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CO; reforming of CH,4 to synthesis gas was investigated on new grounds using Ni-containing phyllosili-
cates (PS) as catalyst precursors. Ni-containing 1:1 PS and 2:1 PS were synthesized hydrothermally from
a gel containing sodium silicate and nickel chloride, then they were reduced under H, flow before being
used as catalysts. Several complementary techniques including XRD, TG-DTA, FTIR, and TPR were used to
evaluate the structural, thermal, spectroscopic and redox properties of the samples, respectively. Ni 2:1
PS were found to be more thermally stable and catalytically active than Ni 1:1 PS. Well crystallized Ni 1:1
PS thermally treated at 700°C resulted in a transitional 2:1 PS phase. The reduction of structural nickel
in thermally stable PS led to the formation of nanometric Ni° particles over the surface of the remaining
unreduced PS as well as on silica. The unreduced PS structure with surface OH groups appeared as one
of the best supports for Ni° nanoparticles, resulting in less coke formation, and thereby leading to a high
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1. Introduction

The production of synthesis gas (CO+H;) through CO,
reforming of CH4 (CDRM) over Ni-based catalysts has received
considerable attention during the last two decades [1-3]. This
process is environmentally of interest because it allows one
to convert two undesirable greenhouse gases into a valuable
synthesis gas with a Hy/CO ratio of 1, which is more suit-
able for feeding a Fischer-Tropsch process [1-3]. The CDRM
has been investigated over both, noble metals [2-7] and Ni-
based [2,3,8-13] supported catalysts. Inherent availability and low
cost of nickel when compared to noble metals favor the scal-
ing up of CO, reforming reaction. However, the main drawback
of the CH4-CO, reforming reaction is the large thermody-
namic potential for coke formation, which causes the catalyst
deactivation and reactor plugging. Nevertheless it has been
reported that a high dispersion of nickel particles over basic
supports, as well as a strong interaction between the metal
and the support can reduce or suppress the carbon formation
[14-18].

In order to control the metal-support interaction, several novel
preparation routes or modified known techniques have been inves-
tigated, especially for silica supported Ni catalysts [17-19]. Che
et al. [17] reported a two-step procedure for the preparation of
a Ni/SiO, catalyst exhibiting enhanced interaction between Ni
and SiO,. Several authors mentioned that the reaction occurring
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between Ni species and SiO, during the preparation of the cat-
alysts led to the formation of phyllosilicate (PS) phases [17,19].
For example, the silica supported nickel material prepared by
deposition—precipitation and ion exchange methods showed con-
siderable amount of 1:1 PS and 2:1 PS phases, respectively [19,20].
Recently, poorly crystallized Ni-containing smectite (a clay mineral
similar to 2:1 PS) was prepared and evaluated for CORM [21]. How-
ever, it was found that the catalysts deactivated very quickly due
to carbon deposition [21].

To the best of our knowledge, synthetic Ni-containing phyl-
losilicates have not been explored yet as catalysts precursors for
the CO, reforming of methane. Ni-containing 2:1 phyllosilicate
(Ni 2:1 PS) has the Ni3SizO19(OH), structural formula (~36% of
Ni), whereas Ni-containing 1:1 phyllosilicate (Ni 1:1 PS) has the
Ni3Si, 05(0OH)4 one (~46% of Ni). The idealized structures of both
1:1 and 2:1 PS are shown in Fig. 1. In Ni 1:1 PS, each layer con-
sists of one tetrahedral sheet (Si coordinated to four oxygen atoms)
and one octahedral sheet (Ni coordinated to six oxygen atoms
or hydroxyl groups). In the case of a 2:1 PS layer structure, one
octahedral sheet sandwiched between two tetrahedral sheets. The
detailed description of these structures can be found elsewhere
[22-24].

In the present study, Ni 1:1 PS and Ni 2:1 PS were syn-
thesized hydrothermally with variable crystallinity depending
on the hydrothermal treatment temperature. Several techniques
were used to evaluate their structural (XRD), thermal (TG-DTA),
spectroscopic (FTIR) and redox (TPR) properties. All synthe-
sized samples were reduced in situ under a H, flow in order
to yield the Ni® supported catalysts, before being evaluated
in the CO, reforming of CHy. Finally, the thermal stability of
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Fig. 1. Idealized structure of 1:1 PS and 2:1 PS.

Ni-based PS was highlighted with regard to their catalytic prop-
erties.

2. Experimental
2.1. Synthesis

The hydrothermal synthesis procedure reported by Decarreau
[25,26] was adapted to prepare the Ni 1:1 PS and Ni 2:1 PS from
a gel containing sodium silicate and nickel chloride. After being
hydrothermally treated at 80 and 200 °C, the solid products were
separated from the solution by centrifugation and washed repeat-
edly with distilled water, till the elimination of chloride ions. Then,
the Ni-based phyllosilicates were dried in a commercial microwave
oven for about 30 min at 85-90°C (temperature measured with a
Raytek laser pyrometer) and thoroughly grinded in an agate mortar
before use. The Ni-containing phyllosilicates are labeled L-x and T-
X, where Land T refer to the Lizardite (Ni 1:1 PS) and Talc (Ni 2:1 PS)
structures and x stands for the experimental synthesis conditions
(hydrothermal temperature and duration time). The detailed com-
position, labels and experimental conditions of the Ni-containing
phyllosilicates are shown in Table 1.

2.2. Characterization

Powder wide-angle XRD patterns were recorded on a Pana-
lytical X’pert Pro diffractometer equipped with Cu Ka radiation
and operating at 40 kV, 40 mA. Fourier Transformed Infrared spec-
tra were obtained with a Nicolet 510 FTIR spectrometer in the
4000-250cm~! range. After keeping the KBr pellets (containing
1-2 wt.% of sample) at 110°C overnight, the spectra were recorded
at room temperature (RT) with 4cm~! resolution in transmission
mode. The thermogravimetric analysis of the samples was car-
ried out on a Q600 DTA microbalance from 25 to 1000°C at a
heating rate of 10°Cmin~! under an air flow of 100 mL min~!. H,-
TPR experiments were performed on a Micromeritics Autochem
2910 apparatus. The samples (100 mg) were pre-treated in argon
at 500°C for 1h prior to heating under H, flow (5% Hj +95% Ar)
from 20 to 1000 °C at a heating rate of 5°Cmin~!.

2.3. Catalytic test

The CO, reforming reaction was carried out in a fixed-bed con-
tinuous flow reactor at atmospheric pressure. A weighed amount
of catalyst (equivalent to 10 mg of Ni) was mixed with SiC, thor-
oughly grinded and placed in the reactor. The total quantity of
catalyst and SiC was kept constant as 360 mg for all samples. The
catalyst was activated with pure H, (flow of 35 mL min~—1) at 700 °C
for 1 h and then cooled down to RT, before the reaction started by
introducing a mixture of CH4 and CO, (50:50) with a total flow
rate of 100 mLmin~! (GHSV=6 x 10° mLh~! gy;~!). The tempera-
ture was increased from RT to 700 °C at a heating rate of 10 °C min~!
and maintained at this temperature for the desired reaction time.
The reaction products were analyzed by online gas phase chro-
matographs with TCD and FID.

2.4. Data evaluation

The conversion of CH4 and CO,, H,/CO mole ratio, C balance and
H, balance were followed by the equations:

Conversion of CHy

. Nin out
FIHNCH4 FOUtNCH4

. Nin
FinNey,

X, = x 100 (%) 1)

Conversion of CO,

. NIn out
FlnNC02 FOthI\JCO2

Xco, = = x 100 (%) (2)
F inNco2
H,/CO ratio
out
Ry, jco = Ll:it (3)
Neo

The determination of the carbon balance allowed us to check that
a possible carbon deposit occurred during the catalytic reaction.
The carbon balance was determined from the total amount of the
products analyzed at the end of the catalytic reaction, divided by
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Table 1
Experimental synthesis conditions and TPR data of Ni 1:1 PS and Ni 2:1 PS.

Sample code Synthesis conditions TPR data

Phyllosilicate type

Temperature (°C) Time (days) Temperature maximum (°C) H, consumed (mmol g—') Theoretical consumption of H, (mmolg-!)

L1 80 14 562

L2 1:12 200 4 555,720

L3 200 14 558, 752

T1 80 14 519,94 681
T2 2:1¢ 200 4 774

T3 200 14 799

7.90
7.81 7.89°
7.47
5.81
6.31 6.22¢
6.21

a 2Si0,Na,0:3NiCl;:2NaOH; pH of synthesis ~9.
b Molecular weight of Ni3Sis019(OH); =484.4 g.
¢ 4Si0,Na,0:3NiCl,: 2HCI; pH of synthesis ~6.

d s=shoulder.

¢ Molecular weight of Ni3Si»Os(OH)s =380.3 g.

the total amount of methane and carbon dioxide introduced in the
reactor (Eq. (4)). Moreover, the amount of carbon deposition on
spent catalysts was quantified using thermogravimetric analysis.
C balance
Fout Nout + Nout + Nout
b— (Neg' -+ N, +Neg, ) x 100 (%) (4)

: in : in
FinN&y, + FinNGb,

The hydrogen balance was calculated according to Eq. (5), corre-
sponding to the ratio of the total amount of hydrogen-containing
products analyzed at the end of the reaction by the total amount
of methane introduced in the reactor.

H, balance
E, t Nout+2N0ut
Hyb = —o (N = &) 100 (%) (5)
2N,

where F;, and Fyy; are the total flow rates of the inlet and outlet
gases, respectively, N!" and NiOUt are the molar fraction of ‘i’ in the
inlet and outlet gases, respectively.

3. Results and discussion
3.1. XRD data

The wide-angle XRD patterns of Ni 1:1 and Ni 2:1 PS are shown
in Fig. 2. Both Ni-based PS synthesized at 200 °C display the charac-
teristic reflections of their corresponding layered structure (JCPDS
file nos. 49-1859 and 22-0711) [26] and no other diffraction lines
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Fig. 2. Powder XRD patterns of Ni 1:1 PSand Ni 2:1 PS(a) L1, (b) L2, (¢)L3,(d) T1, (e)
T2, (f) T3, (g) L2 calcined at 700 °C, (h) T2 calcined at 700°C, (i) L2 reduced at 700°C,
and (j) T2 reduced at 700°C. +=1:1 PS, 0=2:1 PS, #=Transitional 2:1 PS, “=NiO,
*=NiC.

related to NiO. The dgg; basal spacing of L2 and T2 samples are,
respectively, of 0.74 and 0.98 nm. The fact that the dgp; basal spac-
ing of T2 sample (0.98 nm) is higher than the value of 3 x dgg3
(~0.945 nm), is attributed to the small number of stacked layers
[24]. Poorly crystallized phases are observed for low temperature
synthesized samples (80°C), which exhibit only some hk peaks
(biperiodic structure), indicating that the layers are stacked tur-
bostratically (Fig. 2a and d) [26]. XRD patterns of reduced L2 and
T2 samples at 700 °C (which are used as catalysts for the reforming
reaction) show the characteristic peaks of metallic Ni only (Fig. 2i
and j). The peaks at 260 of 44.5° and 51.8° are due to Ni® with cubic
face centered structure (JCPDS file no. 87-0712). The presence of
the PS structure is no more identified in the XRD patterns of the
reduced specimens (Fig. 2i and j).

3.2. FTIR data

IR spectra show the characteristic bands of Ni 1:1 PS (L-type
samples) and Ni 2:1 PS (T-type samples), with the stretching OH
bands at 3649 and 3627 cm~!, respectively (Fig. 3). These bands
are also well observed for L1 and T1 samples (80°C - 14 days),
confirming the PS structure for the samples synthesized at low
temperature. The v Si-O modes are resolved as doublet in Ni 1:1
PS samples (Fig. 3), whereas one single band is observed for crys-
talline Ni 2:1 PS. According to Balan et al. [27,28], the band at
1079 cm~! of L3 compound (200°C - 14 days) is related to the
symmetric stretching of apical Si-O vibration, whereas the band at
978 cm~! of L3 is related to the two degenerated equatorial stretch-
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Fig. 3. FTIR spectra of Ni 1:1 PS and Ni 2:1 PS. Inset (A) reduced T2 sample at 700°C,
(B) unreduced T2, (C) untreated L2, (D) L2 thermally treated at 500°C and (E) L2
thermally treated 700 °C.
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Fig. 4. TG patterns of spent L2 and T2 catalysts (A) and carbon balance during the
reaction over reduced L2 and T2 (B). Wt. of sample = 20 mg; Air flow =100 mL min~!;
heating rate=10°Cmin~"'.

ing modes (or in-plane vibrations) of Si-O. It has been reported
that talc structures (similar to Ni 2:1 PS) exhibit a symmetric peak
absorbing around 1020 cm~!, mainly corresponding to the in-plane
Si-0 vibrations [29,30,20]. In agreement with previously reported
results [20], the band centered at 1003 cm~! of L1 sample moves
to a lower wavenumber (978 cm~!) for the highly crystalline L3
sample, whereas the band at 1045cm~! of L1 shifts to higher
wavenumber for L3 (1080 cm~1). Well crystallized Ni 2:1 PS sam-
ples exhibit a characteristic doublet at 710 and 670 cm~!. These
peaks are assigned, respectively, to the §OH vibration and to the
tetrahedral Si-O mode vibration in 2:1 layer structure [31]. In the
case of Ni 1:1 PS, only one broad band at 670 cm~! integrating the
80H motion is observed. In the case of both PS, the bands observed
at ~460 and ~425cm~! can be assigned mainly to Ni-O-Si vibra-
tions and 8Si-O vibrations, respectively [27,28].

FTIR patterns of reduced T2 sample are shown in Fig. S1 (see sup-
porting information). T2 sample (200 °C - 4 days) reduced at 700 °C
shows the characteristic SOH bands of 2:1 PS at 711 and 670cm™1,
which indicates the presence of a remaining PS structure. How-
ever, when T2 sample is reduced at 900°C, no peaks related to
SOH vibration bands are evidenced, which point out the complete
destruction of the 2:1 PS phase. No characteristic bands of OH
groups are detected in L2 sample reduced at 700°C.

3.3. Thermal stability

3.3.1. TGA data

TGA patterns of L2 and T2 samples are shown in Fig. 4. The
first weight loss occurring below 150°C and corresponding to an
endothermic peak at about 60-80°C (not shown) is ascribed to
the free absorbed water, whereas the second weight loss observed
above 200°C is due to the removal of structural OH groups. A loss
of about 4 and 2.5 structural OH groups is observed for L2 and
T2, respectively. Dehydroxylation of L2 sample takes place from
450 to 600°C (Fig. 4), while that of the corresponding Ni 2:1 PS
material (T2 sample) occurs only after 800 °C without any charac-
teristic DTA peak, demonstrating the high thermal stability of the Ni
2:1PS.

3.3.2. Phase transitions

Powder XRD patterns of both PS after thermal treatment at dif-
ferent temperature (static air atmosphere, heating rate 10°C min~1,
1h) illustrate that Ni 2:1 PS are more stable than their Ni 1:1 PS

counterparts (Fig. S2), which is in accordance with dehydroxylation
of PS observed in TG analysis (Fig. 4). After the thermal treatment
at 500°C, the L1 sample (80°C - 14 days) is transformed mainly
into amorphous silica and Face Cubic Centered (FCC) NiO, whose
crystalline nature increases with increasing treatment tempera-
ture. At 700°C, the Ni 1:1 PS synthesized at 200°C (L2 sample) is
transformed into an unidentified transitional phase (broad peak at
1.42 nm) and crystalline NiO (FCC). This behavior is better observed
for the well crystallized L3 sample (Fig. S3). FTIR patterns of ther-
mally treated L2 sample at 500°C, evidenced a broad §OH band
around 670cm~!, which transformed into a doublet in the range
of 710 and 670cm~! (characteristic of a 2:1 PS phase) at 700°C
(Fig. 3 inset C-E). Therefore heat treatment of Ni 1:1 PS at 700°C
(L2 sample) results in a transitional 2:1 PS phase (Tran-2:1 PS). It
was already reported that Ni rich 1:1 garnierite (similar to 1:1 PS)
with a 0.7 nm dgg; spacing exhibited a well defined peak around
1.3-1.2nm after a thermal treatment and that low angle reflec-
tion was tentatively ascribed to a Ni-containing sepiolite-like phase
(similar to 2:1 PS) [32].

The T2 layered structure (Ni 2:1 PS synthesized at 200°C for
4 days) is found to be stable up to 700°C and partial appearance
of dgg1 peak even after treating the sample at 900°C confirms the
thermal stability of 2:1 PS phase. Neither Ni-olivine (Ni,SiO4) nor
Ni-enstatite (NiSiO3) is formed after thermal treatment of Ni 1:1 PS
and Ni 2:1 PSat 900 °C, suggesting that NiO can react with SiO; only
at higher temperature (above 1400 °C), due to anion arrangement
constraints [32,33].

3.4. TPRdata

TPR patterns (Fig. 5) clearly reveal the absence of Ni(OH), or
NiO phases in the well crystallized samples (absence of reduction
peak below 400 °C). TPR pattern of L3 sample (Ni 1:1 PS synthesized
at 200°C for 14 days) shows a resolved doublet peak (at tempera-
ture maxima of 558 and 752 °C), when compared with L1 sample
(80°C - 14 days). In contrast, both Ni 2:1 PS samples synthesized
at 200°C (T2 and T3) exhibit one single and well defined reduction
peak at 800°C. Due to their low thermal stability, the reduction
of Ni present in 1:1 PS occurs at a lower temperature than their
2:1 counterparts. The doublet TPR pattern of L2 and L3 compounds
can be attributed to their thermally transformed Tran-2:1 PS phase.
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Fig. 5. TPR patterns of Ni 1:1 PS and Ni 2:1 PS. Wt. of sample = 100 mg, 5% H; +95%
Ar; flow =50 mLmin~'; heating rate=5°Cmin~!. Note: All samples are preheated to
500°C under Ar atmosphere. Except for L1 sample, the structure of all samples is
stable even after thermal treatment at 500 °C (Fig. S2. See supporting information).
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Table 2
Catalytic activity and stability of Ni 1:1 PS and Ni 2:1 PS.

Catalyst Conversion at 12 h of reaction % Decrease in conversion after 12 h H,/CO ratio after 12h
CH4 CO, CH4 CO,
L1 16.4 23.7 25.5 24.8 0.8
L2 20.8 30.6 43,5 33.8 0.7
L3 29.0 393 12.0 8.5 0.8
T1 37.6 47.7 - - 0.8
T2 34.0 50.5 4.0 7.0 1.1
T3 393 60.7 5.8 14.0 0.7
T2 reduced at 900°C 16.7 35.2 52.3 29.5 0.7

Conditions: Wt. of Ni=10mg, reduction at 700 °C, reaction temperature =700 °C, CH4:CO; =50:50, flow = 100 mL min~".

Reduction of structural Ni in this Tran-2:1 PS needs a higher tem-
perature than that required for Ni in 1:1 PS phase.

The amount of Hy consumed during the reduction process of
both PS is shown in Table 1. It can be noticed from the H; con-
sumption for the reduction of L1 and L2 samples that Ni species
are reduced almost quantitatively. More than 95% of Ni in L3 sam-
ple (Ni 1:1 PS synthesized at 200°C for 14 days) is reduced. In
the case of Ni 2:1 PS, the amount of H, consumed during the
TPR experiments is in agreement with the amount of Ni in T2
and T3 compounds (synthesized at 200 °C). Whereas for T1 sample
(80°C - 14 days), the gel prepared according to the 2:1 PS com-
position is slightly acidic (pH~ 6) and a part of Ni is observed in
the centrifuged fraction (solution phase) (Table 1). Thus, a lower
content of Ni in T1 sample results in a lower H, consumption
during TPR measurement (Table 1). This observation points out
that a higher temperature is necessary to prepare the Ni 2:1
PS.

From the TPR results, it can be highlighted that (i) Ni in both
PS is nearly totally reduced during the TPR measurement and (ii)
the reducibility of Ni slightly decreases with the increase of the
crystallinity of PS (Table 1).

3.5. CO, reforming of CHy

3.5.1. CH4 and CO; conversion

The methane reforming reaction was carried out over the
reduced Ni 1:1 PS and Ni 2:1 PS samples at atmospheric pres-
sure, using a mixture of CH4 and CO, without any dilution of gases.
Both PS are subjected to reduction (as described in Section 2.3)
before the reaction. The labels of both PS are used as it is, while
describing their catalytic properties. As shown in Fig. 6A and B,
the catalytic activity of Ni 2:1 PS compounds is always higher than
that of the corresponding Ni 1:1 PS counterparts. Moreover, the
increase in crystallinity of both Ni-based PS (L3 and T3 samples)
leads to a more important conversion of CO, than CHy. The cat-
alytic conversion of CO, and CH4 after 12 h of reaction, coupled
to the catalytic stability value indicate that Ni 2:1 phyllosilicates
exhibit a higher catalytic stability than Ni 1:1 PS phases (Table 2).
Due to the high thermal stability of Ni 2:1 PS, the Ni in the structure
requires a higher temperature (more than 700°C) to be reduced
into Ni® than in Ni 1:1 PS phases (Fig. 5). This indicates (i) a par-
tial reduction of Ni in 2:1 PS structure, which results in less Ni?
metal-metal interaction, thereby in less Ni® sintering, and (ii) that
the remaining unreduced 2:1 PS acts as support for Ni® together
with SiO;.

XRD patterns recorded after reduction at 700°C of L2 and T2
samples clearly show the presence of metallic nickel in both sam-
ples (Fig. 2i and j). The observed differences in the FWHM of the
(111) diffraction lines point out the smaller size of the Ni® par-
ticles formed after reduction of T2 sample (Fig. 2j) than those of
L2 specimen (Fig. 2i). The mean crystal domain size measured by
the Scherrer equation of reduced T2 and L2 are, respectively, of 6

and 7.4 nm. TEM characterization performed after TPR experiments
(not shown here) indicates that the Ni® particles size varies from
4 to 15nm (average diameter 9nm) for T2 and from 5 to 24nm
(average diameter 14 nm) for L2 sample. According to previously
reported CO, reforming results on reduced Ni/SiO-, catalysts, lower
Ni® particles size and less metal-metal interactions appear as a
prerequisite for high catalytic activity [1,34]. Thus, the higher cat-
alytic activity of Ni 2:1 PS can be due to the partial reduction of Ni
and/or the higher thermal stability of these 2:1 PS materials com-
pared with Ni 1:1 PS ones. The higher activity exhibited by L3 when
compared with the corresponding low temperature synthesized L1
sample may be explained in a similar way. As mentioned earlier
(Section 3.3), the thermal treatment of L3 at 700 °C leads to a Tran-
2:1PS phase. It can be noticed from the TPR pattern of L3 sample
that only 60% of Ni is reduced up to 700 °C (Fig. 5). Hence, the partial
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Fig. 7. Schematic representation of Ni 2:1 PS as catalyst precursor for CO, reforming reaction.

reduction of Ni in L3 leads to an unreduced PS phase, which acts as
a support for Ni® particles, thereby increasing the catalytic activity.
In the case of L1 sample, the complete reduction of Ni leads to Ni°
particles supported on SiO, only.

XRD patterns of reduced L2 and T2 samples at 700°C do not
show any characteristic peak of a PS structure (Figs. 2i and jand S1).
However, the FTIR spectrum of the reduced T2 sample shows the
characteristic band of §OH vibrations (Fig. 3, inset A and B), indi-
cating the presence of a remaining PS structure. Various authors
have shown that the CH,4 dissociation over a Ni®/support surface
took place via the formation of various CHy species [34-36]. Brad-
ford and Vannice [1] mentioned that surface hydroxyl (OH) groups

can interact with CHy species, which can further dissociate. It is also

interesting to note that aremarkable increase of the CO, conversion st

is observed over well crystallized samples (T3 and L3) oppositely to 4 - _.._.__.-o-__.___.---.--_..___.--—""‘
poorly crystallized samples (T1 and L1). Therefore, our results point %ﬁ%wmﬁm&@
out that the presence of structural OH groups, as well as the nature 90 e S 7]
of the support, greatly enhances the CO, conversion. A schematic < S RIS L A
representation of Ni 2:1 PS as catalyst precursor for CO, reform- g R N —
ing reaction is shown in Fig. 7. The catalytic activity of T2 sample 5 554 —o—L1 ™
reduced at higher temperature (900°C instead of 700°C) shows e —o=12

a drastic decrease in catalytic activity and stability (Table 2 and = —A—L3

Fig. S4). The 2:1 PS structure of T2 is completely modified after ——T1

reduction at 900°C (Fig. S1). Thus, SiO, is the only support for Ni 0 :::E

particles. The increase in Ni® mean crystal domain size can also

account for the lower catalytic properties of T2 sample reduced at

900°C (Fig. S1). This study also points out that SiO, as support for i o 2 1 & & 10 1

Ni® particles and higher Ni® particles size cause the poor catalytic
activity. In the case of T2 sample reduced at 700 °C, the remaining
unreduced PS structure as a part of Ni® particles support as well as
lower particle sizes of Ni° are responsible for the higher catalytic
activity (Table 2 and Fig. S1).

3.5.2. H,/CO ratio

All the catalysts show a higher CO, conversion than that of
CH,4 (Fig. 6 and Table 2). It can be assumed that CO, is consumed
simultaneously in the reverse water gas shift reaction (RWGS:
CO; +Hy — CO +H,0). This assumption is substantiated by the fact
that low (less than one) H,/CO molar ratios are observed during
the reaction, except for T2 sample (H,/CO molar ratio is above 1
even after 12 h of time on stream). Fig. 8 clearly shows the negative
H, balance during the reaction except for T2 sample. This indicates
that the RWGS reaction occurs simultaneously with the reform-
ing reaction. Thus, higher CO, conversion than CH4 conversion is
mainly due to the reaction between H, and CO,. The detailed study
of the catalytic activity of these Ni-based phyllosilicates towards
RWGS will be investigated to elucidate the effect of RWGS in the
reforming reaction.

3.5.3. Carbon deposition and catalytic stability
As mentioned in the Section 2, if a carbon balance discrepancy
was observed, this means that coke formation occurred during the

catalytic reaction. The amount of carbon deposition on spent cat-
alysts was then quantitatively determined by thermogravimetric
analysis. As shown in Fig. 9, the TGA results of the spent catalysts are
in agreement with those of the carbon balance. Indeed, the amount
of carbon deposits after the reforming reaction is, respectively, of
~0.3% and 2.2% for T2 and L2 samples. By taking into account the
dilution factor due to SiC, the amount of carbon deposition is found
to be ~1% and 22%, respectively. Moreover, after 12 h of reaction
over T2 and L2, a decrease in CH4 conversion, respectively, of 4%
and 45% is observed (Table 2). Thus, the absence of coke deposit on

Time, h

Fig. 8. H, balance during the reforming reaction over reduced Ni 1:1 PS and Ni 2:1
PS.
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Fig. 9. (A) Carbon balance during the reforming reaction over reduced L2 and
T2 catalysts and (B) TG pattern of spent L2 and T2 catalysts. For TGA studies,
Wt. of sample (Ni-containing PS+SiC)=~60mg; air flow=100mLmin~'; heating
rate=10°Cmin~"'.
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spent T2 sample results in a far higher catalytic activity and stability
of T2 sample than for the corresponding L2 compound.

Leroi et al. [37] studied the carbon formation from acetylene
decomposition on antigorite-based Ni® (1:1 PS structure). Carbon
growth was hardly observed on partially reduced nickel antigorite
samples. In fact, carbon formation occurred in areas where unre-
duced nickel antigorite layered structure did not exist [37]. This
implies that Ni® supported on unreduced PS structure does not
favor the coke formation. Moreover, recent studies have shown
that the presence of surface OH groups decreased the possibility
of CHy scission into surface carbon species [38]. In the particular
case of T2 sample, the remaining unreduced PS structure (with OH
groups) as support for Ni® could prevent the coke formation dur-
ing the reaction. Thus, the present study demonstrates that well
crystallized and thermally stable Ni-containing phyllosilicates are
efficient catalyst precursors for the CO, reforming of CHy.

4. Conclusion

For the first time, hydrothermally synthesized Ni-containing
1:1 and 2:1 phyllosilicates (PS) are used as catalyst precursors for
CO, reforming of CH4. XRD and FTIR investigations on thermally
treated Ni 1:1 PS clearly reveal the formation of a transitional
phase similar to 2:1 PS. Ni-based 2:1 phyllosilicates materials
prove thermally stable and exhibit excellent catalytic properties
when compared with Ni 1:1 PS compounds. Partial reduction of
Ni species in thermally stable PS phases results in well dispersed
nanometric Ni® particles. Moreover, the remaining unreduced PS
structure with surface OH groups serves as better support for Ni?
nanoparticles and is shown to inhibit the coke formation, thereby
enhancing the catalytic stability. Our results demonstrate that
thermally stable Ni-containing PS materials are highly promising
catalysts compared with the ones used until now for CO, reforming
of CHy4.
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