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ARTICLE INFO ABSTRACT

Keywords:

Sub-nanometer nickel-ceria on zeolite 13X
Citrate complexes

Nickel citrate

Cerium citrate

CO, methanation

Sub-nanometer zeolite 13X-supported Ni-ceria catalysts were synthesized for CO, methanation. XRD and SEM
results show the structure and morphology of 13X zeolite after impregnation and calcination. Ce loading affected
the catalysts’ metal dispersion, reducibility, basicity and acidity, and thence their activity and selectivity. STEM-
EDX elemental mappings showed that Ce and Ni are predominantly highly dispersed. Ce has a positive effect on
the reduction of NiO and leads to a relatively high number of medium basic sites with a low Ce loading. Highly

stable 5%Ni2.5%Ce13X had high activity and nearly 100% CHy4 selectivity in CO2 methanation at 360 °C, which
is mainly due to the high dispersion of metals and relatively high amount of medium basic sites. It can be inferred
that this catalyst synthesis strategy has great potential for good catalyst dispersion, since metal uptake by the
zeolite is selective for the metal citrate complexes in solution.

1. Introduction

Sorption-enhanced CO; methanation has attracted significant
attention from researchers in recent years due to its potential in future
processes for energy storage and use [1,2]. Water-adsorbing zeolite--
supported catalysts were used for the Sabatier reaction [3] (CO2 + 4H,
+ CHy + 2H,0; AH3oq = -165 kJ/mol) in our work to enhance the yield
beyond equilibrium according to Le Chatelier’s principle and in this way
limiting downstream cumbersome separations. When traditional
methods are used to prepare catalysts [1,2,4], the dispersion of Ni on
zeolite is typically far from single-atom or sub-nanometer. This de-
creases the activity of the active metal, and increases its inventory.
Water-absorption properties of the support have not traditionally been a
research focus. Obtaining high metal dispersion on a high capacity
water-adsorbing support is a key area of our research. The great po-
tential stems from combining renewable hydrogen (produced with
biomass gasification [5], solar and wind power) with CO, from stack
emissions and eventually Direct Air Capture (DAC), and the distribution
and use of renewable methane in the existing infrastructure.

The main challenge in the Sabatier reaction is that rather high
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temperatures, around 400 °C, are needed for reasonable reaction rates,
while thermodynamic conversion is favored at lower temperatures.
When the reaction does not proceed to completion, costly separation of
the products and reactants is needed, which prohibits the economic
viability of the process. There are two ways to tackle this problem: i)
developing active catalysts for lower temperatures and ii) removing one
of the products, namely water, from the gas mixture to shift the equi-
librium to the product side. We seek synergistic effects by using both
options, through catalyst-sorbent, i.e. bi-functional materials, develop-
ment. This enables practical application in for example circulating flu-
idized bed reactors to end up with a continuous process.

Studies on preparing sub-nanometer Ni zeolite catalysts for sorption-
enhanced CO, methanation are scarce in the literature. Sub-nanometer
catalysts are considered ideal catalysts for many reactions, because of
the remarkable efficiency of the active metals and excellent activity
[6-11]. Few or single-atom based bi-functional materials, i.e. having
catalytic plus sorption properties, are a promising option (Fig. 1),
because they have high activity and should largely retain their
water-adsorption capacity by loading only a very limited amount of
metal into the support material. Several strategies exist for synthesizing
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Fig. 1. Schematic representation of sorption-enhanced CO, methanation.

sub-nanometer catalysts [10,12], of which mass-selected soft loading
[13] and atomic layer deposition [14,15] are limited by high cost and
are complicated methods for large-scale catalyst production. In recent
years, other synthetic strategies have emerged for single-atom catalyst
preparation, such as defect engineering [16,17], coordination pyrolysis
[18-20], and gas migration using volatile metal complexes [21]. How-
ever, it is difficult to keep the material’s structure intact since the high
calcination or pyrolysis temperatures will damage the structure of the
support irreversibly. Furthermore, there is the possibility of sintering of
the metal (nano) particles. Additionally, these preparation routes are
difficult to scale up because of the complicated methods involved.

We describe a facile metal-complex precursor strategy to prepare
sub-nanometer Ni clusters, or even single-atoms, to be used in combi-
nation with the sorbent properties to yield a bi-functional material with
great potential for heterogeneous catalysis. A schematic representation
of the preparation route is shown in Fig. 2: 13X zeolite was used as the
catalyst support as well as the water sorbent for sorption-enhanced CO,
methanation. Nickel citrate hydrate and cerium nitrate were dissolved in
water, where both metal ions compete to form citrate complexes. The
size selectivity of the zeolites limits the number of metal complexes that
can enter the zeolite and therefore this holds the promise of having very
limited Ni and Ce content inside a cage. After calcination, Ni and Ce
citrate complexes are decomposed to their respective oxides where CeOy
particles could act as a separator for Ni species in the 13X super cages.
We investigated the Ni/Ce ratio effect for Ni:Ce 13X zeolite catalysts
with Ce loading varying from 0 to 10 wt.% and Ni loading fixed at 5 wt.
% (throughout the paper reference is made to the metal weight
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percentage). This work focused on the complexation strategy for
atomically dispersed Cerium doped Ni-catalyst preparation and char-
acterization. Sorption-enhanced experiments are explicitly not included
yet.

2. Experimental section
2.1. Catalyst preparation

The catalysts 5%Nil13X, 5%Nil1%Cel3X, 5%Ni2.5%Cel3X, 5%Ni5%
Cel3X and 5%Ni10%Cel3X (metal weight percentages) were prepared
by the evaporation impregnation method [22]. A nominal Ni- metal
loading of 5% weight was targeted in all 13X zeolite catalysts. Nickel
citrate hydrate (Niz(CeHs07)5xH20, 98+%, Alfa Aesar) and Ce
(NO3)36H,0 (Sigma Aldrich, 99.0%) were used as the Ni and Ce pre-
cursors. Ni-metal precursors were dissolved in 250 mL of distilled water
in a flask, and 5 g of 0.212-0.500 mm size (sieve fraction dried at 100 °C
overnight in an oven) 13X zeolite (Honeywell Fluka, The Netherlands)
was added to the solution. The 13X zeolite particles used for Ni- and
Ce-modification were no longer spherical after treatment in a mortar but
had irregular shapes. To prevent mechanical wear of the zeolite parti-
cles, the rotary evaporator was operated at low rotation speed, 10 rpm,
for 24 h at room temperature. Subsequently the aqueous solution was
evaporated in the same at 50 °C using a water jet pump to reduce the
pressure. The catalyst was then dried at 100 °C overnight before
calcination.

All catalysts were calcined in air in a muffle furnace using a stepwise
calcination procedure in air. In the stepwise procedure, the heating rate
from room temperature to 250 °C was 4.5 °C/min and the temperature
was kept there for 40 min; then it was increased to the target temper-
ature 400 °C by 2.5 °C/min, and kept there for 3 h, then cooled to room
temperature.

2.2. Catalyst characterization

The calcined catalysts (before reduction) were characterized by X-
ray powder diffraction (XRD), scanning electron microscopy (SEM) with
energy-dispersive X-ray spectroscopy (EDX), transmission electron mi-
croscopy (TEM), scanning transmission electron microscopy equipped
with energy-dispersive X-ray spectroscopy (STEM-EDX), X-ray photo-
electron spectroscopy (XPS), hydrogen-temperature programmed
reduction (Ho-TPR), Fourier transform infrared (FT-IR), CO»-tempera-
ture programmed desorption (CO,-TPD), and pyridine-FTIR. Addition-
ally, the reduced catalysts were characterized by N adsorption at 77 K.

A Bruker D8 advance diffractometer and Lynxeye position sensitive
detector were used in the XRD measurements. The diffractometer was
operated in Bragg-Brentano diffraction mode, and the Cu-Ka radiation
was generated with a voltage of 45 kV and a current of 40 mA. The
scanning 26 angle range in 0D mode was 10.0° to 100.0° using a step size
of 0.026°, counting time 2 s/step. The measured XRD diffractograms

Fig. 2. Schematic representation of catalyst synthesis.
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were analyzed with Bruker software DiffracSuite EVA vs 5.0.

Catalyst morphology, shape, size and crystallite distribution were
studied by scanning electron microscopy (SEM) JEOL JSM 6500 F (JEOL
Ltd., Japan). The imaging modes used were secondary electron imaging
(SEI) and back-scattered electron imaging (BEI). Energy dispersive
spectroscopy (EDS) was performed with a Thermo Fisher-Noran Ultra-
dry silicon drift detector (SDD) and operated and analyzed with the
Noran System Seven (NSS) ™ software package (version 2.3).

Transmission electron microscopy (TEM) was used to study the Ni-
and Ce-particle size and distribution. The equipment used was JEM-
1400 (JEOL Ltd, Japan) with a maximum acceleration voltage of 120 kV.

To further study the nanoscale of catalysts, scanning transmission
electron microscopy (STEM) equipped with an energy-dispersive X-ray
spectroscopy (EDX) detector was used. The equipment used was FEI
Titan 80-300 electron microscope. Elemental mapping was investigated
at 300 kV with EDX. Specimen preparation consisted of immersing a
lacey carbon film supported on a copper grid into the catalyst powder
and small particles adhering to the carbon film were measured.

Determining the dispersion of the nanoparticles was also attempted
by Hy chemisorption with a Micromeritics AutoChem2910. A ratio of Hy:
Ni = 1:1 was used in the calculations. Prior to the measurement, the
sample was reduced under hydrogen flow at 450 °C after which, the
pulsed chemisorption was performed under 5% Hj in Ar at ambient
temperature.

The chemical states of Ce-promoted Ni 13X catalysts were deter-
mined using X-ray photoelectron spectroscopy (XPS). A Perkin-Elmer
PHI 5400 spectrometer with an Mg Ka X-ray source operated at 14 kV
and 200 W was used in the XPS analysis of the samples. The pass energy
of the analyzer was 35.5 eV and the energy step 0.1 eV. Peak fitting was
performed with the program XPS Peak 4.1. The background was cor-
rected with the Shirley function. Charge compensation was done with
the Si 2p peak of the support. A pure 5 wt% Nil3X sample was used as a
reference.

H,-TPR analysis was carried out in a Micromeritics AutoChem 2910.
Catalysts were dried at 250 °C for 1 h in a dry Ar atmosphere, then
reduced by 5% H diluted in Ar from room temperature to 900 °C with 5
°C/min heating rate. A TCD detector was used to monitor the Hj
consumption.

Fourier transform infrared (FTIR) analysis was performed to inves-
tigate the metal complexes in solutions during catalyst preparation. The
equipment was a Thermo Scientific Nicolet iS50 FTIR spectrometer with
an attenuated total reflectance (ATR) accessory.

CO»-TPD was performed in a Micromeritics AutoChem II 2920 to
investigate the catalyst basic sites. Catalysts were reduced in situ at 450
°C for 2 h with 10% Hj diluted in Ar, before CO adsorption (10% CO3 in
He) at 50 °C for 1 h. After waiting 30 min for a stable baseline, the CO»-
TPD experiment was carried out from 50 to 750 °C with a heating rate of
10 °C/min under a 50 mL/min He flow.

A pyridine (Sigma-Aldrich, >99.5%) adsorption/desorption study
with FTIR was used to investigate the Brgnsted or Lewis acid sites of
catalysts. An ATI Mattson instrument was used with molar extinction
coefficients from Emeis [23].

The surface area and pore volume of fresh 13X, reduced Ni-modified
and Ce-promoted Ni zeolite 13X catalysts were measured using nitrogen
adsorption. The instrument used was a Micromeritics TriStar II 3020.
The fresh 13X and catalysts were outgassed at 350 °C overnight, prior to
the surface area measurement. The t-plot analysis was used to get the
absorbed volume and specific micro and external surface area (Table S. 8
and Fig. S. 4, supplementary material).

2.3. Evaluation of catalytic properties for the methanation reaction in a
fixed-bed reactor

The catalyst activity, selectivity and stability were tested in a quartz
fixed-bed reactor with an inner diameter 10 mm. The reactor was filled
with silica beads (diameter around 2 mm, around 10 mL) to support the
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catalyst bed. The silica beads and catalyst were layered by silica wool,
and silica beads (around 10 mL) were used to fill the upper part of the
reactor (around 12 mm high). The reactor was heated by a vertical tube
furnace equipped with a K-type thermocouple, while the temperature of
the catalyst bed was monitored by another K-type thermocouple inser-
ted into the bottom of the catalyst bed and connected to a computer. A
schematic representation of the fixed-bed reactor system can be found in
Fig. S. 1 (supplementary material).

Before the testing, around 0.9 g of calcined catalyst was loaded in the
reactor and reduced under 100 mL/min Hy at 500 °C for 4 h. It was
shown that the catalysts reduced at 500 °C had better performance on
CO; methanation (Fig. S. 2, supplementary material). Catalyst activity
experiments were carried out at 240 °C-400 °C with a gas hourly space
velocity of around 13,333 mL/gcat./h, in a reaction mixture of 40 mL/
min Hy and 10 mL/min CO4 diluted in Ny (150 mL/min). The gas pro-
duced from the reactor went through a cooling condenser and was
analyzed by GC (Varian, CP-4900 Micro-GC) equipped with HayeSep A,
molecular sieve columns (Molsieve 5 A PLOT) and a thermal conduc-
tivity detector. Helium was used as the carrier gas.

The CO, conversion (1) and catalyst selectivity (2) for CHy are
defined as [24,25]:
Nco,in — Ncoy; on

€8]

XCO =
’ Nco,, s

NCH,; ou

@

SCH =
4
I CO2;in CO2; out

Where ngp,, is the input molar flow rate of CO, in the experiment,
nco,; our and nep,,,, are the molar flow rate of CO, and CHj4 calculated
from GC results respectively (selectivity <100% means CO is formed).

3. Results and discussion
3.1. Catalyst structure and surface properties

3.1.1. X-ray powder diffraction (XRD)

The XRD results for Ce-promoted Ni 13X catalysts are presented in
Fig. 3. The XRD patterns showed no visible peaks for NiO and CeO, for
any of the samples, which we attribute to the size of NiO particles in the
Ni 13X catalysts being too small, < 3 nm, and most probably not well
crystallized at the low calcination temperature, leading to significant
peak broadening [26]. Similar reasoning applies to CeOs: the CeO;
peaks could not be identified even for the 5%Nil0%Cel3x. Small par-
ticles are due to the synthesis in which the citrate chelated form of Ni

5%Ni10%Ce13X
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Fig. 3. The XRD patterns for calcined fresh 13X, 5%Nil13X, 5%Nil%Cel3X, 5%
Ni2.5%Cel3X, 5%Ni5%Cel3X and 5%Nil0%Cel3X catalysts.
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and Ce were the precursor species in solution. This procedure has been
shown to produce small well dispersed particles [27]. The XRD patterns
indicated that the crystal structure of 13X zeolite had not changed after
the Ni/Ce impregnation using citrate as a complexing agent and calci-
nation treatment. The fresh 13X zeolite patterns were similar to those of
the calcined 5%Ni10%Cel3X, 5%Ni5%Cel3X, 5%Ni2,5%Cel3X, 5%
Nil1%Cel3X, 5%Nil3X catalysts (Fig. 3).

3.1.2. Scanning electron microscopy (SEM)

The scanning electron micrographs (Fig. 4) showed that the fresh
13X, Ni-modified and Ce-promoted Ni zeolite 13X catalysts were
composed of the characteristic fibrous crystals. It was inferred from the
morphological studies that the Ni- and Ce-promoted complex strategy
did not change the zeolite 13X fibrous morphology. This is in accordance
with XRD where no obvious change in crystal habitus was observed,
induced by a change in preferred orientation. On the other hand, ac-
cording to the EDX results (Table S. 2, supplementary material), the Al
and Si ratios as well as the charge neutralizing cations’ quantities in the
modified catalysts, were close to fresh 13X zeolite, which again showed
that the 13X zeolite composition did not significantly change after Ni
(Ce) modification procedures.
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3.1.3. Transmission electron microscopy (TEM)

TEM was used to investigate the NiO and CeOq particle size distri-
bution. The TEM images of the Ce-promoted Ni catalysts are shown in
Fig. 5. Nano particles are observed in all impregnated samples. The ones
in the 5 and 10% Ce are clearly much bigger (tens of nm) than the highly
dispersed ones in the 1 and 2,5% Ce samples, which are of the order of 1
nm. The characteristic 13X channels can be clearly seen. Indeed, some
NiO clusters could be observed in 5%Nil3X, in which a possible
dispersion effect of Ce did not occur. However, the larger particles were
observed in the catalysts with higher Ce loading (5%Ni5%Ce13X and 5%
Ni10%Cel3X). The possible explanation here is that Ce promoted the Ni
dispersion during the catalyst preparation, but the excess Ce formed 3D
clusters when the Ce loading was higher than 5 wt.% mostly outside the
zeolite confinement. The characterization of the textural properties of
the 13X zeolite as fresh, 5%Nil3X, 5%Nil%Cel3X, 5%Ni2.5%Cel3X,
5%Ni5%Ce13X, 5%Nil0%Cel3X catalysts using transmission electron
microscopy clearly showed the characteristic fibrous structure, as well
as the ordered uniform pores and channel systems (Fig. 5).

Due to limitations of the TEM used we cannot distinguish between Ce
or Ni containing particles. That is why elemental mapping was used in
Fig. 6. In Fig. 5 it is clear that pristine zeolite does not contain particles
and samples where Ni is diluted with Ce show the best dispersed, small,
particles, as substantiated in the mappings (Fig. 6).

Fig. 4. SEM images of a) fresh 13X, b) 5%Nil3X, c) 5%Nil%Cel3X, d) 5%Ni2.5%Cel3X, e) 5%Ni5%Cel3X and f) 5%Ni10%Cel3X catalyst.



L. Wei et al.

$SSOLHG &DWDO\VLV $ *HQHUDO

Fig. 5. TEM images of a) fresh 13X, b) 5%Nil13X, c) 5%Ni1%Cel3X, d) 5%Ni2.5%Cel3X, e) 5%Ni5%Cel3X and f) 5%Nil0%Cel3X catalyst.

3.1.4. Elemental mapping

A closer study of the dispersion of Ni and Ce on or in the 13X zeolite,
and the determination of the relative distribution of Ni and Ce, was
carried out through an elemental mapping with STEM-EDX (Fig. 6). Ni is
dispersed well on both 5%Ni2.5%Ce13X and 5%Nil3X, and the Ce also
shows a good dispersion on 5%Ni2.5%Cel3x.

In Fig. 6 (20 nm and 5 nm scale bar) we see that Ni and Ce are highly
dispersed and may be present even as single atoms in 5%Ni2.5%Cel3x.
Since the diameter of 13X zeolite pores is around 7.4 A [28], while CeO4
is between 5.5-7.5 10\, and NiO is around 3.24 A [29], it is hardly possible
for more than one or a pair of NiO and/or CeO; to co-exist in a zeolite
super-cage. Additionally, it is obvious that the Ni and Ce are overlapping
in 5%Ni2.5%Ce13X The lowest row in Fig. 6 clearly shows the high
dispersion of both Ce and Ni in very small sub-nanometer cluster size.
This implies that Ni atoms in the reduced state are isolated by sur-
rounding Ceria, if space permits, or are just on their own. This sub-
stantiates the close proximity of Ni and Ce.

Determining the dispersion of the nanoparticles was also attempted
by Hy chemisorption, however, the method gave unrealistically low
values for the dispersion indicating an average metal particle size of tens
of micrometers. The adsorbed volume of hydrogen on the catalyst 5%
Ni2.5%Ce13X was 0.04354 mL/g_cat, which corresponds to 1.94 pmol/
g_cat (Fig. S.5 in supporting material). The nominal loading of nickel on
the catalyst, on the other hand, was 851.9 pumol/g_cat, which would

indicate very low dispersion. The verified chemisorption result shows
that the method is not suitable for measuring metal dispersion of these
catalysts, as TEM and STEM images taken from multiple locations of
each catalyst show very small particle sizes. This lead to the conclusion
that direct visual observation with TEM and STEM is more suitable for
these catalysts.

3.1.5. Hy-Temperature programmed reduction (Hz-TPR)

The Hy-TPR profiles of Ni- and Ce-promoted Ni 13X catalysts are
shown in Fig. 7. Two major peaks were observed for all catalysts. It has
been reported that the first reduction peak corresponds to NiO particles
outside the zeolite or in super-cages and the second peak to NiO particles
in sodalite cages [30,31]. It is noticeable that the intensity of the TCD
signal in the second peak became weaker with increased loading of Ce,
and that the ratio of the first peak to the second peak increased with
increasing Ce loading, which might indicate that less NiO appeared in
sodalite cages. Efforts to quantify the hydrogen amount consumed in the
reduction led to values in excess of the theoretical amount of NiO pre-
sent in the samples. Table 1 displays the amount of catalyst analyzed
(m_cat (g)), the amounts of Ni and Ce, the consumed amount of
hydrogen as well as the ratio of consumed hydrogen and the amount of
nickel (n_Hy/n_Ni). As can be seen from the values, the amount of
consumed hydrogen exceeds the theoretical amount of Ni present in the
samples and the ratio increases with increasing ceria content. This is
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Fig. 6. STEM images Ni (red), Ce (green) and Ce Ni overlap (yellow) maps of 5%Ni2.5%Ce13X at four magnifications.

Fig. 7. Hy-TPR profiles of 5%Nil3X, 5%Nil%Cel3X, 5%Ni2.5%Cel3X, 5%
Ni5%Ce13X and 5%Nil0%Cel3X catalysts (same scale for all traces).

most probably a result of both spill-over from the Ni to the support as
well as reduction of the ceria [32].
The first reduction peak of Ce-promoted Ni 13X catalysts became

stronger with increasing Ce loading. This may result from the improved
dispersion of Ni species [33] and the partial reduction of CeOy [34].
Additionally, the two reduction peaks of the catalyst were shifted
slightly to a higher temperature upon increasing Ce loading. For 5%
Ni13X, the first peak appeared at around 325 °C and a second reduction
peak at around 545 °C. After the Ce loading, the first reduction peak
shifted to around 360 °C for 5%Nil%Cel3X, even to 380 °C for 5%
Nil0%Cel3 x . It has been reported that the reduction peaks of
Ce-promoted Ni/y-Al;O3 catalysts shifted to a lower temperature, since
the Ce**/Ce®" redox couple created surface and bulk oxygen vacancies
[35]. This could be due to the CeO, which on the surface or in
super-cages of 13X limited the Hy reaching NiO, due to the size of CeO4
[29] (5.5-7.5 /0\) and pore size of 13X (7.4 f\) [28]. The highly dispersed
sub-nanometer sized NiO and CeO; clearly results from the size exclu-
sion of 13X zeolite for Ni and Ce citrate complexes during catalyst
preparation.

In relation to the seemingly deviating trend of the 5%Ni5%Ce13X the
following can be argued. The general trend is a shift to higher T for both
distinct peaks (in fact envelopes). The samples are quite inhomogeneous
in nature so it is not clear if the Ni/Ce ratio inside and outside the
particles is always the same and that will certainly give rise to different
reduction behavior. Furthermore, the accuracy of the temperature inside
the sample can cause the observed, seemingly, deviating behavior.
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Table 1

Temperature programmed reduction of the catalysts.
Catalyst m_cat Ni Ce n_Ni n_Ce V_H, n_H, n_H,/n Ni

(€3] % % (mmol) (mmol) (ml) (mmol)

5%Nil13X 0.2013 5.00 0.00 0.1715 0.0000 16.89 0.6905 4.03
5%Nil%Cel3X 0.1934 5.00 1.00 0.1648 0.0138 19.41 0.7935 4.82
5%Ni2.5%Cel3X 0.1977 5.00 2.50 0.1684 0.0353 18.05 0.7379 4.38
5%Ni5%Cel3X 0.2071 5.00 5.00 0.1764 0.0739 24.14 0.9869 5.59
5%Nil0%Cel3X 0.1893 5.00 10.00 0.1613 0.1351 31.43 1.2849 7.97

3.1.6. Fourier transform infrared spectrometry

ATR-FTIR was used to investigate the Ni and Ce complexes during
catalyst preparation, to determine the coordination shell of the metals in
solution, which may determine how metals disperse in catalysts. The
FTIR spectra of the solutions are shown in Fig. 8, and Table S. 3 (sup-
plementary material) shows the adsorption band assignments. Citric
acid, nickel nitrate, cerium nitrate and nickel citrate mixed with nickel
nitrate solution were the references.

Overall, the ATR-FTIR spectra of solutions e, f and i are much
different to free Ce solutions (Fig. 8). For nickel citrate mixed with
cerium nitrate solution, the bands at 1607 cm ' disappeared and a
strong band was observed at 1542 cm™!. These two v, carboxylate
stretch-associated bands’ changes may result from the new complex (e.g.
[Ce(HCit)(Cit)]z’), which has a longer bond length than [Ni(HCit)
(Cit)]3, eventually leading to the band shifting to a lower wavenumber
and 1607 cm™? disappearing [36-38]. The band at 1434 em s also
more obviously visible than free cerium solutions, and two new bands at
1298 and 1265 cm ! were observed for citric acid mixed with nickel
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Fig. 8. ATR-FTIR spectra for aqueous solutions: a) citric acid, b) nickel nitrate,
¢) cerium nitrate, d) citric acid mixed with nickel nitrate, e) citric acid mixed
with cerium nitrate, f) citric acid mixed with nickel nitrate and cerium nitrate,
g) nickel citrate, h) nickel citrate mixed with nickel nitrate and i) nickel citrate
mixed cerium nitrate. Solutions d, e and f were prepared with stoichiometric
ratios. In solution f the molar ratio of Ni:Ce is 1:1, in solution h the molar ratio
of nickel citrate to nickel nitrate was 0.83, and in solution i the molar ratio of
nickel citrate to cerium nitrate was 0.83. The pH of solutions a, d, e and f were
adjusted using 3.4 M KOH solution to around 4.5.

nitrate solution and nickel citrate mixed with cerium nitrate solution.
Other right-shift bands are found at 1249, 1178 and 1141 cm™ for
cerium solutions. These differences could be contributed by the v
carboxylate stretch in the Ce citrate complexes [36,37,39]. In summary,
the FTIR spectra show that Cerium ions also complexate with citrate in
competition the nickel citrate complexes. The competition is shown to
prove that both Ce and Ni are available to the zeolite as citrate com-
plexes, thereby excluding large amounts to penetrate the pores because
of the complex’ size. This adds to the final conclusion of the presence of
very small Ni-Ce clusters, if not even ‘single-atom’ ones.

3.1.7. X-ray photoelectron spectroscopy (XPS)

The chemical valence states of the Ni and Ce in samples were
investigated using X-ray photoelectron spectroscopy (Fig. 9 and sup-
plementary Fig. S. 3). In Fig. 9b, a peak observed in the Ni 2p3/» at 856.1
eV is assigned to Ni2*; it was accompanied by satellite peaks at around
861.6 eV [40]. Because the NiSiO3 and NiAl;O4 peaks are at 856.1 eV
and 855.8 eV, respectively, this indicates that the Ni particles interacted
strongly with zeolite 13X via Ni-O-Si(Al) bonding [41]. It could be
inferred that the Ni particles in 5%Ni5%Ce13X show similar behavior to
5%Ni2.5%Ce13X, due to their closely resembling spectra (Fig. 9b and
d). The XPS spectra of Ce 3d (Fig. 9a and c) were fitted to several peaks
corresponding to Ce 3ds,2 (v, 898.0 eV) and Ce 3ds,2 (up, 898.7 eV; u,
901.3 eV; uq, 902.2 eV; uy, 908.2 eV; uz, 916.7 eV). The ug and us are
attributed to Ce3" species, and the remaining peaks (v, u, uj, uy) are
Ce** species [42].

The X-ray photoelectron spectroscopy of the 5 wt.% Ni-13X catalyst
has been included for reference in Fig. 9e and f. Taking into consider-
ation that the catalyst is monometallic i.e, Ni modified 13X zeolite
without Ce, XPS spectra did not exhibit the presence of Ce3* or Ce**
peaks at binding energies 890—920 eV. The peaks attributed to Ni 2*
(856.1 eV) and a satellite peak (861.6 eV) were observed at binding
energies 840—890 eV.

Clearly, since ug and us indicate ce3t, v, u, u,; and uy indicate cett
species, in Fig. 9a, the 5%Ce-5%Ni sample, only u as indication of Ce**
is visible, whereas in Fig. 9¢, the 2,5%Ce-5%Ni sample, c, v, u, u; and uy
are clearly visible. Uy and ug are similarly visible in both samples,
therefore there is more Ce*" in low loadings of Ce.

3.1.8. COy-temperature programmed desorption (CO2-TPD)

Fig. 10 shows the CO,-TPD profiles of fresh 13X and modified cata-
lysts. The calculated basic site distribution is shown in Fig. 11 (for
detailed information, see supplementary material Table S. 5). Most of
the samples have three peaks at around 50-150 °C, 250-450 °C and
450-750 °C, which generally correspond to weak, medium and strong
basic sites, respectively [43]. These three basic sites are assigned to
surface hydroxyl groups, metal-oxygen pairs and low-coordination ox-
ygen anions, respectively [44]. Mass Spectroscopy installed downstream
of a cold trap to remove the water, clearly showed that only the first
peak of the TPD experiment is related to CO, evolution, the others to
water desorption and decomposition, respectively. Overall, the fresh
13X has the most basic sites. The reason for formation of basic sites is the
chemical composition of 13X zeolite (Table S. 2). The presence of large
amounts of basic sites can be attributed to the presence of alkaline metal
oxides: Na (11.2 wt.%), Mg (1.3 wt.%), Ca (0.3 wt.%), K (0.3 wt.%) in
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Fig. 9. (a) Ce 3d XPS spectra in 5%Ni2.5%Ce13X; (b) Ni 2p XPS spectra in 5%Ni2.5%Cel3X; (c) Ce 3d XPS spectra in 5%Ni5%Ce13X; (d) Ni 2p XPS spectra in 5%

Ni5%Cel3X ; (e) Ce 3d spectra in 5%Nil3x., (f) Ni 2p XPS spectra in 5%Nil3x.

the fresh 13X zeolite (Table S. 2). The largest amount of total basic sites
among the impregnated catalysts was obtained for 5%Nil0%Cel3X
(Fig. 11).

The basicity decreased significantly after modification, which can
only partly be attributed to the removal of Na, Ca, K, Mg from 13X
zeolite by ion exchange. Compared to 5%Nil3X, with only nickel, the
basicity decreased when Ce was increased up to loading of 2.5 wt.%.
When the Ce loading was further increased, the total basicity increased
again. It has been reported that Ce>" can act as Lewis base adsorbing
CO4 [45,46]. A reasonable explanation could be that at low Ce loadings
the Ce** is the dominant charge in the smaller Ni/Ce particles, whereas
bulkier particles that are also mainly outside the zeolitic framework

contain more Ce>", causing an increase in basicity again [47].

Furthermore, the basicity of 5%Ni2.5%Cel3X was very similar to 5%
Ni2.5%Ce13X-3 h, which was reduced in situ for 3 h at 450 °C instead of
2 h. This shows that the basicity of catalysts is stable after 2 h of
reduction before the catalyst test experiments.

3.1.9. Measurement of Bragnsted and Lewis acid sites by FTIR using pyridine
as probe molecule

The concentration of Brgnsted acid sites (BAS) and Lewis acid sites
(LAS) in the pristine and titrated zeolites was determined with FTIR
using pyridine as a probe molecule method [23,48-50]. The results are
shown in Fig. 12 (for detailed information, see supplementary material

*HQHUDO
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Fig. 10. CO,-TPD profiles of fresh 13X, 5%Nil3X, 5%Nil%Cel3X, 5%Ni2.5%
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Fig. 11. Catalyst basic site content, calculated based on the results of COo-TPD.

Table S. 6).

Overall, compared to fresh 13X, the catalysts’ total acidity decreased
after the Ni modification promoted by Ce. The lowest total acidity of 427
pmol/g was measured for 5%Ni2.5%Ce13X among 13X catalysts, which
is much lower than the other Ce-promoted Ni 13X catalysts. With
increasing Ce amount, the acidic sites could be shielded or blocked by
the higher Ce loading in the catalysts [50]. It should be noted, however,
that Brgnsted acid sites and Lewis acid sites in the catalysts changed
significantly after the Ce-promoted Ni modification. The Lewis acid sites
decreased from 545 pmol/g to 196 pmol/g (250 °C), while the Brgnsted
acid sites increased dramatically from 12 pmol/g to 282 pmol/g (250
°C), then decreased to 122 pmol/g for 5%Ni2.5%Cel3X, and increased
again with increasing Ce loading. This effect is largely due to the low pH
= 4.5 of the impregnating solution [27]. It can be concluded that Ni
impregnation increased the amount of Brgnsted acid sites for 13X zeolite
catalysts, where relatively low Ce loading decreases it (Table S. 6, sup-
plementary material). The presence and amount of Brgnsted acid sites in
the 13X fresh zeolite, Ni- and Ce- modified 13X catalysts can in large part
be attributed to the Al species in the tetrahedral coordination. Given the
very small variations in the number Al species in the zeolite this cannot
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Fig. 12. Concentrations of Brgnsted acid sites (BAS) and Lewis acid sites (LAS)
determined with the FTIR-pyridine method for fresh 13X, 5%Nil3X, 5%Nil%
Cel3X, 5%Ni2.5%Cel3X, 5%Ni5%Cel3X and 5%Nil0%Cel3 x .

be the whole story.

3.2. Evaluation of catalytic properties in methanation using a fixed-bed
reactor

3.2.1. Catalyst activity and selectivity

Catalyst activity and selectivity were investigated on a lab-scale
fixed-bed reactor system. Details about experimental conditions and
settings are in the experimental section. The results are shown in Fig. 13.
A comparison of catalyst performance with literature results can be
found in Table S. 7 (supplementary material). The CO, conversion at
each temperature was the average value based on GC measurements of
five consecutive stable measurements, after the zeolite 13X adsorbed
water under experimental conditions. The adsorption enhancement can
be excluded from the data.

Overall, it can be observed from Fig. 13 that the catalyst around the
minima in Fig. 11 and Fig. 12, 5%Nil1%Ce13X, 5%Ni2.5%Cel3X and 5%
Ni5%Cel3X, performed best. In other words, neither the acidity nor
basicity should be too strong, but a balanced amount of both are needed.
Furthermore, Lewis acidity is not as influential as Brgnsted acidity and
the basic sites should clearly not be too strong [51]. The activation en-
ergy is rather high and we observed the largest conversion gain
compared with the literature at between 280 and 320 °C (Table S. 7,
supplementary material). 5%Ni2.5%Cel3X and 5%Nil%Cel3X are
really highly active catalysts and display the highest reported low
temperature (below 300 °C) activity with industrially relevant catalyst
particle sizes.

Ce has a significant influence on the catalyst performance for CO5
conversion. It has been reported that the oxygen vacancy resulting from
Ce could contribute to the catalyst activity [45], but in the 5%Ni5%
Cel3X and 5%Ni2.5%Ce13X the Ce®t/Ce*" ratios are equal. It must
therefore rather be ascribed to the basicity of ceria which is stronger in
the 2.5-5% case. Even though both the weak and medium basic sites are
beneficial for CO; activation [52] and Ce-promoted catalysts have more
weak and medium basic sites than 5%Ni13X (Fig. 11), the pores blocked
by excess Ce oxides counteract this effect at higher loadings. The theo-
retical maximum Ce loading is around 3.4 wt.% for the case that Ce only
located in 13X super cages, which was calculated based on the crystal
structure of 13X zeolite. The catalysts surface area and pore volume can
be found from supplementary material (Fig. S. 4 and Table S. 8). Too
strong adsorption of CO; to the strong sites could also account for the
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