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HIGHLIGHTS GRAPHICAL ABSTRACT

e CeO,y-based catalysts were pre-
pared by cyclodextrin-assisted wet
impregnation.

e The addition of cyclodextrin
resulted in smaller metal nano-
particles of high dispersity.

e The Ni- and Co-containing sam-

ples resulted in high CH, yields at
high temperature.

e Prepared catalysts can be applied
in SOEC for CO, methanation.
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NPs on the surface of the substrate material compared to those prepared using traditional
nitrate solutions. The samples containing Ni and Co were the only ones that observably
catalysed methane synthesis. The high dispersion and integration of NPs prepared via the
proposed synthesis route resulted in increased catalytic activity and enhanced stability,

SOEC which was most pronounced for the Co-impregnated sample. The methane production

B-cyclodextrin

peak for Ni-BCD/CeO, at 375 °C was characterised by nearly 99% CO conversion and 80%

selectivity towards CH, production. Co-BCD/CeO, reached 84% CO conversion and almost
60% methane selectivity at 450 °C. The usage of CeO, coupled with BCD for the preparation
of catalysts for high-temperature methane synthesis for use in SOECs gave promising re-
sults for further application.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

Introduction

The increasing demand for energy and fuel is having a sig-
nificant deleterious impact on the natural environment due to
the increasing CO, content in the atmosphere. Counteracting
these environmental changes leads us towards attempts at
reducing the CO, emission rate by e.g., capturing and reusing
it in industrial processes and increasing the share of renew-
able energy sources. The conversion of carbon dioxide into
various potentially useful products via electrolysis is one of
the possibilities. Besides mitigating global warming caused by
greenhouse gases emissions, such a strategy can bring extra
benefits in the field of energy storage and transfer [1]. Solid
oxide electrolysis cells (SOECs) are electrochemical devices
consisting of a fuel electrode (cathode) and an air electrode
(anode) separated by a nonpermeable, solid electrolyte. When
water is applied as a fuel, its vapour comes into contact with
the electrode surface and is reduced to hydrogen and an oxide
ion. The reaction takes place at a triple phase boundary (TPB)
where the electrolyte, gas phase, and the cathode material
meet together. The hydrogen is collected from the cathode
surface, and the oxide ion migrates into the cell, through the
electrolyte and towards anode's surface where it is oxidised to
molecular oxygen and the electrons are recirculated. It is also
possible to carry out parallel electrolysis processes using the
same cathode by the so-called co-electrolysis process. When
carbon dioxide is used as a secondary type of fuel, its mole-
cules can be decomposed to form carbon monoxide and an
oxide ion. In such a case, the production of an industrially
valuable mixture of hydrogen and carbon monoxide named
‘syngas’ occurs simultaneously. These gaseous fuel compo-
nents and products of electrolysis can further react to form
hydrocarbon fuels and in this way to even increase the energy
conversion efficiency of the system. Among the possible re-
actions, methanation is thermodynamically favourable. In the
case of CO, methanation, despite the concerns over the exact
reaction route, the hydrogenation occurs according to the
process expressed by Eq. (1). The carbon monoxide that is
supplied or in situ produced (e.g. in a SOEC) is converted to
methane (Eq. (2)) through a dissociative mechanism. The
associative mechanism of methanation is preferred at high H,
concentrations [2].

licenses/by/4.0/).
CO, + 4H, — CH, + 2H,0 (AHZ% — 165k morl) (1)
CO + 3H, — CH, + H,0 (AH298 — 206k morl) 2
CO + Hp0— CO, + Hy (Hass = 41K mol ) (3)

However, as the process is highly exothermic, the usage of
catalysts with appreciable activity is recommended [3]. More-
over, methanation is favoured at low temperatures and signifi-
cantlylimited athigh temperatures [4], which isin contradiction
with the high-temperature regime of SOEC operation. Another
fact that should be taken into account is that water produced
during the methanation, and that which is present at the fuel
electrode of the SOEC will react with carbon monoxide to form
carbon dioxide and hydrogen via the water-gas shift (WGS) re-
action (Eq. (3)). In the working range of the SOEC the reverse
reaction would proceed resulting in transformation of CO, into
CO by reacting it with H, coming from water electrolysis. In that
case, the CO, conversion into CO can follow two parallel re-
actions — reverse WGS and SOEC CO, electrolysis [5].

All of these facts indicate a very complex process of simul-
taneous H,0/CO, electrolysis and methanation in a SOEC sys-
tem. To improve the system efficiency and to increase the
methanation during SOEC operation, the usage of proper
methanation catalysts is highly desired. Those based on the VIII
group metals are known for their high activity and stability
[3,6]. However, the price of the active noble metals is one of the
main factors that prevents methanation being used on an in-
dustrial scale. Therefore, cheaper compounds with a beneficial
role are added to the catalyst. Among them, one may find
promoters such as VOy, MgO and La,03, which affect the elec-
tron mobility, crystal texture, metal dispersion, and thermal
stability of the catalysts [3]. As a result, they can provide some
anti-sintering [7] and anti-coking [8] properties, as well as
increased sulphur poisoning resistance [9] of the material.
Another strategy is to use cerium (IV) oxide, which is a widely
investigated material for photocatalysts [10], in the water
splitting process [11], reforming processes [12] and as a fuel
electrode and electrolyte in SOEC cells. The outstanding
oxygen-storage ability associated with the easy conversion
between the Ce*' and Ce®" oxidation states in CeO,-based
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compounds make them superior supports in many chemical
processes [13]. Furthermore, they provide high chemical and
thermal resistance, inhibit coke formation and promote the
metal dispersion with simultaneous anti-sintering features
[14,15]. Therefore, combining highly active metallic nano-
particles with advantageous ceria support seems to be an
interesting system in the implementation of an active, stable,
and relatively cheap catalyst for the methanation process in
SOEC. It is especially interesting as SOECs and state-of-the-art
catalysts have mostly been studied for effective syngas pro-
duction, not for methanation [16,17]. Additional combined
systems have been proposed for effective methanation using
an external methanizer.

Several examples of selected catalysts for CO conversion to
methane, based on CeO,, are presented in Table 1. It shows
that ceria-based catalysts with metal additives show prom-
ising properties for the methanation process, but these ex-
periments were performed in methanation reactors and at
relatively low temperatures (300—450 °C). At the higher tem-
peratures (600—800 °C) at which a SOEC can be operated effi-
ciently, reports on the successful application of catalysts for
the methanation reaction are still lacking.

In this work, in contrast to most catalyst studies, a high-
temperature catalyst for direct methanation in a SOEC cham-
ber was investigated. Catalyst candidates based on metal-ceria
composites were sought. Namely, several transition metals (Ni,
Co, Cu, Fe, Mn) were deposited on commercially available CeO,
using the wet impregnation method with the addition of -
cyclodextrin. Although proper studies over this group of ma-
terials are still missing, based on the literature reports [24—26],
it was expected that this approach would result in obtaining
smaller metallic nanoparticles (higher active surface area for
catalytic reactions) coupled with strongly active CeO, substrate
and prolonged catalyst lifespan under working conditions. The
total amount of deposited metals was set to 10 wt%. The cat-
alytic activity for performing the methanation reaction under a
simulated SOEC working atmosphere consisting of (in the ideal
case) syngas and water vapour was evaluated. The highest
methane yields were obtained for the Ni- and Co—CeO, sam-
ples prepared with the addition of B-cyclodextrin with a low
degradation rate during long-term stability tests.

Experimental
Catalysts preparation
All catalysts were prepared by the wet impregnation method

of a nanometric CeO, substrate (99.5%, Alfa Aesar, particle
diameter: 15—-30 nm, SSA: 30—50 m?g™?). Appropriate amounts

of transition metal nitrates — namely, Ni(NOs),-6H,0 (99.9%,
Merck), Co(NOs),-6H,0 (99.9%, Merck), Cu(NOs), - 6H,0 (99.9%,
Merck), Mn(NOs),-4H,0 (99%, Merck), and Fe(NOs);-9H,0
(99.95%, Merck) — were dissolved in 10 vol% EtOH in DI solvent
to create 0.2 M solutions. Subsequently, solutions with B-
cyclodextrin (BCD, >97%, SigmaAldrich) as a coordinating/
capping agent were prepared by the addition of 0.05 mol BCD
per 1 mol cations and were stirred at room temperature until
completely clear. Each solution was then added to dry CeO,
nanopowder to finally obtain 10 wt% metal content (con-
cerning the Me® form) in the catalyst. The slurry was then
evaporated with constant stirring at 90 °C until a highly
viscous paste formed. After drying at 120 °C for 12 h, the ob-
tained solid was ground using a mortar, transferred into an
alumina crucible and sintered at 400 °C for 4 h under an air
atmosphere to decompose the nitrates and remove the
organic residue.

Characterisation techniques

Following the BET isotherm model, the surface area was
measured using the N, adsorption technique (Quantachrome,
NovaTouch LX1). The samples were degassed prior to sorption
measurement at 300 °C for 3 h in a high vacuum. Diffraction
patterns of impregnated catalysts were collected using a
Bruker D2 PHASER XE-T with a Cu-Ka radiation source. Tem-
perature programmed reduction (TPR) and Temperature Pro-
grammed Oxidation (TPO) tests were carried out in an
AutoChem II 2920 (Micromeritics, TCD detector) under 40
mLmin? stream of 5% v/v H, in Ar and 2% v/v O, in Ar,
respectively. The tests were carried out from 100 up to 900 °C
with a 10 °C min~? temperature increase rate to examine the
reducibility and substrate integration of the prepared metal
oxide nanoparticles at the surface of nano-CeO,. Two reduc-
tion cycles were performed each time to deliver more reliable
reduction profiles and to determine the tendency of the metal
oxides’ nanoparticles to grow after oxidation. The morphology
of the prepared powders was examined using a FEI Quanta
FEG 250 scanning electron microscope. TEM imaging of the
catalysts was performed using JEOL 2100F (Tokyo, Japan) mi-
croscope operating at 200 kV coupled with energy dispersive
microscopy (EDS, Oxford Instruments, UK).

Catalytic test set-up

The measurement of the catalytic activity was performed at
atmospheric pressure using a fixed bed reactor. The unit
consisted of two connected furnaces. One was used to create
water vapour by mixing a hydrogen-oxygen mixture at 700 °C
in the presence of a Pt catalyst. The second was the main

Table 1 — Exemplary catalysts containing CeO, for efficient methanation.

Catalyst composition [wt.%] GHSV [mlg *h™7]

CO conversion [%]

Selectivity to CH4 [%]  Temperature [°C]  Ref

15% Ni/CeO, 150,000
10% Ni/CeO, 60,000
15% Ni/CeO, 10,000
5.2% Ni/CeO, 60,000
30% Ni/10% Ce/Al,O3 (xerogel) 8160
2% Ru/y-Al,03 3000

99 300 [18]
98 300 [19]
84 350 [20]
78 450 [21]
50 240 [22]
85 400 [23]
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reaction chamber with a 4 mm inner diameter quartz tube
reactor. Water vapour mixed with syngas stream was fed into
the reactor to simulate the conditions occurring at the work-
ing electrode of a SOEC during the process of CO, and H,0 co-
electrolysis. The inlet mixture was composed of 80 vol% syn-
gas (CO/H, 1:3) and 20 vol% water vapour. The composition
was chosen based on methanation reaction thermodynamic
equilibrium calculations performed using the HSC Chemis-
try™ software from Outotec. The chosen inlet gas mixture was
meant to produce the highest possible methane yield and no
carbon accumulates while performing the catalytic tests. This
simplified approach was applied to examine and predict the
behaviour of each transition metal as a methanation catalyst
under ideal, simulated conditions of a working SOEC [27].

The tendency of catalysts to limit SOEC efficiency by
empowering CO, production was also discussed. Hydrogen
was supplied from the electrolyser while other gases were
provided by Air Liquide with purity over 99.9%. The outcoming
gases were analysed using the FTIR-based measuring unit
described in our previous works [28]. Briefly, it consisted of a
FTIR spectrophotometer (PerkinElmer Spectrum 100) with a
heated 10 cm path length gas sample cell (60 °C) equipped
with ZnSe optical windows, flow meters for controlling the
inlet/outlet gas stream flow rates and a cold trap followed by
Nafion dryer tubing for complete water vapour removal. The
concentration of the considered exhaust gases, which are CO,
CO, and CHy4, was measured by integration of chosen parts of
received spectra and calibration curves specially designated
for our set-up. The calibration data was obtained using high
purity (5N5) mixtures of the gases and the spectra integration
was performed at 3760-3520 cm™* for CO,, 2226-2143 cm™* for
CO, and 3250-2650 cm ™! for CHy, respectively. The flow path
between the reactor and measurement point was maximally
reduced to ensure immediate response despite the volume
change of the gas during the reaction.

Experimental procedure and test conditions

The reactor quartz tube was each time filled with 100 mg of
catalyst mixed properly with nonporous alumina carrier balls
(99% Al,03, @ 1 mm) to ensure a free flow of reactants and
products as well as even heat distribution throughout the
catalyst bed. The volume of the bed was maintained the same
for each test. Quartz wool was introduced on both ends to
maintain good dispersion of the gas mixture and ensure that
the catalyst bed stays in the central part of the reactor. The
whole unit was thermally insulated to minimise temperature
fluctuations. Prior to each measurement, the catalyst was
activated using imitated conditions of SOEC reduction: under
H, (24 ml minfl) for 2 h at 800 °C. After cooling to 700 °C, the
reactants were introduced into the feeding stream and the
composition of the outlet gases was examined every 25 °C
with 60 min equilibration time at each step. The syngas was
passed through the catalyst bed at a total flow rate of 27.4
mLgrp min~? (16,440 mLgrp gex h™Y, GHSV = 4443 h™'). The
spectra for the concentration calculations were collected
every 5 min in the range of 4000450 cm™* using 5 accumu-
lations (4 cm™! spectral resolution). Prior to each test, a leak
check was performed to ensure a good seal. Long-term sta-
bility measurements were performed for the selected samples

at 700 °C using an identical feeding mixture and set-up for
24 h. Finally, the tested catalysts underwent the same cata-
lytic test run to further determine the high-temperature
ageing effects during the mentioned 24 h hold.

The quality of the prepared powder for efficient methane
production was determined based on the CO conversion (Xco),
CH4/CO, yields (Y;) and selectivities (S;) obtained from the
measured molar flow values. The given parameters were
calculated using Egs. (1)—(5) [27].

-out -out

n +
Xeo(%) = g g % 100 )
Ney, + Ngg + N,
Y-lout
Sci, (%) = g x 100 (5)
CH, co,
riout
Sco, (%) = sz x 100 )
21-;4 + ncotz
Xco x S
Yeu, (%) = 7“)100 CHe ?)
Xco x S
Yo, (%)= =50 (®)

sout

where: 1} is the molar flow rate of a specified gas at the outlet
of the reactor.

In addition to the catalytic coefficients, the analysis of
nonequilibrium reaction quotients (Q,) was performed. To
estimate the behaviour of the proposed reactions undergoing
during the methanation, the Q, values were calculated as a
ratio of the nonequilibrium constant and the equilibrium
constant for a specific reaction. The Q, aids is determining the
momentary direction of the selected reaction and gives an
overall view on the kinetics of the considered process. The
more detailed procedure of Q, calculation and interpretation
can be found in our previous work on biogas reforming in
SOFC [28]. Briefly, the value of Q, equal to 1 indicates that the
reaction is at its thermodynamic equilibrium. It is approved
that the value Q, > 10 stands for the existence of mostly
products, while Q, < 102 indicates that mostly reactants are
present in the reaction area. In the intermediate range, the
significant number of products and reactants is visible. The Q,
values were calculated vs. reaction temperature. The theo-
retical values of the equilibrium constants were derived from
HSC Chemistry software.

Results
Preliminary results discussion

Concerning the observed conversion of CO into methane over
the prepared catalysts, providing some preliminary informa-
tion is worthwhile. Any conversion of reactant gases was
unnoticeable below 200 °C irrespective of the catalyst used.
For some of the samples, a small amount of the higher hy-
drocarbons, namely C,Hs, were detected below 300 °C. In
those cases, the CH4 concentration was calculated using a
different spectrum range (1400—1100 cm™') as methane and
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ethane spectral lines overlap in a pristine integration range
and by creating superposition alters the concentration results.
The produced ethane quantities were low and will not be
considered in this study.

All thermodynamic equilibrium data for the proposed re-
action conditions were calculated using the HSC Chemistry™
software (Outotec, Finland).

Phase composition of the catalysts

Prior to catalytic tests, all of the synthesised powders were
carefully characterised to determine the influence of B-
cyclodextrin on the final product. The comparative XRD
patterns of the prepared metal/CeO, catalysts are presented
in Fig. 1. The powders consisted of two oxide phases, except
for the Fe-impregnated sample. The most intensive peaks
were attributed to cubic CeO, (Fm-3m) according to the
included database pattern (see Fig. 1 bottom). The broad-
ening comes from the nanometric nature of the support
used. The XRD patterns were stacked to present the differ-
ence between catalysts prepared using a conventional
method and the BCD-assisted impregnation route. Generally
speaking, the peaks assigned to transition metal oxides
were of relatively low intensity and strongly broadened. In
fact, those could be easily distinguished from the CeO,
peaks for samples where the BCD additive was omitted. In
other cases, the introduction of the BCD capping agent into
the precursor solutions resulted in even broader and hardly
visible peaks. This implies that the addition of BCD caused
an increase in metal dispersion over the support surface
and increased the tendency for the creation of smaller
crystallites (nanoparticles) [29,30]. The sizes of the metal
oxide clusters were not estimated using Scherrer's equation
as the high dispersion and low metal loading would give
unreliable results. For the Fe-impregnated sample, the
reflection coming from Fe species were not visible, most
probably due to the high dispersion of nanoparticles, for-
mation of an amorphous structure and/or fluorescence
under Cu anode radiation.

To examine the possible formation of the solid solution
between the metal oxides and CeOQ,, the lattice constant was

NiO NiO NiO
Ni+BCD

Ni
f\ Coy0, Cos0, Co;0, Coy0,
W\ : : . Co+pCD
A ? N co
CuO CuO CuO
] ! Cu+BCD
J : 1 Cu

| CeO,
T T T T T T T T T 1

25 30 35 40 45 50 55 60 65 70 75
20 (%)

obtained using the Rietveld refining method. A slight devi-
ation in the impregnated nano-CeO, lattice constant was
observed from 5.408 A for pure unmodified ceria. The lattice
parameters of the impregnated CeO, are presented in Table
2 with the corresponding GOF factors. The obtained values
pointed towards the possible creation of a solid solution
between an active metal oxide and ceria support. The
nanoparticles seem to interact with the support material by
the corresponding CeO,-doped interlayer as the transition
metals can dissolve into the ceria lattice to some extent.
Even though minor changes were noticed for different
impregnated samples, the addition of the BCD capping agent
resulted in a slightly more intensive decrease of the lattice
parameter. This effect can be mainly attributed to the
stronger reduction of the Me,Oy size by the addition of CD
as well as the higher amount of existing interfacial solid
solution. The higher dispersion and integration were ach-
ieved due to the interactions between the BCD and metal
cations resulting in the creation and decomposition of the
inclusion complexes. According to the studies of M. Najaf-
pour et al. [24] on Mn-cyclodextrin complexes it was
concluded that strong interaction between the Mn cations
and oligosaccharide ring led to formation of well
dispersed nanoparticles of metal oxide. At the same time
the research of H. Liu et al. [25] revealed that small
addition of the CD ensured high Ni dispersion over SBA-15
substrate. The peaks observed in mass spectrometer for
Ni(NOs),-CD mixtures were attributed to the formation of
various Ni**CD and NO3CD complexes. The ability of B-CD
to encapsulate the Ni ions and to evenly distribute NO3 via
hydrogen bonds using outer OH™ groups is the key to
prevent the sintering of the Ni nanoparticles during calci-
nation step.

The smaller nanoparticles are keener on creating stronger
interactions with the support due to their high surface energy
potential. This synergetic effect between the size reduction
and heavy coupling at the active metal/support interface is
highly desired. Smaller metal particles guarantee a higher
catalytically active surface area, while the existence of a mixed
interlayer can increase the overall efficiency and stability of
the catalyst. On the other hand, the conventional thermal

MnO, MnO,
Mn+BCD
: Mn

\ Fe+pCD

[\ A A
N A N N Fe

CeO

| | 2

25 30 35 40 45 50 55 60 65 70 75
20 (%)

Fig. 1 — XRD patterns of CeO, support impregnated with 10 wt% metal content.
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Table 2 — Lattice parameters of the pure CeO, support powder and impregnated catalysts.

CeO, Ni Co Cu Mn Fe
pure BCD pure BCD pure BCD pure BCD pure BCD
Lattice parameter (a = b =c) (A) 5.408 5.403 5.401 5.405 5.401 5.402 5.401 5.402 5.400 5.405 5.399

GOF 1.68 1.40 1.23 1.24 1.32 1.27 1.22 1.53 1.29 1.21 1.49
calcination can cause the nanoparticles to create a broad integration and reducible surface needs to be achieved. To
diffused interfacial region, limiting the reaction's available determine the behaviour of the catalysts during activation, H,-

catalytic centres [31]. A compromise between nanoparticle TPR measurements were performed.

A B
—Ni
——Ni+pCD
——Ce0,
3 3
s o
c [
8 2
B B
£ ) £
5 ¥ 3
g ] 775 g
8N so7 SN
T x
T T T T T T T ) T T T T )
100 200 300 400 500 600 700 800 900 50 100 160 200 250 300 350 400 450 500
Temperature (°C) Temperature (°C)
C D
—~Co —Cu
——Co+pCD —— Cu+BCD
R1 419 B, B

412

H, consumption (a.u.)
H, consumption (a.u.)

T - T — - VIV T l
50 100 150 200 250 300 350 400 450 500

Temperature (°C) Temperature (°C)

Mn
—— Mn+BCD

150 200 250 300 350 400 430 500 550

H, consumption (a.u.)
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Fig. 2 — TPR profiles of the CeO, impregnated catalysts. Inset R1 shows the first reduction cycle profile.
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Reducibility of the catalysts

To examine the reducibility of the prepared catalyst powders
and define the reduction route of the transition metal oxides
supported on the CeO, substrate, series of H,-TPR measure-
ments were performed after degassing and cleaning in a
stream of He. Each test consisted of two reduction cycles with
an intermediate oxidation run to reveal the metal's stability
and tendency to agglomerate while redox cycling. The second
reduction runs were selected as representative results as the
samples were free of most surface impurities after the O,/He
oxidation step and are shown in Fig. 2. The first reduction
profiles were also included in the graphs (R1 insets). The TPR
profile of the pristine CeO, support (Fig. 2A) is characterised by
the bimodal curve with two easily distinguishable peaks
located at 507 °C and 775 °C indicated as B and vy, respectively.
This effect is observable for ultrafine nanometric ceria parti-
cles with an intermediate specific surface area of rather low
internal porosity development. The first peak (B) at lower
temperatures comes from the surface reduction of CeO,. It is
followed by the second peak (y) attributed to reduction with
oxygen supplied from the bulk solid [32,33]. The lower tem-
perature of the bulk reduction results from the highly devel-
oped surface area and the porosity of the nano-CeO, support
that was used. The relatively high intensity of the consump-
tion peak at 507 °C is due to the high concentration of surface
oxygen species (0>~ and O~) [34]. Also, the nanocrystallinity of
the ceria support is the main reason for the lower temperature
bulk reduction. The concentration of surface oxygen, oxygen
vacancies, and Ce*" ions can be a couple of magnitudes higher
when reducing the nanoparticles' size. As an example, Xu
et al. [35] revealed a significant decrease in bulk reduction
peak intensity when the size of the CeO, decreased from 30 to
4.4 nm. At the same time, Zhuo et al. [36] stated that the
concentration of oxygen vacancies was higher by a magnitude
of two for 4 nm CeO, than for 60 nm CeO,.

Comparing the TPR profiles of the nickel-, copper- and
cobalt-impregnated CeO, samples revealed big differences in
the reducibility of the metal oxides prepared using the con-
ventional and BCD-assisted methods. For all of the mentioned
oxides, the main reduction peaks were shifted towards lower
temperatures, which stands for the creation of smaller and
strongly dispersed nanoparticles of metal oxides over the
surface of the CeO,. The effect is visible during the first as well
as second reduction cycle with no or a slight change of main
reduction peak temperature. The temperature shift for Ni-,
Co- and Cu-impregnated samples is especially suppressed,
and additional oxidation most probably causes even structure
refining and recrystallisation. That represents quite high sta-
bility towards cycling redox treatment and a low tendency of
the metal NPs to migrate and coalesce. For the latter samples,
namely Mn- and Fe—CeO,, the differences resulting from the
BCD additive are not that pronounced. For all of the samples,
the o region in the TPR profiles was indicated near 200 °C.
According to the literature, it was fully attributed to the
reduction of surface-active adsorbed oxygen species. It is also
generally accepted that incorporating a transition metal
dopant into a ceria lattice also creates easily reducible oxygen
species by the generation of oxygen vacancies [37—40].

In the TPR profile of nickel impregnated ceria (Fig. 2B), the
main H, consumption peak (8) was attributed to the reduction
of free, bulk NiO particles loosely integrated with the support
[38,41]. In the sample with no BCD, this one process is the
main step in the catalyst reduction occurring at 357 °C.
Compared to the conventionally prepared catalyst, the Ni-
BCD/CeO, was characterised by a shift in the temperature of p
to lower values and the existence of one additional H, con-
sumption peak around 400 °C, namely 3. This process can be
assigned to the reduction of highly dispersed Ni strongly in-
tegrated with the CeO, by Ni-O—Ce interactions and the cre-
ation of a solid solution interlayer [41—43]. The higher
intensity of the « process and the observed 3 peak proves that
the addition of BCD improves the nickel dispersion and leads
to the creation of intermediate compounds with CeO, by
partial NiO dissolution. This issue will be discussed further in
this paper.

The TPR profile of the BCD-assisted Co-impregnated CeO,
(Fig. 2C) was much more complex than for conventionally
prepared one and was deconvoluted into 5 different pro-
cesses. The reduction behaviour of Co30, and the description
of its reduction steps is rather controversial in the literature
as the TPR profiles differ significantly depending on the
preparation route, catalyst composition and level of Co
dispersion. It is generally agreed that large particles of
loosely integrated Cos;0,4 are reduced in a single step result-
ing in metallic Co° Depending on the dispersion, smaller
particles that interact with ceria seem to undergo a reduction
via a two-step process, including CoO creation [44]. The
consumption peak designated as B; was attributed to the
reduction of Co®* to Co®" in fully oxidised Cos0, particles
strongly integrated with the oxide support promoted by the
interaction of the components, ascribed possibly to Co—O
bond lengthening [45]. The intermediate temperature
reduction peaks at 340 and 412 °C were indicated as B, for
BCD-Co/Ce0, and Co/Ce0,, respectively. Based on the peak
description by Luo et al. [46] concerning studies of Co304/
Ce0, and Pd—Co0304/Ce0,, the B, process was fully attributed
to the direct reduction of independent Co30,4 to metallic Co.
For the traditional nitrate solution method of preparation,
this process was the most dominant. In the case of the cat-
alysts impregnated using BCD, two additional peaks were
identified in the TPR profile. The B3 peak most probably
stands for an intermediate step of reduction of loosely inte-
grated CoO. It happens just before the reduction of strongly
integrated Co®>" ions designated as the broad & consumption
peak around 460 °C [46,47]. The Co®* ions embedded into the
ceria support were harder to be reduced due to their stabil-
ising effect on cobalt medium valence ions and high oxygen
storage capacity [45,46]. Moreover, a phenomenon called
hydrogen spillover, was most probably taking place during
the H, treatment. Once the highly dispersed Co3;0, got
reduced to Co° this new metallic phase acted as the disso-
ciation centre for H, molecules. The hydrogen atoms pro-
moted a reduction and caused shifting towards lower
temperatures. The higher dispersion of cobalt oxide over the
surface of ceria, resulted in triggering the effective reduction
of strongly integrated Co®" and of the support underneath by
self-accelerating the H,-oxide reaction [46,48,49].
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Even though the integrated amounts of hydrogen uptake
both for the samples with and without BCD additive were
quite similar, additional experimental studies were under-
taken in order to determine if the undoubtedly created solid
solution of (NiO/Co304)—CeO, in the BCD-(Ni/Co)/CeO, cata-
lysts lead to the confinement of a distinct amount of Ni/Co
ions in the structure and as a result, lowering the final amount
of active metal species after reduction. For this reason, the Hp-
TPR measurements were performed using nanocrystalline
20 mol% Ni- or Co-doped CeO, prepared by the reversed
microemulsion route. Briefly, two solutions were prepared:
nonaqueous organic phase containing surfactant (Triton X-
100) and aqueous one containing metal cations. The solutions
were then mixed together to form a dispersion. The ceramic
precursor powders were then precipitated using a tetraethy-
lammonium hydroxide, centrifuged, washed and sintered at
500 °C under air atmosphere. The synthesis methods and
complete description of the microstructure were published in
our previous work [50]. The TPR profiles with corresponding
before- and after-reduction XRD patterns of the CeggNip,0,-
» and Cep gC00 20,5 are presented in Fig. 3. Both TPR profiles
were divided into two regions: I) reduction of the surface and
loosely integrated Me** species at lower temperatures, and II)
removal of the ions strongly coupled with the support by (Ni/
Co)—O—Ce interactions. The later one also corresponded to the
reduction of Ce*" ions most possibly accelerated by hydrogen
spillover phenomena and/or NiO/Co30, highly dispersed in a
solid solution. A slight lowering in the overall reduction
temperature was noticed, especially for Co-doped CeO,. This
behaviour was previously described by other groups [51,52].
The Rietveld refining method was used to determine the lat-
tice parameters of the Co/Ni-doped CeO, samples (based on
the XRD patterns presented in Fig. 3 left). The corresponding
lattice constants of the as-synthesised CeggNig,0,; and
CepsC0020,.5 were 5408 A (GOF = 1.57) and 5.398 A
(GOF = 1.62), respectively. After the TPR measurements, the
XRD pattern consisted of CeO, and the corresponding metallic
phase. An increase in the CeO, lattice parameters was
observed and equal to 5.415 A for Cep.gNig 0,5 and 5.414 A for
Ce.8C00.20,.5, respectively. This change goes well with the
unit cell parameter of 5.411 A for pure microcrystalline ceria.
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This revealed the complete decomposition of the doped
compounds into cermet composite during reduction.

Previous studies concerning the CuOy-CeO, catalytic
systems revealed that by forming the Cu—Ce interactions, a
redox synergy of the final catalyst was promoted by using
ceria as an active support. Both the CuOy species and CeO,
were more readily reducible than those components sepa-
rately [53]. According to the H,-TPR measurement of the Cu-
impregnated CeO, (Fig. 2D), the profile was deconvoluted into
three peaks, namely B4, B, and y. Based on the temperature
ranges and the literature, the B; consumption peak was
attributed to the reduction of small and highly dispersed
CuOy species. Simultaneously, the B, process was the
reduction of Cu®" ions integrated with the CeO, by the Cu-
[Ox]-Ce interactions. The shoulder peak y was highly pro-
nounced for the catalyst conventionally impregnated
without BCD additive and corresponded to the reduction of
the bulk CuO particles visible in the XRD pattern (see Fig. 1.)
[54—56]. The clear lowering of the reduction temperature and
increase in the intensity of the B, peak confirmed the bene-
ficial character of the BCD additive on increasing the
dispersion, reducing the particle size and increasing the
integration of CuO with the support. It is a crucial aspect
from the point of view of catalysis.

The TPR profiles of the second reduction cycles of both Mn-
impregnated catalysts were similar and typical for MnO,
(Fig. 2E). The B4, B, and B3 consumption peaks were attributed
to the reduction of MnO, to Mn,03, Mn,O; to Mn;0,4, and
Mn;0,4 to MnO, respectively [57]. The bigger agglomerates of
bulk Mns;O, gave rise to the overlapping y peak in the
conventionally prepared Mn—CeO, catalyst. The MnO,-
altering properties of the BCD additive were observable only
during the first reduction cycle (see Fig. 2. Mn R1 inset). The
completely different shape of the TPR profile with two
distinguishable peaks could be attributed to the following
transitions: 1) Mn** to Mn®*, and 2) Mn>* to Mn?*. This phe-
nomena of omitting the intermediate state of Mns;O, is
observed in a highly nanometric MnO, structure characterised
by a high specific surface area (SSA) [58,59]. The positive
impact on the integration of manganese oxide with the BCD
additive is too low to overcome the overall tendency of MnO

Ce, .Ni,,O

08 02725

—— Ce, ,Co, ,0

02725

H, consumption (a.u.)

i CeO, bulk reduction

T T T T ; T T 1
100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 3 — XRD patterns before/after reduction (left) and TPR profiles (right) of Ce, gNig ,0,-; and Ceg gC0p ,0,. I — surface
reduction and II — reduction of Ni and Co ions strongly integrated with the support.
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towards agglomeration and sintering which limits its redox
stability and catalytic activity.

Theresults of the H,-TPR measurements of Fe-impregnated
CeO, (Fig. 2F) were divided into four main stages besides
adsorbed surface oxygen species reduction («). The profiles of
both Fe-containing samples were similar despite the addition
of the BCD into the precursor solution. The reduction process
was typical for Fe,0; and widely described in the literature
[60—62]. The B, consumption peak in the range of 350—450 °C
was attributed to the reduction of Fe,O; into Fe;O,. The
following intermediate reduction steps B, and B3 could be
described as the overlapping reduction signals (see Fig. 2f) of
Fe,05 to FeO and FeO to Fe transitions, respectively. Finally,
the y peak corresponded to the reduction of bulk clusters of FeO
into metallic Fe.

The H,-TPR experiment revealed that the BCD additive
produces excellent microstructural changes mainly when Ni,
Co, or Cu ions were used to impregnate the chosen nano-
metric CeO, support. The reduction of the nanoparticles' sizes
is most probably a result of metal ions capping properties of
the B-cyclodextrin. The cations are being captured inside the
BCD macrocyclic ring of glucose units, increasing the metal
ions' dispersity and limiting the agglomeration while sinter-
ing. Additionally, the burning cyclodextrin acts as a reducing
agent that accelerates the metal oxide's creation and its slight
dissolution into the surface layers of the partially reduced
CeO, [63-65].

Microstructure and specific surface area (SSA)

The SSA and microstructure type are the catalyst's funda-
mental properties as those impact the final efficiency on the
same level as the composition. The N, adsorption-desorption
isotherm of the representative sample of BCD-Ni/CeO, is
presented in Fig. S1. The isotherms for all of the samples were
of the same shape. Based on the classification of the Inter-
national Union of Pure and Applied Chemistry (IUPAC), all of
them were type Il isotherms, indicating that the catalysts have
a developed amount of mesopores [66]. The isotherms were

Ni DISPERSION

characterised by a H3-type hysteresis loop characteristic for
samples containing irregular and open pores with good con-
nectivity between intragranular pores. This microstructure
guarantees good transport of the reactant gases [67]. The mi-
crostructures of BCD-Ni/CeO, and Ni/CeO, catalysts are pre-
sented in Fig. 4A. The TEM images coupled with nEDS analysis
revealed that after the introduction of BCD into the precursor
solution, the dispersion level of Ni over the support clearly
increased. It is in agreement with the previously presented
analysis of the TPR and XRD outcomes. Addition of cyclo-
dextrin ensured good distribution of the guest ions over the
sponge-like structure of nano-CeO, (see Fig. 4C). Possible for-
mation of the mixed NiO—CeO, oxide was also identified, to
some extent, using the HR-TEM image shown in Fig. 4B. The
indicated bright spots of the image were determined to be
(111) planes of pure cubic CeO, exhibiting interplanar distance
of 3.1 A. Presented values correspond well to the d-spacing
found in the literature and Bragg law [68]. Interestingly, the
interplanar distances of the congruent group of (111) planes
measured within the region indicated in Fig. 4B were each
time lower (2.9-3.1 A) than for pure CeO,. The alteration of
interplanar distances towards lower values coupled with the
results from pEDS may indicate the formation of the previ-
ously predicted Ni—O—Ce solid solution. As the transition
metals possess the ability to dope the ceria lattice to some
extent [50], this process occurred at the interface during the
preparation step of the presented catalysts, changing the local
interplanar distance due to the possible interdiffusion of Ce
and Ni cations [69,70]. The formation of the surface Ni—O—Ce
mixed oxide is considered an advantage when the catalyst is
used in the methanation process [71]. Similar conclusions can
be made for Co—CeO, catalyst series. The corresponding TEM
images can be found in supplementary materials (Fig. S2).
The isotherm-based divagations over the microstructure
were well reflected in the SEM images (Fig. 4.) of the
impregnated catalyst. The structure of the catalysts was
coral reef-like with a not easily distinguishable transition
metal oxide phase. This was most probably due to high
dispersion of metal followed by the formation of small

Fig. 4 — (A) TEM images with pEDS elemental analysis of Ni and Ce of BCD-Ni/CeO, and Ni/CeO, catalysts, (B) HR-TEM image
of BCD-Ni/CeO, sample with indicated (111) interplanar distances and (C) SEM image of BCD-Ni/CeO,.
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Table 3 — BET specific surface area (SSA) and total pore volume of the prepared catalysts.

CeO, Ni Cu Co Mn Fe
pure BCD pure BCD pure BCD pure BCD pure BCD

AN\ MOST

BET surface area (m?g ) 35.5 52.1 55.4 49.8
Total pore volume (10 'cm?3g™) 1.5 1.9 2.2 1.7

60.6 57.0 61.1 52.7 54.4 70.0 69.8
2.0 1.6 1.7 1.6 1.7 1.8 2.1

nanoparticles of low crystallinity. The specific surface areas
(SSA) of the as-synthesised catalyst powders are collected in
Table 3. It is clearly visible that all of the impregnated
samples are characterised by higher SSA values compared
to the pristine CeO, powder. The surface areas estimated for
the prepared catalysts were in the range of 49.8—70 m?g™.
Except for the Fe-impregnated sample, they all exhibited a
slightly higher surface area when BCD was added during the
preparation process. This was caused by higher metal oxide
dispersion. The effect of the BCD additive was most pro-
nounced in the Cu-containing sample where the SSA
increased from 49.8 to 60.6 m?g™. This was caused by the
fact that Cu®" ions form the most long-lasting complexes
with BCD which are also stabilised by NO3 groups. Accord-
ing to previous studies, Cu and Co complexes with BCD are
much different than those of other transition metal salts,
e.g., by altering the temperature decomposition [72,73]. This
indicates that, especially in the case of the Cu- and Co-
impregnated samples, the BCD allowed much smaller
nanoparticles to be obtained, which is in agreement with
the strong shift in the reduction maximum during the TPR
tests in both cases. The effect of the cyclodextrin additive
was rather poorly visible in the case of Mn- and Fe-
impregnated samples. The highest values of SSA were
observed for the Fe/CeO, catalyst. This would correspond
well to the highly amorphous structure of Fe,03 created on
the CeO, support, which was obtained during low temper-
ature (400 °C) sintering of the impregnated ceria. The total
pore volumes varied between 1.6—2.2 x 10~ *cm3g~?, where
higher values were also found for the samples prepared
using BCD.
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Catalytic activity for CO conversion to methane

The catalytic activity of the samples was examined using fixed
bed reactor and FTIR for analysis of the composition of the
exhaust gases. The baseline consisted of the unmodified CeO,
powder mixed with the alumina diluent media. No methane
formation was observed. Visible methane formation was only
noticed for two of the prepared catalyst samples, being the Ni-
and Co-impregnated CeO,. For the rest of the samples, the CH,
concentration was significantly below 1%, and thus only the
Ni- and Co-impregnated samples with/without BCD were
taken into further consideration. The temperature-dependent
CO conversion and CH, selectivity as well as CH,/CO, yield
values were calculated for the mentioned catalysts and are
presented in Figs. 5 and 6 for the Ni- and Co-impregnated
samples, respectively. For the Ni/CeO, catalysts, both the CO
conversion and selectivity towards methane production were
higher than for the Co/CeO, catalysts. This proves the high
catalytic activity of Ni for the methanation reaction. The in-
crease in the activity of the catalyst prepared with the assis-
tance of the BCD was clearly noticeable concerning both CO
conversion and CH, selectivity. The CO conversion reached
98.5% at 375 °C compared to around 71.4% for the catalyst
prepared without the BCD additive (peaking at 475 °C in 84.4%).
Better dispersion over and integration of the Ni nanoparticles
with the CeO, surface ensured higher (625—-350 °C) or similar
(700—-650 °C) efficiency of the Ni/BCD-CeO, catalyst concerning
the CHy4 selectivity and CO conversion. When comparing the
CH, yield of both Ni-containing catalysts, the one prepared
using BCD reached 79.9%, while the other only reached 61.9%.
Simultaneously, the CO, yield was calculated as the unwanted
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Fig. 5 — Catalytic performance of the Ni-impregnated CeO,. a) CO conversions and CH, selectivities, and b) CH, and CO,

yields.
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Fig. 6 — Catalytic performance of the Co-impregnated CeO,. a) CO conversions and CH, selectivities, and b) CH, and CO,

yields.

side reaction of WGS took place using up CO for CO, genera-
tion. In a working SOEC, CO, will be reduced into CO, so the
catalyst reversing this process by reacting CO with H,0O is
highly undesired. As can be seen in Fig. 5b, the CO, yields in
both cases were similar, and regarding the higher CH, yield
obtained for the Ni/BCD-CeO,, it indicated the higher overall
efficiency of that catalyst in the proposed set-up. According to
the study of S. Tada et al. [74] indicated that Ni metal particles
coupled with CeO, and properly pretreated are highly active
towards CO, reduction to CO at the support-metal interface.
The high activity of Ni is determined by lower reaction tem-
perature to overcome the eight-electron CO, methanation
kinetic energy barrier, which implies the higher yield ac-
cording to thermodynamic equilibrium limitations. Even
though the reaction pathways are still under debate, the
metal-ceramic interface and small size of Ni nanoparticles are
generally believed to be a key to the most efficient methana-
tion [75,76]. The metallic Ni particles are sites for H, sorption
and activation [75,77]. The creation of surface Ni—O—Ce solid
solution of low stability under reducing condition allows to
form extremely small nanoparticles of metal facilitating hy-
drogenation [71].

For the Co-impregnated catalyst samples, the effect of the
BCD was slightly less pronounced, yet clearly noticeable. The
CO conversion for the Co/BCD-Ce0O, peaked at 83.5% at 450 °C,
while for the conventionally impregnated ceria, it reached
78.6% at the same temperature. The values of CH, selectivities
presented in Fig. 6a revealed a slightly higher tendency for
methane formation within the whole temperature range
when Co/BCD-CeQO, was tested. The addition of BCD to the
precursor solution resulted in a higher CH, yield of the syn-
thesised catalysts revealing a 20% improvement concerning
the peak point. At the same time, the CO, formation was
suppressed, as indicated by the lower CO, yield values ob-
tained for the Co/BCD-CeO, catalyst. The Co usage in each test
resulted in the methane production peaking at temperatures
higher than when Ni-containing catalysts were characterised.

As methanation can take place even more efficiently in
the lower temperature regions, more specific tests with a
higher number of intermediate steps could be performed, but

according to the predicted application of the catalyst in a
SOEC, the low-temperature region is of lesser importance.

The ageing of the powders was performed for 24 h under
the same feeding mixture at 700 °C. After 24 h, the powders
underwent the same test run as previously to determine the
changes in catalytic efficiency caused by deterioration of the
catalyst, e.g., metal particles sintering, and vaporisation. The
results for comparison of the catalysts’ deactivation resis-
tance are presented in Fig. 7. The value changes of the chosen
catalytic indicators, namely, CO conversion, CH, yield, and
CHy, selectivity, are presented for the narrowed temperature
range to increase the picture clarity and the higher impor-
tance of that temperature region concerning the future
application in SOECs. The changes in parameter values were
indicated for the selected temperatures in the form of A%. The
values of conversion, yield and selectivity at thermodynamic
equilibrium were introduced in Fig. 7 as a dashed line. The
values of reaction quotient Q. depending on the reaction
temperature were presented in Fig. 8 for Ni- and Co-
impregnated CeO, samples. For calculation of the reaction
quotient, only CO/CO, methanation and WGS reactions were
taken into account as the most important ones.

The highest CO conversion and CH, yield values following
close the limitation arisen by thermodynamic equilibrium,
especially at high temperatures, were obtained for the Ni/
BCD-CeO, catalyst. The Ni catalyst prepared without addition
of cyclodextrin in both cases was characterised by lower ef-
ficiency, however, the selectivity towards CH, generation was
comparable in both samples. The selectivity change follows
the simulated trend, but the deviation from the thermody-
namic equilibrium values may be caused by the uncertainty of
concentration measurement by FTIR and possibility of slight
temperature gradient formation inside the reactor catalyst
bed. In the case of Co impregnated samples, the differences
were less pronounced, but indicated the positive influence of
BCD addition. The Co—CeO, samples were each case farther
away from obtaining the thermodynamic equilibrium values
in comparison to Ni—CeO,. In general, the catalytic measure-
ments indicated that the methanation at high temperatures
under the proposed conditions is mostly determined by the

j.ijhydene.2021.10.144

Please cite this article as: Btaszczak P et al., Preparation of methanation catalysts for high temperature SOEC by B-cyclodextrin-assisted
impregnation of nano-CeO, with transition metal oxides, International Journal of Hydrogen Energy, https://doi.org/10.1016/



https://doi.org/10.1016/j.ijhydene.2021.10.144
http://mostwiedzy.pl

A\ MOST

12 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

Ni/BCD - 1% run
100+ - — — _ Ni/BCD - after aging
=~ 17% ——Ni-1%run
90 ~ ) ’
~ —o— Ni- after aging
@ ™
%] ./0/ S 8\5%
R S
c 7040 o\o\ N
g N N
3 °§ 1.29%
g 60+ Y $-2.9%
§ 504 \o > \
8 \,\ N
40 MW
\A N
AN
30 '~
= = Equilibrium
20— T T T T T T
400 450 500 550 600 650 700
Temperature (°C)
Ni/BCD - 1% run
90 4 Ni/BCD - after aging
80_‘ T —a—Ni- 1% run
< -8.2% —a— Ni- after aging
70 <
N
604 , — — X ~ $-4.3%
0 e AT
5 a AN N
< 50 \\ N
2 K\\
+ 40 \‘\\
I -1.4%
© 30 N - 2.6%
20 %\
10 5
— — Equilibrium ™
0

T T T T T T T
400 450 500 550 600 650 700
Temperature (°C)

Ni/BCD - 1% run
90~ Ni/BCD - after aging

—v—Ni- 1% run

80 V- ~ s :
o~ B -6.9% —v— Ni- after aging
Y <
__ 704 I
X ~
= N,
£ 001 N
>
i o SNee—¥
2 50 -1.8%
[
®» -
T 40 \\/
=
o NN
30 N N7
——— b
20 = — Equilibrium N
T T T T T T T
400 450 500 550 600 650 700

Temperature (°C)

—e— Co/BCD- 1% run
1004 _ —o— Co/BCD - after aging

~ —+—Co-1%run
—o— Co- after aging

©

S

I
/

\.m
3 8
i
/
/
/
/|
bl

CO conversion (%)
o o
g 3
L L

N
S
n

@
S
1

= = Equilibrium

N
=1

T T T T T T
450 500 550 600 650 700
Temperature (°C)

—a— Co/fCD- 1% run
90 —a— Co/BCD - after aging
—a—Co-1%run

80 - —a— Co - after aging
~
704 N
~
~
;\; 60 ~ N
O 7% S

°©

] e

I 40 -/A ‘\A\\
[$)

/A;A\ A\R\kx\

s  -52% &
s -2.2%
N | 0/
5] 1-5.3%
A_SAN
4 — — Equilibrium
10 q "
T T T T T T
450 500 550 600 650 700
Temperature (°C)
—v— Co/pCD- 1% run
90 —v— Co/BCD - after aging
—v—Co- 1% run
801 :
~ o —v— Co - after aging
~
__ 704 S
2 -3.5%
20—y
B I y—v—
80ty
7] -3.6%
T 40
]
30
204 =— — Equilibrium

T T T T T T
450 500 550 600 650 700
Temperature (°C)

Fig. 7 — Change in catalytic parameters after 24 h of catalyst ageing at 700 °C. A) Ni-impregnated CeO,, and B) Co-
impregnated CeO,. Dashed line indicates thermodynamic equilibrium values.

thermodynamic equilibrium and not the kinetics of the reac-
tion itself.

Both of the catalysts did not deteriorate heavily during the
24 h hold at 700 °C. In fact, the usage of CeO, in nanometric
form most probably limited the metals' tendency to agglom-
erate. In the end, the catalysts prepared using the BCD additive
were characterised by a lower degradation level, especially for
the Co-impregnated sample and Ni at high temperatures. The
indicated changes in all of the parameters’ values at 600 °C
represent a much lower drop for the Co/BCD-CeO, and Ni/
BCD-CeO, catalysts. The stability was clearly manifested for
the Co/BCD-CeO, sample when both the low- and high-
temperature regions were compared. This deterioration
resistance was determined by the high integration of the Co
with the CeO, support revealed during the H,-TPR studies. Co
metal by itself is known for lower tendency towards agglom-
eration and sintering than Ni. The stability of Co nanoparticles

was even more enhanced by the BCD additive. Each time, a
lower drop in values of the calculated parameters (CO con-
version, CH, yield and CH, selectivity) was observed for the
Co/BCD-CeO, catalyst. It reveals the significant influence of
the native cyclodextrin addition on the final efficiency and
stability of the catalyst.

The changes in catalytic parameter values varied depend-
ing on the reaction's temperature, generally producing higher
drops in lower temperature regions. This is due to the higher
efficiencies of the catalysts so even limited deterioration is
clearly visible. For the Ni-impregnated samples, a significant
difference was observed in the CO conversion value. Almost
no change in conversion was noticed for the Ni/BCD-CeO,,
although, its deterioration was more pronounced in the case
of the CH, yield and selectivity (see Fig. 7). Even after the slight
deactivation, the overall efficiency stayed at a higher level
than for the conventionally prepared samples. The higher
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Fig. 8 — Reaction quotients (Q,) of CO/CO, methanation and WGS reactions at outlet stream compositions.

drop for Ni/BCD-CeO, was caused by the much smaller size of
the Ni nanoparticles on the surface of the CeO,, which had an
extremely high surface energy and specific surface area which
are more prone to migration and sintering. Even though active
support was chosen and high integration between the Ni
and CeO, was detected (H,-TPR tests), the Ni agglomerated in
24 h, even though the methane yield and selectivity main-
tained higher values for the Ni/BCD-CeO,. A slight increase in
CO2 generation caused no drop in CO conversion for the Ni/
BCD-CeOs,.

To determine the extent of CO/CO, methanation and WGS
reactions (WGSR), the temperature-dependent nonequilib-
rium reaction quotient Q, values were calculated (Fig. 8.)
concerning only a single reaction type for simplification. The
trends also gave an overall view at the processes dynamics
based on composition of the exhaust gas mixture. The WGSR
operates near thermodynamic equilibrium point of reaction
(Q,~1) at elevated temperatures although it favours the for-
mation of products at lower temperatures. This is due to the
domination of fast reaction kinetics. The WGS at tempera-
tures over 550 °C showed similar behaviour for all catalytic
systems reaching nearly full thermodynamic equilibrium
state. This corresponded well with decreasing CO, production
rate (Figs. 5B and 6B) with increasing temperature. The WGS
was more pronounced for Co/CeO, catalysts. The reaction rate
of WGSR at intermediate temperatures was lower for Ni/CeO,
catalyst. This trend was attributed to the decrease of WGS
activity with an increase in the size of the Ni nanoparticles.
Similar behaviour was observed for other WGS catalysts
[78,79]. Ni-BCD/CeO, revealed outstanding activity towards
performing both CO and CO, methanation compared to other
catalysts as it was previously shown in Fig. 5. Both reactions
are strongly shifting the composition of the outlet stream to-
wards products with the most visible difference for Ni-BCD/
CeO,. The usage of cyclodextrin resulting in smaller and more
active nanoparticles ensured stable performance of CO
methanation from 550 °C onwards (Q, plateau). The CO,
methanation as a parallel reaction played a secondary role in
the whole process using up the CO, created by WGSR. Clear

contribution was visible in intermediate temperature region
where also a decrease of CO, yield was observed (Fig. 5A). For
both CH, generating reactions, the kinetics were poorer for Co
containing samples. No significant difference was noticed in
the quotient change trends between Co-BCD/CeO, and Co/
CeO,. Worth mentioning is the surprisingly stable and similar
trend observed for both CO and CO, methanation in Co—CeO,
systems. This would be crucial in real life SOEC chamber at-
mosphere containing a mixture of CO and CO,, where cobalt
could be even more suitable than nickel as an efficient catalyst
[80,81].

The high working temperature of SOECs is the main
problem when investigating new and efficient catalysts based
on Ni. Future studies over catalysts for SOEC applications will
concentrate on alloying two or more transition metals to
achieve the synergistic effects of both components. As an
example, the addition of Co into Ni nanoparticles should
improve the high-temperature stability while maintaining the
high activity of the Ni.

Conclusions

The purpose of this work was to synthesise and insightfully
characterise the prepared catalysts based on nanometric
CeO,. The ceria support material was decorated with nano-
particles of transition metals via a simple wet-impregnation
method. The addition of BCD resulted in the creation of
smaller nanoparticles compared to the conventional method
of impregnation. The size-reduction effect and increase in
interfacial integration were highly pronounced especially for
Ni, Co and Cu samples when cyclodextrin was used. The XRD
and TPR studies gave an interesting description of the phase
structure and reducibility. The additive produced strongly
anchored metallic nanoparticles connected to the support by
an interlayer of mixed ceria compound. The synergy between
metal and CeO; increased the stability during cyclic reduction.
The additional data proved the decomposition of mixed oxide
phases under a reducing atmosphere. The catalyst-specific
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surface was higher when BCD was added into the precursor
solution. The catalytic activity towards methane synthesis
was observed only for Ni- and Co-containing catalysts. The
addition of BCD strongly influenced the final CO conversion
and CHj, selectivity parameters of the prepared catalysts. Ni-
BCD/CeO, reached around 99% of CO conversion at 375 °C with
nearly 80% selectivity to CHs. The samples with a Co phase
resulted in lower concentrations of CH, in the outlet stream,
but again the positive influence of the BCD additive was
observed. The stability of Ni nanoparticles in Ni-BCD/CeO,
was a bit lower than in conventional samples due to the high
surface energy of the created nanoparticles, which was not
visible in the case of Co-BCD/Ce0,. The Co-pCD/Ce0, sample
peaked at 450 °C with around 84% CO conversion and nearly
60% CH, selectivity values. The presented studies proved that
both the usage of transition metals with CeO, and the addition
of small amounts of BCD could create a promising catalyst for
SOEC applications. Further studies should be strongly
concentrated on Ni—Co alloyed nanoparticles to give rise to
the synergistic effects coming from both components.
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