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Abstract:

Production of renewable Methane has attracted tremendous research interest as an option for
CO, utilization, and as a potential use in the applications of C1 fuel production and space
exploration technologies. CO, methanation is a structure sensitive reaction on Ni/CeO-
catalysts. To elucidate the size effect of the metal center on the CO, methanation performance,
monodispersed and well-defined model catalysts is highly desirable. In this work, we prepared
the 2%Ni/CeO; catalysts with pre-synthesized uniform Ni particles (2, 4 and 8 nm) and high
surface area CeO; support. Transmission electron microscopy (TEM) and ambient pressure X-
ray photo spectroscopy (AP-XPS) characterization have confirmed that the catalyst structure is
uniform and stable under reaction condition. With the particle size variable 2%Ni/CeO-
catalysts, the dependency of CO, methanation performance with the particle size of loaded Ni
has been unraveled. The 8 nm sized catalyst showed superior methanation selectivity over the
4 and 2 nm counterparts, and the methanation activity in term of TOF is 10 times and 70 times
higher than 4 and 2 nm counterparts. The operando DRIFTS observation revealed that the larger
Ni particles of 8 nm over CeO, highly facilitated the hydrogenation of the surface formate
intermediates, which is the rate determining step accounting for the excellent CO, methanation
performance.

1. Introduction:

The utilization of CO,, one of the major greenhouse gases, into methane is a very important
C1 process, as it recycles CO; emissions to produce the simplest C-H molecule with high
gravimetric/volumetric energy density that is easy for storage and long-distance
transportation.[1-3] This renewable methane obtained from potentially above ground CO; can
use existing natural gas infrastructure to facilitate its utilization, shifting away from below
ground natural gas use. In some special applications, such as space exploration and submarine
engines, the CO, methanation has been identified as an important reaction to remove CO;
exhausts with hydrogen from water splitting or recycled water as fuel use in long-term



missions.[1, 4]

In the CO, methanation reaction, the group VIII 3d transition metals and noble metals have
been identified to be active for the reaction.[4-7] Among all the transition metal candidates, Ni
is one of the most extensively investigated metals due to its extraordinary activity and
selectivity to methanation, as well as its inexpensive naturecost.[7-9] CeO; has been discovered
and considered as a promising and alternative support for CO; activation.[10-12] With the
easily formed abundant surface oxygen vacancies, CeO; supported metals generally exhibits
superior activities in the adsorption of CO, and activation of the carbon-oxygen bonds of CO,.
The activity of the methanation reaction over Ni/CeO; catalysts reaches over one order higher
than Ni/non-reducible counterparts in the reported literature.[8, 13]

The CO; methanation reaction is a structure sensitive reaction where a change to the
organization of the last few surface layers of metal atoms can alter the activity and selectivity
of the reaction. However, establishing such a case for powder based oxide supported metals is
complex[1, 9]. In previous studies, it has been found that the use of ceria as a reducible support
will change the reaction pathway of CO, methanation.[14, 15] The ceria supported catalysts
prefer the formate mechanism in which CO; will be hydrogenated successively to surface
carbonate, formate etc. and the final production of methane,[14] while the CO route prevails on
the Ni single crystal or Ni/non-reducible oxide.[14, 16] The studies of the structure dependence
of the metal was mainly performed on the Ni/non-reducible supports. Both the catalytic activity
and selectivity were proposed to be related to the size of Ni particles[17, 18] Due to the different
reaction pathway, it is oversimplified to make an analogy that the size effect over the CeO;
would be similar to the non-reducible oxide. Until recently, the size effect of Ni supported on
the reducible oxide in the CO, methanation reaction has not been well understood.

Tuning the loadings of metal precursor has been widely applied to gain the variable particle
sizes in traditional synthesis approach.[16, 19] However, the varied loadings of metal are likely
to induce a wide size distribution and non-uniform size of metal center.[20] In addition, it may
cause the change of the density of oxygen vacancies of the reducible support, as the loaded
metal will assist the reduction of CeO; surface. A recent study has inferred that the oxygen
vacancies are the major active site dependent parameter for the CO» methanation over Ru/CeO»
catalysts based on the linear correlation of the concentration of oxygen vacancies with the CO»
hydrogenation rate.[21] Therefore, a series of Ni/CeO, catalysts with a constrained metal
particle size and identical loading is highly desirable to understand the decisive role of particle
size of Ni toward the CO, methanation.

Herein, a series of 2%Ni/CeO, model catalysts with precise sizes (2, 4 and 8 nm) of the Ni
grains have been designed by using the pre-synthesized Ni particles and high surface area CeO-
support. We have applied several characterizations to elucidate the true nature of the structure
and size dependency. Detailed TEM images have revealed that the sizes of Ni particles over
2%Ni/CeO, catalysts remained unchanged after the calcination and reaction. AP-XPS
characterization further confirms the density of the oxygen vacancies of all the Ni/CeO,-xnm
catalysts is closed to each other. The operando DRIFTS experiments provide a thorough
explanation of the surface chemistry with respect to the particle size dependency. The
mechanism study reveals that the CO, methanation over Ni/CeO, catalysts undergoes the
formate route. The 8 nm Ni particles over the CeO, accelerate the hydrogenation of the
oxygenate intermediates especially the formate. On the contrary, the hydrogenation rates of



formate species over the Ni/CeO,-2, 4 nm catalysts are too slow to regenerate the active
interface sites, resulting in the inhibition in the CO, methanation reaction.

2. Experiment

2.1 The synthesis of Ni nanoparticles with uniform size and morphology

The 2, 4 and 8 nm Ni NPs with uniform size and morphology were prepared according to a
well-established method.[22] The precursor Ni(acac), was mixed with benzyl ether and
appropriate amount of oleyamine at room temperature. The mixture was stirred and evacuated
for 5 mins. Then the reaction flask was filled with N», and certain amount of tributylphosphine
was injected. The mixture was further kept under vacuum and heated to 100 °C. A dark green
transparent solution was made after the treatment. Then the solution was further heated to 230
°C at arate of 10 °C /min and hold for 15 min. The isopropanol was added into the solution and
the mixture was separated by centrifugation. The collected NPs was further resolved and
washed for 2-3 cycles and further dispersed and stored in hexane. The obtained Ni NPs were
determined to be 2 nm, 4nm and 8 nm, by the HR-TEM. The concentration of each NPs solution
was determined by the ICP-OES method.

2.2 Preparation of Ni/CeO:-x nm catalysts

The pre-synthesized Ni NPs-xnm (x=2, 4, 8 nm) were deposited on CeO, by wetness
impregnation. The loading of Ni/CeO,-xnm was controlled at 2%. After the deposition, the
sample was dried under vacuums and then calcined in the air at 400 °C for 2 hours to remove
the surfactants. Further structure characterization was taken to confirm that the Ni-xnm
remained the dispersion on the CeO; support after calcination.

2.3 Catalytic performance evaluation

The catalytic performance evaluation of Ni/CeO»-xnm for CO, methanation was carried out in
a fixed bed reactor at atmospheric pressure. The catalysts were pretreated in a flow of 20%H»/Ar
at 400 °C for 2 hours before reaction. Then the activated catalysts were exposed to the mixture
of reactants (CO,, H, and Ar mixture with a ratio of 1:4:1). The CO» conversion and selectivity
were measured in the temperature range of 250-450 °C. The products were analyzed online by
an Agilent gas chromatograph 7890 equipped with a thermal conductivity detector (TCD) and
a flame ionization detector (FID). To obtained high precision of water quantification, the outline
pipe was wrapped and warmed by heater and heated at 110 °C. Ar was used as the internal
standard to calibrate the volume change with the reaction.

Activity measurements (Table 1) were performed at a low CO; conversion (<15%), in order to
prevent the diffusion limitation. Apparent activation energy (Ea) was calculated based on the
formation rate of CHy4, which was measured as function of temperature (T) in the range 250-
300 °C. The slope of Arrhenius plot (In(rcus) ~ 1/T) is used to calculate Ea by using the
following equation:

2.4 Structure characterization
2.4.1 Transmission Electron Microscopy (TEM)
TEM and high-resolution TEM (HRTEM) observations were carried out on a transmission



electron microscope. The average particle diameter of Ni (drem) was obtained by using the TEM

results based on the following correlation:

d _ xind;
TEM 3 n,

The dispersion of Ni (D%) was calculated based on the diameter of Ni NPs assuming sphere
particles by using the following simplified equation:
6Mpyio

DY%= *#100=5.9*10" nm/Daiamcter
PmetalNaDdiameter

Mniis the molecular weight of Ni (58.69 gmol™); o is the areal surface atom density (1.8*10"
atoms*cm?); pni is the density of Ni (8.908 g*cm™); Ny is the Avogadro’s number; Daiameter S
the diameter of the Ni nanoparticles.

2.4.2 Ambient-Pressure X-ray Photoelectron Spectroscopy (AP-XPS)

A commercial SPECS AP-XPS spectrometer equipped with a PHOIBOS 150 EP MCD-9
analyzer was used for the XPS studies at the Chemistry Division of Brookhaven National
Laboratory (BNL).[10, 12] The Ce 3d photoemission line with the strongest Ce*" feature at
916.9 eV was used as the energy calibration reference.'? In the measurement, the powder
catalyst was pressed on an aluminum plate, and then loaded into the chamber. The sample was
reduced by a 20 mTorr H; at 450 °C for 1 h. The AP-XPS spectra of the catalysts were collected
in a reaction mixture of 40 mTorr of H, and 10 mTorr of CO; introduced into the reaction
chamber through a high-precision leak valve. The O 1s, Ce 3d, C 1s and Ni 2p XPS regions of
fresh samples, reduced samples, reaction at 250°C and 450°C were collected. The Ce 3d spectra
was deconvolution by CasaXPS package.

2.4.3 Operando Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)
Operando DRIFTS experiments were operated in an FTIR spectrometer (Bruker Vertex 70)
equipped with a Harrick cell, MCT detector, and a mass spectrometer. The spectra were
collected in Kubelka-Monk (K-M) mode. In the studies, the Ni/CeO; catalysts were pretreated
in H flow (10 mL/min) at 450 ° C for 1 h and then cooled down to 250 °C. The background
was collected at 250 °C in the Ho/He (4/2 ml/min) atmosphere 30 min after the system reached
steady state. The DRIFTS collection started as the gas reactants of H,/CO»/He (4/1/1 mL/min)
was introduced to the cell. The whole process was monitored until the system reached steady
state. The CO> in the gas feed was replaced by inert helium with the same flow rate. The
consumption of the active surface species in the absence of CO, was also studied by the
DRIFTS method. For the “gas-on, gas-off” experiments, the gas flow was always balanced by
helium to a total amount of 6 mL/min.

3. Results and Discussion
3.1 Preparation of monodispersed and well-defined Ni/CeQ; catalysts

The Ni NPs with designated particle sizes were prepared by wet chemical synthesis. The
experimental procedures were modified based on the previous reports. [22] Ni(acac), was used
as the Ni precursor. The sizes of the as-synthesized Ni nanoparticles were determined by the
TEM characterization. All the three Ni particles showed uniform morphology with narrow size
distribution. The mean sizes of Ni nanoparticles were 2 nm, 4 nm and 8 nm, as seen in Figure



la-c. m%g. The high surface area of CeO, of 160 cm™ and the appropriate loading of Ni
nanoparticles at ~2% would prevent the agglomeration of deposited Ni NPs during the high
temperature calcination for the surfactant removal and the CO, hydrogenation reaction. After
the wetness impregnation of the corresponding Ni NPs over CeO, support (Figure 2c), the
obtained Ni/CeO,-xnm catalysts (x refers to the size of the Ni nanoparticle) were calcined at
400 °C in air for 2 hours. As seen in Figure 2d-f, the loaded Ni NPs and CeO, nanocrystalites
were distinguished based on the typical Ni (111) feature (spots at 2.0 A)[23] in the local Fourier
Transform (FT) image (inset figures) of the electron diffraction. The mean Ni particles
measured in the calcined sample are 2.1£0.4nm, 4.2+0.5nm and 7.8+0.9nm, respectively,
demonstrating the Ni NPs kept the same diameters and size distributions after the removal of
the surfactants. These Ni/CeO,-xnm samples were used as the ideal objects for the investigation

of size effect on the performance and mechanism in the CO, methanation reaction.
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Figure 2. TEM images of the prepared 2%Ni/CeQ; catalysts. (a-b) TEM images of high
surface area CeO» (the scale bars are 100 nm and 10 nm respectively), (¢) the scheme illustrating
the structure of Ni nanoparticles supported on CeO,. (d-f) TEM images of the calcined (d) Ni-
2nm/Ce0s, (e) Ni-4nm/CeO; and (f) Ni-8nm/CeO; catalysts, (g-i) the corresponding Ni particle



size distribution of d-f. The samples were obtained by deposited d, e and f on CeO, after

calcination in the air at 400 °C for 2 hours.

3.2 The AP-XPS determination of the oxygen vacancies in the working Ni/CeO: catalysts

Before CO, methanation performance over Ni/CeO,-xnm was carried out, AP-XPS was
employed to determine the concentration of oxygen vacancies in the CeO, surface under both
reduction and simulated CO; hydrogenation atmosphere.[24, 25] The Ce 3d AP-XPS spectra of
the fresh, reduced catalysts as well as the ones under reaction condition at 250 and 450 °C were
collected to reveal the redox properties of the reducible oxide surfaces[26, 27] (Figure 3). The
concentration of oxygen vacancies was listed in Table 1. In general, the surface of the calcined
CeO, supports were only composed by Ce*" in the fresh samples. About 32% of Ce*" were
observed in three of the 2%Ni/CeO; catalysts after H, treatment at 450 °C for 60 min (Figure
3a-c, Table 2), and ~27% of Ce*" was remained in all the catalysts under reaction condition at
250 °C (Figure 3d, Table 2). Based on the AP-XPS characterization, no significant difference
of the redox behavior on the reducibility of the CeO, supports has been observed among the
three 2%Ni/CeQO, catalysts. Hence, the particle size difference is the only viable parameter
going to affect the CO, methanation reaction. The investigation of the structure-performance
relationship on these catalysts may shed light on the role of metal particles in the CO;

hydrogenation reaction.
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Figure 3. AP-XPS characterization of Ni/CeQ; catalysts. Ce 3d profiles of (a) 2%Ni/CeO»-
2nm, (b) 2%Ni/CeOz-4nm and (c) 2%Ni/CeO,-8nm catalysts at different measurement
conditions. The conditions: i: fresh, ii: reduction, iii: reaction at 250 °C and iv: reaction at 300
°C. (d) the comparison of Ce*" in Ce 3d spectra of Ni/CeO»-2nm, 4nm and 8nm catalysts under
reaction at 250 °C.



Table 1. The percentage of Ce** obtained by deconvolution of the corresponding Ce 3d
XPS spectra.

Percentage of Ce>* (%)

Catalyst
reduced RXN-250 RXN-400
2%Ni1/CeO2-2nm 34.8 28.4 30.4
2%Ni/CeO2-4nm 325 26.7 29.4
2%Ni1/CeO2-8nm 32.3 25.0 31.5

RXN refers to under reaction condition.

3.3 CO; methanation catalytic performance evaluation

The catalytic performance over 2%Ni/CeO,-xnm catalysts was evaluated in the range of
250~450 °C. The gas feed is composed with the mixture of CO,:H,:Ar =1:4:1 (Figure 4). The
conversion of CO,, the selectivity of major product CHs, the formation rate of CH4 and CO in
terms of the metal normalized activity (umol/g/min, STY) and the turnover frequencies (TOF)
are caculated based on the density of the surface metal (mol/molgyrface metal/min) are calculated
and listed in Table 2. The CO; conversion of each catalyst is measured at a weight hourly space
velocity (WHSV) of 12,000 ml/gcat/s (Figure 4a). Based on the evaluation, the 2%Ni/CeO,-
8nm exhibited the highest CO, convesion at each of the temperature, while the 2% Ni/CeO,-
2nm was the least activitive one. The major side reaction of the CO, methanation was the
reverse water gas shift reaction (RWGSr CO; + H, = CO + H,0).[28] Among all the tested
catalysts, only the 2%Ni/CeO,-8nm presented a high methanation selectivity, transforming over
90% of the convered CO; into target product CH4 from 250~450 °C (Figure 4b). Under the
same condition, the selectivity of 2%Ni/CeO,-4nm was around 60% (Figure 4b). The major
product over the 2%Ni/CeO,-2nm catalyst is the byproduct CO. When working temperature
above 400 °C, the Scus declined rapidly with the increasing temperature, leaving less than 5%
CHy selectivity at 450 °C (Figure 4b), suggesting 2%Ni/CeO,-2nm catalyst is a better catalyst
for RWGS reaction. The catalytic performance tests in Figure 4a-b demonstrated that the CO»
methanation is a particle size dependent reaction on the Ni/CeO; catalysts. This conclusion
could be seen clearly from the turnover frequency calculated under kinetic region (Conv.<15%)
shown in Table 2. The STY of 2%Ni/Ce0;-8nm was 185.8 pumol/g/min at 300 °C in the CO;
methanation reaction, 4.5 times and 15 times higher than the 2%Ni/CeO,-4nm and 2%Ni/CeO,-
2nm catalysts, respectively. If the catalytic activity was obtained by the active metal on the
surface, which was estimated by the Ni particle size, the TOF of 2%Ni/CeO,-8nm was 4.4 min’
'at 300 °C in the CO, methanation reaction, 10 times and 70 times more active in comparison
to the 2%Ni/CeOz-4nm and 2%Ni/CeO,-2nm catalysts. While, the difference of the side
reaction (RWGS) rate is not significant related with the particle size. Based on the calculated
catalytic activities, it suggsted that the surface active Ni sites on the larger NPs of 8nm exhibited
much higher reaction rate for the formation of methane.
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(d) Ea obtained from the Arrehnius plots of three Ni/CeO,-2nm, -4nm, -8nm catalysts.

Figure 4. The catalyic performacne of 2%Ni/CeO,-xnm catalysts. (a) CO, conversion and
(b) CHa selectivity of the Ni/CeO, catalyts at a WHSV of 12,000 ml/gca/s, , (¢) Stability test
for all the three catalysts. The stability of the three catalysts below the dash line was measures
at different space velocity, in order to keep the conversion less than 30%. The stability of
Ni/CeO»-8nm in black dots was measured at the same space velocity with the Ni/CeO,-2nm.

Table 2. The catalytic performance of 2%Ni/CeO; catalysts at 250 and 300 °C

Ni Activity TOF
Catalysts dispersion Conv. Sel. (umol/g/min) (min™)
(°C) CO2%  CHs%
(%) *? CH4 CcO CH,4 Cco
Ni/CeO,-2nm 28.1 0.41 344 2.09 3.98 0.021 0.043
Ni/CeOz-4nm 250 14.0 1.06 49.6 7.86 7.84 0.164 0.164
Ni/CeO,-8nm 7.0 3.20 85.7 40.06 7.39 1.714 0314
Ni/CeO,-2nm 28.1 1.95 42.7 12.3 16.6 0.128 0.174
Ni/CeOz-4nm 300 14.0 4.50 59.9 40.5 27.2 0.786 0.571
Ni/CeO,-8nm 7.0 13.8 90.6 185.8 19.8 7.857 0.821

a: Ni dispersion of Ni/CeO, was determinted by the empirical equation D%=5.9*10"/Dgiameter.

The catalytic stability of CO; methanation on the 2%Ni/CeO,-xnm catalysts was also tested.

As shown in Figure 4c (bottom), the CO, conversion was kept below 25% for all the three
catalysts by varying the space velocity in the reaction. Meanwhile, the stability of 2%Ni/CeO»-
&nm at the space velocity of 12,000 ml/g/h, the same with 2%Ni/CeO,-2nm was also performed
(Figure 4c, upper). The steady-state CO, conversion of Ni/CeO,-2nm and Ni/CeO:-4nm



catalysts decreased dramatically, dropping to 5% within 5 and 15 hours. While the 2%Ni/CeO»-
&nm is much more stable. The deactivation in term of CO, conversion was less than 30%
(conversion dropped from 25.5% to 18.0%), illustrating that the 8nm Ni particles in the catalyst
improved the stability of the Ni/CeO; catalysts. The apparent activation energies on these three
supported catalysts in term of CH4 formation rate can be estimated from the Arrhenius plot, in
which the activities of CHs were plotted as function of 1000/T (Figure 4d). The apparent
activation energy on Ni/CeO,-8nm is 74.6 kJ/mol, much lower than the catalysts of Ni/CeO»-
4nm (83.8 kJ/mol) and Ni/CeO,-2nm (110.0 kJ/mol), indicating that the CO, methanation is
greatly accelatered over Ni/CeO,-8nm catalyst. This phenomenon, in turn, explains why the
Ni/CeO,-8nm exhibits the most promising catalytic activity.
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Figure 5. TEM characterization of post 2%Ni/CeQ; catalysts. (a-c) TEM images of the
Ni/CeO»-2nm, -4nm and -8nm after performance tests, (d-e) the corresponding Ni particle size
distribution of Figure Sa-c. The post catalysts of 2%Ni/CeO,-8nm were collected after the
performance evaluation in Figure 4a (red bar), and the stability test for 40 h in Figure 4c (green
bar). The WHSV is kept at 120,000 ml/gca/h.

The average particle sizes of the supported Ni particles after the CO, hydrogenation reaction
were analyzed by the TEM characterization. Using the same method with analysis of the fresh
catalysts, the average particle size and size distribution were obtained. Based on the TEM
images, the average particle sizes of the Ni/CeO-2nm, -4nm and -8 nm catalysts after the CO,
hydrogenation reaction as shown in Figure 5a were 2.3 nm, 4.3 nm and 8.0 nm, and the average
particle size of Ni/CeO,-8nm after 40 hours stability test was about 8.1 nm, suggesting that the
size and morphology of Ni particles remained intact during the reaction. Since both the metallic
site and the CeO, supports among all the samples other than the metal sizes are similar, the
different performance of the Ni/CeO,-xnm catalysts in the CO, methanation reaction can be
reasonably attributed to the size dependency of the metal center.

3.4 Size dependent surface mechanism through Operando DRIFTS



To obtain the molecular understandings into the mechanism of CO, methanation, the
operando DRIFTS studies were performed to monitor the surface intermediates and track the
dynamic behaviors of the typical species (Figure 6-7). In the tests, the activated catalyst was
exposed to the mixture of H, and CO, with a ratio of 4:1 first. The IR measurement was
performed in the meantime to monitor the formation of surface species. After all the surface
species reached steady state, the CO; in the feed was cut off and replaced by the inert gas He
with the same flow rate.[10, 29] The reaction and hydrogenation behaviors of the surface
intermediates were collected and further analyzed using both DRIFTS spectroscopy and the
RGA mass spectroscopy. The reaction temperature was set at 250 °C in the DRIFTS
investigation because CO; hydrogenation activity of the Ni/CeO, catalysts occurred at this
temperature, and the reaction rate was relatively slow which not only prolongs the life-time of
the surface intermediates and suppresses the interference of the high concentration of CHy in
gas phase to the signals of the adsorbed species.[30] The allocation of the vibration peaks of
the major surface species was listed in Table 3. The peaks located at ~2840, 1384 cm™ are
identified as the typical C-H features of the adsorbed formate (H-COO*)[10, 31]. While the
bands centered at ~1590 cm™ are attributed to the O-C-O vibration (denoted as C=0) of the
formate and carbonates-like species[10, 29, 32-34]. Due to the overlap of the two bands,
therefore, when tracking the intensity changes in the IR signals approaching the steady state in
the reaction and hydrogenation processes, the bands centered at ~2840 and ~1587 cm™ are
chosen to reflect the representative intermediates of formate and C=0 vibrations, respectively.
The intensity of the intermediates after reaction in the flow of CO; and H; for 30 min are
normalized as 1.0.[33]

Table 3. Assignment of the IR peaks observed on DRIFTS spectra
Frequencies Literature value

Species (em™) Vibration mode (cm)
2845 v(CH) 2846[10],2874[31]
. 1581[10,
Bidentate 1580 Vas(OCO)
291,1587[32],1565[33]
formate
1384[29],
1386 S(CH)
1381[32],1386[33],1374[10]
1613[32],1599[32], 1590-
) 1602 v(CO3) 321 32]
Carbonate-like 1630[34]
1396 v(CO3) 1413[32],1391[32]

The DRIFTs spectra of 2%Ni/CeO,-x nm from the exposure to gas feed for 30 min were
shown in Figure 6a-c. The typical C-H vibration of formate was intense on 2%Ni/Ce0,-8 nm
catalyst, and the intensity increased rapidly until reaching steady state. On the contrary, the
signal of formate was almost undetectable until the first 15 min over 2%Ni/CeO,-2nm catalyst.
Therefore, the intensity of peak at ~1590 cm™ was chosen as the intermediate to monitor the
changes of the reaction. As we can see from Figure 6d, the wide band at ~1600 cm™ are
composed with both the carbonate (COs*) and formate (HCOO*). The position of carbonate
located on 2%Ni/CeO; catalysts was determined at the higher wavenumber (1602 cm™) as it
generated as soon as the exposure of the CO; to the activated catalyst. While the position of



[10. 2% shown in the dash line in Figure

6d. The combined band near 1590 cm™ would shift due to the different ratios of the formate
and carbonate on the surface. Based on the accumulating rate of the peak 2846 cm™ and the
center wavenumber of the bands near 1590 cm™ (1584, 1589 and 1595 cm-1 for Ni/CeO,-8 nm,
-4nm and -2nm, respectively), it could be figured out that the Ni/CeO,-8nm catalyst exhibited

bidentate formate was reported centered at ~1580 cm

the highest hydrogenation rate of the carbonate species to the formate, while the Ni/CeO»-2nm
was the least active one. The intensity variation of C=0 species against time was plotted as well
(Figure 6e), demonstrating 2%Ni/CeO,-8 nm catalyst was the most active catalyst for CO,
activation. The results were further confirmed by the RGA signals of the product CH4 (Figure
6f). No signal of adsorbed CO on Ni particles in the range from 2100 to 1700 cm™ has been
resolved over any tested Ni/CeO; catalysts, indicating the CO, methanation is not on CO route,
in good accordance with reported.'®,?!
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Figure 6. Operando-DRIFTS spectra of Ni/CeO,-x nm catalysts obtained during the
reaction process. (a, b, ¢) Ni/CeO,-2nm, -4nm, -8nm catalysts. The IR spectra from bottom to
top in each panel are 1, 5, 10, 15, 20, 25 and 30 min. (d) comparison of the peaks at ~1600 cm
!of the three Ni/CeO catalysts during reaction condition. The wavenumbers of the carbonate
and bidentate formate are at 1602 cm™ and 1580 cm'. (e) the intensity changes of C=0 species
(~1590 cm™) as a function of reaction time. (f) the CHs MS signals (m/z=15) for the three
Ni/CeO; catalysts during reaction and hydrogenation process (the cutting off of the CO, source
occurred at 30 min) in DRIFTs characterization.
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Figure 7. Operando-DRIFTS spectra of subsequent hydrogenation process with CO, flow
in the reactant switched off. (a, c, ¢) Ni/CeO,-2nm, -4nm, -8nm catalysts. (b, d, f) the plot was
obtained from every spectrum in the a, ¢ and e by subtraction the IR spectra with the first
spectrum to get a clear insight into the variation of adsorbed intermediate species. The intensity
changes of (g) the C=0 species and (h) the formate species (~2845 cm™) during hydrogenation
process in 30 min after reaction processes. The relative intensity changes were collected
according to the spectra in a, ¢ and e, respectively.

After reaching the steady state, the CO; in the gas feed was cut off. The Figure 7(a, c, ¢) are
the IR spectra of Ni/CeO,-2nm, -4nm and -8nm respectively. The spectra of Figure 7(b, d, f)
are the subtraction spectra obtained by subtracting the spectra at different times to the first
spectrum to capture more detailed information and a clear insight into the variation of adsorbed
intermediate species during the hydrogenation process. To our surprise, although the intensities



of C=0 species kept dropping in all the catalysts, the intensity of formate (~2836 cm™) on the
catalysts of Ni/CeO,-2nm and Ni/CeO,-4nm gradually increased during the hydrogenation
reaction as shown in Figure 7b-d, demonstrating that the hydrogenation consumption of surface
formate is a relatively slower than the hydrogenation of the carbonate, resulting in the
accumulation of formate species on Ni/CeO,-2nm and Ni/CeO,-4nm catalysts. In contrast, the
formate species on Ni/CeO,-8nm catalyst were diminishing quickly under the hydrogenation
condition (Figure 7f). With the assistance of the 8 nm Ni NPs, the hydrogenation of surface
formate species to methane was significantly accelerated, quicker than the formation of formate
from the carbonate.

To obtain kinetic insights into the rate of the hydrogenation consumption of the surface
intermediates, we plotted the intensity change of the representative peaks with the time in
Figure 7g-f. It could be seen that the initial hydrogenation rate of the carbonate related species
was similar in the first 10 minutes of the CO, cut-off (Figure 7g). However, the intensity of the
bands located at ~1587 cm™ on the Ni/CeO,-2nm and -4nm remained unchanged after 15 min.
Meanwhile, the accumulation of the formate species on the surface of Ni/CeO,-2nm and -4nm
could be observed in Figure 7h. This result suggested that hydrogenation of the formed formate
intermediate was the rate determining step for CO, methanation[14, 35] and the accumulated
formate tended to somewhat “poison” the ceria surface. On the contrary, the conversion of
the formate was much quicker on the Ni/CeO,-8nm. Both intensities of carbonates and formates
declined quickly. The phenomenon indicated that the hydrogenation ability of the Ni particles
is the predominant factor for the conversion of oxygenate intermediates. The hydrogenation of
formate to methoxy or methane is a structure sensitive pathway (scheme 1, 3)), which prefers
the large grains of the supported Ni. The 8 nm Ni particles showed significant advantages in
facilitating the generation of the products and the regeneration of the CO; activation sites. In
contrast, the catalysts with smaller Ni species tend to be covered by the accumulated surface
formate, limiting the further activation of the CO,.

Ni-2nm very slow
Ni-4nm slow
A Ni-8nm fast

o L1 B

O LA

CL << 5070 mmrrrrrrr

Scheme 1. The pathway of CO; hydrogenation to methane on Ni/CeO; catalyst and the role of
the Ni particles in the methanation reaction

4. Conclusion

Utilizing the pre-synthesized Ni nanoparticle sols and high surface area CeO; support, we
developed a serial of Ni/CeO,-xnm model catalysts to investigate the size effect of supported
Ni grains on the catalytic performances of CO, methanation reaction. The structure



characterizations of TEM and AP-XPS have confirmed the particle sizes of Ni remain
unchanged under reaction condition and the density of surface oxygen vacancies are similar
over each of the tested catalysts. The enhancement of the CO, methanation activity and
selectivity with the ascending Ni particle size is attributed to the different dimension of the Ni
grains. Operando DRIFTS observation suggested that the 8 nm Ni particles have significantly
improved the hydrogenation rate of the surface carbonate and formate species, while the
Ni/Ce0O,-2 and 4 nm catalysts were inefficient in the hydrogenation of the oxygenate
intermediates, especially in the hydrogenation step of the formate. The accumulated formate
and carbonate would cause the blocking of the oxygen vacancies of the ceria support. This study
focused on the size dependent CO; methanation mechanism over Ni/CeO -catalysts,
highlighting the importance of sufficiently large supported Ni particles for the promoting of the
activity and selectivity in the CO, methanation.
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