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Abstract

Steam/CO, reforming of methane was studied at 600900 °C, molar ratio CO,/H,0O
0-2 and contact time 0.04-0.15 s over impregnated Ni/CeO, catalysts of various
compositions. It has been established that with an increase in the Ni content from 2 to
10 wt.%, both the conversion of reactants (X) and the yield of products (Y) increase
in the range Xcuy 25—80%, Xcoz2 35—72%, Y, 30—80%, Yo 30—75% (at 750 °C).
With a further increase in the nickel content to 15%, the process parameters changed
slightly, reaching a plateau. Higher nickel content (10 vs. 2 wt.%) ensures stable
operation of the catalyst over time. The functional performance of the catalysts was
correlated with physicochemical properties of as-synthesized, activated and spent
samples using X-ray fluorescence analysis, low-temperature nitrogen adsorption,
X-ray diffraction analysis, electron microscopy, and thermal analysis. It was shown
that the Ni content affects the thermal stability, the textural, structural and redox
characteristics of the samples. The 10% Ni/CeO, catalyst was chosen as the optimal
one due to higher H, productivity, and sufficient resistance to sintering and coking.
This sample provides a stable hydrogen yield of 85% in steam/CO, reforming of
methane at 800 °C, CO,/H,O = 2 and a contact time 0.15 s.

1. Introduction

Synthesis gas (or syngas) is a crucial interme-
diate for the production of valuable compounds on
an industrial scale, such as hydrogen, methanol,
liquid fuels and other chemical products [1]. Itis a
mixture of hydrogen and carbon monoxide whose
H,/CO molar ratio can be adjusted by varying the
raw materials used and the production technology.
Synthesis gas can be obtained from oil, natural gas
and coal. Natural gas is a traditional feedstock for
the production of synthesis gas by steam reform-
ing (1), dry reforming (2) and partial oxidation (3)
of methane, or a combination of these processes
— steam-CO, reforming (4), autothermal reform-
ing (5), tri-reforming (6) of methane. The combi-
nation of traditional conversion methods makes it
possible to increase the energy efficiency of the
technology and ensure the production of synthe-
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sis gas suitable in composition for subsequent use.
Biogas formed during biomass or organic waste
conversion serves as an alternative feedstock for
the production of synthesis gas [2]. Biogas com-
position depends on the type of feedstock. It can
contain CH, (50-80 vol.%), CO, (20-55 vol.%),
water and other components in small quantities
(CO, H,, H,S, N,) suitable for its reforming into a
hydrogen-containing gas [3, 4]. An important task
today is the creation of catalysts that provide high
and stable conversion of a methane-containing gas
of variable composition.

Extensive information on methane reforming
catalytic systems is presented in recent reviews
[5-12]. Supported Ni catalysts are usually used
as catalysts for the methane reforming process:
Ni/CeO, [13, 14], Ni/SiC [15], Ni-MgO-(Ce,Zr)O,
[16], Ni-Zn-Mg-Al [17], Ni@MWCNT/Ce [18],
Ni/CeZrO,/MgAl,O, [19], Ni@SiO, [20],
Ni/Al,O; [21]. Nickel content varies over a wide
range — from 1 to 30 wt.%. Its optimal content
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CH, + H,0 < CO + 3H,
CH, + CO, <> 2CO + 2H,

CH, + 0.50, — CO + 2H,

2CH, + CO, + H,0 — 3CO + 5H,

2CH, + 0.50, + H,0 — 2CO + 5H,

3CH, + 0.50, + H,0 + CO, — 4CO + 7H,

depends on the composition of the catalyst and
the process conditions. In general, the dependence
of the activity on the nickel content is non-linear,
since at low Ni contents, catalyst deactivation is
observed due to sintering of the active component,
and in the case of high contents, due to coking
[17]. Work is underway to improve the formula
and method of preparing catalysts to increase their
resistance to sintering, oxidation and the formation
of carbon deposits. The influence of the precursor
type [15, 22] and the content of the active compo-
nent [13, 17, 23, 24], the composition of the sup-
port [10, 16, 19, 25-28], and the method of prepa-
ration of the catalyst [16, 21, 29, 30] on its activity
and operation stability in methane reforming was
revealed. An improvement in the functional prop-
erties of Ni/SiC was noted when using nickel
nitrate or acetate instead of chloride or citrate as
precursors [15]. Among the effective approaches
for obtaining deactivation-resistant Ni catalysts,
one can single out the stabilization of highly dis-
persed nickel particles due to the implementation
of strong metal-support interaction [15, 31-34],
support modification [19, 35-37], or promotion of
the active component [38—40].

Nickel-cerium catalysts have a high potential in
methane reforming processes due to the extended
nickel-cerium interface with specific active sites,
the basic and redox properties of cerium oxide,
which can activate oxygen, water and CO, and help
to eliminate carbon deposits [26, 41-44]. It was
shown that small Ni clusters at CeO, step edges are
highly active in DRM (dry reforming of methane)
due to deep interaction with support and realiza-
tion of specific electronic Ni state [43]. To stabilize
such species in the oxide matrix, a low nickel con-
tent is preferred. The direct correlation between
the initial methane conversion and the fraction of
accessible Ni also illustrates the advantage of the
finely dispersed state of nickel [45]. In addition,
fine nickel particles (< 10 nm) are more resistant to
coking [14]. However, the high initial dispersion
of Ni is not always a guarantee of the operation sta-
bility of the catalyst [41, 45]. For example, during
DRM over low—loaded Ni/CeO, catalyst (0.8 wt.%

AH®s =206 kJ/mol (1)
AH°s = 247 kJ/mol (2)
AH®y5 =—-36 kJ/mol 3)
AH®5 =227 kJ/mol 4)
AH®,¢ = 85 kJ/mol 5)
AH%qs = 139 kJ/mol (6)

Ni) CH, conversion dropped from 71 to 35% af-
ter 8 h time on stream [41]. According to [45], by
improving the dispersion of Ni to isolated cations,
the Ni particle growth mechanism switches from
crystal migration to atomic migration, which leads
to higher particle growth rates. Thus, despite the
increased interest in the Ni/CeO, system and its
comprehensive study, the question of the optimal
content and particles size of Ni in methane reform-
ing catalysts remains debatable and requires fur-
ther research.

In this work, for studying the impact of the Ni
content on the catalytic activity and stability in
steam-CO, reforming of methane, impregnated
Ni/CeO, samples of various compositions were
prepared and characterized by X-ray fluorescence
analysis, low-temperature nitrogen adsorption,
X-ray diffraction analysis, electron microscopy,
and thermal analysis. To estimate their ability to
convert the feedstock of variable composition into
hydrogen-containing gas the testing of Ni/CeO,
catalysts was carried out in different reaction con-
ditions (600-900 °C, molar ratio CO,/H,0O 0-2 and
contact time 0.04—0.15 s).

2. Experimental
2.1. Catalyst preparation

Ni/CeO, catalysts of different compositions
were prepared by the incipient wetness impreg-
nation method. For this, the required amount of
an aqueous solution of nickel nitrate hexahydrate
Ni(NO;),'6H,0 of a given concentration was add-
ed to the CeO, support. The CeO, support was
prepared by the polymerizable complex method
[46]. Then, Ni/CeO, samples were dried at 80 °C
for 6 h and calcined at 500 °C for 4 h in air. The
samples were designated as 2% Ni, 5% Ni, 10%
Ni and 15% Ni where the numbers corresponded
to the nominal nickel content. X-ray fluorescence
analysis showed that the actual content of Ni for
2% Ni (2.2 wt.%), 5% Ni (5.1 wt.%), 10% Ni (11.0
wt.%) and 15% Ni (15.5 wt.%) samples are in good
agreement with the calculated Ni content.
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2.2. Characterization of catalysts

The Ni/CeO, catalysts have been studied by
a set of methods: X-ray fluorescence analysis,
low-temperature nitrogen adsorption, X-ray dif-
fraction analysis (XRD), electron microscopy, and
thermal analysis (TA). A description of the instru-
ments and conditions for the study of catalysts
by physicochemical methods can be found in our
earlier publications [47, 48].

2.3. Catalytic activity tests

The steam/CO, reforming of methane was
studied in a flow quartz reactor (internal diame-
ter 11 mm), at atmospheric pressure, temperature
600-850 °C, molar ratio CO,/H,0O 0-2 and contact
time 0.04-0.15 s. Unless otherwise noted, the mo-
lar ratio CH,:CO,:H,0:He was 1.0/0.81/0.38/2.8,
contact time 0.15 s. The composition of the reac-
tion mixture was analyzed by gas chromatographic
analysis using a Kristall 2000M chromatograph.
The separation of H,, He, CO, CO,, CH, was car-
ried out on a steel packed column 2 m long, 3 mm
in diameter with SKT carbon (thermal conductivity
detector, carrier gas — Ar, 30 cm*/min, temperature
130 °C). Before the catalytic activity test, the cata-
lyst (0.5 g, fraction 0.25-0.50 mm) was reduced at
800 °C for 1 h in a H,/He flow with a mixture feed
rate of 130 cm*/min. The activity of the catalysts in
the steam/CO, reforming of methane was charac-
terized by the total conversion of methane (Xcy),
the total conversion of carbon dioxide (Xco,), the
yield of hydrogen (Yy,) and the yield of carbon
monoxide (Y¢o) [49].

The thermodynamic equilibrium analysis was
carried out by using the Gibbs free energy mini-
mization method. The program IVTANTHERMO
was used.

3. Results and discussion

Figure 1 shows temperature dependences of
product concentrations in steam/CO, reforming
of methane over Ni catalysts of different compo-
sitions. In the case of the 2% Ni catalyst (Fig. 1a),
the CH, and CO, conversion starts at 600 °C, but
the quantity of reforming products — CO and H,
are negligible (< 5 vol.%). As the temperature ris-
es, the concentrations of methane and carbon di-
oxide decrease, while those of CO and hydrogen
increase. This tendency is more pronounced for the
10% Ni catalyst (Fig. 1b), for which higher values
of H, and CO concentrations are achieved in the

whole temperature range 600—850 °C. In the pres-
ence of a 10% Ni catalyst, the process parameters
at 850 °C are close to thermodynamic equilibrium
results (Fig. 1c).

The parameters of steam—CO, reforming of
methane over Ni catalysts depend on their compo-
sition (Table 1, Fig. 2a). It was found that with an
increase in Ni content from 2 to 10 wt.%, both the
conversion of reactants and the yield of products
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Fig. 1. Temperature dependence of product concentra-
tions in steam/CO, reforming of methane over 2% Ni
(a) and 10% Ni (b) catalysts, and the thermodynamic
equilibrium values (c).
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Fig. 2. Effect of Ni content on the parameters of steam — CO, reforming of methane at 750 °C (a) and specific rate of
H, production and catalyst productivity at 850 °C (b) over Ni/CeQO, catalysts.

increased, reaching the following values at 750 °C: in contrast to the conversion and yield indicators,
X 25—80%, Xcor 35—72%, Y, 30—80%, Yo the specific indicator (calculated per mole of the
30—75%. Catalyst productivity also grew from Ni active component) of the catalyst activity de-
5.7 to 11.0 Lys/(geh). The molar ratio CO/H,; in- creases with an increase in the nickel content. This
creases noticeably (1.2 vs. 1.5, Table 1). With a may be due to a decrease in the dispersion of the
further increase in the nickel content to 15%, the Ni active component and, accordingly, the frac-
process parameters changed slightly, reaching a tion of available surface active sites.

plateau (Table 1). According to the efficiency of Increasing contact time from 0.04 to 0.15 sec
H, formation per mole of Ni, the catalysts are ar- results in improved process performance: Xy,
ranged in a row 15% Ni < 10% Ni < 5% Ni < 2% 30—80%, Xcor 35—70%, Y 35—80%, Yo
Ni, providing at 850 °C, respectively, the specific 35—75% at 750 °C over 10% Ni/CeO, catalyst.

rate of hydrogen formation 3.4, 4.7, 7.4 and 12.4 Note that the catalysts ensure high methane
moley,/(moley;min) (Fig. 2b). It can be seen that, conversion and the yield of the product in a wide
Table 1
The parameters of steam—CO, reforming of methane over Ni/CeO, catalysts

Sample T, OC XCH4> % Xcoz, % YH25 % Yco, % Hz/CO
600 14 17 0 7 0

29 Ni 700 19 20 23 21 1.4
800 33 45 35 39 1.2
850 44 57 48 52 1.2
600 27 9 27 20 1.8

500 Ni 700 54 45 47 44 1.4
800 77 69 66 67 1.3
850 86 75 73 74 1.3
600 29 24 34 27 1.8

10% Ni 700 65 66 65 63 L.5
800 89 76 89 82 1.6
850 95 90 91 90 1.5
600 27 16 41 25 2.2

15% Ni 700 55 61 61 58 1.4
800 86 90 90 87 1.4
850 93 100 96 92 1.4
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range of compositions of the initial gaseous me-
dium (Fig. 3). This allows them to operate with a
variable composition of the feedstock, for exam-
ple, biogas.

When the varying concentration of CH, and
CO, in the reaction feed at a fixed molar ratio C/O
equal to 0.9, a change in the values of both the con-
version of the reagents and the yield of the target
reaction products is observed (Fig. 3). With an in-
crease in the molar ratio of CO,/H,O in the reac-
tion mixture from O to 2, an increase in the con-
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version of carbon dioxide and the yield of CO, as
well as a slight increase in the yield of hydrogen,
is observed. The behavior of the dependence of the
methane conversion on the CO,/H,O ratio depends
on the reaction temperature. With an increase in
CO,/H,0O from 0.5 to 2, the conversion of meth-
ane in the low-temperature region of the reaction
decreases, at T = 800 °C it is the same, and at
T = 850 °C, on the contrary, it slightly increases.
The H,/CO value decreases from 4.1 to 0.9 with
increasing CO,/H,0. It should be noted that the
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features of the experiments, where only water
served as an oxygen source, were high values of the
H,/CO molar ratio and the formation of a significant
amount of carbonaceous deposits. This led to an
increase in gas-dynamic resistance and forced the
termination of the experiment. The use of only CO,
as an oxidizing agent (experiments without water)
leads to a deterioration in the process parameters
(Fig. 3). By modulating the molar ratio of CO,/H,O
in the feed, the ratio of H,/CO can be easily ad-
justed to the desired value within the range of 1-3,
which is suitable for further use. The optimal value
of the CO,/H,0O molar ratio can be considered the in
range of values 1-2, for which high values of both
methane and carbon dioxide conversion are ob-
served, and a high hydrogen yield is also achieved.

Long-term tests of catalysts have shown their
satisfactory stability (Fig. 4). Parameters decrease
most rapidly in the first hours of the reaction, and
then they are stabilized. For the 10% Ni/CeO, cat-
alyst for 24 h of testing, the decrease in process
parameters was no more than 15%, and for 2%
Ni, ~ 40%. Higher values of CO, conversion com-
pared to CH, conversion in the presence of 2% Ni,
in contrast to 10% Ni, where they are comparable,
may indicate a significant contribution of the sup-
port to CO, activation at a low content of the Ni
component.

To elucidate the correlation between the func-
tional performance of the catalysts and their physi-
cochemical properties the as-synthesized, activated
and spent samples were studied by low-tempera-
ture nitrogen adsorption, XRD analysis, electron
microscopy, and TA (Table 2, Figs. 5-7).

According to low-temperature nitrogen adsorp-
tion data, the as-synthesized samples are meso-
porous materials with an average pore diameter of
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~10 nm (Table 2). The specific surface area of the
catalysts decreases from 85 to 65 m?/g with an in-
crease in the Ni content from 2 to 15 wt.%, which
is due to the blocking of fine pores of the CeO,
support by the crystallites of the active compo-
nent phase. The specific surface area of the stud-
ied catalysts is lower than those obtained by the
Pechini method [48], but it is comparable to that
of impregnated samples [15, 42, 50] and is higher
than Sger of samples prepared by co-precipitation
or combustion synthesis [45]. High-temperature
treatment of catalysts in H, during activation leads
to a significant decrease in their Sggr as a result of
the transfer NiO to Ni and intensification of sinter-
ing processes. Note that the initial differences in
textural characteristics level out and the activated
samples have Sgpr of ~4 m?/g. Under reaction con-
ditions (high temperatures, presence of water va-
por), the texture characteristics are not practically
changed. Regardless of the Ni content, the Sgg; of
the spent samples is also ~4 m?/g.

XRD data (Tables 2 and 3) and electron mi-
croscopy study (Fig. 5) indicate that CeO, and
NiO are the main phases in the as-synthesized
samples. After calcination at 300-500 °C the av-
erage crystallite size of CeO, does not change with
variation in Ni content. The same average crystal-
lites size for CeO, (11 nm) is obtained at high (15
wt.%) and low (2 wt.%) loading of Ni. Converse-
ly, the NiO particle size increases from 3—5 to 50
nm with an increase in the Ni content from 2 to
15 wt.%. In comparison to other supports, such as
Al,03;, MgO or La,0;, CeO, provides lower NiO
dispersion [32, 51]. It is known that in the case
of Al,O3;, MgO or La,0O; oxides, the strong metal-
support interaction is realized up to the formation
of joint phases after high-temperature calcination.
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Fig. 4. Conversion of CH, (a, curves 1, 4), conversion of CO, (a, curves 2, 3), yield of H, (b, curves 5, 8) and yield of
CO (b, curves 6, 7) in the steam—CO, reforming of methane with time on stream at 800 °C over 2% Ni/CeO, (curves

1,2,5,6)and 10% Ni/CeO, (curves 3, 4, 7, 8).
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For CeO,+NiO system it is not typical and special
preparation methods are required for formation of
Ce-Ni-O solid solution [44, 48, 52-54]. Although
a small part of the nickel cations can exist within
the cerium dioxide lattice, forming a surface solid
solution and causing an increase in oxygen vacan-
cies [42, 52].

An increase in the calcination temperature of
the samples leads to a decrease in the dispersion

- -1:-0”nmv "

of the phases due to sintering (Table 3). It can be
seen that the nickel content has an effect on the
resistance to sintering of the CeO, support phase,
which resembles the process of inhibition of crys-
tallite growth in the presence of a dopant [45, 55].
In particular, after calcination in air at 700 °C, the
average particle size of cerium dioxide is equal to
30, 18, and 14 nm for the CeO,, 2% Ni, and 5% Ni
samples, respectively.

(b)

Fig. 5. Transmission electron microscopy images of as-synthesized 2% Ni/CeO, (a) and 10% Ni/CeO, (b, [48])

catalysts.
Table 2
Textural and structural properties of as-synthesized, activated and spent Ni/CeO, catalysts
Sample  Conditions of Textural properties™* XRD data*** Coke content,
treatment® g e Viores €MY/g Dy, N Phase CSR,nm  formed during
reaction, wt.%
500 °C, air 85 0.22 Ce0, (0.5411) 11 -
. 800 °C, H, 4.2 0.05 49.7 CeO, (0.5420) 25 -
2NE g0 25
reactior,l 4.3 0.04 36.0 CeO, (0.5422) Ni 50 0.05
500 °C, air 80 0.19 Ce0, (0.5411) NiO é(l) -
5% Ni 55
800 °C, H, 3.9 0.05 51.6 CeO, (0.5420) Ni 25 -
. . 11
500 °C, air 75 0.19 CeO, (0.5411) NiO 25 -
. 25
10% Ni 800 °C, H, 4.4 0.05 46.6 CeO, (0.5420) Ni 25 -
800 °C, . 25
reaction 4.0 0.01 43.0 CeO, (0.5417) Ni 50 0.1
500 °C, air 65 0.16 Ce0, (0.5411) NiO ;(1) -
15% Ni 55
800 °C, H, 4.4 0.08 74.8 CeO, (0.5416) Ni 25 -

* — as-synthesized (500 °C, air, 4 h), activated (800 °C, H,, 1 h) and spent (800 °C, reaction, 24 h) samples.
** — the specific surface area (Sggr), total pore volume (Vo) and average pore diameter (D).
**%* _ cell parameters (nm, £0.0003) are indicated in brackets. CSR — the coherent scattering region.
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Sintering resistance depending on material composition

Table 3

Sample  The phase composition of samples calcined
in air at a different temperatures
300 °C 700 °C 900 °C

CeO, CeO,* (9.0)** Ce0, (30.0) CeO, (50.0)
2% Ni Ce0, (11.0)  CeO, (18.5) CeO, (50.0)
504 Ni Ce0, (11.0)  CeO,(14.0) CeO, (50.0)
o N NiO (15.0) NiO (20.0)  NiO (50.0)
10% Ni Ce0, (11.0)  CeO, (14.0) CeO, (50.0)
o N NiO (15.0) NiO (25.0)  NiO (50.0)
15% Ni CeO, (11.0)  CeO, (14.0) CeO,(50.0)
o N NiO (50.0)  NiO (50.0)  NiO (50.0)

* — for the CeO, phase, the cell parameter is the same
for all samples and equal to 0.5411 nm.

** — for the CeO, phase and the NiO phase, the CSR
size (nm) is indicated in brackets.

It is known that Ni/CeO, system becomes ac-
tive when Ni** is reduced to Ni° which is accom-
panied by the transformation of a part of Ce*" to
Ce*" [56]. So, before reaction catalysts were re-
duced. As a result of such activation, the Ni° phase
is formed with an average particle size of 25 nm
(Table 2). This phase becomes less dispersed as
a result of sintering under the reaction conditions
that are typical for Ni catalysts [45]. It is possible
to improve the dispersion of Ni° by doping CeO,
by La or Mg or by using the exsolution approach
for catalyst preparation [57, 58]. The CeO, phase
of the support is retained after activation and reac-
tion, but the average size of its crystallites increas-
es from 11 to 25 nm as well as cell parameters. An
increase in the cell parameter (0.5411 — 0.5420
nm) as a result of partial reduction of CeO, occurs
due to the formation of oxygen vacancies and an
increase in the proportion of Ce®" cations, which
have a larger cation radius than Ce*" (0.114 vs.
0.097 nm) [59]. The formation of Ni° phase occurs
in the temperature range of 300-500 °C as is in-
dicated by thermal analysis of samples in a H,/He
flow simulating the process of catalyst activation
before the reaction (Fig. 6). According to TPR-H,
data [48], the reducibility of catalysts increases
with increasing Ni content and equals 0.38, 0.58,
1.06 and 0.98, mole,/moley; for 2% Ni, 5% Ni,
10% Ni and 15% Ni samples consequently.

The study of spent catalysts by thermal analy-
sis shows that an insignificant weight loss (~0.25
wt.%) occurs in the low-temperature region (T <
200 °C) due to desorption of water and volatile

intermediate products (Fig. 7). Further, at a tem-
perature of 300-500 °C, the weight of the sample
increases, which is associated with the oxidation
of the Ni° active component. The process is ac-
companied by an exothermic effect, which has a
maximum at 400 °C. Weight loss in the region of
500-800 °C is insignificant and amounts to less
than 0.1 wt.% and can be assigned to the oxida-
tion of carbonaceous deposits. Higher weight
values due to phase transformations and burn-
out of carbon deposits are observed for a sample
with a higher content of the active component.
An estimate of the specific rate of formation of
carbonaceous deposits at 800 °C showed that it
was significantly lower than the specific rate of
H, formation: 3.2:10° molec/(moley;'min) vs. 4.7
moley,/(moley;-min) for 10% Ni sample. The main
pathways of carbon formation are cracking (CH,
— C + H,) and Boudouard reaction (2CO — C
+ CO,). According to thermodynamic data, the
selectivity of coke formation in bi-reforming of
methane is highly limited at temperatures above
700 °C [49, 60].

Thus, the as-synthesized Ni/CeO, catalysts
with different Ni content differ by textural, struc-
tural and redox properties. With an increase in
the nickel content, the specific surface area and
the dispersion of the active component decrease,
while the reducibility of the catalyst and the resis-
tance to sintering of the support phase CeO, im-
prove. The activated samples or the samples after
the reaction, on the contrary, are characterized by
close values of the Sgpr and the same phase com-
position, regardless of the nickel content. So, the
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Fig. 6. Thermal analysis of a 10% Ni/CeQO, sample in a
H,/He flow, simulating the process of catalyst activation
before the reaction.
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high activation temperature and subsequent harsh
reaction conditions smoothed out the initial tex-
tural and structural differences between the sam-
ples. Nevertheless, higher H, productivity (Fig.
2b) and resistance to deactivation under reaction
conditions (Fig. 4) were observed for 10% Ni
sample compared to 2% Ni. In situ XAS spectros-
copy indicates [61] that under reducing conditions
the size and morphology of Ni particles change,
which become flattened and strongly stabilized
on the partially reduced CeO, surface that pro-
moting their stability under reaction. Taking into
account the low content of carbonaceous deposits
for both our catalysts, the decrease in activity in
the initial period of the reaction before reaching a
steady state conversion seems to be mainly asso-
ciated with phase sintering and a decrease in the
number of available active sites. By improving the
dispersion of Ni to isolated cations in as-synthe-
sized samples, the Ni particle growth mechanism
switches from crystal migration to atomic migra-
tion, which leads to higher particle growth rates
[45]. So the sintering process is more pronounced
for low-loaded catalysts, which have higher initial
nickel dispersion. Indeed, for cubic or spherical
metal particles, the surface atoms/bulk atoms ra-
tio rapidly decreases with increasing particle size
[62]. For example, at a particle size of 3 nm, 50%
of atoms or ions are on the surface while at a size
of 10 nm — ~ 15% and at a size of 25 nm — ~ 5%.
Thus, it can be assumed that the differences in the
catalytic activity and stability of 2- and 10% Ni
catalysts are mainly associated with differences in
the mechanism of the growth of Ni particles and
the concentration of available Ni° active sites un-
der reaction conditions. Doping of CeO, hinders

Ni and CeO, sintering and improves process per-
formance [63].

Our 10% Ni catalyst provides high and stable
conversion of reagents and high hydrogen yield (at
800 °C Xcyy = 80%, Yy, = 85%) that is compara-
ble to or better than literature data for combined
steam-CO, reforming of methane [64—69]. Name-
ly, in bi-reforming of methane at 800 °C over im-
pregnated Ni/CeO, catalyst Xcy, 1s equal to 50%
[64], at 800 °C over co-precipitated Ni/CeO, —
80% [64], at 900 °C over Ni—Ce-Fe/Al,O; — 90%
[65], at 800 °C over Ni/SBA-15 — 70% [66], at 800
°C over Ni/MgAl,O, — 90% [67], at 800 °C over
Ni/Cey ¢Zr1, 40, — 60% [68], at 700 °C over Ni/ZrO,
— 45-70% depending on the type of ZrO,. A sig-
nificant advantage of the developed Ni/CeO, cata-
lysts is their high resistance to coking even at a low
steam/CO, molar ratio (H,0/CO, = 0.5) used in the
initial reaction mixture. In particular, after 24 h on
stream 10% Ni sample contains 0.1 wt.% of carbon
which corresponds to the carbon accumulation rate
0f 0.04 mgC-h'-g "' (3.2:10° molec/(moley;'min)).
For example, after bi-reforming of methane, 12%
Ni/Al,O; catalyst includes 50 wt.% carbonaceous
deposits (C) [65], 12% Ni—5% Ce-5% Fe/Al,O;
— 2 wt.% of C [65], 5% Ni/MgAl,0,— 3 wt.% of
C [67], 10% Ni/SBA-15 — 6.4 and 3% B-10% Ni/
SBA-15 — 1.5 wt.% of C [66], for 10% Ni/ZrO,
content of C varies from 0.2 to 47.9 wt.% for dif-
ferent types of ZrO, support [69]. This stability of
the catalyst to coking may be due to several fac-
tors. Firstly, this is connected with the anticoking
properties of cerium dioxide support [7, 70]. And
secondly, the large size of Ni crystallites, on which,
as was shown in [14], the coking rate is lower than
for nickel particles with a size of 20-30 nm.
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4. Conclusions

In order to obtain a more complete understand-
ing of the design and application of Ni-loaded
CeO, catalysts, the influence of the composition
of Ni/CeQ, catalysts on their activity, stability and
anti-coking properties in steam/CO, reforming of
methane were studied. The relationship between
the performance of catalysts in reaction and their
textural, structural and redox properties was es-
tablished. For as-synthesized Ni/CeO, with an in-
crease in the Ni content, the specific surface area of
the catalyst and the dispersion of the active com-
ponent decrease, while the reducibility of the sam-
ples and their resistance to sintering improve. The
high activation temperature and subsequent harsh
reaction conditions smoothed out the initial textur-
al and structural differences between the samples.
Nevertheless, compared to 2% Ni, 10% Ni catalyst
is characterized, firstly, by higher hydrogen pro-
ductivity, which means a higher hydrogen concen-
tration in the mixture of reaction products and, sec-
ondly, lower deactivation rates. It can be assumed
that these differences are mainly associated with
differences in the sintering mechanism and the
concentration of available Ni° active sites under
reaction conditions. So, the 10% Ni/CeO, catalyst
was chosen as the optimal one due to its ability to
provide high and stable conversion of CH, and CO,
to synthesis gas, high H, productivity, efficient op-
eration with various feedstock compositions, resis-
tance to the formation of carbon deposits and low
deactivation rate.
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