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CeO,-supported Ni and Co catalysts prepared by a
solution combustion method for H, production
from glycerol: the effect of fuel/oxidizer ratio and
oxygen excessy
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Glycerol is a promising raw material for obtaining various chemicals and fuels, including H,. Nevertheless,
the development of cost-effective and stable catalysts with high activity and selectivity for H, production
from glycerol under mild conditions has been a serious problem for their practical use. In this work, a series
of CeO,-supported Ni and Co catalysts with the content of Ni and Co as metal(i) oxides being 30 wt% was
prepared by solution combustion synthesis via changing the fuel/oxidizer ratio (p = 0.7-3), the fuel type
(glycine, urea), and the oxygen excess. Thus, various species of Ni and Co and their interactions with CeO,
were obtained, which affected the reduction sequence, defectiveness, textural characteristics, and activity
in steam and aqueous-phase reforming of glycerol. To study the characteristics of the obtained samples,
instrumental methods such as XRD, DTA-TGA, low-temperature N, physisorption, SEM-EDX, H,-TPR, and
H,- and CO,-TPD, as well as Raman spectroscopy, were used. The results demonstrated that the Ni-Ce-O
system synthesized with a high glycine-to-oxidizer ratio can successfully compete with catalysts based on
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1. Introduction

One of the consequences of global population growth and
industrialization is the depletion of fossil fuels, the use of
which has also exacerbated global warming and climate
change." Among the alternatives to fossil sources, hydrogen
(H,) has emerged as an energy vector of the future.” Hydrogen
is predicted to be the main source of 90% of the world's
energy by 2080.> One of the effective and promising methods
of hydrogen production is steam (SR) and aqueous-phase
reforming (APR) of glycerol. The latter is a by-product of the
growing biodiesel industry, as a result of which the glycerol
production has increased significantly in the few recent years,
saturating the market and causing a free fall in prices.”® In

“ Laboratory of Materials and Processes for Hydrogen Energy, Ioffe Institute,
Politekhnicheskaya ul. 28, 194021 St. Petersburg, Russia.

E-mail: anna.matveyeva@mail.ioffe.ru

b Department of Physical Chemistry, St. Petersburg State Institute of Technology
(Technical University), Moskovskiy pr. 26, 190013 St. Petersburg, Russia

¢ Laboratory of Physics for Cluster Structures and Colloid Physics Laboratory, Ioffe
Institute, Politekhnicheskaya ul. 28, 194021 St. Petersburg, Russia

4 Laboratory of Industrial Chemistry and Reaction Engineering, Abo Akademi
University, Henriksgatan 2, 20500 Turku/Abo, Finland. E-mail: dmurzin@abo.fi

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3cy00854a

This journal is © The Royal Society of Chemistry 2023

noble metals (Pt/y-ALLOs) in aqueous-phase reforming of glycerol.

this context, it is important to manage excess glycerol to avoid
waste problems and adverse effects on biodiesel industrial
development.”

APR of glycerol compared to steam reforming is more
preferable for hydrogen production in terms of side
reactions, as well as more thermodynamically favorable
conditions (200-260 °C; 20-50 bar) for the water-gas shift
(WGS) reaction.>® The latter is especially important in the
case of subsequent use of hydrogen in fuel cells that are
sensitive to CO.? In addition, APR of glycerol is an alternative
to SR when glycerol is already obtained dissolved in H,O, in
particular, in upstream biomass processing.

Steam reforming, which proceeds at higher temperatures
and lower pressures, in contrast, imposes more stringent
requirements regarding the thermal stability of the catalyst,
especially in the presence of steam, as well as resistance to
carburization. The latter issue is one of the main causes of
catalyst deactivation, together with metal particle sintering.

In the few recent years, various combinations of catalysts
and supports have been reported in the literature about
reforming processes of glycerol. Among them, catalysts based
on transition metals, in particular Ni and Co, are more
preferable due to low costs and wide availability.

Ni-containing catalysts are known to have a high
capability for C-C, C-H and O-H bond cleavage'® and can be
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easily dispersed on a range of supports. A number of nickel
catalysts supported on Al,03,"' %% Ce0,,"”*°?” Mg0,*"**3°
Ti0,,>"**78 §i0,,"****% and ZrO, (ref. 13, 38, and 41-44) have
been studied in reforming processes of several renewable
feeds, including methanol,” ethanol,'*7?%26,27,32734,37,39,41
and glycerol.11_13’20_23’25'28_31’35’36’38’40’42_44 Aleg and CeOz as
supports are considered effective in terms of high H,
production and lower coke formation.'”” However, according
to ref. 23, Ni supported on CeO, has a higher stability in
glycerol steam reforming compared to Ni/Al,O;, despite
having a significantly specific surface area. A
comparative study of nickel catalyst deactivation on Al,O3,
CeO,, ZnO, MgO, ZrO,, and SiO, in low-temperature steam
reforming of ethanol showed the following decreasing order
of activity: CeO, > Al,O; > Zr0,.*>

The excellent stability of Ni/CeO, has been related to
accelerated carbon removal from the metal surface due to the
mobility of oxygen ions and formation of oxygen vacancies in
the support.*® Recent studies of Ni/CeO, systems in
reforming processes are related to controlling the functional

lower

properties of  catalysts  through  changing  the
morphology,®*?**®  preparation methods,****?**> active
26,47 27,48,49

component content,”* promoters, and additives.

Although Co-based catalysts supported on CeO, have not
been studied for glycerol reforming as extensively as nickel-
based catalysts,”® they have also been reported to
demonstrate excellent ethanol steam reforming
activity.***”°1% 1t has been found that Co/CeO, exhibited
optimum hydrogen yield and stability compared to Fe-, Ni-,
and Cu-based catalysts.’” Recent studies of Co/CeQ, systems
in reforming processes are associated with the modification
of the support and/or active phase,’® and changing the cobalt
content®® and its dispersion,* or the CeO, crystal facet®® to
fine-tune the local structure of the surface.

It is well known that material preparation methods have a
strong effect on the structural, textural, and catalytic
properties. For Ni and Co-based catalyst preparation, the
incipient wetness impregnation®>>*283%35737:52:53:57 and wet
impregnation®"?>****° methods are mainly used. However,
these methods have limitations in the synthesis of a catalyst
with a high content of the active component, at which it is
difficult to achieve high metal dispersion. A small particle
size with a uniform distribution of active components can
also be achieved by the co-precipitation method even at a
high metal content.">*® The disadvantages of this method
include a long duration and the overall complexity, careful
control of the synthesis conditions, and precipitation and
washing completeness. In addition, the precipitation
methods are characterized by a significant consumption of
reagents and large amounts of wastewater.

Therefore, other alternative methods for the formation of
inorganic materials, such as the solution combustion
synthesis (SCS) method, are becoming more widespread. SCS
involves the rapid heating of a solution containing certain
amounts of an oxidizing agent (metal precursors, often
nitrates) and an organic fuel such as urea, glycine or citric
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acid. The combustion technique allows obtaining very fine
crystalline oxide powders of high purity with a homogeneous,
non-agglomerated and multicomponent composition.®® Some
studies show that catalysts prepared using this method are
comparable with catalysts obtained by classical methods, for
example Ni-based supported catalysts for ethanol
decomposition and reforming.>*?”*»%1"% [n addition, a high
conversion of glycerol (30%) was obtained for the 20 wt% Ni-
based catalyst on CeO, synthesized by the self-propagation
combustion method compared to those by co-precipitation or
wet impregnation due to the formation of smaller nickel
crystallites.”

Fuel usually plays a central role in optimizing material
properties because it often performs the triple function of a
reducing and a complexation agent, and a microstructural
template.®*®> However, the characteristics of the final powder
obtained by the SCS method also depend on other synthesis
parameters, such as the fuel-to-oxidizer ratio (¢), metal
precursor type, chemical composition, pH, heating method,
etc. Subsequently, the main drawback of this method is the
difficulties in defining the optimal fuel-to-oxidizer ratio. The
amount of fuel calculated directly from the stoichiometric
ratio for combustion results frequently in a product of an
undesired composition.®®

There are several studies on Ni-Ce and Co-Ce oxide
systems prepared by the SCS method, focused on the effect
of Sn and Zr,*® NaCl,%” and colloidal SiO, (ref. 68 and 69)
(using glycine fuel), Ni loading (0-8.5 wt%, urea;’' 3-68
wt%, hydrous hydrazine;”° 3.1-15.6 wt%, urea’'), Co
loading (1-10 wt%, glycine®), the fuel-to-oxidizer ratio (p =
0.5-3, hydrous hydrazine’®), and the fuel type (glycine and
hydrous hydrazine at ¢ = 2;° oxalyldihydrazide, glycerol,
carbohydrazide, urea at ¢ = 1 (ref. 71)) on their physical,
chemical, and -catalytic properties in various processes.
However, no attention was paid to the features of their
formation upon varying the ratio of glycine and urea to the
oxidizing agent and their influence on the catalytic
behavior during glycerol reforming. The ratio of fuel/
oxidizer is one of the most important parameters affecting
not only the phase composition, but also the structure,
defectiveness, and related properties of the materials.
Therefore, the present study aims to comparatively explore
CeO,-supported Ni and Co catalysts prepared by varying the
SCS parameters, such as the fuel type (glycine, urea), the
fuel-to-oxidizer ratio, and the oxygen excess, in both steam
and aqueous-phase reforming of glycerol.

2. Experimental

2.1. Reagents

Ni(NO3),-6H,0 (99.2%, Lenreactiv, Russia), Co(NOj3),:6H,0
(97%, Lenreactiv, Russia), Ce(NO3);-6H,0 (99.8%, Chemcraft,
Russia), ammonium nitrate (98.5%, Russia), glycine (99.2%,
Lenreactiv, Russia), urea (99.8%, Lenreactiv, Russia), AIOOH
(Catapal, Sasol), H,PtCls (37 wt% Pt), and glycerol (99.3%,
Lenreactiv, Russia) were used.

This journal is © The Royal Society of Chemistry 2023
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2.2. Preparation

An appropriate amount of glycine (or urea) and the
corresponding metal nitrates were dissolved in DI water (1
mL per 1 g of the starting materials) in a wide glass beaker
(250 mL) to obtain 1 g of NiO/CeO, or CoO/CeO,. The
theoretical content of nickel and cobalt calculated as NiO
and CoO was 30 wt%. In some syntheses, 1 g of NH,NO; was
additionally used per 1 g of NiO/CeO,. The fuel-to-oxidizer
ratio (¢) was taken from 0.7 to 3 and calculated via the
reducing and oxidizing valence states (RV and OV,
respectively) according to ref. 65 and 72:

@ = (-1)>_(coeff.-RV of fuel)/_(coeff.-OV of nitrate), (1)

The methodology for calculating the reducing and
oxidizing valence states can be found in ref. 73. By selecting
the ratio between reagents, the value of ¢ can be changed.
For example, the reaction equation occurring with glycine at
=1 (-1-9-100/(-15-36 + (-10)-36) can be represented as:

36Ce(NO;);(aq) + 36Ni(NO3),(aq) + 100C,HsNO, + 90,
— 36(NiO-CeO,) + 200CO, + 140N, + (250H,0), 2)

The resulting aqueous solution of fuel with salts was
heated on an electric plate (1 kW) to boiling. It was burned
with the formation of a solid powder, after complete
evaporation of H,O. To avoid oxidation of the resulting
combustion products, the beaker was covered with a Petri
dish immediately after the end of combustion (denoted with
*). Two or three batches of each catalyst were synthesized.
Reaction equations for each synthesis can be found in the
ESL}

A platinum-alumina (Pt/Al,O;) catalyst was synthesized by
impregnation of y-Al,O; (prepared by calcining AIOOH at 700
°C) with an excess of H,PtCls solution to obtain 1 wt% Pt.
After impregnation, the sample was dried and heat-treated at
260 °C (according to ref. 74) in an oven. The catalyst was
reduced in a reactor at 280 °C prior to experiments as
discussed below.

2.3. Characterization

XRD analysis was done on a Rigaku SmartLab 3
diffractometer (Japan) equipped with a 1D DteX250 detector
(Rigaku, Japan) and Ni-filter (Rigaku, Japan) at A = 1.54056 A,
30 mA, 40 kv, a 4° min™* scan speed, and a 0.01° step width.
The diffraction data were analyzed by the Rietveld method.
The refinement procedure and software are similar to those
given in ref. 69. The structural parameters for CeO, (no.
193169), NiO (no. 184918), Ni (no. 426960), CoO (no. 245319),
Co30, (no. 290720) and Co (no. 622442) with the space group
Fm3m were taken using the ICDD PDF-2 database.
N,-physisorption data were obtained on Quantachrome's
Autosorb-6iSA (USA) and Micromeritics ASAP 2020 (USA)
units. The samples were preliminarily degassed at 200-250
°C under vacuum. The specific surface area, the total pore

This journal is © The Royal Society of Chemistry 2023
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volume, and the average pore diameter were determined
using the BET equation, while the distribution of pore size
was obtained by the NLDFT method.

SEM was carried out on a TESCAN VEGA 3 SBH
microscope (Czech Republic) equipped with an INCAx-act
EDS detector (Oxford Instruments).

H,-TPR, H,-TPD, and CO,-TPD were performed on a SOLO
Chemosorb (Russia) equipped with a TCD (thermal
conductivity detector). In H,-TPR tests, ca. 30 mg of powder
without pretreatment was reduced from 80-100 to 620-720
°C at a 10 °C min ! rate under 20 mL min ™" of 10 vol% H,/Ar
(99.998 vol% purity). 2-Propanol cooled in liquid N, was used
to trap water vapor.

For H,-TPD, ca. 100 mg of a sample was first reduced in
situ with a Hy/Ar flow (50:50 vol%, 40 mL min™") at a ramp
rate of 20 °C min~" to 450 °C and 10 °C min™" to 500 °C and
held for 30 min. Then, it was cooled to 60 °C and saturated
with H, (H,/Ar flow, 50:50 vol%, 20 mL min") for 20 min.
After removing the physically adsorbed H, by purging with Ar
(20 mL min™), the sample was heated to 700-800 °C at a
ramping rate of 10 °C min~". The nickel dispersion (Dy;, %),
specific metal surface area (4, m* g”* Ni), and the average Ni
diameter (d, nm) calculated by assuming a
stoichiometric ratio of H/Ni using the following equations:”

_Ns 2V, /Vm

were

p="S_-_2TH/'m N 3
Nt mcat'a)Ni/MNi A ( )
N,
A= s (4)
Meat*ONi
6-0m
d= , 5
2D (5)

where Ng is the number of surface atoms; Ny - the total
number of atoms; Vi, - the volume of desorbed H,, uL; Vy, -
the molar volume, pL; N, — the Avogadro number; m.,, - the
catalyst mass, g; wyn; — the Ni loading, wt%; My; - the molar
mass of Ni, g mol™; ay (6.51 x 1072° for Ni) - the area
occupied by a surface atom, m?; v, (10.95 x 107 for Ni) -
the volume occupied by an atom in the bulk metal, m?.

For CO,-TPD, 100-200 mg of a sample was first reduced in
situ with a H,/He flow (50:50 vol%, 40 mL min ') at a ramp
rate of 20 °C min~" to 450 °C and 10 °C min™" to 520 °C and
held for 30 min. Then, it was cooled to 110 °C and saturated
with CO, (CO,/He flow, 10:90 vol%, 20 mL min™') for 20
min. After removing the physically adsorbed CO, by purging
with He (20 mL min "), the sample was heated to 600 °C at a
ramping rate of 10 °C min~".

Raman patterns were obtained using an NTEGRA Spectra
spectrometer (“NT-MDT”, Russia) equipped with a 532.01 nm
diode laser, a 100x objective and a 1800 lines per mm
grating. The measurements were carried out at room
temperature. To prevent sample heating, a beam with a
power density <50 W cm™> was used. Spectra were recorded
at several random points, with each graph representing the
average spectrum for a sample.

Catal. Sci. Technol,, 2023,13, 5387-5406 | 5389
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A simultaneous thermal analysis was done on a Shimadzu
DTG-60A analyzer (Japan) by heating a sample in static air to
800 °C with a ramp rate of 10 °C min".

2.4. Catalytic tests

2.4.1. Glycerol steam reforming (GSR). Glycerol steam
reforming was carried out at atmospheric pressure and 520
°C in a stainless-steel reactor (50 cm in length, 10 mm in
diameter) with a fixed catalyst bed (7-40 mg). The catalyst
was first exposed to a N, flow (99.999 vol% purity, 30 mL
min '), heated to 520 °C and reduced at this temperature
with 40 mL min™" of 50 vol% H,/N, for 30 min. After catalyst
reduction, the reactor was purged with a N, flow for 5-10
min. For all tests, the reactor was fed with a flow of N, (30
mL min") and liquid feedstock (a mixture of 20 wt% glycerol
with double distilled water; water-to-glycerol feed ratio = 20:
1; total liquid flow 7.2-16.6 mL h™"). The resulting gaseous
products were accumulated in a gas holder for sampling for
5-7 min with fixation of the volume of the formed gas. The
duration of the tests did not exceed 2 h. The gaseous
products were analyzed on a Shimadzu GC-2010 Plus
chromatograph (Japan) with a TCD and RT-Msieve 5A and Rt-
Q-BOND capillary columns. The heating program was similar
to a program used in previous studies.*"*?

The glycerol conversion to gaseous products (Xggas, %),
hydrogen yield (Y(H,), %), and selectivity to H,, CO,, CO,
CH,, C,H,, C,Hg, and C3;Hg (S(i), mol%) were calculated
according to the following equations:

Total molar C of gas products

XGgas = - -100%, (6
8%~ Molar flow C of glycerol in the feedstock 6 ()
Y(H,) = Molar flow of H, 100%, (7)
)™ 7.Molar flow of glycerol in the feedstock ”
Molar fl fH 3
S(H,) oat Tow oL 2100%,  (8)

~ Total molar C of gas products 7

B Molar flow C of i
" Total molar C of gas products

S(i)

-100%, (9)

where i - carbon-based gaseous product (e.g. CO, CHy, etc.);
molar flow C of i - molar flow of the product multiplied by
the number of “C” atoms in the compound, mol h™; 3 and 7
- stoichiometric coefficients from the equation: C;HgO; +
3H,0 = 3CO, + 7H,.

The deactivation constant (kq) was determined by fitting
the dependence of hydrogen yield on TOS in accordance with
the equation:

a=ae™ +a,=(a, - a,)e "

+ a,, (10)
where a is the yield of hydrogen, a., is the hydrogen yield at
complete deactivation, and a, is the pre-exponential
parameter for the time (¢) dependence of the hydrogen yield,
equal in the current study to a, - a., where a, is the initial

yield of hydrogen at TOS = 0.
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The hydrogen formation rate (mol H, per mol Ni per s)
was also calculated:

r(Hy) = (Y(Hz)'qu-p]q-wG)‘(

Mg

M .
= . (1)
Meat Wi+ 3600

where Y(H,) - the hydrogen yield, mol H, per mol glycerol;
Viq — the total liquid flow of the feedstock (glycerol and
water), mL h™'; p, - the density of a glycerol-water mixture
at 20 °C, g mL™'; wg and wy; - the mass fractions of glycerol
in the feedstock and nickel in the catalyst; Mg and My; -
molar masses of glycerol and nickel, g mol™; 3600 - time
conversion factor.

The weight hourly space velocity (WHSV, h™') was
calculated as:

WHSV = Vig:pig/Meats (12)

2.4.2. Glycerol aqueous-phase reforming (GAPR). A once-
through plug-flow reactor (8 mm diameter, 20 cm length) was
used with a catalyst load of 200-668 mg between quartz
layers (load 4 cm®). The set-up for aqueous-phase reforming
of glycerol is similar to that used in ref. 76. Before testing,
the samples were preliminarily reduced at 280-332 °C in
accordance with the results of H,-TPR for 1-2 h in a H, flow
(30 mL min™") at 34 bar. The catalytic experiments were
performed at the same pressure and 231 °C. During all tests,
the reactor was exposed to a N, flow (99.999 vol% purity, 40
mL min™") and liquid feedstock (glycerol : water = 10 : 90 wt%,
total liquid flow rate 3-9.8 mL h™"). Detailed test conditions
are given in the corresponding figure captions. The gas
sampling and analysis procedure is similar to the test
procedure for glycerol steam reforming.

3. Results and discussion
3.1. Ce-Ni-O: synthesis features and phase composition

Fig. 1 presents the visual course of the combustion process
of glycine-nitrate solutions and the macromorphology of the
obtained Ce-Ni-containing materials. Under fuel deficit
conditions (¢ = 0.72), the thermal decomposition of nitrates
dominates, as evidenced by the release of a brown gas. The
most pronounced ignition is observed at the stoichiometric
fuel-to-oxidizer ratio (¢ = 1), which, however, entails the
greatest entrainment of powder particles from the reaction
zone. The powders remaining in the beaker and outside were
analyzed separately using simultaneous thermal analysis
(Fig. 2). Due to the fact that the combustion mode is
disturbed, the escaped particles are characterized by large
weight losses during heating in air compared to the sample
remaining in the beaker (Fig. 2a).

It should be noted that with greater contact of the solid
products with oxygen (in the case of particle entrainment, ¢ =
1.25-1.4), the color of the samples changes from black to
brown, which can indicate the formation of metallic nickel
during combustion and its further oxidation. This
assumption is supported by the results shown earlier in ref.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The course of the glycine-nitrate solution combustion and macromorphology of the Ce-Ni-O systems obtained at various fuel-to-oxidizer
ratios. ¢ = 2* - the beaker was covered with a Petri dish immediately after completion of combustion; ¢ = 1.6 - ammonium nitrate was additionally

used, while maintaining the glycine-to-nitrate ratio equal to 2.
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Fig. 2 Total weight change (a) and weight gain (b) during heating in air for the as-prepared Ce-Ni-O systems produced using different conditions.

77-80, where metallic Ni is easily formed from nickel nitrate
under fuel rich conditions without any postreduction
treatment. According to ref. 78 and 80, the formation of
metallic Ni is triggered by the reducing action of nitrogen
oxides and NH; or CO produced by the fuel (urea, glycine,
citric  acid, hexamethylenetetramine)  decomposition.
However, there are no data for the formation of nickel during
combustion of a mixture of nickel and cerium nitrates with
any fuel, which can be explained by calcination of the freshly
prepared samples.>*?1¢7687071 [ ref, 62, the NiO phase was
established as the only combustion product of nickel nitrate
with fuel on a porous support in air, regardless of the ¢
value, which varied between one and three.

An increase in the sample weight during heating in air
also indicates the interactions of metal Ni particles with
oxygen (Fig. 2b). To minimize these interactions, experiments
were carried out by covering the beaker with a Petri dish
immediately after the end of combustion, as well as with the
addition of NH4NO;. The results show that abundant gas
evolution when using NH,;NO; does not prevent the oxidation
of the samples. The most effective approach from this point
of view is to cover the beaker, judging by the rich black color
(Fig. 1, ¢ = 2*) and the increase in weight gain when heated

This journal is © The Royal Society of Chemistry 2023

in air (Fig. 2b). Minimizing oxygen access in the literature
was carried out in various ways, for example, by using a
beaker with a perforated rubber plug®" or conducting an
experiment in a completely inert environment.®* According to
the time-resolved XRD experiments performed in ref. 62,
allowing the monitoring of the evolution of phase formation
during combustion of Ni(NOj;), + glycine + NH,NO; + SiO,
mixture (¢ = 3) in air, it turned out that during the first
reaction stage, only the Ni phase is detected in the
combustion front. In this case, oxygen does not influence the
reaction in the combustion front, but it oxidizes nickel later
in the post-combustion zone. Therefore, minimizing the time
of contact with oxygen after the completion of combustion
led to the results described above. It should be noted that
the combustion mechanism in the absence of SiO, is
different.”®

The  carbamide-nitrate  solution  burns  without
entrainment of sample particles (Fig. 3). In addition, the
macromorphology of the solid products corresponds to that
of sintered powder particles, in agreement with literature
data. For pure NiO, it has also been previously shown that
due to poorer interactions of urea with the metal cations,
more spherical particles, harder agglomerates, and a higher

Catal. Sci. Technol., 2023, 13, 5387-5406 | 5391
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2* 3*

¢ —
Fig. 3 The carbamide-nitrate solution combustion synthesis and

macromorphology of the Ce-Ni-O systems obtained at various fuel-
to-oxidizer ratios.

1*

residual carbon content and ability to sinter were obtained
compared to those with glycine.”

At a urea-to-oxidizer ratio equal to 2, the weight gain is 3.2
wt%, which is the largest among all synthesized Ce-Ni-O
systems (Fig. 2b). The total weight change in this case is 0.6
wt%, whereas that at ¢ = 1 and 3 is ca. -6 wt%. It is also
important to note that the total weight loss in all cases does
not exceed 10.3 wt%, which indicates the efficient course of
the combustion process, without the need for further
calcination of the samples.

XRD patterns of the obtained Ce-Ni-O systems are
presented in Fig. 4. The main reflections correspond to oxide
phases of cerium and nickel. After stoichiometric combustion
with glycine, in addition to the oxide phases, the presence of
metallic nickel is also observed. The metallic phase is also
preserved at other fuel-to-oxidizer ratios by limiting the
access of oxygen after the completion of combustion.®® It
should be noted that at 20 = 25.7° (Fig. 4c), a low-intensity
reflection peak appears, corresponding to the orthorhombic
phase of CeNiO; (111), the presence of which in trace

a) 9=2 b)
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amounts was typical for most samples. Heat treatment at 700
°C for 6 h did not lead to a change in the intensity of this
peak; thus, it cannot be related to the residual fuel or
products of its decomposition. Previously, CeNiO; was
reported to be active in dry methane reforming (DRM) to
produce syngas.®* However, during operation, deactivation of
the catalyst caused by coke deposits was observed.

In the literature, CeNiO; was synthesized via the co-
precipitation method,* electrospinning with calcination,**
the soft-templated sol-gel method with post-calcination,®
pulsed laser deposition,®*® and the self-combustion
method.®>®” However, in most cases, a mixture of oxides of
Ce and Ni is taken as Ce nickelite due to the similarity of
most of their reflections.

From the point of view of thermodynamic stability,
CeNiOj; has a positive convex hull energy (Ep,y), signifying its
instability, with an absolute value of ca. 89 meV per atom,
which indicates the release of energy upon decomposition to
the stable states CeO, and NiO.*® Nevertheless, a structure
exhibiting E > 0 does not necessarily mean that the structure
cannot exist in nature. There are several examples of
metastable structures at 0 K that either become stable at
higher temperatures or exist as a kinetically-trapped state.
Thus, as far as is known, pure cerium nickelite has not yet
been obtained. Samples containing CeNiO; were synthesized
by pulsed laser deposition®® and the SCS method.®**”

The quantitative phase composition, the average crystallite
size (D), and unit cell parameters for the Ce-Ni oxide systems
were determined by the Rietveld refinement method; the
results are presented in Tables 1 and S1f (all data). The
phase composition was corrected taking into account the
weight gain during heating of the sample in air, which
corresponds to the oxidation of metallic nickel and
amorphous NiO depending on the stoichiometry and content
of crystalline nickel oxide.

As expected, covering makes it possible to preserve a
larger fraction of metal in the samples (N. 5-1 and 5-2,
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Fig. 4 XRD patterns of Ce-Ni oxide systems obtained by combustion of glycine-nitrate (a and c) and carbamide-nitrate (b) solutions at different
fuel-to-oxidizer ratios (p) (where o-CeNiOs is orthorhombic CeNiO3 perovskite (Materials Project mp-777024), c-CeO, - cubic ceria (JCPDS card
no. 01-075-8371), NiO - JCPDS card no. 00-044-1159, Ni - JCPDS no. 00-004-0850, * samples were obtained with covering after the completion

of the combustion).
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Table 1 Data for the synthesis conditions and phase composition for the Ce-Ni-O systems
Phase composition according
to Rietveld/corrected,? wt%
N Fuel Covering n(AN)/n(MeN) o CeO, NiO Ni
1 Glycine - — 0.72 79/67 21/33 0
2¢ - — 1 71/67 24/32 5/1
3-1¢ - — 1.25 70/67 30/33 0
5-1¢ - — 1.5 72/67 21/31 7/2
5-2¢ + — 1.5 75167 9/29 16/4
6-1 - — 2 73167 27/33 0
6-2 + 2 79/67 0/29 21/4
8“ - 1.54 1.6 70/67 23/32 7/1
10 Urea + —_ 1 77167 23/33 0/0
11¢ + — 2 71/67 11/21 18/12
12¢ + — 3 71/67 19/no data 10/no data

Note: “ The sample contains traces of the CeNiO; phase. ” Taking into account amorphous nickel oxide and TGA results; n(AN) is the number
of moles of ammonium nitrate; n(MeN) is the number of moles of cerium and nickel nitrates.

Table 1). In addition, in this case, the content of amorphous
nickel oxide increases from 6-10 to 20-32 wt%, the reason
being that the heat released during interactions of nickel
with oxygen promotes the crystallization of amorphous nickel
oxide. The reproducibility of the phase composition of the
samples with the use of covering is shown in Fig. S1.}

Certain correlations between the sizes of Ni, NiO, and
CeO, crystallites, the unit cell parameter of CeO,, and ¢ were
found for the samples prepared using glycine (Fig. 5). The
average size of CeO, crystallites ranges from 4.5 to 35 nm,
NiO - from 4.7 to 29 nm, and Ni - from 4.8 to 19 nm, the
maximum values of which are obtained at a stoichiometric
ratio of glycine and oxidizer. Therefore, the smallest crystals
in this study within the investigated range of fuel-to-oxidizer
ratios are obtained at ¢ < 1 and ¢ = 2. The use of urea as
fuel led to similar regularities; however, compared with
glycine, the maximum crystallite size of CeO, was obtained at
¢ = 2 (Table S1t). Apparently additional studies are required
to elucidate the general validity of these observations.

As described previously,® the crystallite growth occurs
due to higher flame temperatures achieved in the reactions
with higher fuel-to-oxidizer ratios. Subsequently, smaller
crystallite sizes can be related to the increasing release of

the initial fuel and reagents, as well as the resulting products,
the maximum crystallite size can be obtained at various
values of ¢. For example, the dependence of the crystallite
size on ¢ with an extremum close to 2 was previously shown
for CuFe,0,,”" and  (Y1-mCe),Si0s5.”2
Considering that the molar enthalpy of urea formation is less
than that of glycine,* it can be supposed that the maximum
temperature for urea is reached at a higher fuel-to-oxidizer
ratio.

The cell parameter of CeO, at a glycine-to-oxidizer ratio of
1-1.6 turned out to be lower than 5.419 A, which indicates
the incorporation of nickel ions into the CeO, lattice and
formation of a solid solution. In addition, lattice distortions
may indicate the formation of new crystalline phases,
including cerium nickelite.

The average sizes of crystallites of all phases turned out to
be the largest for the samples containing the intense CeNiO;
(111) reflection in the XRD pattern.

It has been proven that steam and aqueous phase
reforming of alcohols are structure-sensitive reactions, i.e.,
their rate, normalized to the number of exposed metal
surface atoms, changes with the particle size.”*™*> However,
there is no apparent agreement whether smaller of bigger

o-alumina,®®

gases that remove heat from the reaction.®® Because the  particles are more beneficial for hydrogen
amount of energy released during combustion depends on  production.**?*°”
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Fig. 5 Dependence of the Ni, NiO, and CeO, crystallite sizes and CeO, cell parameter on the fuel (glycine)-to-oxidizer ratio (¢). Blue dots

correspond to nickel.
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3.2. Ce-Co-O: synthesis features and phase composition

The synthesis of the cobalt-containing systems, as well as
Ce-Ni-O, proceeds with a sparkling flame (Fig. 6, left). As a
result, the powder is carried away from the reaction zone,
especially at the stoichiometric fuel-to-oxidizer ratio (¢ = 1).
The abundant gas evolution leads to the formation of fluffy
powders that are black at an increased fuel content (¢ =
1.5-2). The obtained materials gain weight during heating
in air (Fig. 6, left), with the largest weight gain obtained
for ¢ = 2.

According to the XRD data, the obtained materials consist
mainly of CoO and CeO, phases (Fig. 6, right). In addition,
there are also XRD reflections related to Co and Co;0,4. The
data for the phase composition, the average crystallite size,
and the CeO, unit cell parameter for Ce-Co oxide systems are
given in Table 2.

The phase composition is also corrected for the increase
in mass during heating, which corresponds to the oxidation
of Co rather than CoO to Co3;0,, because oxidation occurred
between 145 and 310 °C,”® and amorphous cobalt oxide
based on the content of crystalline CoO, Co3;0,, and metallic
Co. With increasing fuel-to-oxidizer ratio, the fraction of both
metal and amorphous cobalt oxide increases. In this case,
the average size of CeO, crystallites decreases, while the
lattice parameter increases. In general, for this system, as
well as for Ce-Ni-O, the formation of solid solutions at ¢ =
1-1.5 is typical.

It is noteworthy that the size of the crystalline phases in
the Ce-Ni-O and Ce-Co-O systems is approximately the same
under the same experimental conditions, which can be
explained by the close values of the formation enthalpies for
metal nitrates. Compared to the data presented in ref. 99,
where combustion of a mixture of cobalt nitrate and glycine
was carried out, the crystallites of cobalt and cobalt oxides
are smaller in size.
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3.3. Structural and textural properties

According to SEM micrographs, the Ce-Ni- and Ce-Co-
containing materials obtained by the SCS method using
glycine as a fuel are identical and have a typical foamy
structure (Fig. 7a-d). Unlike that of glycine, the
morphology of the powders obtained by combustion with
urea is represented by agglomerates consisting of rounded
aggregates (Fig. 7e and f). The formation of such
agglomerates for a Ni-CeO, system was also achieved in
ref. 31 and 71. It was found that glycine, being able to
interact very well with metal cations, led to more intense
combustion, giving a branched wool structure with softer
agglomerates compared to urea during the preparation of
nickel oxide powders.”” The data for the elemental
composition indicate an excess of nickel with respect to
cerium (Ni:Ce (N. 3-2) = 53.5:46.5 at%), which means a
slight deviation of the nickel oxide content from the
targeted one (ca. 32.9 wt% instead of 30%). Based on the
arithmetic average content of nickel oxide in four samples
(Table S27), 33 wt% NiO was taken for calculations of the
phase composition.

The results of studying the porous structure of the as-
prepared samples are shown in Fig. S2t and Table 3.
With increasing ¢, the specific surface area for the Ce-Ni-
O systems varies from 8 to 43 m> g~' with a minimum at
¢ = 1, and the pore size changes from 13 to 54 nm with
a maximum for the same sample. The observed effect can
be explained by the influence of the CeO, crystallite size,
which decreases proportionally with the increase in the
specific surface area. The porous characteristics for Ni-
and Co-containing systems with the highest content of the
amorphous phase (¢ = 2*) turned out to be identical. The
specific surface area of these systems is ca. 26 and 20
m> ¢!, respectively, with a total pore volume of 0.1

em® g and an average pore diameter of 13-15 nm.
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Fig. 6 The glycine-nitrate solution combustion synthesis and macromorphology of the Ce-Co-O systems obtained at various fuel-to-oxidizer
ratios and with covering (left, where Am and WG - the total weight change and the weight gain, respectively). XRD patterns of Ce-Co oxide
systems obtained by combustion of glycine-nitrate solutions at different fuel-to-oxidizer ratios (right, where c-CeO, - cubic ceria (JCPDS card no.
01-075-8371); Co304 — JCPDS card no. 00-042-1467; CoO - JCPDS card no. 00-048-1719; Co - JCPDS card no. 00-015-0806).
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Table 2 Data for the phase composition and crystallinity of the synthesized Ce-Co-O systems with covering

Phase composition according

. a

to Rietveld/corrected,” wt% Co(TGA)Y  D(CeO,),  a(CeO,),  D(CoO),  D(Co,0,),  D(Co),
) CeO, CoO Co030, Am. Co oxide” Co wt% nm A nm nm nm

73167 27/27 0/0 6 0/0 0.1 24.0 5.4094 28.1 0 0
1.5 72/67 8/8 14/14 9 6/2 2.1 21.1 5.4119 10.6 8.9 8.2
2 100/67 0/0 0/0 26 0/7 7.2 9.8 5.4161 — 0 —

Note: “ Taking into account amorphous cobalt oxide and TGA results. * The amount of amorphous cobalt oxide is equal to the difference
between the total amount (according to stoichiometry, no more than 33 wt%) and crystalline cobalt oxide (determined by the Rietveld method)
with metallic Co. ¢ Calculated from the weight gain of the sample during heating, equal to the mass of oxygen involved in the oxidation of
cobalt according to the equation 3Co + 20, = Co30,; ¢ is the fuel-to-oxidizer ratio; the ratio of the weighted (R,,) and expected (Re) R-factors
was 0.97-0.98, which characterizes the goodness of fit (if the squared value is equal to one or constant, the refinement procedure is completed);

3

—” not possible to determine using the Rietveld refinement.

According to ref. 31, amorphous oxides of Ni and Co can
fill the intergranular space of CeO,, thereby blocking
small pores with the largest surface.

The characteristics of the systems obtained in this study
were compared with the characteristics of Ni/CeO, previously
synthesized by the solution combustion synthesis method
(Table 3).

As can be seen, almost all samples differ primarily in
nickel content. It was found that the samples prepared in
this study at ¢ = 0.72 and 2%, the most dispersed phases of
ceria and nickel, have the highest nickel content and the
largest specific surface area among the Ni-CeO, systems
synthesized with glycine without additives. NaCl acts as a
diluent and reduces the combustion temperature,® resulting
in an increase in the specific surface area and a decrease in
the particle and crystallite sizes even for a highly loaded Ni-
based system.®” However, in this case, sodium and chlorine
impurities remain in the catalyst, requiring washing.

In the case of urea, the stoichiometric combustion (¢ =
0.95-1) mainly leads to a highly developed specific surface
area and a small crystallite size at a low nickel content (up to
10 wt%). Other less often used fuels (oxalyldihydrazide,
glycerol, carbohydrazide,”" hydrous hydrazine’®) result in
worse textural properties of the materials.

Magnification ~ Ce—Ni-O, glycine,

9=2 (N.6-2)

Ce-Ni-O, urea,
©=2 (N.11)

Ce—Co-0, glycine,
¢=2
7

16—22kx
(scale 2 ym)

4.2—4.8kx
(scale 10 um)

Fig. 7 SEM micrographs of Ce-Ni(Co)-O systems obtained by the SCS
method using different fuels (with covering).

This journal is © The Royal Society of Chemistry 2023

3.4. Reducibility

Various forms of Ni** compounds, the sequence of their
reduction, and the interaction type between the metal and
CeO, were determined by H,-TPR. Fig. 8a shows the
reduction curves for the Ce-Ni oxide systems obtained at
various fuel-to-oxidizer ratios, as well as with and without
covering. With increasing ¢, the main reduction peak
shifts towards lower temperatures, which is explained by
an increase in the fraction of amorphous NiO (compared
to crystalline), a decrease in the degree of interaction
between NiO and CeO, particles, or an average crystallite
size. It is known from previous studies®’ that amorphous
NiO is distributed in voids between CeO, agglomerates,
subsequently exhibiting poor self-interaction. The peak o
shown in Fig. 8a can correspond to the reduction of
amorphous nickel oxide, with an increase in the amount
of which shifting the peak towards higher temperatures,
while the B peak can be attributed to the reduction of
fine NiO particles distributed over the CeO, surface and
is characterized by increased interactions with CeO,.

At a stoichiometric fuel-to-oxidizer ratio, the largest NiO
crystallites and a CeO,(Ni*") solid solution are obtained,
whose reduction is difficult from the topochemical point
of view and occurs at high temperatures (y and & peaks,
respectively). The high-temperature 3-peaks for the samples
obtained at ¢ = 0.72 and 2 can be explained by the
strong interactions of nickel nanoparticles with the ceria
surface. Some examples of TPR data modelling assuming
the presence of different nickel oxide species are
presented in Fig. S3 and Table S3.f Ceria is also reduced
in the process, as evidenced by the ratio of the amount
of consumed hydrogen to metal (mol H, per mol Ni,
Table S47) exceeding unity.

Fig. 8b shows the reduction curves for the Ce-Co oxide
systems, whose behavior is similar to those of the Ni-
containing systems. With increasing ¢, the peaks shift
towards lower temperatures due to an increase in the
amorphous cobalt oxide fraction, a decrease in the
interactions between CeO, and cobalt oxide, and the average
size of crystallites. The peaks at 295-334 °C can be associated
with the reduction of amorphous cobalt oxide, as well as

Catal. Sci. Technol,, 2023,13, 5387-5406 | 5395
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Table 3 Comparison of physical and textural characteristics for Ni-CeO, systems prepared by the combustion synthesis method

Fuel, additive, ¢ Ni, wt% Sger (m? g)/3°V, (em® g7Y)/d, (nm) D(Ni),nm  D(CeO,), nm  Method® Ref.
Glycine, 0.72 26.3 43/0.24/22.5 — 6.5 XRD This work
Glycine, 1 26.3 8/0.11/53.7 18.7 35.2 XRD This work
Glycine, 2* 26.7 26/0.09/13.3 4.8 9.5 XRD This work
Glycine, NaCl, 1-1.1 46.3 77/0.18/9.9 7.2¢ 11.2¢ XRD 67
Glycine, 1 15.1 21/0.06/12.6 19.2¢ 10.4 XRD/CO chemisorption 100
Glycine, 2 5.8 12/—/13.2 16.2¢ — TEM 70
Glycine, 0.7 5.4 7/0.05/— 22.3° 40.8° XRD 68

Urea, 0.95 2.25-2.34  72/0.05/3.0 2.4¢ 10.8 XRD/TEM 31

Urea, 0.95 8.46-8.71  73/0.05/3.0 — 9.5 XRD 31

Urea, 1¢ 7.8 49/—/— 5.57 8.6 XRD 71

Urea, 1 7.8 14/—/— 5.6 12.9 XRD 71

Urea, 1 19.6 <10/0.01/18.5 18.8 + 1¢ — XRD 29
Hydrous hydrazine, 0.5 5.8 12/—/14.8 10.3¢ — TEM 70
Hydrous hydrazine, 2 23.6 14/—/15.2 23.1-23.9  — XRD/TEM 70

Note:  After reduction. ? For NiO. ¢ Determination method of crystallite sizes. ¢ Instead of cerium nitrate, ammonium cerium nitrate was used.

19) 200+ b)
4 E 295
4007 273 ]
g a 1 s2% 1501 385
_\'fi 3001 N 29(am-NiO) (N.6-2, p=2) § 1501 26am-C0,0,) (=27
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s ] %20(am-~:0)—9~:0(~.5-2, 9159 g 354 455 9(am-Co,0,)-8C00~14Co,0,
E 200+ 5 6(am-NiO)-27NiO (N.6-1, p=2) E 1 (9=1.5Y
a - ) ]
3 100 —gV\ B8@mNi0)-24NiO (N.2, ¢=1) 3 50
Q ] a 428 Q 560  6(am-Co,0 )-27Co0
S 1 3 12amNi0-21Ni0 O ﬂ (9=1%
= o] o B (N.1, 9=0.72) &= 0o
T L T - T ¥ T % T - T * T . 1 ] T *: T * T - T x T ) T o T k 1

0 100 200 300 400 500 600 700 800
Temperature (°C)

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 8 H,-TPR curves of the Ce-Ni-O (a) and Ce-Co-O (b) systems, obtained by the SCS method at various fuel-to-oxidizer ratios (¢).

Co®" at the contact point between Co;0, and CeO,.'*

According to the literature,'®® large Co;0, crystallites are
often reduced to Co’ in one stage. Therefore, the peaks at
385-393 °C can be attributed to both the reduction of CoO
particles, formed due to the reduction of Coz;0,4, and bulk
CoO, which weakly interacts with CeO,.

The reduction of the largest CoO crystallites obtained
at ¢ = 1 is difficult and occurs at higher temperatures.
In addition, in this case, the reduction profile consists
of peaks that have merged into one, which can be
explained by the strong interactions of cobalt particles
with the surface of cerium oxide. It is also known that
cobalt ions can improve the reduction of bulk oxygen
Ce0,,"” which usually occurs at 800 ©°C. This
phenomenon is interpreted as the transition of hydrogen
from cobalt to cerium. The same promoting effect of
cerium reduction was reported in the literature.'®*

Thus, the results of H,-TPR indicate that the most
reactive, easily reduced oxides of Co and Ni, which act as
active components in many heterogeneous catalytic
processes, are obtained with an excess of fuel and covering
with a Petri dish after completing combustion to minimize
the interactions of solid products with oxygen.

5396 | Catal. Sci. Technol,, 2023, 13, 5387-5406

3.5. Chemisorption properties and defectiveness of CeO,

The chemisorption properties and dispersion for various Ce-
Ni-O systems were measured using H,- and CO,-TPD. The
choice of Ni-containing systems instead of Ce-Co-O is due to
a wide variety of conditions for their preparation. Similar
dependencies can be expected for both of these systems.

The spectra show a broad asymmetric H, desorption peak
resulting from the overlap of signals from metal particles of
different diameters, surfaces, or positions (Fig. S4t). The Ce-
Ni-O system obtained at stoichiometric ¢ has the smallest
area of low-temperature peaks (<250 °C) associated with H,
weakly chemisorbed on the surface due to highly dispersed
Ni and defects. Thus, the highest defect density of the
samples can be expected with a deficit and excess of fuel (p =
0.72 and 2). At the same time, at ¢ = 0.72, despite the high
specific surface area, the dispersion (D) and specific metal
surface area (A) are lower than those at ¢ = 2 (Table 4), which
can be explained by the influence of the synthesis conditions.
Furthermore, Raman spectroscopy was carried out to identify
the differences in defectiveness.

Basic catalyst sites play an important role in the reaction
pathways and selectivity during GSR, facilitating the

This journal is © The Royal Society of Chemistry 2023
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Table 4 Chemisorption and Raman results for the Ni-Ce-O systems prepared at various ¢ values

0 H,, umol g™* D, % A, m” per g Ni d, nm SDs/Fyq D2/Fyq D3/Fy umol CO, per g*
0.72 129.4 5.7 38.2 17.6 0.31 1.55 1.89 199

1 47.0 2.1 14.0 48.2 0.00 0.19 0.36 52

2 152.8 6.8 45.5 14.8 0.06 0.95 1.63 n/d

2% 156.3 6.9 45.9 14.7 0.00 1.04 1.33 261

Note: “ According to CO,-TPD; D - dispersion; A - metal specific surface area; d - metal diameter; SDs - surface defects; D2 - extrinsic defects;

D3 - oxygen vacancies; n/d — no data.

adsorption of CO, generated during steam reforming of
glycerol. According to CO,-TPD, the amount of adsorbed CO,
on the surface of reduced Ni-Ce-O -catalysts depends
substantially on ¢ with a minimum at ¢ = 1 (Table 4).

Raman spectra of the as-prepared Ce-Ni-O systems are
presented in Fig. 9. It should be noted that the studied
samples are generally homogeneous, but large particles (10—
20 pum) are visible by optical microscopy. They have also been
studied at several random points and their spectra are well
reproduced (Fig. S5f). Each spectrum contains an intense
band at 462 + 2 cm™' associated with the F,, mode (triply
degenerate) of CeO,. According to ref. 105, the F,, band
belongs to the symmetrical stretching vibration of CeOg
units.

In addition, for all samples, the D band phonon (or LO
mode) in the region of 500-700 cm™ is observed, indicating
the presence of CeO, bulk defects, which can be divided into
three bands: 591 + 2 (D1, Fig. 9, red area), 631 + 2 (D2,
Fig. 9, yellow area), and 553-554 (D3, Fig. 9, blue area).
According to ref. 106, the D1 band is attributed to “internal”
defects already present in pure ceria, for example, a Frenkel
type oxygen vacancy generated by the migration of oxygen
anions from tetrahedral sites to octahedral sites. The D2
band is related to “external” defects generated by the Ni
addition, while the third component (D3) is usually assigned
to oxygen vacancies associated with the presence of Ce*
cations. The spectra also show broad signals from NiO at
419-424 cm™" (TO mode) and 509-516 cm ™" (LO mode).'*”'%8

It was found that only two samples (¢ = 0.72 and 2) had
Raman bands at ca. 224 cm ', which is associated with

461 i} p=2*

. (p;z

460

224

464 =1

Normalized Raman intensity

100 300 500

700
Raman shift (cm™)

900

Fig. 9 Raman spectra with deconvolution for Ce-Ni-O systems
prepared at different ¢ values.

This journal is © The Royal Society of Chemistry 2023

surface defects (SDs), namely, the Ce-OH vibration.'” As
noted in ref. 105, the highest intensity of this peak is
observed for samples with smaller crystals and a larger
specific surface area.

The defect amount in the four samples was estimated by
calculating the ratios between the area of the bulk (D2, D3)
or surface defects (SDs) and the F,, mode; these parameters,
called D1/F,;, D2/F,, and SDs/F,, respectively, are
summarized in Table 4. The obtained data confirm that a
fuel deficiency and excess contribute to the formation of both
bulk and surface defects. At the same time, for the sample
obtained at ¢ = 2* (with covering), no surface defects were
found, which can be explained by the presence of surface
metal particles.

3.6. Activity in GSR

The initial screening of the catalysts was performed in
glycerol steam reforming, which is due to the simplicity, as
well as the possibility of selecting the most efficient catalysts
for their subsequent study in glycerol aqueous-phase
reforming. The samples that differ significantly in the
dispersity and amorphization of the phases were selected.
The same fuel (glycine) for synthesis was chosen to compare
the different catalytic systems. Fig. 10a and b show the data
for hydrogen yield as a function of time-on-stream for the
selected compositions.

In terms of hydrogen yield, the nickel systems are more
active than the cobalt systems. Both systems are
characterized by the following general trends: the samples
with the highest initial activity (time-on-stream of 15 min)
undergo rapid deactivation in the first hour of testing. For
them, in general, a higher value of the deactivation constant
is obtained (Fig. 10a and b). This is explained by the partial
encapsulation by carbonaceous deposits of metal Ni and Co
nanoparticles localized on the surface and between CeO,
aggregates.”’ The lack of contact between the metal particles
and the defective support, as well as the low process
temperature, makes it difficult to remove coke during the
reaction with steam. It should be noted that catalysts with
this feature are characterized by increased residual activity
(Fig. 10b, time-on-stream is more than 1 h), which exceeds
the residual activity of the other systems studied in this
work.

Comparison of systems in terms of the hydrogen
formation rate r(H,), at which the influence of the
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Fig. 10 Hydrogen yield versus time-on-stream for Co- (a) and Ni-containing (b) systems; and dependence of the rate of hydrogen formation on
the glycine-to-oxidizer ratio (c). Conditions: mcac = 40 mg, Viq(water + glycerol) = 7.3-7.9 mL h™, VIN,) = 30 mL min™%, T = 520 °C. Because of a
limited number of data points, the statistical analysis of the parameters, determined using eqn (10), was reliable just only in a few cases indicated
by errors for the corresponding constants. In other cases, an exact approximation of the experimental points did not allow determination of the

parameter errors.

deactivation is minimal, shows its extreme dependence on ¢
(Fig. 10c) with minima at ¢ = 1 and 1.5. Results in the Co-Ni
series are in line with the experimental and theoretical work
on methane steam reforming.'” Namely an increase of
activity depending on the metal can be related to the energy
of oxygen adsorption on the surface.

The highest initial rate of hydrogen formation was
shown by those Ce-Ni-O and Ce-Co-O systems, which are
characterized by a high dispersion of Ni and Co
nanoparticles, which is provided by moderate combustion
conditions with a deficit or excess of fuel (p < 1 and ¢ >
2), and the increased dispersion and defectiveness of CeO,
in combination with an increased specific surface area. At
the same time, the Ce-Ni(Co)-O samples with a large
crystallite size (¢ = 1-1.5) are characterized by a low initial
hydrogen formation rate, including the Ce-Ni-O sample
obtained at ¢ = 1 containing the largest amount of
perovskite 0-CeNiO;.

The experiments also showed that the covering that
prevents the oxidation of fine Ni particles makes it possible
to exclude the reductive activation stage of the sample with
hydrogen directly in the catalytic reactor before testing
without a loss of activity and stability.

The Ce-Ni-O systems obtained at ¢ = 0.72, 2, and 2* have
a hydrogen yield close to the highest thermodynamically
possible value for these conditions (88.5% or 6.2 mol mol ™).
The calculation of the Mears and Weisz-Prater criteria
demonstrated that during experiments, there were no
internal and external diffusion limitations. To establish the
maximum productivity of these samples, additional
experiments were carried out with a lower catalyst loading, as
well as a high flow of the feedstock. Fig. S61 shows the yield
of glycerol to gaseous products and the integral rates of
hydrogen formation r(H,) and glycerol transformation r(gly)
as a function of WHSV. The rates have been calculated at 4
min of time on stream, and thus the dependence of the
integral rates on WHSV is related to a non-zero order reaction
rather than deactivation. Subsequently, the turnover
frequency (TOF) was calculated, showing an increase of TOF
in the presence of surface defects (Table 5), which is
consistent with the literature.

The surface anion vacancies of CeO, are the activation
sites for additional water molecules involved in the catalytic
cycle. TOFg), was also found to increase with increasing Ni
particle size at a constant Ni content. Similar regularities
were obtained in ref. 42 and 96. These results suggest that

Table 5 Comparison of TOF values for catalysts obtained in this work and presented in the literature

Synthesis  Ni loading,  d(Ni)xgp or Tem,  @(Ni)chem, TOFy, 5™ TOFy,, s
Catalyst method wt% nm nm SDs/F,, T,°C  2500h™"  60h™" 2500h™" 40-60 h™
Ni/CeO, ¢ = 0.72  SCS 26.3 6.4 (NiO) 17.6 0.31 520 10.9 1.4 2.1 0.33
Ni/CeO, ¢ =2 SCS 26.3 6.1 (NiO) 14.8 0.06 520 11.5 1.4 2.1 0.19
Ni/CeO, ¢ = 2* SCS 26.7 4.8 14.7 0.00 520 9.0 1.1 1.7 0.26
Ni/CeO, (ref. 31)  SCS 6.8 2.6 — 0.47 550 — — — 0.06
Ni/CeO, (ref. 22)  WI 11.6 — 16.5 — 600 — — — 0.31

Note: SCS - solution combustion synthesis; WI — wet impregnation; d(Ni)xgp or Tem — the mean diameter of Ni particles calculated from XRD or
TEM; d(Ni)chem — the mean diameter of Ni particles calculated from chemisorption data; SDs - surface defects (Table 4).
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steam reforming is a structure sensitive reaction. Comparison
of TOF values shows that the catalysts obtained in this work
have the highest values among other Ni/CeO, systems
(Table 5 and data presented in ref. 31). These values are
obtained at a relatively low reforming temperature.

3.7. Selectivity in GSR

The series of performed tests also made it possible to
compare the synthesized systems in terms of selectivity to the
main (H,, CO,, CO) and side (C;-C; hydrocarbons) reaction
products. The specified selectivity values do not take into
account coke formation. Systems containing Ni and Co are
generally characterized by a positive slope of the S(H,)-Xggas
dependence (Fig. 11a), which corresponds to the consecutive
reactions of H, formation. A simultaneous decrease of S(H,)
and Xgg,s is associated with a lower contribution of WGS or
an increase in the reverse WGS (RWGS, CO + H,0 — CO, +
H,). This is also evidenced by a decrease in S(CO) and an
increase in S(CO,) with elevation of Xgg,s (Fig. 11b and c).
Extrapolation of S(CO,) and S(CO) to close to zero glycerol
conversion shows that these products are formed directly
from glycerol as a result of two different reactions - steam
reforming and thermal decomposition, respectively:''°

C3HO; + 3H,0 = 3CO, + 7H,, AGyes = —48.85 k] mol™*  (13)

C3HgO; = 3CO + 4H,, AG5og = 37.04 k] mol™ (14)

The most active Ce-Ni-O catalysts exhibited a higher
S(CO,) and, correspondingly, a lower S(CO) at the same Xgg,s
compared to Ce-Co-O. Therefore, the Ce-Ni-O systems
obtained at ¢ = 0.72 and 2 make it possible to achieve the
highest H,/CO ratio (Fig. 11e), closest to the stoichiometric

View Article Online
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one, with complete conversion of glycerol into CO, and H,
(H,/CO, = 2.33, Fig. 11d). For these Ce-Ni-O systems (p = 0.72
and 2), an increased basicity is observed, which affects CO,
adsorption and, consequently, the H,/CO, ratio. However, in
addition to basicity, with a change in ¢, other properties also
change, such as defectiveness, dispersion, and crystallite size,
affecting the activity and selectivity. Therefore, the selectivity
cannot be attributed solely to basicity.

There is a very small amount of data in the literature for
steam glycerol reforming on cobalt-ceria systems. All
available results of the activity of various cobalt-based
systems are presented in Table 6. Reaction conditions
significantly affect activity and selectivity. The experimental
conditions closest to those in this work were used in ref. 111
for 15Co/Al,0;, which demonstrated a significantly low
glycerol conversion into gaseous products and H, selectivity
compared to 26.3Co/CeO, synthesized by SCS. Data
comparison at approximately the same reaction temperature
(500-525 °C) shows that 9.2 wt% Co on Ca-HTlIc has a higher
hydrogen yield due to lower WHSV.'"® However, the samples
obtained in this work demonstrated a rather high activity
and selectivity upon a nonproportional elevation of WHSV,
pointing out a higher productivity.

For a more detailed understanding of the differences in
the catalytic action of the synthesized systems, the S-Xggas
dependencies for by-products were also analyzed (Fig. 12).
The presence of a slope in the graphs of S-X dependencies
for ethane, ethylene, and propane indicates that they are
formed directly from glycerol as a result of consecutive
dehydration and hydrogenation reactions of intermediate
products. The decrease in selectivity to C,-C; products
indicates the possible occurrence of their reforming as well,
being apparently more prominent with increasing glycerol
conversion. Ni-containing systems are characterized by the
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Fig. 11 Dependencies of selectivity to the main gaseous products (a-c), and H,/CO, (d) and H,/CO (e) ratios on glycerol conversion into gaseous
products (Xggas). Conditions: mc.c = 40 mg, Viq(water + glycerol) = 7.3-7.9 mL h™, VIN,) = 30 mL min™%, T = 520 °C.
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Table 6 Comparative data on the catalytic behavior of Co-containing catalysts obtained in this work and the literature

Ref. Catalyst Synthesis method ~ T,°C ~ WHSV, h™* TOS, min  X'torat OF Xgasy % ¥(H,), %  S(Hy), %
50 15Co/CeO, WI 500 ~2.7 — 100* — 92
111 15Co/Al, 04 WI 500 50000 — ~12 ~77 ~64
112 10Co/YSZ WI 525 6.45 230 94%P 53°
10.8 87+b 36” -
113 10Co/HAp WI 650 ~22 60 92%* — 64
10Co-10Ce/HAp 96* — 63
114 7Co/SBA-15 WI 600 7.7 ~60/600 ~62*/56% — ~91/92
7Co0-8.5Ce/SBA-15 ~60/600 ~70%/64%* 100/100
115 La, ,Ceo 3C00;3 cp 500 ~5.1 60 ~90 ~51 ~56
116 9.2Co-Ca-HTlc P 500 5600“ 120 ~86* ~86 —
117 5Ni-5C0/CNTSs® UWI 400 ~41 480 96* — 87
This work  26.3C0/CeO, SCS, ¢ = 2% 520 197 (%63000%) 15 58 52 89
90 36 31 84
Note:  GHSV, mL gﬁ1 ht? Supercritical water reforming of glycerol at 25 MPa. © Ni and Co species in the cave of the support; “~” - values

were calculated from the data presented in the literature; WI - wetness impregnation; CP - co-precipitation; P - precipitation; UWI - ultrasonic

wetness impregnation.
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Fig. 12 Dependencies of selectivity to by-products on glycerol conversion into gaseous products.

lowest selectivity for these products. At the same time, for
Ce-Ni-O (p = 0.72 and 2), an increased S(CH,) is observed,
which is apparently formed mainly as a result of CO and/or
CO, hydrogenation. This is evidenced by a drop in S(H,) and
S(CO,), a stop in the decrease in S(CO) at Xggas > 50%, and a
growth of S(H,) at the same time to diminish S(CH,) and
Xggas- Moreover, a non-zero S(CH,) for a near-zero Xggas
indicates the existence of some additional route for the
formation of methane directly from glycerol.

Based on the obtained results and the literature data,
a network of the main reactions in the gas phase can be
proposed as shown in Fig. 13. The scheme is divided into
three main paths of formation: (1) methane from glycerol
and syngas or via RWGS; (2) C,-gases from ethanol; (3) Cj-
gases from 2-propanol.

The spent catalysts were examined by simultaneous
thermal analysis (Fig. S7t) and XRD (Fig. S81) to determine

42,118
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Fig. 14 Glycerol conversion into gaseous products (a) and hydrogen yield (b) over time-on-stream. Conditions for Pt-containing catalysts:
Trea = 280 °C, My = 200 mg, Vig = 3 mL h™, WHSV = 155 h™. Conditions for Ce-Ni-O: T,eq = 280 °C, m.,; = 668 mg, Vig =3 72mL
h', WHSV = 4.4, 10.6 h'™%; mc, = 635 mg, Viq = 9.8 mL h'', WHSV = 13.9 h™". Conditions for Ce-Co-O: Tyeq = 330 °C, Mcs = 635 mg, Viq

=98 mL h? WHSV = 152 h'%.

the amount and type of coke deposits, as well as changes in
the phase composition and crystallinity. The obtained
thermograms for the Ce-Ni systems clearly show two
exothermic peaks in the temperature ranges of 200-400 and
400-600 °C. The exothermic effect of nickel oxidation is also
superimposed on the first peak, since an increase in mass
occurs in this range. According to the literature,™**"*°
amorphous coke burns up to 550 °C, while graphite-like and/
or filiform coke burns out at higher temperatures. At the
same time, the presence of amorphous coke is observed for
almost all samples (except for Ce-Ni-O obtained at ¢ = 1.5%),
and “heavy” coke is observed for samples with a high
dispersion of Ni nanoparticles (¢ = 0.72, 2, 2*), which is
consistent with their highest activity in glycerol steam
reforming. For the sample obtained at ¢ = 0.72, the highest
content of coke was observed due to a higher specific surface
area. At the same time, according to the hydrogen yield, the
maximum coke formation was not reached for all samples,
since there was no sharp activity drop depending on TOS
(Fig. 10). The exo-effects of the oxidation of Co and CoO are
observed for all spent Ce-Co samples, except for Ce-Co at ¢ =
2, for which amorphous coke burns out at 277 °C.

XRD patterns of the spent catalytic systems (Fig. S8t)
indicate the transition of cobalt and nickel oxides to a
metallic form, which, as a rule, do not undergo strong
enlargement during testing (with the exception of the most
amorphous systems), as well as maintaining the size of
cerium oxide crystallites.

3.8. Activity and selectivity in GAPR

Based on the results obtained in the previous section, it was
decided to conduct further studies of the most active Ce-Ni-
O (p = 2*) and Ce-Co-O (p = 2*) systems and compare them
with a platinum-alumina catalyst in aqueous-phase
reforming of glycerol. Fig. 14 displays the glycerol conversion
and the yield of hydrogen as a function of time-on-stream for
the studied systems. In all cases, an increase in conversion
was observed in the first 3-6 hours of testing, which is

This journal is © The Royal Society of Chemistry 2023

associated with the filling of the entire system with generated
gaseous products and a large set-up volume (a separator
volume of 100 mL). A similar effect was observed in ref. 74.

It was found that the Ce-Ni-O system displays a
significantly higher glycerol conversion and hydrogen yield
compared to Pt/Al,O;. In general, the activity of the studied
systems during aqueous-phase reforming increases in the
same order as that during steam reforming of glycerol,
namely: Co < Ni. A feature of Ce-Co-O compared to Ce-Ni-
O, as well as Pt/Al,O;, is a low hydrogen yield at a relatively
high conversion of glycerol into gaseous products. The Ce-
Ni-containing system makes it possible to achieve a hydrogen
yield comparable to that of Pt/Al,O; at a close WHSV = 13.9-
15.5 h™' without undergoing significant deactivation. In
addition, this sample does not reach the maximum rate of
hydrogen formation at 7= 231 °C (Fig. 15).

Additional information about the process, as well as on
differences between the systems, is provided by the analysis
of the S-Xgq.s dependencies (Fig. 16): as a general trend, a
higher conversion (catalyst activity) at a close WHSV = 13.9-
15.5 h™ leads to more prominent side reactions: RWGS and
CO and/or CO, methanation. This is evidenced by the
increase of S(CO) and S(CH,) (Fig. 16¢ and d), the decrease in
S(H,) and S(CO,) (Fig. 16a and b), and the H,/CO ratio
(Fig. 16e). In this case, the direct reaction of glycerol with

r(H,), mol H,/(mol Me"s) Y(H,)
-4
4.4x10 ,_ 14
\ /
4 \ /
4.2x10 \ PP
AN /
4.0x10™ \ /
N / 110
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Y |
' 4 6 8 10 12 14
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Fig. 15 Dependence of the H, formation rate and hydrogen yield
on the WHSV of the glycerol-water mixture for the Ce-Ni-O
sample (p = 2%).
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Fig. 16 Dependence of selectivity for all gas reaction products (a-d, g and h) and H,/CO (e) and H,/CO, (f) ratios on glycerol conversion into

gaseous products.

water with the formation of H, and CO, (S(CO,) — 100%,
S(CO) — 0% at Xggas — 0%) prevails, in contrast to glycerol
steam reforming. The different character of the S-Xggas
dependencies during testing of Ce-Ni-O with a lower WHSV
= 4.4 h™ is apparently associated with the non-stationary
composition of the gas mixture at the outlet due to the filling
of the setup volume with the gaseous products.

The presence of methane, ethane, and propane in the
reaction products causes a lower H,/CO, ratio (Fig. 16f) for
the Ce-Ni-O and Ce-Co-O catalysts compared to the
stoichiometric one due to the occurrence of side reactions of
dehydration, including liquid products, and subsequent
hydrogenation.”>"*'  The systems under study are
characterized by a higher selectivity to C, hydrocarbons in
GAPR compared to that in GSR (Fig. 16g and 12), which is
related to the occurrence of decarbonylation leading to
additional formation of CO from the liquid products of

glycerol dehydrogenation.*® A high selectivity to propane for
Ce-Co-O in combination with a low S(H,) and H,/CO, ratio
due to hydrogenation of propene explains the lower hydrogen
yield with an increased glycerol conversion into gaseous
products (Fig. 16). It should also be noted that the increased
selectivity to methane and C, hydrocarbons for Ce-Ni-O and
Ce-Co-O, obtained in glycerol steam reforming, was also
seen in aqueous-phase reforming. It additionally shows the
similarity of these processes.

The selected test conditions - temperature, pressure, and
WHSV, made it possible to compare the catalyst performance
with those in the literature (Table 7), which for the Ce-Ni-O
sample (p = 2*) was similar to or even surpassed those for
some nickel catalysts prepared by precipitation or
impregnation in glycerol conversion into gaseous products,
the H, yield and the rate of hydrogen formation, as well as
selectivity to H, and CO,. Such a result is ensured by both the

Table 7 Comparison of the catalyst behavior of Ce-Ni-O (p = 2*) in GAPR with literature data

This work 122 30 123 124
Synthesis method Ce-Ni-O Ni/MgAl (hydrotalcite), NiO/CeO,, Ni/y-Al, O3, NiAl,O,,

(¢ =2%), SCS co-precipitation co-precipitation impregnation co-precipitation
Ni% nm 4.8 (XRD) 12.0 (TEM) 5.3 (XRD) — 12.0 (TEM)
Ni, wt% 26.7 23.0 14.9 20.0 42.3
Conditions
T, °C 231 250 250 225 235
P, bar 34 35 20 23 35
WHSYV, h™ 4.4 13.9 5.0 5.0 4.0 24.5
Glycerol, wt% 10.0 7.8 15.0 10.0 10.0
Process indicators
Xogass % 33.3 17.6 ~16.0 17.3 ~44.0 (full) ~27.0
Y(H,), % 14.0 6.0 10.1 — — ~8.1
r(H,), umol mol * Ni per s 0.343 0.438 0.088 — — 0.154
S(H,), % 41.9 39.6 31.7 95.7 ~42.0 ~35.0
S(CO,), % 69.5 68.3 72.5 56.1 — 55.9
5(CO), % 4.2 8.0 3.5 36.8 — 1.70
S(CH,), % 24.8 20.9 24.1 71 — 42.4
H,/CO, 1.41 1.35 1.02 — — 1.80
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high dispersion of nickel compared to other systems, despite
the high content of Ni, and interactions of Ni with CeO,.

Conclusions

Currently, glycerol represents an emerging renewable bio-
derived source that can be used to produce H, through steam
(GSR) or aqueous-phase reforming (GAPR). A recent focus in
catalytic reforming is improving catalysts and processes to
maximize the catalyst lifetime and H, selectivity. For this
purpose, in the present work, new Ce-Ni-O and Ce-Co-O
catalytic systems (the content of Ni and Co, calculated as
metal(u) oxides, is 30 wt%) were obtained and characterized.
The synthesis was performed in one step by the SCS (solution
combustion synthesis) method using different fuels and
amounts relative to the oxidizing agents (¢ = 0.7-3). Due to
an increased and decreased glycine-to-oxidizer ratio (¢ < 1; ¢
> 2), it was possible to avoid the formation of solid solutions
characteristic of these systems and achieve the most
dispersed phases, which is important, because glycerol
reforming is a structure-sensitive reaction. It has been
established for the first time that covering the beaker with a
Petri dish immediately after the completion of the
combustion makes it possible to retain a larger amount of
the metal phase in the samples and to increase the fraction
of amorphous Ni or Co oxides. Thus, by changing the fuel-to-
oxidizer ratio and the excess of oxygen, various forms of Ni or
Co and their interactions with CeO, were obtained, which
affected the reduction sequence, defectiveness, porous
characteristics, and chemical reactivity.

The synthesized materials were tested in glycerol steam
reforming at atmospheric pressure and 520 °C. It has been
shown that the Ce-Ni-O and Ce-Co-O systems
characterized by a high crystallinity of phases (obtained at ¢
< 1 and ¢ = 2) have the highest activity and H, yield in
GSR. The Ce-Ni-O systems, in contrast to Ce-Co-O, make it
also possible to achieve the H,/CO, ratio closest to the
stoichiometric one (2.33) with complete conversion of
glycerol into CO, and H,. Prevention of the material
oxidation during synthesis makes it possible to exclude the
reductive activation stage of the samples before testing
without a loss of activity and stability. On the other hand,
according to Raman spectroscopy, this negatively affected
the defective structure of cerium oxide.

Additional experiments carried out at increased WHSV for
Ce-Ni-O, which was obtained with a fuel deficiency (p =
0.72), resulted in a higher TOF due to a large number of
surface defects. In addition, such a result can be associated
with the largest Ni particle size among other systems
according to H, chemisorption. However, in terms of the
metal dispersion and the amount of coke deposits, this
sample is inferior to the others.

The activity of the studied systems (obtained at ¢ = 2
without a posteriori oxidation) in aqueous-phase reforming of
glycerol (34 bar, 231 °C) increased in the same order as that
in GSR, namely, Co < Ni. With the Ni-containing system, it

This journal is © The Royal Society of Chemistry 2023
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was possible to achieve a hydrogen yield comparable to that
of Pt/y-Al,O; at a close WHSV without undergoing noticeable
deactivation. The glycerol conversion into gaseous products,
the yield and rate of hydrogen formation, and the selectivity
to H, and CO, were also comparable.

In conclusion, the SCS-derived Ni/CeO, systems have significant
potential as catalysts because of a variety of tunable textural and
surface properties. Undoubtedly, further research is required to
optimize the synthesis conditions for each specific case.
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