hydroxide. Incorporation of NiY2− led to an increase
in interlayer gallery distance to 9.9 Å compared with 3.0 Å
of hydrotalcite. Intercalated NiY2− species kept integrity as
confirmed with results of DRIFT and TG-DTA studies.

Calcination of MgAl–NiY LDH at 500◦C and subse-
quent reduction with hydrogen afforded a new Ni catalyst
suitable for reforming of methane with carbon dioxide to
synthesis gas. Such a catalyst demonstrated an appropri-
ate durability and could be used repeatedly after regenera-
tion treatment. Although the amount of catalytically pro-
duced coke attained up to 10 wt%, the coke deposition did
not cause a deactivation of the catalyst: both conversion of
reagents and product selectivity remained high and stable
since zero value of time on stream. It suggested that under
steady-state conditions the catalytically produced coke was
not inert and could be gasified by CO2 and by steam.

The high catalytic performance of the system reported in
this work should be attributed not only to a new Ni catalyst
but also to a reaction design. The upstream feed of reagent
gases caused the catalyst to “boil” and therefore provided the
fluidized-bed condition for the catalyst rather than the fixed-
bed one. It allowed avoiding such drawbacks of the fixed-
bed catalytic reactor as its clogging and inhomogeneous dis-
tribution of heat in the catalyst bed (i.e., “hot spot” effect).

In our future studies, catalytic properties of the reported
Ni catalyst will be explored more in detail and be compared
with those of catalysts prepared by other techniques. Re-
search on factors affecting the carbon deposition onto the
catalyst surface is also in progress.
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