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Abstract: The valorization of CO, via renewable energy sources allows one to obtain carbon-neutral
fuels through its hydrogenation, like methane. In this study, Nig 95Ce 950;,_5 catalysts were pre-
pared using a simple one-pot hydrothermal method yielding nanorod and nanocube particles to
be used for the methanation reaction. Samples were characterized by XRD, BET, TEM, H,-TPR,
and H,-TPD experiments. The catalytic activity tests revealed that the best performing catalyst was
Nig 05Cep.950,— s, with nanorod morphology, which gave a CO, conversion of 40% with a selectivity
of CHy as high as 93%, operating at 325 °C and a GHSV of 240,000 cm® h~! ¢~1. However, the lower
activation energy was found for Nig g5Ce( 950, _ s catalysts with nanocube morphology. Furthermore,
an in operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) analysis was
performed flowing CO,:H, or CO:H; mixture, showing that the main reaction pathway, for the CO,
methanation, is the direct hydrogenation of formate intermediate.

Keywords: CO, methanation; in operando DRIFT; reaction mechanism; CeO, morphology; nickel
catalyst

1. Introduction

A reduction of carbon emissions from industry and energy production by avoiding,
capturing, or recycling carbon is urgently needed to limit the ever-increasing concentration
of CO; in the atmosphere, the leading cause of global warming. The utilization of CO; as a
C1 building block in organic synthesis to produce chemicals is limited to the production
of urea, salicylic acid, and polycarbonates, and utilizes only a small percentage of the
largely available feedstock [1]. Recycling CO, to produce fuels such as methane, methanol,
dimethyl ether, or higher alcohols could be a convenient alternative that has not been
thoroughly investigated yet. Research in this field may leads to reduced consumption of
carbon-based fossil fuels, avoiding the introduction of new CO, to the atmosphere [2,3].
The hydrogenation of CO; to produce methane and water, (CO; + 4H, — CH4 + 2H,0),
known as Sabatier reaction or methanation, is exothermic (AH® = —164 k] mol~'), and
thermodynamically favored (AG? = -131 kJ/mol), but with kinetic barriers that require
the presence of a catalyst. CO, methanation is currently attracting much attention due to
its potential application in the power to gas process (PtG), where the intermittent excess
electricity, generated from renewable sources, can be used for the sustainable production
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of synthetic natural gas (SNG), which contributes to the reduction of greenhouse gas
emissions by replacing natural fossil methane [4,5].

In the presence of a catalyst, CO, methanation occurs above 200 °C, and is generally
exploited below 400 °C, to limit the endothermic side reactions that occur at high temper-
atures: the reverse-water-gas shift (RWGS: CO, + H, — CO + H,O, AH® =41 K] mol 1),
which produces CO instead of methane, and the reforming of methane with CO,
(CH4 + CO, — 2CO + 2H,, AH® = 247 k] mol~!). Noble and transition metals of the
VIII-X groups (Ru, Rh, Ir, Pd, Ni, Fe, Co), are active and selective for methanation. They
have been supported on oxides (y-Al,O3, TiO,, SiO,, ZrO,, CeO,), and extensively studied,
as summarized in some recent reviews [2,4,6—11]. The order of the metal elements for the
specific activity or selectivity may differ in published papers, depending on the methana-
tion conditions and on the metal/support interactions; anyhow, ruthenium is generally the
most active. Nonetheless, Ni metal is the most commonly used for commercial applications,
due to its high activity, high selectivity, and very low cost. However, Ni-based catalysts
are more active at higher temperatures than noble metal, and are prone to deactivation
by carbon deposition due to the Boudouard reaction and the reduction by H of CO, and
CO to carbon. The catalytic performances of Ni-based catalysts depend markedly on the
properties of the support, which affect the dispersion of the catalytic phase, the reducibility
of the metal, and the metal-support interactions.

The mechanism of CO, methanation over nickel-based catalysts has been extensively
studied using theoretical and experimental approaches, but many aspects of the mechanism
remain controversial, and are still debated among researchers. Three main possible reac-
tion mechanisms have been proposed [11-13]: the first pathway involves the associative
adsorption of CO; with a surface H*, forming a formate intermediate (CHOO*), which
is subsequently hydrogenated to CH*, and then to CH4 (formate pathway). The other
mechanisms both start with the dissociative adsorption of CO, onto CO* and O*, followed
by the hydrogenation of CO,q to form methane after direct cleavage of the C-O bond, or via
an HCO* intermediate. However, in the last two routes, the intermediate is the adsorbed
CO. The properties of the support and the operating conditions appear to influence the
preferred reaction pathway and the rate-determining step. The methanation mechanisms
on Ni supported on CeO; catalysts are still under investigation and can be deepened by
analyzing the involved intermediates, using in operando DRIFT experiments [12,14]

CeO; is one of the most studied catalyst carriers, due to its redox properties, and
to its ability to store and release oxygen (oxygen storage capacity, OSC) through the
Ce3*/Ce** couple on the surface, and due to its oxygen vacancies. CeO,-based catalysts
showed excellent performances in the oxidation of CO [15] or alcohols [16], combustion
of methane in the lean state [17], dry reforming [18-20], hydrogenation [21], and CO,
methanation [14,22]. The redox properties and the ability to highly disperse Ni have
been suggested as responsible for the excellent catalytic activity and stability for CO,
methanation [23,24].

CeO; can be prepared in different nano-shapes, such as nano-rod, nano-cubic or nano-
octahedra. The morphology affects the catalytic performances of Me/CeO, catalysts for
various reactions: i.e., CO, methanation over Ni [3,25], methane combustion over Pd [17],
water gas shift reaction over Cu [26], dry reforming of methane or methanol over Ni [27,28],
hydrogenation of ethyl levulinate over Ru [21]. The nano-rod morphology appears the
most active and stable for all these reactions, whereas the order of activity for nano-cubes
and nano-octahedra may be reversed.

The difference in activity of Me/CeQO, catalysts with different nano-shapes is ascribed
to differences in the specific exposed crystallographic facets that affect the metal /support
interactions [3,27,29], the amount of oxygen vacancies [3,17,21,25,27-29], or acid-basic
sites [28]. Experimental and theoretical studies on well-defined nanocrystals have estab-
lished that the control of exposed facets in ceria is a promising way to direct the activity
and selectivity of many reactions [29].
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In light of these considerations and perspectives, it is interesting to further investigate
the role of most active nanoshapes for the CO, methanation, i.e., rods and cubes.

Recently, we studied a series of Ni/nanorod-CeO; catalysts with different Ni loading
(2-13 wt%) [22] and a Pd (2 wt%)/nanorod-CeO; [16], prepared by one-pot hydrothermal
synthesis, founding that this preparation method allows one to obtain the high and homo-
geneous dispersion of supported metals, good stability of metal dispersion and support
morphology after treatments at high temperatures.

In this work, we investigated the influence of morphology on catalytic activity for the
CO; methanation of samples Cep ¢5Nig 950, 4, with nanorod or nanocube shape prepared
by one-pot hydrothermal synthesis. This rapid and straightforward method ensures a high
dispersion of nickel and a strong Ni-support interaction. The central core of this research is
the study of the nature of reaction intermediates, and the dependence of their nature on
the specific ceria nano-shape, through in operando DRIFT analysis.

2. Materials and Methods
2.1. Catalysts Synthesis

Cep.95Nip 0501 95 nanorods (Ni-nR): 2.97 g of Ce(NOs3)3 x 6H,O and 0.10 g of Ni(NO3),
x 6HpO were dissolved in 20 mL of distilled water. A NaOH solution (48 g of NaOH in
100 mL of distilled water) was added dropwise, with vigorous stirring for 30 min. After
precipitation, the suspension was transferred to a Teflon-lined cylinder and kept in a hot
oven for 24 h at 100 °C. The precipitate was washed to neutral pH, dried overnight at 80 °C,
and ground in an agate mortar; the powder thus obtained was calcined at 500 °C for 5 h.
CeO; nanorods (nR) were synthesized in the same way without a Ni reagent.

Cep95Nip 0501 95 nanocubes (Ni-nC): 3.56 g of Ce(NO3); x 6H,O and 0.13 g of Ni(NO3),
x 6HyO were dissolved in 20 mL of distilled water. A NaOH solution (29 g of NaOH in
100 mL of distilled water) was added dropwise with vigorous stirring for 30 min. After
precipitation, the suspension was transferred to a Teflon-lined cylinder and kept in a hot
oven for 24 h at 180 °C. The precipitate was washed to neutral pH, dried overnight at 80 °C,
and ground in an agate mortar; the powder thus obtained was calcined at 500 °C for 5 h.
CeO; nanocubes (nC) were synthesized in the same way without Ni reagent.

The chemical composition was checked using the EDAX technique integrated with the
device TEM. The nominal composition was guaranteed with an error of 5% regarding the
different areas studied, confirming the nominal nickel content and, therefore, the accuracy
of the hydrothermal synthesis method.

2.2. Catalysts Characterization

Powder X-ray diffraction patterns were recorded using a Scintag X1 diffractometer
equipped, with a Cu Ka (A = 1.5418 A) source and the Brag-Brentano -0 configuration in
the 20 range 20-80°, with 0.05 step size and 3 s acquisition time. The NiO crystallite sizes
were estimated by Scherrer Equation (1), where: D is the crystallite size in nm, K is the
crystallite-shape factor, A is the X-ray wavelength, Bp is the full-width at half maximum in
radians, and ¢ is the Bragg angle.

KA
=—— 1
Bpcos 0 @
The lattice constant («) of CeO, was calculated by the following Equation (2):
h? + k% + 12 2)

“= 2sin 0

The supports and catalysts XRD patterns were further elaborated by the Williamson
plot to obtain the effects of size and strain in the CeO, crystals. The full width at half
maximum f7 of the diffraction peak is ascribed to the broadening effect of both the
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crystallite size fp and the lattice strain B, arising from strain-induced broadening ¢,
according to the following Equations (3) and (4)

KA
Br = PBp + Ps = Deos + 4e tan 0 @)

KA
Brcos 6 = ) +4e sin 0 4)

The N, adsorption-desorption isotherms of the samples were obtained at —196.1 °C
using a Micromeritics Gemini V apparatus. Prior to measurement, the samples were heated
at 300 °C for 4 h in He. The specific surface area (SSA) was calculated by the Brunauer—
Emmet-Teller (BET) method in the equilibrium pressure range of 0.05 < p/p° < 0.3. The
pore size distribution was obtained from the branch of the desorption isotherm using the
Barrett-Halenda (BJH) method. The total pore volume was calculated from the maximum
adsorption point at p/p° = 0.98.

Temperature-programmed reduction (TPR) and temperature-programmed desorption
(TPD) of H, were performed using a Thermo Scientific TPDRO1100 flow-through apparatus.
Before the experiments, the calcined sample was placed into a quartz reactor, and pre-
treated flowing 20 cm® min~! of 5% O, /He gas mixture at 500 °C for 1 h, and cooled down
to 50 °C. TPR was conducted by flowing 30 cm® min~! of 5% H, / Ar gas mixture, raising
the temperature up to 1000 °C, with a heating rate of 10 °C min~!. For TPD experiment,
the calcined sample was pre-reduced flowing 30 cm® min~! of 5% H,/ Ar gas mixture up
to 500 °C for 1 h, then cooled down to 50 °C. The Hj, physisorbed was removed flowing
30 cm?® min~! of Ar for 1 h, then the temperature was increased up to 500 °C, with a heating
rate of 10 °C min~!. The Hy consumption/chemisorption was measured by a TCD detector,
calibrated by reducing a known amount of CuO (99.99% purity from Sigma Aldrich). A
trap removed the H,O generated in the reduction before flowing into the TCD detector. The
Ni dispersion (D%) and the particle size of Ni (d) were calculated by Equations (5) and (6),
respectively:

D(%) = % x 10 (5)
_ W
d(nm) = NASA x 10 (6)

in these equations, f is the geometric shape factor (6 for spherical particles), W is the
weight percentage of Ni (1.75%), p is the density of Ni (8.9 g/cm?);  is the desorbed H,
(mol/g), N4 is the Avogadro number (6.023 X 1023), S is the stoichiometric factor for Hy
chemisorption (metal mole/gas mole = 2), A is the area occupied by the Ni surface atom
(6.51 x 10716 cm?), M is the atomic mass of Ni (58.69 g/mol).

For the calculations of the theoretical hydrogen consumption to be compared with
the experimental, the oxidation state of Ni = +2 and that of Ce = +4, was assumed. From
the reaction: 20Nig 05Ce(.9501.95 + 10.5H2(g) =Ni’ + 9.5Ce; O3 + 10'5H20(g)' per gram of
catalyst, the mmol of H, consumed for Ni is 0.30 mmol H; /g, while that required for the
reduction of CeO; to Ce;03 is 2.84 mmol H,/g.

A Tecnai G2 F20 s-twin instrument operating at 200 kV performed transmission
electron microscopy (TEM) analysis.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) analysis was
carried out using a Thermo-electron Corporation Nicolet 4700-FTIR spectrometer coupled
to a reaction cell. The reactor unit was embedded with two 6 x 90° off-axis ellipsoidal
mirrors arranged to discriminate specularly reflected radiation. Spectra were acquired
with 256 scans in the flow of gases controlled by mass flow controllers. The sample was
reduced in situ by flowing 50 cm3 min~! of 50% H,/He gas mixture, heating up to 500 °C
at a rate of 10 °C min~!, and maintaining this temperature for 30 min. The DRIFT spectra
of the reduced samples were acquired as background in the 100-500 °C temperature range
at intervals of 100 °C. The methanation reaction mixture CO,:Hy:He = 5:20:25 cm?® min !
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or CO:Hy:He = 5:15:30 cm® min~! flowed on the sample, and the spectra were recorded in
the same temperature range of the backgrounds.

2.3. Fixed-Bed Catalytic Test

The CO, methanation reaction was performed in a fixed-bed quartz reactor, with an
internal diameter of 6 mm and a length of 300 mm, inserted into a cylindrical oven. The
reactive mixture was fed by three independent mass flow controllers with a CO,:H»:N»
ratio of 1:4:5 and a total flow of 100 cm® min~!, and a weight hourly space velocity (WHSV)
of 60,000 cm3g—'h~!. Before the catalytic test, the sample was reduced in situ with a
50% Hy/Nj stream (50 cm® min~1), raising the temperature from RT to 500 °C, and held
isothermally at this temperature for 60 min. The catalytic test was performed in the
temperature range from 500 °C to 250 °C, with 25 °C decrements. A cold trap and a dryer
removed HO from the flow before the analysis. The dry gas was analyzed by Agilent 7820
gas chromatograph. The conversion of CO, (Xcp,) the selectivity of CHy (Scp,) and the
yields of CHy (Ycp,) and CO (Ycp) were calculated by Equations (7)—(9), where COy, ut,
CHy, oyt and CO,y; are the gas volume concentrations in the effluent:

CH4, out + Coout

= x 102 7
COZ, out + CH4, out + Coout ( )

Xco, (%)

CH4 out
S %) = .
CH4( ) CH4, out + COout

_ CH4, out 0¥ COpyt
COZ, out + CH4, out + Coout

x 107 (8)

Yen, or Y co(%) x 10? ©)

The turn over frequency TOF (s~ 1) was calculated using Equation (10), where: Feo, ,,
is the CO, flux in the reactor, Xco, (%) is the CO, conversion, My; is the Ni molar mass,
Meqt is the catalyst mass, Wy;(%) is the Ni weight percentage, D(%) is the Ni dispersion
obtained by the H-TPD technique.

Fco, 4, Xco,(%)Mni —rco,MNi

-1\ _ =
TOFco, (S )_ meatWni(%)D(%) — Wyi(%)D(%) 1o

3. Results
3.1. Structural and Morphological Characterization

The XRD patterns of the nR and nC supports and the Ni-nR and Ni-nC catalysts are
shown in Figure 1A, and the corresponding Williamson-Hall (W-H) plots are given in
Figure 1B. The main structural features are listed in Table 1. After calcination at 550 °C,
the nR and nC supports showed the peaks corresponding to the diffraction planes (111),
(200), (220), (311), (400), and (331) of the cubic structure with Fm3-3m space group (JCPDS
34-0394). The diffraction angle of these peaks was similar for both samples. However,
the FWHM was much larger in the nR support, indicating a smaller crystallites size. In
fact, from the intercept with the y-axis of the W-H plot, a crystallite size of 10 nm was
calculated for the nR, compared to a much larger size, of 40 nm, obtained for the nC. The ¢
strain, resulting from the slope of the line, was also slightly different, being 1.7 x 10~ and
1.4 x 1072 for the nR and nC supports, respectively. Confirming a larger crystalline
imperfection for the nanorod morphology, even if these defects did not change the lattice
parameter, which was equal to 5.41 A in both supports.
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Figure 1. (A) X-ray diffraction patterns of: (a) nR; (b) nC; (c) Ni-nR; (d) Ni-nC. Patterns in the range 26 = 45-45° showing
the NiO peaks. (B) Williamson-Hall plots of: (A) nR; (¥) nC; (e) Ni-nR; () Ni-nC.

Table 1. Structural parameters of as prepared samples.

Sample Dw.yg (nm) 2 € a(d) Dnio (nm) P
nC 40 1.4 x 1073 541

Ni-nC 32 1.5 x 1073 5.41 71
nR 10 1.7 x 1073 5.41

Ni-nR 18 1.4 x 1073 5.40 20

2 Calculated by the Williamson-Hall plot method. ® Calculated by the Scherrer equation.

Introducing Ni during the synthesis significantly changed the crystallographic pat-
terns of the catalysts calcined at 550 °C. Peaks at 20 angles 37.3°, 43.3°, and 62.9° corre-
sponding to diffraction planes (111), (200), and (220) of the cubic NiO phase with space
group Fm3-3m (JCPDS 47-1049) were clearly visible, albeit with very low intensity due to
the small amount of Ni in the catalysts (1.75 wt%). The width of these peaks was much
larger in Ni-nR than in Ni-nC, and the crystallite sizes, estimated by the Scherrer equation,
were 20 and 71 nm, respectively. From W-H diagrams of CeO; phase, crystallites of 18 nm
and 32 nm with the strain of 1.4 x1072 and 1.5 x 102 were obtained for the Ni-nR and
Ni-nC catalysts, respectively. The Ni-nR lattice parameter of 5.40 A was slightly lower
than that of Ni-nC, which was 5.41 A. Thus, the introduction of Ni seems to reduce the
crystallographic differences between the two morphologies. However, as reported by
several authors [30,31], it cannot be ruled out that some of the Ni has been incorporated
into the CeO, lattice to form a solid Ce-O-Ni solution.

The N, adsorption/desorption isotherms and the corresponding pore size distribu-
tions of the materials are shown in Figure 2, and the main textural properties are summa-
rized in Table 2. All samples showed II-type adsorption—desorption curves, with H2-type
hysteresis loop (IUPAC classification [32]), characteristic of macroporous materials. The
specific surface area (SSA) of pure ceria was 32 m?g~! for nC morphology, and 92 m?g~!
for nR morphology, agreeing with the different crystallite dimensions measured by XRD
analysis. The addition of nickel led to a decrease in SSA of about 30% (62 m?g~!) only for
the nR morphology, whereas it did not affect the surface area for the nanocube morphol-
ogy. Bare nC and nR supports showed a Barrett-Joyner—-Halenda (BJH) total pore volume
equal to 0.24 and 0.36 cm® g~ !, respectively. The addition of nickel caused an identical
slight pore volume decrease of 8.3% in both samples (Table 2). The pore size distributions
(PSD) for both structures showed a bimodal distribution with two maxima; one in the
mesopores region (<10 nm), and another in the meso-macropores region (>50 nm). For
the nC morphology, the maximum of the mesopores was centered at 2.5 nm, and that of
the meso-macropores maximum at around 40 nm. The addition of nickel did not affect
the overall distribution, probably due to a lower interaction between the metal and the
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support. Quite the opposite was true for the nR morphology, where the introduction of
nickel drastically changed the pore size distribution. In the as-is support, the mesopores
maximum was at 3.5 nm. A much broader distribution of meso-macropores, between 10 nm
and 70 nm, was detected, whereas, in the Ni-nR sample, the PSD of the small mesopores
moved at a slightly smaller size of about 2.5 nm but, significantly, a narrower distribution
of mesopores with a center around 14 nm was detected; additionally, few pores with sizes
larger than 30 nm were found.

a) b)
o o)
¥ — -3
5 = \ 4x10 / i
= = o
[} o /
2 @ d
3 5 /
2 Y A\ pe
= K
g % A/_\AA AA 54
& ﬁ<
\ DW@@U
O\o\ﬁfo
1 + T - 1T 1 r* 1 T
0.0 0.2 04 06 0.8 1.0 1 10 100
Relative Pressure (p/p°) Pore Diameter (nm)

Figure 2. N, physisorption isotherms (a) and pore size distribution (b) of: (A) nR; (¥) nC; (e) Ni-nR;
(M) Ni-nC.

Table 2. Textural properties of as-prepared samples.

Sample SSA Pore Volume Average Pore Diameter
P (m*g—1) (cm3g~1) (nm)
nC 32 2.4 % 1071 25
Ni-nC 33 22 x 1071 21
nR 92 3.6 x 1071 19
Ni-nR 62 3.3 x 107! 20

3.2. Temperature-Programmed Reduction (TPR) and Desorption (TPD) Characterization

The reducibility of the supports and associated Ni catalysts at increasing temperature
(TPR) is shown in Figure 3A and the measured hydrogen consumption is listed in Table 3.
The nC and nR carriers had two reduction regions labeled 3 and vy, respectively. The
(3 region of the nC support (Figure 3A(a)) was characterized by two overlapping peaks,
with the maximum at temperatures of 495 and 538 °C. For the nR support (Figure 3A(c)),
the reduction occurred at lower temperatures and showed a much more intense peak,
with the maximum at 507 °C, and a weak shoulder at 400 °C. Besides, a slightly negative
signal was highlighted at about 620 °C due to the concomitant reduction of carbonates
that were not removed with the pretreatment. The measured hydrogen consumption was
proportional to the specific surface area, i.e.,, nR > nC. According to the literature, these
peaks are attributable to the reduction in the first layers of the ceria surface [33]. It also
depends on the exposed crystallographic planes [34], which are different for cubic and
nanorod morphology. In the y region, reduction began with a remarkably similar trend
for both supports; a single large peak with the maximum at about 900 °C was evident,
which did not go up to the highest temperature of 1000 °C. This peak was due to the
reduction in the bulk of ceria, which was similar for both supports, not depending on the
exposed surface. The intensity was lower in the nR than in the nC, due to a more significant
proportion of ceria being reduced at lower temperatures [35].
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Figure 3. (A) TPR and (B) TPD profiles of: (a) nC, (b) Ni-nC, (¢) nR, (d) Ni-nR.

Table 3. Amount of hydrogen consumed during TPR measurements. Ni dispersion, D (%), and the
active Ni sites dimension, d (nm), determined from TPD analyzes..

Hydrogen Consumption/mmol g—1

Sample D (%) d (nm)
lo4 B Y Total
nC 0.16 1.05 1.20
Ni-nC 0.12 0.32 1.03 1.47 14 7
nR 0.38 0.79 117
Ni-nR 0.44 0.53 0.67 1.64 20 5

The TPR profiles of the Ni-catalysts depended on the morphology of the CeO, support.
The reduction of Ni?* occurred in two temperature ranges, between 130-340 °C, called
the o region, and between 350-450 °C, i.e., superimposed on the reduction temperature of
the bare CeO; surface in the f region. The « region of the Ni-nC catalyst (Figure 3A(b))
consisted of two weak overlapping peaks at 280 °C, while the Ni-nR one (Figure 3A(d))
showed three more intense and overlapping peaks with a maximum at 270 °C. According
to the literature, the o peaks corresponded to the reduction of O,?~chemisorbed on the
vacancies formed by some Ni2* ions in solid solution with CeO, [36]. However, a high
hydrogen consumption was evident in the Ni-nR sample (0.44 mmol-g~!), which was more
significant than the reduction of Ni loading itself (0.30 mmol-g~!), suggesting a remarkable
reduction of the CeO; surface, as previously reported in the literature [37]. Peaks in the {3
region were assigned to the simultaneous reduction of NiO and the CeO; surface, the latter
in a temperature range not different from that observed in the bare support. The hydrogen
consumption of the Ni-nC sample (0.44 mmol-g~!) in the o and B regions was very similar
to what would be expected from the reduction of NiO and the CeO, surface of the bare
support, indicating a lower interaction of NiO, with CeO, having a nanocube morphology.
Instead, in the case of Ni-nR the consumption was significantly higher (0.97 mmol-g~1),
confirming a strong interaction of NiO with the CeO, surface with nanorod morphology,
favouring the Ce** — Ce3* reduction. Indeed, the percentage of Ce®* of the Ni-nR catalyst
was about 23%, much higher than that of the nR support, which was about 13%, while, for
the Ni-nC catalyst and the nC support, the percentage of Ce>" was essentially the same,
about 5%. On the other hand, the reduction of ceria bulk was not significantly affected by
the introduction of Ni, and it occurred in the same temperature range (y region).

The temperature-programmed desorption trend of chemisorbed hydrogen (TPD) with
respect to the supports and the Ni catalysts are shown in Figure 3. From this analysis,
the dispersion D (%) and the particle size d (nm) of the active Ni sites was determined,
and reported in Table 3. The TPD profile of the nC support showed a very weak peak at
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about 400 °C, while the nR one revealed a more intense peak that started at temperatures
higher than 400 °C without ending until 500 °C. These labile peaks were due to the release
of chemisorbed H; from the CeO, surface. The TPD of the Ni-nC catalyst showed three
peaks at about 160, 220, and 330 °C, which were due to the desorption of H, from the Ni
surface with different H-binding strength. From the peak area, the D (%) was 14%, and the
dimension of the catalytically active Ni sites was d (nm) = 7. The Ni-nR catalyst exhibited
a different TPD profile, with a single large peak, which was much more intense with a
maximum at about 165 °C, indicating a more homogeneous H-binding strength over the
Ni active surface; the D (%) was 20%, and the size of the active sites was d (nm) = 5.

3.3. TEM Characterization of the Synthesized Catalysts

TEM images of the synthesized catalysts are shown in Figure 4, and the size distribu-
tions are shown in Figure S1. Ni-nR showed the characteristic morphology of the nanorods,
with mean CeO, width and length values of 14 £ 4 and 169 + 68 nm, respectively. Some
NiO particles with spherical morphology and an average size of 7 - 4 nm were observed.
Ni-nC showed CeQO, particles with nanocube morphology, with quite heterogeneous di-
mensions of 27 + 12 nm. Moreover, significantly smaller NiO particles were seen with an
average dimension of 10 & 3 nm, larger than those observed for Ni-nR. The NiO particle
size distribution was in agreement with the crystallite size determined by XRD analysis
using the Scherrer equation.

Figure 4. TEM images of Ni-nR (a) and Ni-nC (b) catalysts calcined at 550 °C. The arrows in the
figure (a,b) points to the NiO particles.

These results are consistent with the reports of several authors. The morphology of
CeO, varies from nanorods to nanocubes, as the temperature increases in the hydrothermal
process [38]. For NiO, a strong effect of the temperature used in the hydrothermal process
on the morphology and particles size was also demonstrated. In general, an increase in the
nanoparticles size was obtained at higher temperatures [39,40].

3.4. Catalytic Activity

The catalytic activity performances were evaluated in the temperature range of
200-500 °C, as shown in Figure 5a. Although CO, methanation is strongly exothermic
and thermodynamically favored at low temperatures, the conversion threshold for both
catalysts began above 275 °C. The CO, conversion light-off curve of the Ni-nR catalyst
increased rapidly to a maximum of about 55% at 400 °C, and then remained constant until
500 °C. The Ni-nC catalyst showed a much lower conversion. For example, at 325 °C, the
conversion was 12%, while it reached a value of 40% for the Ni-nR catalyst. However, due
to the progressively increasing trend, a conversion of about 48% was obtained at 500 °C,
which is not different from that obtained with the nanorod morphology. It is essential to
mention that the CeO, supports did not exhibit any catalytic activity under the assumed
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conditions. Only the nanorod form conversion of about 2%, mainly to CO, was observed at
the highest temperature of 500 °C.

100 b) 100
80 80
=
60 - > 604
=
ks
(0]
40 T 40
IV
O
20 20
0 0 -
T T T T T T T T T T T T T T T T T T T T T
250 300 350 400 450 500 250 300 350 400 450 500
Temperature (°C) Temperature (°C)
60 60 d) 1
] N .
50 ~ ~— 0994 - 50 E,= 106.1 kJ mol”
o] * ] -
N 1 -
40 e @ L _
9 &
_ 3 T 2-
30 o9 °‘°~° L300 2 O
/ m | = =
O e @) £ -3 1
20 / M—1 2 O
o 9 y [
M -4
10 /./.-. w k10 E,= 90.3 kJ mol”!
i [* ] /0/ _.,.'. -5
2 ,':l~.
o ¥ L0
| I TR N N T | 6 t+—T"T""T T T
2505008 350140014907 500 15 16 17 18 19 20 2.1
Temperature (°C) 1 03/T(K)

Figure 5. The catalytic activity of Ni-nR (symbols in red color) and Ni-nC (symbols in blue color) catalysts: (a) CO,
conversion; (b) CHy selectivity; (¢) CHy (circle symbols) and CO yields (square symbols); (d) Arrhenius plot of CO,
conversion TOFs.

The selectivity to methane is plotted in Figure 5b. It was significantly higher for
the Ni-nR, starting from 90% at 250 °C, and gradually decreasing to 70% at the highest
temperature of 500 °C, while a particular trend was observed for the Ni-nC, where the
selectivity started from 62% at 250 °C, and reached a maximum of 70% at 370 °C, and then
decreased again to 53% at 500 °C. The yields of methane and carbon monoxide are reported
in Figure 5c. The CHy yield had an increasing trend, reaching a maximum of 51% at 400 °C
for the Ni-nR and 32% at 450 °C for the Ni-nC, and decreased again at higher temperatures.
On the other hand, the yield of CO increased exponentially for both catalysts, but it was
significantly lower for the Ni-nR, reaching 17% at 500 °C in contrast to a value of 25%
observed for the Ni-nC one.

From the Arrhenius plot of TOF for CO, reduction rate shown in Figure 5d, the
apparent activation energies were 90.3 and 106.1 k] mol— for the Ni-nC and Ni-nR catalysts,
respectively. The slight difference in the activation energy can be attributed to the exposed
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crystallographic plane of ceria, involved in CO, activation, and the Ni particle size’s effect
on the interaction with Hy and CO,. In particular, the surface of CeO,, with the nanocube
morphology, exposes only the (100) faces, while the nanorod morphology exposes both
the (110) and (100) faces [34,41]. The effect of such exposed faces on the formation of
oxygen vacancies is not fully defined [42]. The role of Ni particle sizes on the reaction
mechanism, affecting the selectivity to CHy, may also significantly alter the apparent
activation energy [43]. Moreover, the TOF increased for smaller metal size, e.g., the TOF of
the Ni-nR sample with a Ni’ particle size of 5 nm was 0.23 s~ at 300 °C, while the TOF of
the Ni-nC sample with a Ni® size of 7 nm decreased significantly to 0.10 s~!. This confirms
a positive effect of the nanorod morphology on the catalytic activity, also due to the larger
dispersion of the active Ni sites.

To further highlight the differences among the Ni-nR and Ni-nC, the kinetic rate
expressed by a power-low model —rcp, = k-PI’fIZ~PgO2 was determined at 350 °C at dif-

ferent reactant partial pressures with a WHSV of 240,000 Cm3g’1h’1, ensuring reactant
conversions of less than 15%. The logarithmic dependence of the kinetic rate on the par-
tial pressure of the reactants is shown in Figure 6. Although the different reactive steps
involved in the kinetics were not highlighted, this was an essential method to compare
the two catalysts. The Ni-nR catalyst showed a clear dependence of the CO, conversion
rate on the increase of the Hj partial pressure, resulting in an apparent reaction order of
xp, = 0.68, while the effect of the CO, partial pressure was negligible and the apparent
reaction order was ycop, = 0.06. Therefore, the rate equation could be approximated as
a near first-order dependence on H, pressure: —rco, = k-PpeS-PES0 ~ k-P}%. For the
Ni-nC catalyst, the influence of the H; partial pressure on the CO; conversion rate was
much less pronounced with a value xy, = 0.22, and the contribution of CO, pressure was
even smaller, showing an apparent reaction order ycp, = 0.10, which was only slightly
higher than that observed for the Ni-nR catalyst. For Ni-nC, the following rate equation
was expressed: —rco, = k-Pp22-PE5). The negligible dependence of the reaction rate on
the partial pressure of CO, suggests that CO; is primarily activated by the exposed surface
of the CeO, supports, having proper surface basicity [38]. Indeed, in previous work [44],
a negative dependence of the CO, conversion rate on Ni/YSZ catalyst was observed,
indicating that both reactants should be activated on the Ni catalytically active surface.
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Figure 6. Effect of reactant partial pressure on CO, conversion rate for Ni-nR (symbols in red color) and Ni-nC (symbols in

blue color): (a) H; partial pressure in the 10.1-50.7 kPa range at constant CO, partial pressure of 10.1 kPa; (b) CO; partial

pressure in the 10.1-45.6 kPa range at constant Hj partial pressure of 40.6 kPa.

After the catalytic test, which had a total duration of 10 h, the best performing Ni-nR
catalyst was characterized by HR-TEM, as shown in Figure 7. The CeO, particles remained
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with a rod-like morphology without sintering or morphological changes, and the average
dimensions were 13 & 3 nm for the diameter and 236 + 43 nm for the length (Figure 7a).
The Ni® showed particles with sizes of 8.6 & 1.5 nm, thus in good agreement with the
dimensions of the catalytically active Ni sites (5 nm) determined by the TPD of H,. Higher
magnification (Figure 7b) revealed that the actual distance between CeO; (111) planes
was 3.5 A, consistent with the value of calcined catalysts. The STEM analysis (Figure 7c)
showed that the Ni particles were evenly distributed, although some aggregation could be
seen in some parts, indicating their partial sintering. Carbon deposits were not observed,
since, feeding an H, /CO, ratio of 4, they were thermodynamically unfavorable [45].

Figure 7. HR-TEM micrograph of Ni-nR catalyst after catalytic test at low (a) and high magnifi-
cation (b), STEM imaging with Ce-L, and Ni-k mapping (c). The arrow in panel (a) points to the
Ni particles.

3.5. DRIFT

To elucidate the reaction pathway, the nR and the Ni-nR samples were analyzed using
the DRIFT technique. The significant species detected on the surface are listed in Table 4.
The DRIFT spectra of nR are seen in the range between 4000 and 2600 cm ™! (Figure 8a)
and between 2100 and 1150 cm ™! (Figure 8b). Two bands around 3710 and 3618 cm ™!
were identified in the hydroxide vibrational region due to mono-coordinated -OH (type I)
and bridged -OH (type II) vibrations on Ce®* site [46-49]. These bands occurred at all
temperatures but were most intense at 300 °C. At this distinct temperature, a further signal
at 3507 cm~! was also uncovered, which could be due to vibrations of triple-bridged -OH
on Ce®* site or to the hydroxyl group of bicarbonate species [50,51]. As the temperature
increased, the intensity of this band gradually decreased and, at 500 °C, it was difficult
to detect.
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Table 4. Assignments and wavenumbers (cm ') of the prominent DRIFT bands formed during the CO, and CO methana-

tion.
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Figure 8. DRIFT spectra of nR support exposed to reaction mixture CO»:Hp:He = 5:20:25 cm® min~! from 200-500 °C
between 4000-2600 cm ! (a), and 2150 and 1150 cm ™! (b). Before the experiment, the sample was reduced in situ at 500 °C.
Symbol definition: * hydroxide species, ® formate, + CHy, X Ce3* electronic transition, @ bidentate bicarbonate, ¥ bidentate

carbonate, A monodentate carbonate, % carboxylate.

The interaction of CO; in combination with H, over the CeO, surface was already
evident at 200 °C by the appearance of a weak band at 2845 cm !, due to v(CH) vibrations
of formate species [52,53]. This band increased in intensity with a temperature up to 400 °C,
and was accompanied by another less intense band at 2931 cm ™!, due to the corresponding
va(COy) + 6(CH) vibrations [52,53]. As the temperature continued to rise, the intensity of
these bands decreased rapidly. Other bands appeared from 400 °C onwards due to the
formation of methane (band at 3015 cm 1) and carbon monoxide (see bands at 2117 and
2174 cm~! in Figure 8b).

In the region between 2200 and 1150 cm !, the observed bands are mainly due to the
interaction of CO, with the CeO, surface. It is important to emphasize that pre-reduction
up to 500 °C guarantees a Ce>* containing layers (surface-subsurface), as evidenced by a
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negative, although not very intense, peak at 2114 cm ! corresponding to the Ce3* electronic

transition, a phenomenon also observed on CeO; solid solutions with aliovalent elements,
such as Gd** or Sm3* by M. Griinbacher et al. [54]. At 200 °C, intense bands appeared
at 1612, 1390, and 1216 cm ™! assigned to the v,(CO3), vs(CO3) and §(OH) vibrations of
bicarbonate species chemisorbed on reduced CeO, [12,52,55,56]. Numerous other bands
have been discovered that are not yet clearly resolved, but we can focus on the most
important ones: the bands at 1562 and 1272 cem ™! are due to the v,(CO3) and v¢(CO3)
vibrations of bidentate carbonate; whereas the bands at 1462 and 1293 cm~! should come
from the v,(CQOj3) vibrations of monodentate carbonate [55-57].

In agreement with the spectra in Figure 8a, as the temperature increased, the vibrations
associated with formate species became more intense, and the signal from the bands
associated with bicarbonates (1612, 1390, and 1216 cm 1) gradually decreased. The formate
species, probably in a bidentate configuration, showed characteristic bands at 1569 and
1352 cm ™! due to the v,(CO,) and v¢(CO,)+ 5(CH) vibrations, respectively. These bands
were most pronounced up to the highest temperature of 500 °C, but the interaction of
CO; on the CeO, surface remained evident through other bands at ~1562 and ~1272 cm !
associated with bidentate carbonate. In addition, a band at 1465 cm~! was detected at
400 °C that could be due to the v,(CO;) vibration of carboxylate [58,59]. This species
was observed at the same temperature at which the CO bands were detected, so it was
attributed to a possible reactive intermediate of its own formation. On the other hand, the
CO bands can occur by the decomposition of the formate, or even by the CO, splitting
as a result of a redox process involving the oxygen gap present on the reduced CeO,
(CO, + Ce-[I-Ce — CO + Ce-O-Ce) [20].

The introduction of Ni significantly changed the intermediate species detected by
the DRIFT technique in the Ni-nR sample compared to the nR support. As can be seen
in Figure 9a, the peaks characteristic of Ce-OH species, due to mono-coordinated (type I,
3710 cm 1), bridged (type II, 3611 cm™!) and triple-bridged (type III, 3541 cm ') hydroxyl
bands, were very intense already at 200 °C, while especially the latter could only be
detected in the support at the highest temperature; between 300400 °C. As the temperature
increased, the intensity of Ce-OH species decreased rapidly, and the band at 3641 cm ™!
was no longer detected at 300 °C. From 400 °C, a significant increase in the absorption of
the hydroxyl bands at lower wavenumbers indicated the presence of H-bonds due to the
formation of HyO [49]. The labile peak at 2847 cm ™!, associated with the v(CH) vibration
of formats, was already present at 200 °C, and increased significantly in intensity, up to
300 °C. At this temperature, the peak due to methane began to appear at 3016 cm~!. With
increasing temperatures, the v(CH) oscillation of formates decreased abruptly and was
barely detected from 400 °C, while the peak due to CH4 was the most important up to the
highest temperature of 500 °C.

As reported in Figure 9b, between 2200 and 1100 cm™ ! there were intense peaks
around 1590 cm ™!, due to the v,(CO,) oscillation of mono- and bidentate formates, with
a shoulder at ~1541 cm~! due to the v5(CO;3) of bidentate carbonates, and a broad peak
at 1279 cm~! corresponding to the vs(COj3) of bidentate carbonate bands. Significantly,
other carbonate species were undetectable, even at the lowest temperature of 200 °C, but
were observed instead in the nR carrier. With increasing temperature, the presence of
formates and bidentate carbonates on the surface persisted, but with a progressive decrease
in intensity. In addition, a sharp band was observed at 1304 cm ! from 400 °C onwards,
corresponding to the v3(CH) vibrations of methane. At the highest temperature of 500 °C,
the v,(CO,) vibration due to carboxylates appeared at ~1462 cm ™!, together with faint
peaks of CO, which, as in the case of the nR support, can be formed by the dissociation
of CO; at this high temperature. In addition, it is essential to emphasize that no bands
associated with Ni-(CO)y species were detected throughout the temperature range studied.
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Figure 9. DRIFT spectra of Ni-nR catalyst exposed to reaction mixture COp:Hj:He = 5:20:25 cm® min~—?! from 200-400 °C
between 4000-2600 cm ! (a), and 2150 and 1150 cm ™! (b). Before the experiment, the sample was reduced in situ at 500 °C.
Symbol definition: * hydroxide species, @ formate, + CHy, ¥ bidentate carbonate, % carboxylate.

From the chemical species that can act as the main reaction intermediates on the
nR and Ni-nR systems, the following reaction steps during the CO, methanation can
be hypothesized: (i) H, favors the formation of oxygen vacancies and Ce- OH species;
(if) CO, is chemisorbed on the “basic” CeO,_s surface forming carbonates (mainly biden-
tate); (iii) the conversion of carbonates to formates, is obtained at high temperatures on
the CeO,_;5 support; (iv) Ni® plays a crucial role in the activation of the H, molecule
through its dissociation into reactive H*, and thus its spillover on the CeO; surface; (v) the
hydrogen spillover by Ni” favors the formation of formates at low temperature and their
hydrogenation to CHy.

To better clarify the methanation reaction pathway, we also performed an in operando
DRIFT during CO hydrogenation. The characterization was carried out up to the maximum
temperature of 400 °C. Figure 10a shows a magnification between 4000-2600 cm ! and
Figure 10b in the interval 2150 and 1150 cm~ 1. At the temperature of 200 °C, very labile
bands assigned to Ce-OH were observed, whereas monodentate formate was already
evident with the v(CH) and v,(CO,) vibrations at 2831 and 1602 cm ™!, respectively. In
addition to the bands associated with gaseous CO, there was an intense peak at 2059 cm ™!
assigned to v(CO-Ni) of linear nickel carbonyl and other unresolved bands between ~1960
and ~1680 cm~!, probably due to bridged nickel carbonyl vibrations. Increasing the
temperature to 300 °C favored a significant methane formation, with characteristic bands
at 3016 and 1305 cm~!. Moreover, the intensity of the formate bands, mainly the bidentate
type at 2830 and 1596 cm ™!, increased alongside a significant decrease in the CO and
Ni-CO bands. At the maximum temperature of 400 °C, there was a marked decrease in all
formate bands, the absence of Ni-CO species, and the prominent bands were only those
of CHy gas. In general, the presence of carbonates was not observed at any temperature.
The CO was never oxidized by an oxygen storage process through the CeO;, as no band of
CO; was observed, clearly indicating that the surface was always maintained in a CeOjs
reduced state.
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Figure 10. DRIFT spectra of Ni-nR catalyst exposed to reaction mixture CO:Hp:He = 5:15:30 cm® min~! from 200-400 °C
between 4000-2600 cm ! (a), and 2150 and 1150 cm ! (b). Before the experiment, the sample was reduced in situ at 500 °C.
Symbol definition: 4 formate, + CH,, B linear CO on Ni.

It has been shown that the hydrogenation of CO can follow a mechanism involving
formates [60]. In this case, they were also formed by exploiting the hydroxyl and the
oxygen vacancy formed upon Ce** —Ce?* reduction by Hy. Indeed, the low intensity of the
Ce-OH species observed in Figure 10 could be a confirmation of this. The formates were
then converted to CHy thanks to the spillover effect of H* generated by the dissociation of
H, chemisorbed on the Ni® surface, as stated before. The CO chemisorbed on Ni could act
as a spectator and not be directly hydrogenated to methane.

Thus, to summarize the results obtained with the DRIFT technique, it is possible
to define Ni-nR as a bifunctional system, in which Ni plays a fundamental role in the
activation of Hj, while CeO;_5 acts on CO,. Obviously, in our catalyst with a low Ni
loading, the exposed surface is mainly that of CeO;. Therefore, the activation of CO,
(carbonates, formates) is kept “constant” over a wide range of CO, partial pressure. This
hypothesis is confirmed by the dependence of the reaction rate equation, exclusively on
the partial pressure of Hy, as mentioned above, i.e.,, —rco, = k~P%268-P8-82 ~ k-P%SS.

4. Conclusions

Nig 05Ce.950,_s catalysts, with nanorod and nanocube morphologies, were synthe-
sized by hydrothermal methods. The most active catalyst for CO, methanation was the
one with nanorod morphology, due to its strong metal-support interaction and its high
reducibility, which favors the presence of oxygen vacancies. A high methane selectiv-
ity of about 90% was achieved over a wide temperature range up to 400 °C. No carbon
residues were detected after the catalytic tests. The reaction rate essentially depended
on the partial pressure of hydrogen. The DRIFT characterization showed that CeO,_j
strongly interacted with the CO, molecule, adsorbed as various carbonates, while Ni°
participated in the H; spillover. The absence of metal carbonyls and the considerable
formation of chemisorbed formates on the CeO,_s support indicate a direct formate-type
reaction mechanism. Ni 05Ce 950;_5 is thus a bifunctional system. At high temperatures
(i.e., above 400 °C), CO can be formed by the dissociation of CO, — CO + 1/20,, with
a redox mechanism involving the oxygen vacancies of CeO,_ ;5. The presence of formate
was also observed in the hydrogenation of CO, together with the formation of carbonyls
absorbed on Ni. This finding suggests an important role of formate species also in the
hydrogenation of CO.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9111899/s1, Figure S1: Average size distribution: Ni-nR CeO, oxide width (a), Ni-nR CeO,
oxide length (b), Ni-nR Ni oxide particles (c), oxide width of CeO; in the Ni-nC (d), Ni oxide particles
in the Ni-nC (e).
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