Eurasian Chem.-Technol. J. 25 (2023) 21-32

https://doi.org/10.18321/ectj1492

Effect of Lanthanum Oxide on the Activity Ni-Co/Diatomite Catalysts

in Dry Reforming of Methane

G.Y. Yergaziyeva'*, E. Kutelia?, K. Dossumov?, D. Gventsadze?, N. Jalabadze?, T. Dzigrashvili?,
L. Nadaraia?, O. Tsurtsumia? M.M. Anissova'!, M.M. Mambetova!’, B. Eristavi?, N. Khudaibergenov*

!Institute of Combustion Problems, 172, Bogenbay batyr str., Almaty, Kazakhstan

’Georgian Technical University, 7, Kostova str., Tbilisi, Georgia

Article info

Received:
8 July 2022

Received in revised form:

10 September 2022

Accepted:
25 October 2022

Keywords:

Catalysis, Dry reforming
of methane, Diatomite,
Modifying additive,

Abstract

The effect of modifying additive (La,0s) on the activity of Ni-Co oxides was studied
for the dry reforming of methane (DRM). The catalysts were prepared by impregnation
of the granulated diatomite (D) and characterized by SEM, EDX, H,-TPR, XRD, and
AES. It is shown that the addition of 1.5 wt.% La,0O; into the Ni-Co/D composition
leads to an increase in the activity of the catalyst, providing a methane conversion
that is close under thermodynamic equilibrium conditions in the temperature range
of 700-850 °C. The highest activity is achieved at T = 850 °C, the conversion of
methane is 96%, and carbon dioxide is 92%. The addition of lanthanum oxide to
the Ni-Co/D composition led to an increase in catalyst stability; after testing in the
DRM reaction for 360 min, the deactivation coefficient for methane was 3.4%, and
for carbon dioxide 2.5%. While significant deactivation is observed for Ni-Co/D,
the deactivation coefficient for methane is 19%, and for carbon dioxide 36%. Many
characterization results (SEM, H,-TPR, and XRD) confirm that Ni-Co-La/D has
abundant surface oxygen and the presence of spinel structures that contribute to the

Methane conversion,
Syngas

reactivity of CH, and CO,, which positively affect its activity.

1. Introduction

Carbon dioxide (CO,) is the main greenhouse
gas that contributes significantly to global warm-
ing and climate change. The main sources of CO,
emissions are human activities, agricultural activ-
ities, and some industrial processes. Many efforts
are currently being made to control and use CO..
The most promising process for using CO, is the
dry reforming of methane, the interaction of CO,
and CH, to produce synthesis gas [1]. Dry methane
reforming (DRM) is an efficient way to convert
greenhouse gases (CO, and CH,) in the presence of
a catalyst into syngas with an H,/CO ratio suitable
for methanol synthesis and the Fischer-Tropsch
process [2].

Typical catalysts for DRM are noble metals and
catalysts based on transition metal oxides (Ni, Co,
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etc.). The high price of precious metals limits their
widespread use. Nickel-based catalysts are as ac-
tive as noble-metal catalysts. Their main disadvan-
tage is rapid deactivation due to carbon deposition.
Therefore, many researchers have explored various
approaches to minimize carbon formation on nick-
el catalysts. It has been shown that, for nickel cat-
alysts, the addition of oxides of alkaline earth and/
or rare earth metals reduces coke formation due to
the formation of carbonates or oxycarbonates during
the reaction [3—6]. It has been suggested that the ad-
dition of promoters with basic properties such as
MgO, Ca0O, and La,O; can improve both catalyst
performance and coke resistance [7]. It was found
in [8, 9] that the addition of La,O; to a Ni-contain-
ing catalyst can increase the dispersion of Ni parti-
cles on supports and reduce the agglomeration of Ni
particles during DRM. In addition, lanthanum oxide
can adsorb and react with CO, to form La,0,CO,
particles on the catalyst surface, which can accel-
erate the conversion of CH, surface particles [10].
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Catalysts based on Co oxides are less active in
the DRM reaction, but more stable to coking than
nickel catalysts [11-13].

The effect of lanthanum oxide on the activity
of 10 wt.% Co/MA was studied in [14], where the
catalyst promoted with lanthanum oxide not only
showed higher activity in DRM, but also gave less
deposited carbon compared to the unpromoted co-
balt catalyst. The increase in the activity of the co-
balt catalyst with the addition of lanthanum oxide
is associated by the authors with a decrease in the
size of Co;0, crystallites, with an improvement in
the reducibility of the catalyst and an increase in
the basic character.

Research of DRM is being carried out on both
monometallic Ni- and Co-containing and bimetallic
Ni-Co catalysts [15—17]. Recently, much attention
has been paid to bimetallic catalysts. Ni-Co con-
taining bimetallic catalyst was considered in [18].
Bian et al. and others [18-20] highlight the good
coking resistance and catalytic performance of Ni-
Co catalysts compared to other bimetallic transition
element catalysts. These properties were associated
with the formation of an alloy between Ni and Co
and their mutual stabilization. Ni, which is more ac-
tive in the dissociation of methane, is deactivated
due to coking. In the activation of carbon dioxide,
Co is more active, which is deactivated by reoxi-
dation. In the Ni-Co bimetallic catalyst, the flow of
hydrogen from Ni to Co prevents its oxidation, and
the high affinity of cobalt for oxygen promotes the
oxidation of carbon and reduces coking [21].

Very little has been written in the literature
about the effect of lanthanum as a promoter on the
activity of a Ni-Co containing bimetallic catalyst
in DRM. There are works where lanthanum oxide
was investigated as a support for Ni-Co [22-24].

The authors of [22, 24] obtained bimetallic
catalysts with Ni-Co alloy nanoparticles well dis-
persed on a La,0; support by reducing perovskite
precursors LaCo,Ni,_,O;. Ni-Co-containing bime-
tallic catalysts showed high activity in the DRM
reaction. The authors attribute this activity to the
formation of highly dispersed Ni’-Co® particles on
the La,0,CO; matrix, which prevents coke forma-
tion, despite the harsh reaction conditions.

In addition to lanthanum oxide, various com-
pounds have been studied as supports for Ni-Co:
Al,O;, Si0,, MgO, zeolites, etc. [25].

To make the developed catalysts available for
wide industrial use, efforts are being made to limit
the cost of materials not only concerning the depos-
ited metal active phase but also by considering inex-

pensive and widely available media. In the last few
years, some natural minerals, such as clinoptilolite
[26], and diatomite [27], have been used as sup-
ports for catalysts for the dry conversion of meth-
ane. Among various porous materials, diatomite is
more attractive due to its highly porous structure,
low density, and large specific surface area [27].

Diatomite is a type of biogenic siliceous sedi-
mentary rock formed as a result of the deposition of
unicellular aquatic algae, consisting of a significant
number of diatoms of various shapes and sizes.

Karam Jabbour [27] used diatomaceous earth as a
substrate for the deposition of 5 wt.% NiO. A mono-
metallic catalyst containing 5 wt.% Ni/diatomite
and 5 wt.% Ni/SiO, was prepared by the two-solu-
tion (cyclohexane/water) precipitation method.
Compared to Ni/SiO,, the 5 wt.% Ni/diatomite cat-
alyst was relatively stable during catalytic measure-
ments carried out at 650 °C for 12 h. In addition,
carbon deposits with lower toxicity (easier removed
by reactivation) were obtained on the 5 wt.% Ni/
diatomite catalyst than those formed on Ni/Si0O,.

The purpose of this work is to study the effect
of lanthanum oxide on the activity of Ni-Co/di-
atomite catalysts in the processes of DRM. For the
synthesis of catalysts, the method of capillary im-
pregnation was used. In addition, diatomite from
the Georgia deposit was used for the first time for
DRM. The abundant and available diatomite mines
encourage the industry to use it, which is cheaper
than Al,O;. Therefore, synthesizing a highly effi-
cient and stable diatomaceous earth catalyst can
significantly reduce costs.

2. Materials and methods
2.1. Preparation of catalysts

Diatomite from the Kisatibi deposit, Georgia,
was used as a support for Ni-Co and Ni-Co-La.
Diatomite is crushed in a mill, coarse powders are
obtained with a grain dispersion in the range of
~100+400 um. The obtained coarse powders are
further crushed in a vibrating mill for 40 min to a
fine-grained powder with particle sizes in the range
of ~100 nm + 5 um. Then the resulting powder is
granulated by molding in mini-form granules of the
same shape (cylindrical, ¥2.7 mm, h = 2.7 mm).
Diatomite granules are calcined at atmospheric
pressure at a rate of 2 °C/min up to 600 °C in the air
with a holding time of 1 h. The catalysts were pre-
pared by capillary impregnation of the support. In
the beginning, the moisture capacity (water capaci-
ty) of diatomite (support) was determined; for this,
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1 g of diatomite granules was weighed and dried at The conversion of the initial methane (Xcyy),
a temperature of 120 °C for 20 min. Distilled water carbon dioxide (Xco,), the yields of hydrogen (Yy,)
was added dropwise to the dried diatomite granules and carbon monoxide (Y o), the ratio of hydrogen
at room temperature and atmospheric pressure un- to CO (H,/CO), the deactivation coefficient for
til the granules were saturated, the moisture capac- methane (DEy,), the deactivation coefficient for
ity of 1 g of diatomite was 1.1 ml of water. carbon dioxide (DEq,) were calculated according
Bioxide Ni-Co/D (oxide ratio NiO-Co;0, = to the following equations:

1.5:1) and polyoxide Ni-Co-La/D (oxide ratio
Ni0O-Co;0,4-La,0; = 2:1.3:1) catalysts were pre- Cery. —C
pared by the methods of capillary impregnation of Xen, (%) = CHMCTZ;CHM x 100 M
the Diatomite (D) granules with water solutions of "
a mixture of metal salts (Ni(NO;), - 6H,O (techni-
cal standard 4055-70), Co(NO;), - 6H,0 (technical Xco, (%) = Ceozin ~ Ceozou % 100 )
standard 4528-78) and La(NO;); - 6H,O (technical Ceoyn
standard 6-09-4676-83). Heat treatment of the cat-
alysts was carried out in an air stream at 300 °C for Cy
2 hand at 500 °C for 3 h, at a rate of 3 °C/min [28]. Yy, (%) = ﬁ % 100 3)
2.2. Testing of catalysts and analysis of reaction
products

: - : Yoo (%) = —20U 100 (4)

Testing the activity of the synthesized catalysts co Cenyy, +Ceoy,

in the dry reforming of methane as carried out on
a flow-type laboratory unit (Fig. 1) [28]. Before
the DRM, the catalysts were pretreated with 15% Hz _ Cuzout (5)
H,/Ar at a gas hourly space velocity (GHSV) of CO  Ccoyy

1000 h™! for 180 min at 500 °C.
The gases exiting the reactor during the perfor- _ .
mance tests were analyzed by gas chromatograph DEcy, (%) = Xch, — X2, % 100 (6)
4

(GC-1000 LLC “Chromos” Russia) with thermal X¢h,

conductivity detector on two columns: molecular

sieve CaA column for N,, H,, and O,, and HP/Plot . out

Q column for CH,, CO,, and CO detection. DEco, (%) = w % 100 (7)
Process conditions: 0.1 MPa, the temperature €O,

was set in the range of 600-850 °C, the ratio of
methane: carbon dioxide 1:1, and the volume of where X; (in/out) is the initial conversion (in) and
catalyst in the reactor was 2 ml (1.2 g). conversion after 360 min (out) of CH, and CO,.

ot ~=Mixing Chamber

-y "r

Thermocouple l i ‘

i Y

Catalyst bed

GC-1000

Fig. 1. Scheme of an automated flow-through installation [28].
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2.3. Catalyst characterization

The morphology, crystallite dimensions, and
habit of the phase components of the developed
catalysts before and after catalytic reaction were
studied by scanning electron microscopy (SEM)
using JEOL JSM 65 10LV equipment with an elec-
tron acceleration tension of 20 kV and provided an
energy dispersive X-ray (EDX) analyzer. The ele-
mental content in the catalyst was determined by
EDX spectra.

Phase identification and rate of crystallinity of
the prepared catalysts before and after the catalyt-
ic reaction was conducted by the X-ray diffraction
(XRD) using an HZG-4 (Germany) diffractom-
eter equipped with a CuK, radiation source (A =
0.15406 nm) operating at 40 kV and 30 mA. The
diffraction patterns were recorded at room tem-
perature in the air with 20 range from 20 to 80°.
The crystallite domains will be determined by
correlating the diffraction patterns with those in
standard powder XRD files published by the Inter-
national Center for Diffraction Data.

To determine the structure types (allotropies)
of surface carbon deposited on the investigated
catalysts before and after the DRM reaction, the
same samples of the catalysts after the SEM-EDX
study were moved into the analytical chamber of
the Auger-electron spectrometer RIBER LAS-
2000 (France) with the primary electron beam en-
ergy E, = 5 keV. The surface was sectioned by
sputtering of the analyzed surface (subsurfaces)
through its bombardment by the argon ions with
2 keV energy and a sputtering rate ~10 A/min that
was provided at the selected ionic current density,
and a series of layer-by-layer AES analyses were
conducted.

Determination of the specific surface area of
the catalysts was carried out by the method of
low-temperature adsorption of nitrogen at -196 °C
on an automatic BEL Japan Inc. The surface area is
calculated using the BET equation.

Redox properties of the catalyst were studied by
H, temperature-programmed reduction (H,-TPR)
on the USGA-101(Russia, Moscow). The sample
(~0.050 g) was loaded in a quartz U-tube reactor.
The samples were heated to 150 °C (at 10 °C /min)
under Ar (purity 99.99%), to remove any surface
species before analysis. After cooling to 50 °C,
the sample was heated over a temperature range of
50-900 °C (at 10 °C/min) under 5% H, in Ar (at
30 ml/min).

3. Results

The effect of lanthanum oxide on the activity
of Ni-Co/D in dry methane reforming at a reaction
temperature of 800 °C is shown in Table.

The table shows that the introduction of lantha-
num oxide into the composition of Ni-Co/D leads
to an increase in its activity in the conversion of
methane and carbon dioxide. The most promoting
effect has lanthanum oxide at a content of 1.5 wt.%.

Increasing the content of lanthanum oxide above
1.5 leads to a decrease in the activity of the catalyst.
This is in line with the observations of Gao et al.
[29]. The decrease in catalyst activity with increas-
ing La content is attributed by the authors to the
fact that an excess of lanthanum not only loses the
modification effect, but also increases the coverings
over the catalyst. This leads to a decrease in cata-
lytic activity, as well as specific surface area [30].

Ni-Co/D and Ni-Co-1.5La/D catalysts were se-
lected for further research. The effect of reaction
temperature on the activity of Ni-Co/D and Ni-Co-
1.5La/D is shown in Fig. 2.

Since the reaction is highly endothermic, as the
reaction temperature increased, the conversion of
CH, and CO, on both catalysts increased. On the Ni-
Co/D catalyst, the conversion of methane increased
from 31 to 77.5%, carbon dioxide from 38 to 89%.

According to the literature [31-35], higher CO,
conversion than CH, conversion can have several
causes: the reverse water-gas shift reaction (RWGS),
the reverse of Boudouard reaction, or a trapping ef-
fect of CO, by the basic sites of the surface.

The RWGS reaction (9) occurs in parallel with
the DRM reaction (8), carbon dioxide interacts
with hydrogen to form CO and H,O [31, 32]. Water
vapor can further participate in reactions 10 and 11
[33]. However, in our experiments, no water for-
mation was observed at the reactor outlet.

The trapping effect of CO, by the basic sites of
the surface can also contribute to the equilibrium
shift towards higher values of carbon dioxide con-
version. However, this effect will only be tempo-
rary until the adsorption capacity of the surface is
reached [34].

Table
Effect of La,0; concentration on Ni-Co/D activity

Sample Xt Xecor Y Yoo HY/CO
Ni-Co/D 51 63 24 34 0.70
Ni-Co-1La/D 93 92 41 49 0.84
Ni-Co-1.5La/D 95 92 45 49 0.92
Ni-Co-2La/D 94 91 44 48 0.92
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The reverse Boudouard reaction (12) also con-
tributes to the consumption of CO,, i.e., the inter-
action of carbon dioxide with surface carbon to
form CO. The accumulation of carbon on the sur-
face of catalysts during the DRM process at tem-
peratures above 600 °C is mainly associated with
the pyrolysis of methane (13). It should be noted
that the carbon formed in this process is more re-
active than the carbon formed in the Boudouard
reaction, so it is easily oxidized in the presence of
CO, to form CO.

The introduction of lanthanum oxide into the
Ni-Co/D composition increases the activity of the
catalyst, providing methane conversion close to
that observed under thermodynamic equilibrium
conditions in the temperature range of 700—-850 °C.
With an increase in the reaction temperature from
600 to 850 °C, the conversion of methane increas-
es from 63 to 96%, and carbon dioxide from 48
to 92%. According to the results of TPR-H,, BET,
and SEM, the increase in catalyst activity with the
introduction of lanthanum oxide is possibly asso-
ciated with an increase in the dispersion of Ni-Co
oxide phases and an increase in oxygen vacancy.
In the studied temperature range, the conversion

Ni-Co-1.5LaD
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CH, conversion (%)
nom ow o@
s 2 3 B

h i i

.
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of methane is higher than that of CO,, which may
be due to the pyrolysis of methane with the for-
mation of carbon and hydrogen (13). The presence
of carbon on the surface of Ni-Co-1.5La/D was
confirmed by the results of SEM and XRD (Fig. 6
c,d). According to [36], the pyrolysis of methane
leads to an increase in the H,/CO ratio above unity,
which is not observed in our case. Apparently, the
degree of conversion of CO, and CH,, and the ratio
of H,/CO are affected by parallel reactions that can
potentially occur in this system:

CO, +CH, — 2CO +2H, (8)
CO, + H, — CO + H,0 — reverse water-gas shift
reaction (RWGS) 9)
C+H,0—-CO+H, (10)

CH,; + H,0 — CO + 3H, — steam reforming of
methane reaction (11)

C+CO, — 2CO —reverse Boudouard reaction (12)

CH, < C + 2H, — pyrolysis of methane (13)
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Fig. 2. Influence of reaction temperature in the range of 600-850 °C on the efficiency of catalysts: a) methane

conversion; b) conversion of carbon dioxide; ¢) H,/CO ratio.
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Fig. 3. Stability performance of catalysts in terms of CH, conversion (a), CO, conversion (b) and H,/CO ratio (c) as a

function of TOS at 700 °C.

The catalysts Ni-Co/D and Ni-Co-1.5La/D were
tested at 700 °C for 6 h of continuous operation in
dry methane reforming. The time-on-stream (TOS)
conversions of the feedstock gases are plotted in
Fig. 3.

The results show that for Ni-Co/D there is a sig-
nificant deactivation, the deactivation coefficient
for methane is 19%, and for carbon dioxide 36%.

Modification of Ni-Co/D with lanthanum oxide
leads to an increase in the stability of the catalyst,
the deactivation coefficient for methane is 3.4%, and
for carbon dioxide 2.5%. This phenomenon may be
associated with a better combination of methane de-
composition and carbon dioxide activation, which
prevents catalyst deactivation due to coke deposi-
tion and oxidation of the active metal [37].

The catalytic activity of oxide catalysts in redox
reactions is usually explained by the oxygen-met-
al bond energy, the qualitative characteristics of
which are the temperatures of the onset of the hy-
drogen consumption process, as well as the tem-
peratures of the maxima in the TPR-H, curves. The
TPR profiles of the catalysts are shown in Fig. 4.

For Ni/D, three peaks are observed with maxima
T = 317 °C, T2, = 434 °C and T°,,,, = 800 °C.
According to the literature [38], the reduction of

1.0
——Ni-CoD
——Ni-Co-1.5La/D
CoD
g 0-81 ——Ni/D
o
g 0.6 1
s
(5]
5,04
5
)
02 ]
0.0

T T T T T T
200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 4. TPR profiles of catalysts.

pure NiO consists of two reduction peaks corre-
sponding to the stepwise reduction of nickel oxide:
NiO — Ni*" — Ni°. The shoulder at T',,, =317 °C
can be attributed to NiO — Ni®" reduction and the
intense peak at T?,,, = 434 °C to Ni** — Ni° re-
duction. The high temperature peak at T3, = 800
°C may indicate a strong interaction between NiO
and D, which may be caused by the formation of
spinel (i.e. Ni-O-Al or Ni-O-Si). It is very difficult
to attribute the peak to a particular phase, since the
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natural support D has a complex composition and
contains a microporous composition of silicon di-
oxide and aluminum oxide tetrahedra [39].

The Co/D sample showed complex recovery
with various peaks in the range of 300-870 °C.
It is known [40] that the reduction of Co0;0, is a
two-stage process Co;0, — CoO — Co°, respec-
tively, the observed peaks can be attributed to the
reduction of Co;0, crystallites of different sizes
and different interactions with a support. The high
temperature peak at 854 °C indicates the recovery
of the Co-O-Al or Co-O-Si spinel structure [41].

Ni-Co/D and Ni-Co-1.5La/D catalysts have a
complex reduction profile. For bioxide Ni-Co/D
and polyoxide Ni-Co-1.5La/D catalysts, a new
peak is observed at 267 °C. According to the liter-
ature [42], this low-temperature peak is associated
with the formation of the nickel-cobalt compound
NiCo0,0,. The reduction of NiCo,0, spinel was
studied in [43], who, when analyzing the TPR of
this compound in the temperature range of 27-727
°C, observed three reduction peaks (257, 315 ,and
367 °C), which were attributed to the gradual re-
duction of Ni**, Co*" and Co?" cations randomly
distributed in the tetrahedral and octahedral posi-
tions of the spinel. According to the literature [43]
peaks with a maximum at temperatures of 315 °C
and 367 °C, correspond to the gradual reduction
of Co*" — Co?" and Co* — Co’. The peak with a
maximum of 257 °C was attributed by the authors
to the reduction of Ni** cations.

Based on the literature, the low-temperature
peak at T',,, = 267 °C (Fig. 4.) can be associated
with the reduction of Ni** cations in NiCo,0,. It
is believed [44] that the electronic conductivity of
nickel and cobalt compounds is higher than that of
NiO or Co;0, oxides themselves.

Peaks in the range of 300-550 °C may be asso-
ciated with the overlap of the reduction peaks of
both nickel and cobalt.

With the introduction of lanthanum oxide into
the Ni-Co/D composition, the amount of hydrogen
consumed to restore the peak at 267 °C increased,
for Ni-Co/D it was A = 65 umol/g, while for Ni-Co-
1.5La/D it was 70 pmol/g. The addition of lantha-
num oxide to the Ni-Co/D composition also leads
to a shift in the temperature of the maximum to the
high-temperature region (354—374 °C) and to an
increase in the amount of hydrogen consumed for
reduction from 426 to 576 umol/g, which may in-
dicate an increase in the dispersion of Ni-Co oxide
phases and surface active oxygen [45—47].

It is known [47] that surface free oxygen (active

oxygen) can effectively react with the CH, groups
formed during the reaction and, as a result, form
CH,O. Since CH,O is considered to be a promis-
ing precursor for CO formation, its formation and
degradation tend to strongly influence the catalytic
activity in the DRM reaction.

In addition, the introduction of lanthanum leads
to a decrease in the reduction temperature of the
high-temperature peak from 821 to 776 °C, which
is associated with the reduction of nickel or cobalt
in spinel structures. A decrease in the reduction
temperature indicates an increase in the dispersi-
ty of the particle size of nickel or cobalt in spinel
structures [48].

At the same time, the amount of hydrogen con-
sumed for reduction is 86 umol/g for T = 776 °C
and 55 umol/g for T = 821 °C, which indicates
an increase in the number of spinel structures. It
is known [49, 50] that the reduction of NiALO,
spinel results in the formation of finely dispersed
nickel (5-20 nm) stabilized in an Al,O; matrix,
which is highly active in the methane dissociation
reaction. At high temperatures, spinel will be re-
duced to finely dispersed nickel by atomic hydro-
gen formed during the dissociation of methane.
The amount of NiAL,O, and its reducibility can not
only affect the stability but also play an important
role in the reactivity of catalysts. In other words,
the more NiAl,O, present in the nickel-containing
catalysts, and the more easily it can be reduced,
the better the catalyst will perform during DRM
[51, 52].

The adsorption of carbon dioxide on Ni-Co/D
and Ni-Co-1.5La/D catalysts at temperatures of
200, 300, 450, and 650 °C was studied, desorption
was carried out at 750 °C. The obtained results
(supplementary) showed that the introduction of
lanthanum oxide (1.5 wt.%) into the composition
of the Ni-Co/D leads to an increase in the amount
of adsorbed carbon dioxide at all studied tempera-
tures, which indicates an increase in centers for the
adsorption of carbon dioxide.

Moreover, the addition of lanthanum leads to an
increase in the specific surface area of the sample.
The specific surface area of Ni-Co-1.5La/D is 40.9
m?*g, while the specific surface area of Ni-Co/D is
26.7 m?/g.

Figure 5 shows the SEM and EDX results of
fresh samples of Ni-Co/D and Ni-Co-1.5La/D.
Based on SEM images of both catalysts’ samples
(Fig. 5a and Fig. 5c) recorded before the DRM
reaction, they look practically similar. No details
of the structure of the catalysts deposited on the
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Fig. 5. SEM images and the respective EDX spectra of the surface of Ni-Co/D (a, b) and Ni-Co-1.5La/D catalysts (c,

d) before the DRM reaction.

surfaces of the primary diatomite particles (the
fractions of crashed frustules of diatomite with the
characteristic cylindrical holes), constituting the
support’s granules, were observed within the reso-
lution of the scanning microscope (~ 60 A). More-
over, in addition to the EDX peaks of the catalysts
(Ni and Co, Fig. 5b, and Ni, Co, and La, Fig. 5d),
the peaks corresponding to the components of the
diatomite support (Si, Al, Mg, Ca, Fe) also simul-
taneously present. Taking into account the depth of
penetration of the accelerated electrons at 20 keV
(<1 ), generating secondary X-ray radiation, one
may conclude that the thickness of the catalyst de-
posited on the surfaces of the diatomite particles in
addition to the thickness of the sputtered conducting
Au layer (~100 A) and the thickness of the adsorbed
from the atmosphere carbon (~50 A) does not total-
ly exceed a few hundreds of angstroms (<1000 A).
In addition, a comparison of the SEM images cor-
responding to Ni-Co-1.5La catalyst deposits shows
that the structure of Ni-Co catalyst deposit has a
structure of a continuous thin film (see the mag-
nified marked area in Fig. 5a) while the structure
of Ni-Co-1.5La catalyst deposit is characterized by
nano-grained uniform particles with the highly dis-
persive structure (see the magnified marked area in
Fig. 5c). All these are in good correlation with the
results of specific area measurements.

The presence of surface carbon in the amount of
14-16 wt.% is observed in the composition of fresh
catalysts, which may have been formed during the
heat treatment of catalysts at 300-500 °C in air.

In Figs. 6 and 7 the SEM/EDX, and XRD results
obtained from the Ni-Co/D and Ni-Co-1.5La/D
samples after their testing in the reaction are shown
respectively. The SEM images of the surface of the
Ni-Co/D catalyst sample after the reaction (Fig. 6a)
demonstrate the formation of spherical nanoparti-
cles of the reduced Ni with sizes from 200 to 1000
A (see the magnified marked area in Fig. 6a).

These nanoparticles have a crystalline structure
(111, 200, and 220 peaks corresponding to pure Ni
crystal lattice are present in Fig. 7a, pattern — 2)
formed during the sintering of the NiO catalyst’s
nano-clusters reduced by hydrogen. The latter is
detected by a series of NiO peaks (111, 200, 220)
on the XRD pattern taken before the reaction (Fig.
7a, pattern — 1).

Taking into consideration the low intensity of
these peaks, the sizes of NiO crystallites (X-ray co-
herent scattering regions) are slightly bigger than
the X-ray diffraction sensitivity threshold (= 100
A). At the same time, the absence of the reflection
peaks from the NiCo,0,, Co;0, (or Co,0;) lattice
in patterns 1 and 2, Fig. 7a, in addition to the series
of peaks of NiO and the reduced Ni, confirms that
cobalt oxide in the synthesized bioxide catalyst
(Ni-Co) is available in the form of nanoparticles
with the sizes much less than the X-ray diffraction
sensitivity threshold (<100 A). The presence of co-
balt oxide in the catalyst is unambiguously detect-
ed in the samples in both conditions (before and
after the DRM reaction), using the respective EDX
spectra. The joint consideration of XRD and SEM/
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Fig. 6. SEM images and the respective EDX spectra of the surface of Ni-Co/D (a, b), and Ni-Co-1.5La/D (¢, d) catalyst

after the DRM reaction.

EDX data shows that in the process of DRM reac-
tion on the surface of the (Ni-Co) catalyst synthe-
sized on the granulated diatomite support, reduc-
tion of Ni and formation of spherical nanoparticles
of pure Ni via sintering takes place. However, the
highly dispersive oxide either is not reduced or if
the reduction of Co takes place, it may appear in
the form of the initial nanoparticles of cobalt oxide
without sintering.

The analysis of SEM images of the catalyst
system Ni-Co/D recorded after the DRM reaction
shows that during the DRM reaction the formation
of free carbon in the solid form of MWCNTs or
CNWs does not take place on the given bioxide
catalyst (Fig. 6a). Most likely, the formation of
free carbon in a gaseous phase (reaction product)
during the DRM reaction with the above catalyst is
suppressed. The latter is witnessed by practically
the same amount of surface carbon on the samples
as before as well as after the reaction. The same
was witnessed from practically the same intensity
of (002) peaks of carbon (marked by “V¥” at 20 =
26.2°) available in the X-ray diffractogram shown
in Fig. 7a patterns — 1, and patterns — 2 respective-
ly, recorded from the samples of the above bioxide
catalyst system before and after the DRM reaction.

The consideration of the SEM-EDX data ob-
tained from the samples of the catalyst Ni-Co-
La/D after the DRM reaction shows that during
the DRM reaction on the above polyoxide catalyst
systems a formation of amorphous surface carbon
and MWCNT simultaneously occurs (see the mag-

nified marked area in Fig. 6¢). It is well known
[22] that the amorphous form of carbon is highly
active. This type of carbon readily reacts with ox-
ygen and is removed from the surface of the cat-
alyst. The above phenomenon is also confirmed
by the respective XRD patterns which show the
increased intensity of the (002) peak of carbon
(marked by “V¥” at 20 = 26.2°) in addition to the
series of peaks corresponding to Ni reduced by hy-
drogen from NiO in the polyoxide catalysts (Fig.
7b). Here should be noted that the absence of the
respective peaks of pure Co and La in the diffrac-
togram shown in Fig. 7b, patterns — 2, may be ex-
plained by the absence of the reduction process of
the oxides of the above elements by hydrogen, or
if reduction takes place, this process flows within
the initial nanoparticles of the oxides of Co, La,
without sintering of the reduced nanoparticles.
The presence of diatomite in all the diffractograms
(Fig. 7 a,b) was detected by the same variation of
the background intensity and the superimposed
broad diffraction peak around 20 = 22°, which can
be attributed to the amorphous SiO,, as the main
component phase of diatomite.

In Fig. 8 a,b the series of peaks of carbon KLL
differential AES spectra are shown which were ob-
tained from the surfaces of the samples of the above
catalyst systems in the 200-300 eV energy range
after removing ~200 A thickness anti-charging
gold coating from the surfaces of the investigat-
ed samples via bombardment of the analyzed area
with the argon ions of 2 keV energy.
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Fig. 7. Series of XRD patterns of samples Ni-Co/D (a) and Ni-Co-1.5La/D (b) recorded before (patterns — 1) and after
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Fig. 8. The series of peaks of carbon KLL differential
Auger-electron spectra recorded from the samples of
Ni-Co/D (a) and Ni-Co-1.5La/D (b), recorded before
(curves — 1) and after (curves — 2) the DRM reaction.

Consequently, the AES peaks (curves — 1) rep-
resent the state of the physical surface of the fresh
catalyst systems before the deposition of gold coat-
ing, while the AES peaks presented in curves — 2
characterize the state of the surface composition of
the spent catalyst systems’ samples after the DRM
reaction. The latter (Fig. 8 a,b) demonstrates the

clearly expressed peculiarities of the fine structure
(shape, energetic displacement of main and plas-
mon peaks, and their intensity ratio) of the first
derivative of carbon atoms’ KLL Auger-transition
peaks, typical to the short-range order polyvariant
configuration of carbon atoms’ groups which can
exist mostly in sp? hybridization on the Ni-Co/D
catalyst, and mixed (sp® + sp?) electronic hybrid-
ization on the Ni-Co-1.5La/D catalyst.

The absence of the peaks from the crystal lat-
tices of the modifying components (Co;0,, La,05)
of the polyoxide catalysts in addition to the peaks
of NiO (Fig. 7b), suggests that the modifying ox-
ides in the synthesized polyoxide catalysts are pre-
sented in the form of nanoparticles with the sizes
much smaller than the X-ray diffraction sensitiv-
ity threshold for the coherent scattering area size
(<100 A). The above phenomenon is also con-
firmed by the respective XRD patterns which show
the increased intensity of the (002) peak of carbon
(marked by “V¥” at 20 = 26.2°) in addition to the
series of peaks corresponding to Ni reduced by hy-
drogen from NiO in the polyoxide catalysts.

4. Conclusions

The bioxide (Ni-Co/D) and polyoxide (Ni-Co-
1.5La/D) catalysts were successfully synthesized
by capillary impregnation of granular diatomite.
Those catalytic systems have been investigated
before and after the DRM reaction tests in the
temperature range of 600+850 °C, using the mod-
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ern SEM-EDX, XRD, AES, etc. methods. The in-
troduction of 1.5 wt.% lanthanum oxide into the
Ni—Co/D composition increases the activity of
the catalyst, providing a methane conversion that
is close under thermodynamic equilibrium con-
ditions in the temperature range of 700-850 °C.
With an increase in the reaction temperature from
600 to 850 °C, the conversion of methane increas-
es from 63 to 96%, and carbon dioxide from 48
to 92%. In addition, the modification of Ni-Co/D
with lanthanum oxide leads to an increase in the
stability of the catalyst, the deactivation coeffi-
cient for methane is 3.4%, and for carbon dioxide
2.5%. While significant deactivation is observed
for Ni-Co/D, the deactivation coefficient for
methane is 19%, and for carbon dioxide 36%. Ac-
cording to the results of TPR-H,, BET, and SEM,
an increase in catalyst activity with the introduc-
tion of lanthanum oxide is possibly associated
with an increase in the dispersion of Ni-Co oxide
phases, and with an increase in surface active ox-
ygen, which is involved in CO formation. In ad-
dition, an increase in the number of spinel struc-
tures contributed to the breaking of C—H bonds.
The results show that the Ni-Co-1.5La polyoxide
catalyst supported on natural diatomite has good
DRM performance.
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