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Ni-based catalysts supported on sol-gel prepared Pr-doped CeO; with varied porosity and nanostructure were
tested for the CO2 methanation reaction. It was found that the use of ethylene glycol in the absence of HoO during
a modified Pechini synthesis led to a metal oxide support with larger pore size and volume, which was conducive
toward the deposition of medium-sized Ni nanoparticles confined into the nanoporous structure. The high Ni
dispersion and availability of surface defects and basic sites acted to greatly improve the catalyst’s activity. CFD

simulations were used to theoretically predict the catalytic performance given the reactor geometry, whereas
COMSOL and ASPEN software were employed to design the models. Both modelling approaches (CFD and
process simulation) showed a good validation with the experimental results and therefore confirm their ability
for applications related to the prediction of the CO2 methanation behaviour.

1. Introduction

Following the industrial revolution, the sharp increase in anthropo-
genic CO, emissions has caused a great spike in its concentration in our
atmosphere [1]. Since CO3 acts as a greenhouse gas, it leads to increases
in the global temperature, which disrupt the delicate balance of our
planet’s climate and ecosystems [1,2]. Capturing and converting part of
this emitted CO, toward value-added products aims to mitigate the
adverse effects of climate change, while transitioning toward a net-zero
economy [2,3]. Moreover, captured CO5 can also be converted via hy-
drogenation into high-energy density fuels/ energy carriers (e.g.,
methane, jet fuel), circumventing problems related with the storage and

transportation of hydrogen, which has a very low volumetric energy
density [4-7]. CO3 hydrogenation to methane (i.e., CO2 methanation or
the Sabatier reaction) has also been indicated as potentially useful for
Mars exploration missions, since abundant CO, from the Martian at-
mosphere can be used to generate fuel for methane-powered rocket
engines [8]. The Sabatier process is an exothermic one and is described
via the following equation (Eq. (1)):

CO, +4Hy; - CHs + 2 H,O (€8]

The CO3 methanation catalysts studied until now mostly utilize Ni,
Ru or Rh [8-11] as active metals. However, Ru and especially Rh are
quite expensive (which inhibits large-scale industrial implementation)
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and thus, Ni-based catalysts are much more often employed due to their
high activity and low-cost [9,10,12]. The role of support in Ni-based
catalysts is vital, as it can provide the active sites for CO, chemisorp-
tion/ activation and enhance the dispersion of the metallic Ni phase
[13]. Ni/CeOo-type catalysts are reported in numerous studies to be
greatly superior to Ni catalysts supported on other metal oxides (e.g.,
Aly03, SiOy, TiO3 or ZrOs,), especially in relation to low-temperature
activity and CHy4 selectivity, as the oxygen lability of CeO, can pro-
mote the CO, chemisorption/ activation and the conversion/ removal of
reaction intermediates [9-15]. Doping of the CeO, supports with alio-
valent cations (e.g., Pr®t, La>* Gd®", Y®*) has also been shown to further
increase the oxygen mobility by increasing the population of oxygen
vacancies [16-20]. To this end, low amounts of Pr-doping in Ni/CeO»
has been shown to be particularly successful toward enhancing the CO,
methanation activity, due to the redox activity of PrOy and its high
solubility in CeO9 [16-18].

Another important factor that needs consideration is the architec-
ture/ nanostructure of the CeOy-based support [21-24]. Hashimoto
etal. [21] showed that Ni supported on CeO5 nanorods was significantly
more active compared to Ni supported on other CeO2 nanostructures
(nanocubes and nanooctahedra), due to the higher activity of surface
oxygen on the (110) facet of CeOo. Du et al. [22] reported that Ni sup-
ported on CeO nanoplates rich in oxygen vacancies provided a highly
active CO2 methanation catalyst. Hongmanorom et al. [23] employed a
hard template synthesis method (nanocasting), to prepare ordered
mesoporous CeOq, followed by the deposition of Ni nanoparticles. Ni
supported on ordered mesoporous CeO5 was found to be greatly superior
in catalytic activity compared to Ni supported on precipitated CeOz. On
the other hand, Cardenas-Arenas et al. [24] found that Ni supported on
CeO with uncontrolled structure was more active than Ni supported on
3D ordered macroporous (3DOM) CeO,, due to a less favourable
Ni-CeO, contact and ratio between Ni-O-Ce and metallic Ni sites. In
short, it can be deduced that the surface defect chemistry, the available
surface area, but also the Ni dispersion and mean size of supported Ni
nanoparticles are important parameters that affect the catalytic activity
of Ni/CeO»-type catalysts. However, none of the works mentioned above
[21-24] employed doped/ modified CeOy supports, using unmodified
CeO,, instead.

In a previous work carried out by our group [16], we studied
Ni-based CO5 methanation catalysts supported on Mg-, Sm-, or Pr-doped
CeO; and we were able to show that the Ni/Pr- CeO;, catalyst exhibited a
more active and stable performance in comparison with the rest of the
samples. In a subsequent work [17], we examined the effect of the
content of Pr in the CeO, support (prepared via citrate sol-gel) and we
were able to establish that the optimum composition was Ni supported
on 10 at% Pr-doped CeO; (CepoPrg102.5). However, the relatively
mediocre Ni dispersion and low-temperature activity has led us to
consider alternative synthesis methods for the Pr-doped CeO; support.

Thus, in this work, we used Pechini and modified Pechini sol-gel type
synthesis methods with the aim of altering the porous architecture of the
Pr-doped CeO, supports in Ni/Pr-CeO, CO, methanation catalysts and
compared these with the performance of catalytic materials whose
supports were synthesized with the typical citrate sol-gel synthesis. We
note that the sol-gel type Pechini synthesis method, which relies on the
polycondensation between a polyol (usually ethylene glycol) and metal-
citrate complexes, is similar to citrate sol-gel, but offers more flexibility
due to the ability to tune the final metal oxide structure via modifying
the synthesis conditions and/ or choosing various polyols/ carboxylic
acid molecules [25-27]. We were able to show, that the synthesis
method affects the textural characteristics and Ni dispersion, greatly
influencing the catalytic activity. In particular, the Ni catalyst supported
on Pr-doped CeO; prepared with a modified, HoO-free, Pechini method
with ethylene glycol and citric acid (Ni/MPC), is shown to be the most
active catalyst owing to its improved surface area, pore volume, surface
basicity and Ni dispersion.

In addition, for the work reported herein, we decided to couple the
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experimental work with computational modelling, as numerical studies
that use software, such as computational fluid dynamics (CFD) and
process flowsheet simulation modelling can provide an excellent un-
derstanding of parameter optimisation [28-33]. We note that the
available literature concerning experimental work coupled with
computational modelling, regarding the CO2 methanation reaction, is
still scant [34-40].

2. Experimental part
2.1. Preparation methods

Pr-doped CeO; oxide supports (10 mol% Pr or Ceg gPrg 1025 nominal
composition) were prepared via different sol-gel-type methods:

For the citrate sol-gel synthesis (CSG), initially Ce(NOs)3-6H30
(Sigma-Aldrich, 99%) along with Pr(NO3)3-6H20 (Sigma-Aldrich,
99.9%) in calculated amounts were added in 100 ml d-H5O. This was
followed by the addition of citric acid (Fluka, 99.5%) (1.5:1 molar ratio
of citric acid: total metal cations). The temperature was then increased
to 80 °C for the solvent evaporation, which eventually led to the
emergence of a viscous and greenish gel-like syrup. After drying at 130
°C overnight, the dried gel was homogenized and calcined at 400 °C for
1 h and then at 500 °C for 4 h. A CeO, (CeO,.) reference was also
prepared via this method.

For the Pechini synthesis (PC), a similar procedure to citrate sol-gel
was followed, with the only difference being the addition of ethylene
glycol (Sigma-Aldrich, 99.8%) along with citric acid in a molar ratio of
ethylene glycol to citric acid to total metals of 3:1.5:1. This led to a more
compact polymer gel after the drying step.

For the modified Pechini synthesis (MPC), citric acid and the metal
nitrates were directly dissolved in ethylene glycol in the absence of
water. The amount of ethylene glycol was increased, so that the molar
ratio of ethylene glycol to citric acid to total metal cations was equal to
15:1.5:1. Citric acid was first dissolved in ethylene glycol at 60 °C, fol-
lowed by stirring for 1 h. The metal nitrates of Ce and Pr were then
added at 30 min intervals and then left stirring at 60 °C for 2 h. After-
wards, the temperature was increased to 130 °C and the mixture was left
stirring for another 2 h. The viscous gel-like syrup was then dried
overnight at 130 °C and finally calcined at 400 °C for 1 h and 500 °C for
4 h to yield a voluminous powder.

For Pechini-glycerol (PCGL) and modified Pechini-glycerol
(MPCGL), similar procedures to PC and MPC respectively were fol-
lowed, the only difference being that glycerol was used instead of
ethylene glycol as the polyol.

The prepared Pr-doped CeO- supports (Ceg gPrg 102.5) were named
as CSG, PC, MPC, PCGL and MPCGL, according to the method used for
their synthesis. Ni was subsequently introduced via wet impregnation.
Ni(NO3)2-6H20 (Fluka, 97%) in a calculated amount (so as to obtain 10
wt% Ni in the final catalyst), was added in 100 ml d-H0. Afterwards,
the metal oxide support was added. Water was removed in a rotary
evaporator at 72 °C, followed by further drying at 90 °C overnight.
Finally, calcination was carried out at 400 °C for 4 h. The resulting
“calcined” catalysts were named as NiO/ Support. The “reduced” ones
(Ni/ Support) were obtained following reduction at 500 °C for 1 h under
Ha.

2.2. Characterization techniques

The instruments and methodology used for the characterization of
the catalytic materials employed in this work can be found in Refs. [16,
17]. The following characterizations were employed: (i) XRD was used
to examine the crystallinity of the catalysts. (ii) Ny physisorption was
used to determine the porous characteristics. (iii) Ho-TPR over the
as-prepared (calcined) catalysts was employed for the investigation of
the reducibility of the materials. (iv) The surface basicity of the reduced
catalysts was determined using CO»-TPD. (v) Ho-TPD was carried out to
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determine the strength of H; interaction and calculate the dispersion of
Ni and the Ni mean particle size. (vi) O-TPD was conducted to examine
the oxygen storage capacity (OSC). (vii) Raman spectroscopy over the
reduced catalysts was employed to study the oxygen environment. (viii)
XPS analysis over the reduced catalysts was used to study the surface
chemistry. Lastly, (ix) TEM was used to study the morphology of the
supports and reduced catalysts. Regarding O2-TPD, which was not per-
formed in Refs. [16,17], an Autochem 2920 apparatus (Micromeritics,
Atlanta, USA) was used. The samples were first pretreated at 300 °C for
1 h under He flow and then a 20% Oy/He flow was passed over the
sample at 30 °C for 1 h, followed by a 15 min He purge. The temperature
was then increased under He flow up to 800 °C (30 °C min™! temperature
ramp), while the thermal conductivity detector (TCD) signal was
recorded continuously.

2.3. Catalytic testing

Catalytic testing was performed in a continuous flow fixed-bed
quartz reactor (I.D. = 0.9 cm) at atmospheric pressure. The fresh
(calcined) catalysts were initially reduced in situ under Hs for 1 h at 500
°C. Catalytic activity/ stability was evaluated via three experimental
protocols.

Under Experimental Protocol #1, catalytic activity evaluation was
carried out by varying the reaction temperature at a weight hourly space
velocity (WHSV) equal to 25,000 ml ge; h', using 0.24 g of catalyst. The
Hj:CO, ratio was 1:4 and the reaction temperature was increased from 200
to 450 °C using 50 °C intervals, while remaining for 30 min at each tem-
perature to achieve steady-state. A higher WHSV of 100,000 ml g'clat h'! was
used in Experimental Protocol #2. The only difference with Experimental
Protocol #1, was that the catalyst loaded was now 0.06 g. This protocol
was also used to calculate the CO, activation energy for CO, conversions
below 20%, while assuming pseudo-first-order kinetics. The catalytic sta-
bility was evaluated under Experimental Protocol #3, with the tempera-
ture remaining at 350 °C for 24 h (WHSV = 25,000 ml g;lat hh.

The outlet gas composition was analyzed online by gas chromatog-
raphy, as described in Ref. [16]. The carbon balance was found to close
at + 3%. The following Eqs. (2)-(5) were used to calculate the CO5
conversion, CH4/CO selectivity and CHy4 yield:

cou o+
XCOz (%) = ~ou = ou ou -100 (2)
Ce, + Co+ Coo
COU[
Sen, (%) = g 100 3
! Cem, + Ceo
Seo(%) = €109 @
CCH4 + CCO
X+
Yo, (%) = 20 o ®)

100

with C°" being the concentration at the outlet of the reactor for each
gas.
Finally, the consumption rate of CO9, was calculated via Eq. (6):

Xco,, Feo,
100 7 "Wy

(6)

Ico, = (

where Xco, is the CO3 conversion (%), Fco, is the CO2 molar flow rate at
the inlet of the reactor (mol s™) and Weat is the catalyst mass (g).

2.4. Modelling methodology

2.4.1. Reaction rates

CO2 methanation is influenced by side-reactions, such as the reverse
water-gas-shift (RWGS) reaction and CO methanation. In the most
widely accepted mechanism of the CO, methanation reaction, the RWGS
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reaction competes with CO5 methanation, reducing CO, to CO, which
thereafter undergoes hydrogenation to CH4 [41]. Thus, these three re-
actions, i.e., CO and CO5 methanation and RWGS, were included in the
design of the CFD model.

Xu and Froment [42] were some of the first who suggested the
three-step model for the steam reforming of methane and their model
has also been examined for CO, methanation by a number of scientists
[41,43]. The kinetic model consists of the aforementioned three re-
actions occurring in parallel; the rate equations are given below (Egs.

(7)-(9)):

kco, Meth.

2
p4 p _ bciyPhyo
P;.,: Hy CO2 Keg.copMeth.

P 2
<1 + Kcopco + Ku,pn, + Kenpen, + m)

PHy

)

r'coxMeth.

krwas __ pcornyo
PH, Pr,Pco, Keqrwas

TRWGS = ®

2
Ku,orH,0
(1 + Kcopco + Ku,pu, + Keu,pen, + Tzz>
kcomenn. (13 _ PCoPHy 0
i pHZp €02 Keg.cOMeth.

i ©)

2
K A
(1 + Kcopco + Ku,pn, + Ken,pcn, + %@Ho)

YcoMeth. =

where kco,meth.» Krwas, kco men. Tepresent the rate constants of reactions,
expressed by the Arrhenius equation. Kco, Kn,, Kcn, and Ky, o stand for
the adsorption equilibrium constant and pco,, Pco, PH,» Pch, and py,o for
the partial pressure of species.

Table 1 shows the kinetic constants used for the study and Table 2
shows the adsorption constants and pre-exponential factors upon which
the CFD modelling is based.

2.4.2. CFD methodology

CFD models can be used to demonstrate the particle-fluid transport
phenomena in a microreactor, offering an alternative solution that re-
quires less effort and expense in comparison to experimental work and
delivers comprehensive information on the spatiotemporal variation in
species flows, concentrations and temperatures withing the reactor. The
reaction kinetics are set up with the Chemistry interface and the mass
transport of the reacting species in the reactor is modeled with the
Transport of Diluted Species interface with the Reactive Pellet Bed
feature, which accounts for diffusion, convection and reaction in diluted
solutions.

For the work presented herein, a 2D CFD model was designed with
the assumption that the concentration and temperature gradients within
the reactor occur only in the axial direction. The transport mechanism
operating in this direction is the overall flow, which is of plug flow type.
Assumptions upon which the model was founded include: (a) applica-
tion of steady-state and isothermal conditions, (b) the pressure drop
along the length of the reactor is very small and it can be considered

Table 1
Rate constants used as input parameters for the described model.

T kcomemn. (mol s* kg2 krwes (mol s kco vem. (mol s*

(°Cc) m—l) kg—l mfz) kg’z m—l)

200 4.61 x10°+2.31 x10°  0.13744+ 0.02 1.3118 x10* + 6.56
6 x10°

250 3.36 x107°+ 1.242 0.1965: 0.02967 1.3042 x10+ 6.5
x10° x10°

300 3.838 x10°+ 1.24 0.1963+ 0.02963 1.2979 x107*+ 6.49
x10° x10°

350 3.835 x10°+ 1.238 0.1961+ 0.0296 1.2927 x107*+ 6.46
x107° %10

400 3.396 x10°+ 7.58 0.196+ 0.02958 1.2882 x107*+ 6.441
x10° x10°

450 2.78 x10°+ 6.18 x10"  0.1958+ 0.02956 1.2844 x107*+ 6.42
N x10°
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Table 2
Reaction adsorption constants and pre-exponential factors.

Intrinsic constants Value

Adsorption constants

Kco (bar™) 40.91+ 3.2[42]
Ky, (bar!) 0.0296 + 0.00237[42]
Ken, (bar™) 0.1791 + 0.014[42]

Km0 0.4152 + 0.0332[42]
Pre-exponential factors

Kocogves, (mol s® kg2 m1) 3.473 x 10°£ 1.59 x 10°°
korwgs (mol s kg™! m2) 0.19 + 0.033
Koco mecr. (mol s° kg2 m1) 1.234 x 10° + 1 x 10°

negligible, (c) ideal gas law is applicable for the gases, (d) there is a
constant axial fluid velocity in the reactor with uniform physical prop-
erties and transport coefficients, and (e) the reaction zone in the reactor
is packed with catalytic material in powdered form. The microreactor
has a height of 90 mm and a length of 30 cm. The mass balance equation
for the species in the catalyst bed is expressed as:

— 7S, (10)

where, D; 4 are the axial dispersion coefficients, respectively, J; is the
molar flux of i into the catalyst powder and S is the active specific
surface area of the powder exposed to the reacting fluids in the packed
bed, which are given by:

S, =S8(1—¢) an

where, ¢ is the fractional voidage of packed bed and S is the specific
surface area per unit volume of the catalyst powder in m™.

For spherical catalyst powder, this is given by:

s> 12

Tpe

where, 1y, is the radius of powdered form catalyst.

At the pellet-fluid interface, a film condition assumption is made.
The flux of mass across the pellet-fluid interface into the pellet is
possibly rate determined by the resistance to mass transfer to the bulk
fluid side. This resistance can be expressed in terms of external mass
transfer coefficient:

Ji= h,-(c,- — c,-,m.) (13)
e

Se = /% (15)

Re = sz (16)

Sh =2 +0.552Re'28c'/3 17)

where, c;p; is the concentration of the fluid at the catalyst powder sur-
face, h; is the external mass transfer coefficient, y and p are the viscosity
and density of the reacting fluids respectively. Schmidt (Sc), Reynolds
(Re), and Sherwood (Sh) numbers are dimensionless parameters related
to the mass transfer occurring at the pellet-fluid interface.

The reactor is packed with catalyst powder in which the chemical
reaction that occurs is incorporated into the mass balances with the
Reactive Pellet Bed feature in COMSOL. This feature has a predefined
(1D) extra dimension on the normalized radius (r = rgm/mpe) of the
catalyst. The mass balance inside the catalyst particle across a spherical
shell is given by:
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a pe.i
411’N{r2r§€€p£ Cre + V~( — rzDi_‘,ﬂche_i) = rzricRpE } (18)

ot

where, N is the number of particles per unit volume of the packed
bed, r is the radius of catalyst particle (dimensionless), D;.s is the
effective diffusion coefficient of chemical species i in the catalyst pores,
Cpe,i is the concentration of chemical species i in the catalyst particle in
mol m™. Ry is the reaction rate term (rate of the reaction per unit vol-
ume of the catalyst particle).

The effective diffusivities of the species i into the pores of the catalyst
particles are calculated by relating the diffusion coefficient to either the
bulk or the Knudsen diffusivity.

D;spDpo.
T

Dy = (19)
where, D; ap is the bulk diffusivity of chemical species i, @, is the particle
porosity, o, is the constriction factor and 7 the tortuosity.

The boundary conditions were used as per the following:

atx =0; cy, = cp,,, and cco, = Ccoy, @0

atx = 30; %:0 @
ox

atr =1; ¢jp = Cips @
OcCip

atr:();gzo @
or

COMSOL Multiphysics software version 5.5 was employed to solve
the problem using the mass balance equations combined with the
appropriate boundary conditions. The geometry comprised a mesh
consisting of 2700 domain elements and 180600 degrees of freedom and
the solution was checked from 180600 to 361200 degrees of freedom. As
no difference in the results was obtained, the CFD results were mesh
independent. The variables, which were used to solve the models, are
shown in Table 3.

2.4.3. Process simulation methodology

The fluid packages selected to solve the complex problems were Peng
Robinson with RK-Aspen (Redlich-Kwong), as they can accurately pre-
dict the vapour-liquid equilibrium data of hydrocarbons at high tem-
peratures and pressures. The RK-Aspen property method is based on the
Redlich-Kwong-Soave equation of state [44].

RT a

Table 3
The parameters used for the CFD models.
Symbol Value Units Description
€C0;.in 4.4643 mol/m® CO, inlet concentration
CHy in 17.857 mol/m? H, inlet concentration
Q 100 ml/min Total inlet flow rate
Dco, 0.728 cm?/s Diffusion coefficient of CO,
Dy, 3.233 cm?/s Diffusion coefficient of Hy
Dco 0.875 cm?/s Diffusion coefficient of CO
D, 1.135 em?/s Diffusion coefficient of CHy
Du,0 0.899 cm?/s Diffusion coefficient of H,O
Dco, o 0.0777 cm?/s Effective diffusion coefficient of CO,
Dy, o 0.3448 cm?/s Effective diffusion coefficient of Hy
Dco o 0.0933 cm?/s Effective diffusion coefficient of CO
Dcu, o 0.121 cm?/s Effective diffusion coefficient of CH,4
D000 0.0959 cm?/s Effective diffusion coefficient of H,O
o 12.575 kg/m? Density of the catalyst bed
Ppe 2273-4545 kg/m? Density of the catalyst pellet
Epe 0.25-0.27 - Porosity of the pellet

& 1~ py/Ppe - Void fraction of the catalyst bed
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The main differences between the original Redlich-Kwong-Soave
equation and the RK-ASPEN property method are in the location of the
interaction parameters in the mixing rules, the type of temperature-
dependency of the interaction parameters and the introduction of an
additional parameter in the alpha function to account for polar com-
pounds [45].

The Peng-Robinson equation of state is highly suited for handling
systems, which contain hydrocarbons, water and air. The equation
implemented was in the form shown below [46]:

P TR D @s)
b= 007780 (26)
a(T) = a(T.)-a(Tr.) 27
a(T.) = 0.45724 R (28)
Z. = 0.307 (29)
@ (Tra) = 1+ k(1= T (30)
k = 037464 + 1.542260 — 0.269920° 31)

The reactor energy balance, coupled with the material balance, can
determine the heating or cooling requirements. The energy balance for
the packed bed reactor can be given as:

— (a) ——Ni/ MPC
5

L

>

B

C

o ——Ni/ PC
£

©

()

N

T

S ——Ni/ CSG
o

zZ

10 20 30 40 50 60 70 80
2theta (°)

 oom
ocor]
ocor]
s
ocos
oo}
on
o
o] T Mg
50 4 . 10

Pore width (nm) g

e ]
o
1
Incremental pore volume (cm

Adsorbed volume (cm® g”), STP

0 T T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10
Relative pressure (p/p°)
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dT T aAHR(T) —24(T —T,)
aw S FiCpi

(32)

where T is the reaction temperature, r’ is the rate of reaction, AHgyx is
the constant heat of reaction, U is the overall heat transfer coefficient, T,
is the ambient temperature, Cy; is the average heat capacity of speciesi, a
is the heat exchange area for the packed bed reactor, pj, is the is the bulk
density of the catalyst and F; is the molar flow rate [47].

3. Results and discussion
3.1. Characterization of the supports and Ni catalysts

XRD characterization of the reduced catalysts (Fig. 1a) reveals the
presence of the crystalline phases of CeO5 (20 ~ 29°, 33°, 47° and 56°)
and metallic Ni (20 ~ 44.5° and 52°). As shown in previous works [16,
17,481, Pr*" cations can easily dissolve into the crystalline lattice of
CeOy, creating a Ce;_xPrxOs.5 solid solution. The most common oxida-
tion state of Pr in the solid solution has been found to be 3+, with the
larger Pri* cations .27 A) being able to substitute the smaller ce*t
cations (0.97 }o\), causing an expansion of the CeO, lattice and a shift of
the diffraction angles to lower values than those normally observed for
pure CeO; [16,17,48]. As will be shown later, in our case, Pr is indeed
homogeneously dispersed over the support and rather exists in the Pr>*
oxidation state, proving that Pr>* can successfully dissolve into the ceria
lattice and cause a lattice expansion. The diffractogram of Ceg gPr( 1025
prepared via citrate sol-gel, along with the corresponding Ni catalyst,
are compared with that of a similarly prepared CeO, (CeOq.s) reference,

(b —Ni/ CSG
—Ni/ PC Ni°
— Ni/ MPC

*

Normalized intensity (a.u.)

41 42 43 44 45 46 47

(o]
2theta ()
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with the (111) CeOy reflection shift toward smaller diffraction angles
being apparent (Fig. S1). Moreover, some impregnated Ni2* species
could also dissolve into the lattice of the support, further affecting the
support structure [49].

The crystallite size of the doped ceria support is reported in Table 4.
It is quite similar for all the three different supports and catalysts, but we
can observe a considerable drop when we compare the ceria crystallite
size in the supports (7 nm) and the Ni impregnated and reduced cata-
lysts (10-12 nm). A similar increase of the ceria crystallite size following
Ni impregnation has also been reported elsewhere [17,49] and could be
attributed to Ni?* promoting the sintering of ceria, as well as to a
possible ceria recrystallization during the impregnation step (dissolved
[Ni(H20)6] 2+ causing an acidic pH of the impregnation solution) [49,
50]. Moreover, the Hy reduction treatment can also cause a further
growth of the ceria nanocrystallites [51]. In any case, the Ni impreg-
nated catalysts have a quite similar ceria crystallite size (12 nm, 10 nm
and 10 nm for Ni/CSG, Ni/PC and Ni/MPC respectively) but, as will be
shown later, a quite different catalytic activity, meaning that the ceria
support crystallite size exerts a rather minor influence on the catalytic
performance.

Regarding the Ni’ (111) reflection (Fig. 1b), one can observe a clear
broadening in the case of the Ni/MPC catalyst, compared to the other
two catalysts, indicating a much smaller Ni crystallite size in this case.
The Ni° crystallite size was calculated by applying the Scherrer equation
on the most intense (111) reflection. It was found to be 12 nm for Ni/
MPC, 18 nm for Ni/PC and 19 nm for Ni/CSG (Table 4). Therefore, it is
clear that the modified Pechini (MPC) synthesis method for the support
can act to suppress the growth of the Ni crystallites and thus gives rise to
a lower crystallite size of the impregnated Ni nanoparticles, improving
their dispersion; the latter can be conducive toward a better catalytic
performance [9,10,23]. Furthermore, the XRD pattern of Ni/MPC re-
veals the additional presence of the NiO phase (20 ~ 43°), which could
as well be present in the other two catalysts, possibly resulting from the
partial oxidation of Ni following air exposure. In any case, the presence
of Ni?* species is not necessarily detrimental to the catalytic perfor-
mance, as Cardenas-Arenas et al. [24] have shown that high CO.
methanation activity can best be achieved via a compromise in the
population of Ni-O-Ce and Ni° sites.

N physisorption was carried out to examine the textural properties
of both the prepared supports, as well as the reduced catalysts, following
the introduction of Ni. Regarding the prepared supports (Fig. 1c), one
can observe the effect of the applied synthesis method on the porosity
and pore structure of the synthesized mixed oxide. Citrate sol-gel (CSG)
leads to a structure with a modest porosity (44 m? g), consisting of
some micropores and small mesopores (3-4 nm), along with some larger
mesopores and small macropores. Pechini (PC) method leads to a higher
surface area (75 m? g!), with a lesser contribution of larger pores
(10-100 nm) compared to micropores and small mesopores. Both CSG
and PC supports exhibit an H3-type hysteresis loop with slit pores [52].
Although the surface area of the support prepared via the modified
Pechini (MPC) method is not particularly high (40 m? g), MPC leads to
a much larger pore volume (Table 4), with the contribution of large
mesopores (~10-50 nm) and small macropores (50-100 nm) being
much more pronounced. The contribution of small mesopores is also
significant, as an H2(b)-type hysteresis loop is observed due to pore
blocking upon desorption, which suggests the presence of a non-uniform

Table 4
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porous network with interconnected pores of different sizes (connected
ink-bottle pores) [52]. Pore size distribution (PSD) plots constructed
upon employing different theories are also presented in Fig. S2.

Following Ni(NOs)2-6H20 impregnation, calcination and reduction,
the porous characteristics are altered (Fig. 1d). The greatest changes are
observed for the Ni/CSG and Ni/PC catalysts, as Ni introduction causes a
significant collapse of the porous structure, leading to a surface area
drop by 82% and 65% respectively and a pore volume drop by 50% and
63% respectively. The micropores and small mesopores are more easily
blocked upon Ni incorporation [53,54], as evidenced by the significant
shift of the pore size distribution toward larger pore diameters. For the
Ni/MPC catalyst, the introduction of Ni causes a much more modest
drop in the surface area and pore volume (43% and 36% respectively),
as the original support structure contained a higher number of large
mesopores and small macropores (10-100 nm), which are not easily
blocked by the medium-sized Ni nanoparticles [54]. Overall, the intro-
duction of metallic Ni nanoparticles in the MPC support did not cause a
major alteration of the porous structure, while it induces a significant
structural collapse in the CSG and PC supports, due to blockage of the
smaller pores.

The reducibility of the supports and fresh (calcined) catalysts was
investigated via Hs temperature programmed reduction (Ho-TPR,
Fig. 2a). The peaks observed in the Hy-TPR profiles of the prepared
supports (CSG, PC and MPC) are due to the removal of surface oxygen
(Os) at lower temperatures (< 550 °C) and bulk oxygen (Op) at higher
temperatures (> 550 °C) [23,24]. The total hydrogen consumption fol-
lows the trend (PC > CSG > MPC), which is correlated to the surface area
of the supports (Table 4). This is expected, as a higher surface area can
increase the number of surface defects and reactive surface oxygen
species, and additionally shorten the diffusion pathways for the removal
of bulk oxygen [23,24,26,27]. The higher surface area and smaller pore
sizes in CSG and PC also appear to cause the removal of surface and bulk
oxygen at lower temperatures compared to MPC [24].

When the reducibility of the calcined catalysts was examined, three
reduction regimes could be observed; the first one due to reduction of
highly dispersed NiO, Ni(OH), and NiZ* species, the second one ac-
counting for the majority reduction of NiO nanoparticles into metallic Ni
ones and the third one due to the removal of bulk oxygen from the doped
ceria support [16-18,23,24]. The removal of surface oxygen from the
support is expected to overlap with the main NiO reduction event at
approx. 300-320 °C (region II). It can be observed, that the peak area
(and thus Hy consumption) for NiO/MPC is higher than that of the other
two catalysts, which could be ascribed to the higher participation of the
reduction of the support via the Ni-catalyzed ceria reduction [24]. A
higher Ni dispersion in NiO/MPC can increase the number of Ni-O-Ce
interfacial sites and thus, the contribution of Ni-catalyzed ceria reduc-
tion to the Hy consumption. Following peak area integration, the
amount of Hy consumed for the three catalysts in regions I and II was
calculated at 2.16, 2.21 and 2.38 mmol g'l for NiO/CSG, NiO/PC and
NiO/MPC respectively. When compared to the Hy amount required to
reduce all Ni*+ species to metallic Ni°® (1.70 mmol g'l), the aforemen-
tioned values correspond to 127%, 130% and 140% Ni®* reduction for
NiO/CSG, NiO/PC and NiO/MPC respectively. The excess Hy amount is
consumed via the Ni-catalyzed ceria reduction and is indeed higher for
NiO/MPC, which presents the greatest Ni dispersion.

The surface basicity of the reduced catalysts is indicative of their

Crystallite sizes of CeO5 and Ni® (®ceoz and ®y;) determined via the Scherrer equation from XRD. Specific surface area (SSA), pore volume (Vp) and average pore
diameter (D,y.) calculated via N, physisorption. Ni dispersion (Dy;) and particle size (dy;) determined via Ho-TPD. O, desorption determined via O,-TPD. Values

are for the reduced catalysts and in parentheses for the supports.

Sample name Dceoz (NM) @y; (nm) SSA (m? g-1) Vp (ecm® g-1) Daye (nm) Dni (%) dy; (nm) 0, desorbed (mmol g!)
Ni/CSG 12 (7) 19 8 (44) 0.03 (0.06) 13 (5) 4.0 24 0.13 (0.14)
Ni/PC 10 (7) 18 26 (75) 0.03 (0.08) 5(4) 4.9 20 0.16 (0.17)
Ni/MPC 10 (7) 12 23 (40) 0.07 (0.11) 13 (11) 6.1 16 0.20 (0.22)
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Fig. 2. (a) H,-TPR profiles of the supports and calcined catalysts. (b) CO,-TPD profiles of the reduced catalysts.

potential for CO, chemisorption and activation [11]. CO, can be
adsorbed on a plethora of different sites on Ni/CeO»-type catalysts,
including metallic Ni sites, Ni-O-Ce interfacial sites, as well as on the
surface oxygen vacancies of the Pr-doped CeO; support [11,15,17,24]. It
can either be adsorbed as bicarbonates/ mono- or bidentate carbonates,
or as CO via dissociative adsorption [55]. Upon the desorption of COy
observed during the CO,-TPD profiles (Fig. 2b), the emerged peaks can
be assigned to weak basic sites (< 200 °C), moderately strong basic sites
(200-400 °C) and strong basic sites (> 400 °C), depending on the tem-
perature of the observed CO, desorption [16-18,56,57].

It is evident, that although the amount of strong basic sites and
moderately strong basic sites is similar for all catalysts, Ni/MPC contains
roughly six times higher amount of weak basic sites (based on peak area
integration), compared to the other two catalysts. The weak basic sites
can generally be assigned to surface hydroxyl groups (-OH) and other
oxygen species formed from weakly adsorbed oxygen on surface oxygen
vacancies and Ni-O-Ce interfacial sites, to which CO5 can be adsorbed in
the form of bicarbonates [16,23,56]. As such, they can be correlated to
the textural characteristics of the respective catalyst and the Ni disper-
sion. Ni/MPC better retains its textural properties (surface area, pore
volume) following Ni impregnation and also exhibits a higher Ni
dispersion and, as a result, a higher population of Ni-O-Ce interfacial
sites, which also act to increase the overall weak basicity of this catalyst.
According to Ma et al. [56], a larger population of weak basic sites is
conducive toward a higher CO, methanation activity, as they can act to
accelerate the initial step of CO, chemisorption, bringing it in close
proximity to the methanation active sites during the reaction [24,56].

Calculation of the Ni dispersion and the mean Ni particle size was
realized via Hy-TPD experiments (Fig. S3a). Desorption peaks were
observed both at the low-temperature regime (< 200/250 °C), due to the
desorption of hydrogen species weakly bonded to the metallic Ni nano-
particles, and at the high-temperature regime (> 200/250 °C), due to the
desorption of hydrogen species with a stronger Ni-H binding [17,58,59].
Generally, the majority of desorbed hydrogen was observed at low tem-
peratures, whereas for the Ni/MPC catalyst a slight shift of the desorption
peaks toward lower temperatures was observed, indicating a weaker Ni-H
interaction [58]. The calculated values for Ni dispersion and mean Ni
particle size, based on peak area integration, can be found in Table 4.
Ni/MPC was shown to exhibit a higher Ni dispersion and reduced Ni
particle size, in line with the results obtained via XRD characterization.
Finally, the fact that the mean Ni particle sizes calculated via Hy-TPD were
larger compared to the mean Ni crystallite sizes calculated via the Scherrer
equation (XRD) can be explained by a partial covering of the Ni nano-
particles by CeOqs entities, which can limit the available hydrogen
chemisorption sites, as reported by other works [60].

02-TPD was used to examine the oxygen storage capacity (OSC) of
the supports and catalysts (Fig. S3b). The oxygen species desorbed at
various temperatures can generally be divided into two categories, i.e.,
surface oxygen (Os, also denoted as a-oxygen), which is desorbed at
lower temperatures, and bulk oxygen (Op, also denoted as f-oxygen),
which is desorbed at temperatures higher than 500/550 °C [22,26,61,
62]. Since multiple peaks can be observed below 550 °C, surface oxygen
can be further subdivided into weakly adsorbed oxygen species on ox-
ygen vacancies (incl. physically adsorbed oxygen, surface hydroxyl
groups (-OH) and 0%/ 0o species, Og;) and surface lattice oxygen (Osz2)
[61,62]. The amount of Oy desorbed (in mmol g'l, Table 4) during the
O,-TPD profiles can be associated with the oxygen storage capacity
(0OSC) of the materials, and this value is higher for the Ni/MPC catalyst
(and the MPC support) compared to the other materials. Moreover, the
Ni/MPC catalyst displays a much higher amount of weakly adsorbed
oxygen species (Os;), which can be associated with oxygen vacancies
and surface defects [22,26,27,61,63].

Raman spectroscopy (Fig. S4) reveals a similar defect structure in all
of the three supports and catalysts with the same Pr loading (10 mol%),
as shown by the peak centred around 550 cm™ in the so-called defects’
region [16]. This peak can be deconvoluted into two bands, at around
535 cm™! and 590 cm™ respectively (Fig. S4c). The larger deconvoluted
band at around 535 cm! is the extrinsic vacancy band, since the intro-
duction of Pr,, substitutional defects is charge compensated by the
creation of extrinsic oxygen vacancies (Oy) [16,18]. The second, smaller
band at around 590 cm™ is ascribed to the presence of a PrOy
hetero-phase (likely PrgO;;1) with Pr atoms in octahedral coordination
with oxygen atoms (PrOg), due to the small degree of Pr-segregation at
the support grains [17]. Since the Oy band is much larger than the PrOg
band, we can deduce that the majority of Pr atoms are solubilized in the
CeO- structure, participating in the oxygen vacancy formation [17].
Moreover, the dominant Fyg peak, which for pure CeO; is normally
observed at approx. 450-460 cm’}, is significantly red-shifted at approx.
420-430 cm™! for Pr-doped CeO, and Ni supported on Pr-doped CeO,,
due to the incorporation of larger Pr3t (and to a lesser extent Ni%")
cations in the CeOs structure [16-18].

It should be first noted, that XPS analysis for the reduced catalysts
was carried out following exposure to atmospheric conditions (ex-situ).
The core level XPS spectra for Ni 2p and Ce 3d are presented in Fig. 3,
while those for O 1 s and Pr 3d are given in Fig. S4. Table S1 contains the
values for the surface elemental composition. As observed in other
works [16-18,24], the surface concentration of Ni is mostly higher than
its nominal value, since Ni preferentially resides on the catalyst surface
as metallic and/or oxidized nickel nanoparticles. The surface concen-
tration of Ni is the highest for Ni/PC (followed by Ni/CSG) and the
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Fig. 3. XPS core level spectra of the reduced catalysts. (a) Ni 2p and (b) Ce 3d.

lowest for Ni/MPC, which could be a result of a higher Ni dispersion
along the porosity of the support in the latter case [17,24]. The con-
centration of Pr at the surface in relation to Ce is also higher than
anticipated by the Ceg gPrg 102.5 support nominal stoichiometry, since
Pr_ defects have been shown to preferentially reside at the surface of the
solid solution [64].

The deconvoluted Ni 2p XPS spectra are depicted in Fig. 3a. They
show that metallic Ni is more prominent on the Ni/PC and Ni/CSG
reduced catalysts, while Ni/MPC exhibits less metallic Ni and a much
higher contribution of oxidized Ni*'. Oxidized Ni*' species can be
further separated into two contributions; the lower BE (binding energy)
peak due to supported bulk NiO and the higher BE peak due to Ni-O-Ce
interfacial sites, Ni(OH)5, Ni%* dissolved in the metal oxide and Ni®*
species, which can arise from defects in the NiO phase [16,17,65-67].
The fact that metallic Ni, in relation to oxidized Ni, has a much lower
contribution in Ni/MPC compared to the other two catalysts (Table S1)
can be attributed to the fact that the smaller and more well-dispersed Ni°
nanoparticles over Ni/MPC can be more easily oxidized upon air expo-
sure, which proceeded the ex-situ XPS characterization [17,24]. This can
also be the reason for the observation of a NiO reflection (20 ~ 43°) in
the X-ray diffractogram of the Ni/MPC catalyst (Fig. 1b).

Fig. 3b shows the Ce 3d XPS spectra, that can be deconvoluted into
10 different peaks (5 doublets), with v, v’’, v’*’, u, u”” and u’”’ assigned
to Ce**, which constitute the majority of Ce species found in CeO,-based
oxides and vy, v’, ug and u’ assigned to Ce3*, which arise as intrinsic Ce/Ce
defects due to the high reducibility and oxygen lability of CeO [16,17,
22]. The Ce*' contribution is slightly more pronounced in Ni/PC
(Table S1). For the purpose of this work however, where a Pr-doped
Ce.9Prg.102.5 support is used, the oxygen lability of the metal oxide
support is mainly associated with the extrinsic Pr,, defects, which are
charge compensated by the emergence of oxygen vacancies and thereby,

oxygen deficiency (8) [16,17,48,64]. Extrinsic Pr'CC defects can generate
oxygen vacancies (V;), while maintaining the neighbouring Ce cations
in the 4+ state [48,64].

The O 1 s XPS peaks arising from the various oxygen species can be
found in Fig. S5a. The low BE peak (~ 529 eV) is observed due to the
support lattice oxygen [17,49,66]. The neighbouring peak at higher BE
(=~ 531.5 eV) can be attributed to weakly adsorbed oxygen species and
surface hydroxides/ carbonates arising from the air exposure of the
catalyst prior to the XPS measurement [17,49,66]. Finally, physisorbed
water can be observed at higher BE, at around 533 eV [17,49].
Regarding the Pr 3d peaks (Fig. S5b), they closely resemble the XPS
spectrum of Pr,0O3, meaning that the oxidation state of Pr in the catalysts
is rather Pr3t [64,68]. Therefore, in agreement with the Raman results
(Fig. S4), the majority of Pr cations are expected to be incorporated into
the CeO, lattice as extrinsic Pr, defects, with only a minority being

segregated on the support grains as PrOy (PrgO11) in a rather octahedral
coordination with oxygen atoms [17,64]. When comparing the different
catalysts, the position of the Pr 3d peaks is slightly shifted for Ni/CSG
and Ni/PC toward higher BE, compared to the peak position of Ni/MPC.
This is indicative of a slightly higher oxidation state of Pr in Ni/CSG and
Ni/PC and thus, of a higher amount of surface segregated PrOx (Pr¢O11)
oxides, which could hinder the Ni-CeO- interaction [17,64,68,69]. On
the other hand, a higher percentage of Pr cations in Ni/MPC appear
incorporated in the support structure as prit, thereby participating in
the oxygen vacancy formation and maintaining the Ni-CeO» contact [17,
69].

TEM images of the sol-gel prepared Pr-doped CeO-, oxides (Fig. 4a-c)
reveal that the supports consist of spongy aggregates of small crystal-
lites. CSG and PC (prepared via citrate sol-gel and Pechini methods
respectively) have a much spongier network structure, which contains a
very high number of small pores (up to 5 nm in diameter). MPC how-
ever, which was prepared via the HyO-free modified Pechini method,
exhibits a greatly altered pore structure. The porous structure in this
case consists of larger pores and large pore openings (=30 nm) can be
visible in Fig. 4c. Therefore, the synthesis procedure, and more specif-
ically the properties of the citrate/ polymeric gel, appear to affect the
material structure during sol-gel synthesis [25,27]. The more compact
citrate/ polymeric xerogels following water evaporation during CSG and
PC synthesis lead to spongier aggregates with smaller pores, whereas the
combustion of the viscous polymeric gel following the MPC synthesis
yields a more well-defined porous structure with larger pores and a
higher degree of order. This can be attributed to the different chemical
environment following complexation of the metal cations and formation
of the polymer precursor during the support synthesis, which can in turn
influence the nucleation and growth of the metal oxide crystallites
during the calcination process, as well as lead to the formation of larger
voids/ pores upon the combustion of more bulky organic groups [27,70,
71]. Additional TEM images of the prepared supports can be sought after
in Fig. S6.

The dispersion of the Ni nanoparticles in the reduced catalysts can be
found in Fig. 4d-1. From the bright field TEM images (Fig. 4d-f), the
supported Ni nanoparticles are made visible and, at first glance, appear
smaller for the Ni/MPC catalyst and larger for the Ni/PC one. HAADF-
STEM coupled with EDS mapping (Fig. 4g-1) was subsequently con-
ducted. In the case of Ni/CSG and Ni/PC, it reveals the presence of large
Ni aggregates with a non-uniform size distribution (size polydispersity),
along with some smaller Ni nanoparticles. In contrast, medium-sized
and well-dispersed Ni nanoparticles with a more uniform size distribu-
tion, which are confined inside the porous network, are visible for the
Ni/MPC catalyst. An explanation is that Ni impregnation causes severe
pore blockage in the Ni/CSG and Ni/PC catalysts, with Ni forming large
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with EDS elemental mapping and (j-1) EDS elemental mapping regarding the Ni element for the Ni/CSG, Ni/PC and Ni/MPC reduced catalysts respectively.
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and sintered aggregates following high temperature calcination and
reduction processes (400 °C and 500 °C respectively) [53,54]. This is
further corroborated by the N, physisorption results (Fig. 1c-d), where a
sharp drop in the surface area and pore volume is observed for these
catalysts. On the other hand, the improved wetting upon impregnation
and the larger and better-ordered pores in the MPC support led to a
much more reduced pore blockage in the Ni/MPC catalyst and a more
uniform dispersion of the medium-sized Ni nanoparticles inside the pore
walls of the porous structure [54]. HAADF-STEM coupled with EDS
mapping for all the elements (Ce, Pr, Ni and O) for the Ni/MPC catalyst
can be found in Fig. S7. Moreover, Ni nanoparticle size distribution
histograms and tentative mean Ni nanoparticle size estimates for the
three catalysts considering the Ni EDS mapping images are provided in
Fig. S8.

3.2. Evaluation of the catalytic performance

The catalysts were first evaluated under Experimental Protocol #1,
where the CO, methanation performance was studied while varying the
reaction temperature (Fig. 5). A comparison between the CO5 conver-
sion and CHjy selectivity/ yield values for the three catalysts can be found
in Table 5. The variation of CH4 yield with temperature can be found in
Fig. S9. In general, Ni/CSG prepared via the citrate sol-gel method was
fairly active and selective toward CH4. The use of the typical Pechini
method to prepare the CeOs-based support does not appear to promote
the catalytic activity, as Ni/PC presents a worse performance to Ni/CSG
in terms of CO, conversion and CHj selectivity. This can be attributed to
the larger pore volume loss upon Ni impregnation and a less favourable
Ni-CeO; interaction [24,54]. In contrast, the modified Pechini synthesis
method (MPC) offers a great improvement in the CO2 methanation
catalytic performance of the Ni/MPC catalyst, by substantially
enhancing the low-temperature CO5 conversion and promoting CHy
selectivity. In any case, the thermodynamic equilibrium curve is not
reached, even for the most active Ni/MPC catalyst. This is however a
quite usual phenomenon in the relevant literature regarding the CO5
methanation reaction, as the maximum attainable CO5 conversion value
also depends on the experimental conditions used (e.g., the weight
hourly space velocity) [16-18,22,23,56,72].

It is already established in the literature, that medium-sized
(10-25 nm) Ni nanoparticles dispersed over CeO, are the optimal to
achieve a high CO; methanation activity [22,57,72]. A smaller Ni
nanoparticle size promotes the selectivity toward CO, while larger Ni
nanoparticles greatly reduce the available active surface sites [72].
Moreover, a delicate balance between Ni-O-Ce interfacial sites and Ni°
metallic sites needs to be achieved, as the former are considered active
for the CO,, activation and the latter for H, activation [15,24]. Thus, the
improved catalytic performance of the Ni/MPC catalyst can be

100 T
i e (@)
NicsG T

3 %1 —e—N/IPC _——p_ T
< o
< 7] —e—NI/MPC o
: g
2 60+ ¥
() 4
é 50 o
g 40
O 304 *
(@] 204 /0

10 4

0 - /? T T i
200 250 300 350 400 450

Temperature (°C)

Applied Catalysis B: Environmental 318 (2022) 121836

Table 5
CO, methanation performance at 350 °C and in parenthesis, at 300 °C (Exper-
imental Protocol #1).

Catalyst name CO,, conversion (%) CH4 selectivity (%) CH,4 yield (%)

Ni/ CSG 70 (46) 98 (98) 69 (45)
Ni/ PC 61 (33) 97 (97) 59 (32)
Ni/ MPC 77 (71) 99 (99) 76 (70)

attributed to its physicochemical characteristics, as the MPC support
exhibits a well-ordered structure with large pores, highly suitable for the
deposition of medium-sized and well-dispersed Ni nanoparticles (Fig. 4)
[23,54]. The medium-sized Ni nanoparticles nanoconfined into the
porous structure offer a multitude of active metallic and interfacial sites
for the CO, methanation reaction, as well as easy access and diffusion for
the reactant and product gases [15,23,24]. A comparison between the
catalytic performance of our best-performing Ni/MPC catalyst and that
of other catalysts reported in the literature is provided in tabular form in
the supplementary material (Table S2). It can be observed, that Ni/MPC
does indeed compare favourably with other CO, methanation catalysts
that have a similar composition and were tested under similar condi-
tions, in terms of CO4 conversion and CHy4 selectivity.

Until now, we have shown that the pore structure and pore volume
modification of the support, induced via the addition of ethylene glycol
and the use of a modified Pechini synthesis route can greatly impact the
catalytic performance of the supported Ni catalysts. Since Kayaalp et al.
[26] and Poffe et al. [27] have demonstrated the ability to further tune
the textural properties by substituting ethylene glycol with other poly-
ols, the Ni/PCGL and Ni/MPCGL catalysts were prepared similarly to
Ni/PC and Ni/MPC, but with the use of glycerol instead of ethylene
glycol during the support synthesis (as described in the Experimental
Part). The catalytic activity results can be sought after in Fig. S10.
Although Ni/PCGL was superior to Ni/PC, especially in terms of
low-temperature CO; conversion, Ni/MPCGL prepared via the modified
Pechini method using glycerol failed to provide an improvement to the
Ni/MPC catalyst. As both of these catalysts prepared with glycerol
(Ni/PCGL and Ni/MPCGL) were inferior to the already studied Ni/MPC
and Ni/CSG, they were not evaluated/ characterized further.

Experimental Protocol #2 was then employed to study the CO,
methanation performance under less favourable conditions (higher
WHSYV of 100,000 ml gé“ h™!) and construct Arrhenius plots for the CO4
activation energy calculation, while assuming pseudo-first-order ki-
netics and for CO5 conversion values < 20% (Fig. 6). Although, as ex-
pected, the overall catalytic activity and CHy4 selectivity is worse when
the space velocity is increased [17,22], the differences in catalytic per-
formance between the three catalysts become more apparent. CHy
selectivity is especially affected in the case of Ni/PC, as a reduced
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Fig. 5. Catalytic performance of the reduced catalysts while varying the reaction temperature (Experimental Protocol #1): (a) CO, conversion and (b) CHy selec-
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contact time favours the desorption of CO intermediates at lower tem-
peratures [73].

Interestingly, as can be observed by the slopes of the regression lines
in the Arrhenius plots (Fig. 6¢), the CO activation energy of the most
active Ni/MPC catalyst is calculated higher than that of the other two
catalysts (CO, activation energy was calculated for Ni/MPC at
125 kJ mol!, compared to 101 kJ mol ™ for Ni/PC and 93 kJ mol™! for
Ni/CSG). These CO3 activation energy (E,) values are in line with the

available literature regarding Ni/CeOs-type catalysts (E, values of
approx. 90-130 kJ mol ™) [21,57,72,74-76]. In general however, the
CO, activation energy provides a metric of how sensitive a CO,
methanation catalyst is with respect to changes in the reaction tem-
perature and does not constitute a good descriptor of the CO5 metha-
nation catalytic activity [74,77]. As an example, CO; activation energies
for Ni/Al;O3 are often reported to be lower than those for Ni/CeO,,
despite the fact that the Ni/CeO; system is demonstrated to be greatly

~ (@)
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C
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Fig. 7. (a) X-ray diffractogram and (b) TEM image of the spent Ni/ MPC catalyst (Results obtained for sample tested under Experimental Protocol #3).
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(Experimental Protocol #1).

superior to Ni/AlyO3 with a similar Ni loading [15,74,77].

Lastly, the catalytic stability of the most active Ni/MPC catalyst was
evaluated at 350 °C for 24 h under Experimental Protocol #3 (Fig. 6d).
CO4 conversion dropped by less than 2%, stabilizing at around 75%,
while CHy4 selectivity stabilized at roughly 99%. This proves that Ni/
MPC can provide a good and stable catalytic performance, which can
last for an extended period of time.

3.3. Spent catalyst characterization

The physicochemical characteristics of the Ni/MPC catalyst after the
24 h time-on-stream test (Figs. 7 and S11) were studied in order to
examine possible catalyst degradation phenomena. The XRD of the spent
catalyst is quite similar to that of the reduced one, with the Ni crystallite
size being calculated at ~11 nm (Scherrer). N3 physisorption confirmed
a stable porous structure (SSA = 24 m?/g, Vp = 0.08 cm®/g and Daye =
13 nm), while the Raman spectrum reveals the preservation of the ox-
ygen vacancy population. Finally, TEM imaging does not reveal any
significant change in morphology compared to the reduced catalyst,
with Ni nanoparticles well-dispersed and confined inside the structured
porous network. Therefore, the Ni/MPC spent catalyst characterization
provides a further testament to the superior stability of this catalyst, as it
can preserve its crystallinity, porosity, defect chemistry, Ni dispersion
and structural integrity after several hours under the reactant stream, all
the while providing a good and stable catalytic performance. All the
aforementioned reasons render this catalyst (Ni/MPC) a viable candi-
date for further scaled-up testing under industrially relevant conditions,
as well as for potential industrial implementation.

3.4. Computational modelling

The results obtained from the CFD models were compared to the
experimental data. The designed microreactor was operated at a pres-
sure of 1 atm and temperatures from 200 to 450 °C and tested for both
Experimental Protocols #1 and #2. The comparison between the
experimental and simulated results gives an indicator of the validity of
the model.

We first turn our attention to the comparison between the experi-
mental and simulated results carried out under the Experimental Pro-
tocol’s #1 reaction conditions. Fig. 8 shows the conversion of CO3 and
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the selectivity for CH4 and, as can be observed, there is good agreement
between the experimental results and the obtained CFD results. The
average conversion deviation was found to be less than 12% for all three
catalysts, while the average selectivity deviation was less than 3%. The
results show, that as the temperature increases, the conversion of CO,
also increases, reaching a maximum conversion around 325 °C (Fig. 8a).
Above this temperature, a decrease of the conversion is observed
(Fig. 8a), suggesting that the reverse activation energy is lowered, i.e.,
the reverse reaction (producing CO,) becomes more favourable than the
forward reaction (consuming CO3) at higher temperatures. As for the
selectivity toward CHg, this decreases as the temperature increases, in
good agreement with the reaction thermodynamics and the experi-
mental results, while it remains at very high values for all three catalysts.
As it can be seen, the computational validation for the three catalysts is
very good, with the predictions for Ni/MPC being the closest to the
experimentally obtained results, in comparison to the other two
catalysts.

Fig. 9 shows the comparison between the experimental and simu-
lated results for Experimental Protocol #2 and, in particular, the con-
version of CO, (Fig. 9a), the selectivity for CH4 (Fig. 9b) and the
consumption rate of COy (Fig. 9¢). As expected, decreasing the catalyst
weight (i.e., increasing the WHSV) leads to lower overall values in terms
of the conversion of CO,. It is also noted, that the decrease in the con-
version of COy at higher temperatures, observed during Experimental
Protocol #1, appears shifted at slightly higher temperatures (i.e., around
375 °C). By the slopes of the regression lines in Fig. 9¢, the CO- acti-
vation energy of each catalyst, based on the simulated results, can be
found. These values for Ni/CSG, Ni/PC and Ni/MPC were found to be
55, 56 and 117 kJ mol! respectively, values that deviate from the
experimental results, possibly due to the different side-reactions occur-
ring within the reactor (although the trend between the different cata-
lysts is the same).

The validity and robustness of the models were assessed by
comparing the CFD results with the process simulation modelling re-
sults. Fig. 10a-b shows the effect of temperature on the conversion of
CO2 and selectivity for CH4, using a WHSV of 25,000 ml g'cgt hl.
Fig. 10c-d shows the effect of temperature on the conversion of CO5 and
selectivity for CHy4, using a WHSV of 100,000 ml g'c}it hl. It can be
observed, that both models have a similar performance under constant
modelling conditions. Therefore, both models have the ability to
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Fig. 9. Comparison between experimental results and CFD model results. (a) CO, conversion and (b) CHy selectivity as a function of reaction temperature. (c)
Natural logarithm of the forward CO, consumption rates as a function of reciprocal temperature (Experimental Protocol #2).

successfully predict the methanation of CO, using Ni catalysts. More-
over, both computational modelling approaches can successfully predict
the CO; conversion and CHj selectivity.

The dynamic process simulation model was able to assess the cata-
lytic stability of the Ni/MPC catalyst, using constant modelling condi-
tions at 350 °C (Experimental Protocol #3, Fig. 11). The results show an
excellent validation between the modelling and experimental results.
Consequently, the dynamic process simulation model can successfully
predict the stable catalytic performance of the Ni/MPC catalyst. Further
computational modelling analysis was performed to assess the internal
and external mass transfer limitations, which is described in the sup-
plementary material (Fig. S12 and S13).

4. Conclusions

This work reported on the modification of the porous characteristics
and architecture of Pr-doped CeO oxides via the alteration of the sol-gel
type preparation method. Citrate sol-gel and conventional Pechini led to
spongy crystalline aggregates with reduced pore size and volume. On the
other hand, the HyO-free modified Pechini method led to a nano-
structure with increased pore openings and pore volume. The higher
pore size and volume, along with the more ordered nanostructure, were
beneficial toward the formation of medium-sized Ni nanoparticles
following impregnation, which were confined into the pore structure. In
contrast, larger metallic Ni aggregates were formed on the oxides with a
reduced pore size. Most importantly, the greater Ni dispersion and
enhanced porosity of the Ni/MPC catalyst (support prepared via modi-
fied Pechini) acted to increase the population of surface defects and
weak basic sites, which improve the CO, chemisorption and activation
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over this catalyst.

The more favourable architecture and physicochemical properties of
the Ni/MPC catalyst manifested themselves into a greatly improved CO,
methanation catalytic performance (> 50% increase in CO3 conversion
at 300 °C compared to Ni/CSG, whose support was prepared via citrate
sol-gel). Moreover, this catalyst was found to be highly stable at 350 °C,
with CO; conversion and CHjy selectivity remaining constant at around
75% and 99% respectively, whereas the catalyst nanostructure and
properties remained unchanged following the stability experiment.

CFD modelling was also conducted to simulate the catalytic perfor-
mance. The observed experimental and simulated results showed good
agreement, with the Ni/MPC catalyst having the best performance when
compared to the other two catalysts. The dynamic process simulation
model could also successfully predict the stability of the Ni/MPC
catalyst.

In short, the current work shows that the catalyst nanostructure and
active metal dispersion play a crucial role toward the design of CO4
methanation catalysts. As CO, methanation greatly depends upon the
availability and ratio of CO5 and Hy chemisorption sites, a well-desired
catalyst architecture would be a porous catalyst consisting of relatively
medium-sized and well-dispersed metal nanoparticles, coupled with a
high population of surface defects and basic sites. Modification of sol-gel
type syntheses via the introduction of different chelating/ crosslinking
agents is a simple and straightforward method to produce metal oxide
supports with a quasi-tailored nanoporosity, which are conducive to-
ward the deposition of medium-sized metallic nanoparticles of the
desired size, as a result leading to highly active transition metal-based
CO4 methanation catalysts.
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