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Abstract. The catalytic performances of TiO»-supported Ni catalysts for the methanation of
CO2 have been investigated using different crystalline phases of TiO» (rutile and anatase). The
catalytic activity of Ni depends appreciably on the nature of the support. The rate for CO»
hydrogenation decreases in the order of 10N1/TiO2usie >> 10N1/TiO2-anarase. The use of a
mixture of catalysts containing 70% 10N1/TiO2-snarse + 30% 10N1/TiO2-pusite allows for a
significant increase of the reaction rate related to 100% 10N1/T102-yuite. Importantly, it has been
demonstrated that the two catalysts do not need to be in direct contact for the synergetic effect
to occur. DRIFTS operando analysis during the methanation reaction shows that adsorbed CO
accumulates on Ni/TiO2-gnatase and not on Ni/TiOz-zre, and that the role of the Ni/TiO2-usize 18
to assist the hydrogenation of this adsorbed CO on the Ni/TiOz-gnawse. Increased CO>
methanation is also observed by adding Ni-free TiO2-anarase t0 10N1/T1O2-1usite, indicating that
COx hydrogenation can also occur on bare TiO2-anazse 1f activated hydrogen can be supplied by
another source. H>-TPD analyses and catalytic tests performed after dilution of the catalysts
have shown that hydrogen spillover (mediated by surface or gas-phase species) is at the origin

of the synergy observed between the two catalysts for the Sabatier reaction.

Key words: CO, methanation, nickel, titania, spillover, rutile, anatase

1. Introduction
The reduction of greenhouse gas emissions, and particularly those of CO», which is the main
contributor to global warming, is one of the major challenges of the beginning of this century.
In addition to reducing the emissions of this gas, two major strategies have been proposed to
reduce the amount of CO:2 present in the atmosphere: its capture and storage [1-3] and its

chemical transformation [4-6]. The chemical transformation of CO; is particularly promising
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as increasing amounts of low-cost and relatively pure CO; are available from current plants [7].
In this context, CO, methanation (Sabatier reaction) is particularly attractive [8-11]. CO> can
be combined with hydrogen (produced by water electrolysis using renewable electricity) to
produce methane (power-to-gas), which can be directly injected into existing natural gas
pipelines [12-14]. Therefore, CO> methanation makes it possible to combine an environmental

benefit with an economic opportunity.

The Sabatier reaction is an exothermic reaction that has been studied using catalytic systems
based on Group VIII metals (Ru, Rh, Co, Ni) supported on various oxides (TiO2, SiO2, Al,O3,
Ce0g, Zr0O») [9, 11]. Nickel remains the metal of choice, due to its selectivity, activity, low
price and abundance [15-18]. Haldor Topsee uses Ni-based catalysts supported on alumina for
its own methanation processes (TREMP™ process) [19], and continuous efforts are pursued to
develop active, selective and stable Ni-based catalysts able to operate under mild reaction

conditions [18, 20-25].

The role of TiO2 has been recognized in many reactions, as it enhances the catalytic activity
due to specific metal-support interactions [26, 27]. TiO: exists in three main crystalline forms,
i.e. anatase (TiO2-anarase), rutile (TiO2-ruie) and brookite. Each phase exhibits different physical
and chemical properties, such as thermal stability, density and band gap as well as surface
structure [27, 28]. Several works have been conducted to investigate the influence of the support
in methanation catalysts: TiO2 vs ALO3; or SiO; supports, but also TiOz-unarase VS T1O2-ruite VS
TiO2-p25 (a commercial mixture of rutile and anatase phases) [29-34]. On cobalt-based catalysts,
the activity of a Co/TiO2-ruie catalyst is remarkably higher than that of Co/TiO2-anatase; and while
CHy is selectively produced on Co/TiO2-susite, CO is the main product on Co/TiO2-anatase. From
an in situ DRIFT study, it was proposed that the high activity of Co/TiO2- iz is related to the
formation of strongly adsorbed CO species on this catalyst [29]. On Ru/TiO> catalysts, Prairie

et al. have shown that: 1) the high Ru dispersion is believed to contribute to the enhanced activity
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for CO, methanation, and 1i) a synergy exists for mixtures of Ru/TiO2-anatase and RU/TiO2-usite
[30]. From a FTIR study, these authors have evidenced that Ru/TiO2-anazse 18 a better catalyst
for CO production, while Ru/TiO2-uire 1s more efficient in CO hydrogenation (the rate
determining step of methanation). The resulting ranking is as follows: Ru/Ti02.p25 > Ru/Ti0;
(mechanical mixture of anatase and rutile to simulate P25) > Ru/TiO2-ruite >> RU/T102-anatase-
Continuing with ruthenium, Sassoye et al. have used different catalyst preparation methods,
using different TiO> crystalline phases and ratios [31, 32]. Phase mixing was also performed at
different stages of the catalyst preparation i.e., before RuO, deposition, and before or after
calcination at 450 °C. These studies have shown that the interaction between the RuO; particles
and the anatase and rutile TiO; phases during the calcination step dictates the performance of
the Ru/Ti0> methanation catalyst. The positive effect of support mixing, correlated with RuO»
migration and stabilization from TiOz-gnatase OVer TiO2-ruite, was noticed only in the case where
the mixing was done before the calcination step. Regarding nickel-based catalysts, Bao ef al.
have shown that the TOF on Ni/TiO2-uize 1S almost two orders of magnitude higher than that on
Ni/T102-anatase for CO2 methanation, independently of Ni loading and particle size [33]. In situ
IR and temperature-programmed surface reaction experiments have revealed that TiOx- it
significantly enhances the CO dissociation and hydrogenation ability of Ni. To the best of our
knowledge, a possible synergy between the anatase and rutile phase of TiO, for CO
methanation has not yet been demonstrated in the case of nickel, although high catalytic

activities have been reported for Ni/Ti0,-p25 catalysts [20].

In this study, we have focused our attention on the interaction between nickel and TiO2-yuite and
TiO2-anarase phases by studying the performances of Ni catalysts supported on TiO2-uite, T1O2-
anatase A0 T102.p25. We confirmed the better performances of Ni/TiO2.usite compared to Ni/TiO,-
anatase, and revealed for the first time a synergy between the two phases in the Ni/TiO2-p2s

catalyst or in physical mixtures of Ni/TiO2-yuite and N1/TiO2-anaase. Catalyst characterizations,
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as well as catalytic experiments performed with pure catalysts in two separated and successive
fixed-beds, demonstrate that hydrogen spillover is at the origin of the synergistic effect, but also

of the different reactivity of Ni/TiO2-usie and N1/TiO2-anarase catalysts.

2. Methods

Catalyst synthesis. The commercial TiO2 supports with different structures used are TiO2-rusite
(99.5 %, Janssen Chimica), TiO2-anatase (99.8 %, Aldrich) and TiO-p25 (Safic-Alcan). In some
experiments, TiO2-usite and TiO2-anaase Were physically mixed in the corresponding proportions

to those of TiO.pys.

The Ni catalysts were prepared by using an impregnation method. Ni(NOs)2, 6H20 (99.9%
Strem Chemical) was dissolved in water, where TiO> (rutile, anatase or P25) was then added.
The mixture was stirred during 4 h. The water was evaporated to obtain the catalyst, which was
dried at 120 °C overnight, and calcined under air at 500 °C during 6 h. The desired quantity of
Ni(NO3)2, 6H20 to reach a 10 % w/w was used. According to Inductively Coupled Plasma
(ICP) analyses, the amount of nickel deposited on each support is similar. The as-prepared
catalysts were denoted as 10Ni/TiO2-uite, 10NV/TiO2-anatase 0or 10Ni/TiO2.p25 (with 10
representing the Ni percentage on the support).

Catalyst characterization. The structural and textural properties of the catalysts were evaluated
using different characterization techniques. The specific surface area, pore volume and pore
size distribution of the samples were obtained from the isothermal adsorption/desorption of
nitrogen at -196 °C on a Quantachrome autosorb instrument with N automatic injection. The
specific surface area was determined from the linear part of the Brunauer-Emmett-Teller (BET)
plot. The pore volume was measured on the isotherm at P/Po = 0.97. The pore size distribution

was obtained by BJH treatment applied to the desorption branch of the isotherm. All samples
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were pretreated under vacuum at 90 °C for 1 h to remove adsorbed water, then at 250 °C during

10 h for all other physisorbed species.

The amount of surface metal was quantified by chemisorption. Hydrogen was used to
determine the dispersion of the metal particles for each catalyst. In a first step, the sample (200
mg) was reduced using hydrogen (30 mL-min™) at 400 °C (10 °C-min!) during 4 h. Argon was
introduced at the same temperature for 2 h, and then maintained while the reactor cooled to
room temperature. At this stage of the analysis, pulses of H> were injected on the catalyst, and
the amount of residual gas was measured using a TCD detector (Quantachrome autosorb
instrument). The metallic dispersion Dni(%) of the catalysts was calculated from the amount of
irreversibly adsorbed hydrogen (HC): D(%) = HC/Nrt * 100 (N is the total quantity of metallic
atom in the sample).

Temperature-Programmed Reduction (TPR) experiments were performed with a
Micromeritics chemisorb 2700. Firstly, the catalyst (100 mg) was heated to 200 °C (10 °C-min
1 for 1 h. After the reactor cooled to room temperature, an argon flow (30 mL-min™') swept the
sample for 30 minutes. In a second step, the catalyst was reduced under a gaseous mixture of
10% Ha/Ar (30 mL-min’') with a heating ramp of 10 °C-min! to 850 °C. The amount of
hydrogen consumed was monitored using a TCD. Peaks of hydrogen consumption were
obtained as a function of the temperature.

The distribution, shape, and size of the metal particles were obtained using a JEOL JEM
1011 transmission electron microscope (TEM). The average particle size was determined by
measuring at least 100 particles for each sample analyzed and using the following formula: Ni
particle size = ¥nidi/Znidi® (di = diameter of n; particles). The high-resolution analyses were
conducted on a JEOL JEM 2100F equipped with a field emission gun (FEG) operating at 200
kV with a point resolution of 2.3 A and a JEOL JEM-ARM200F Cold FEG operating at 200

kV with a point resolution of > 1.9 A. The crystalline structure of the samples was determined
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on a D8 Advance Bruker Diffractometer (XRD) using Cu Ka radiation (A = 0.15418 nm) as X-
ray source. The surface of a sample, to a depth of 1 to 10 nm, was observed by X-ray
Photoelectron Spectroscopy (XPS) using a Thermo Scientific K-alpha spectrometer equipped
with an aluminum monochromatic source (Al Ka, #v =1486.6 ¢V). Data were processed using

the Thermo Avantage© software.

DRIFTS spectra were collected using a Harrick cell (powder, ca. 30 mg) fitted in a Nicolet
8700 FT-IR (MCT detector). Gas-phase CH4 and CO» were quantified after the DRIFTS using
a quartz 10-cm pathlength IR gas-cell fitted in a Bruker FT-IR. The CO signal was very low
(and not visible for Ni/Rutile) and was not quantified. The band area of adsorbed CO was
calculated and compared for three catalysts. The DRIFTS analysis provides quantitative
comparison within 10% as long as evolution of the same sample (or same mixture of samples)
are compared with each other (hence in each case the optical pathway remains the same). In our
case, it is also coherent to compare mechanical mixtures of similar materials, since scattering

and absorption coefficient should be similar.

In order to understand the behavior and the synergetic effect between the anatase and rutile
phases, space-resolved gas sampling was performed using a fused silica capillary (I.D. = 150
um) inserted in the catalyst bed that moved along the axial direction; data was collected for
each position (9 positions in total) along the catalyst using a mass spectrometer (OmniStar,
Pferiffer Vacuum). The custom-built reactor was made of /4" quartz tube with an 1.D. of 4 mm.

For each experiment, 100 mg of catalyst was used with a particle size between 125 and 200 pum.

H>-TPD-MS (Altamira Instruments AMI-300 device) was used to elucidate the nature of the
hydrogen adsorbed species during the desorption step. First, the catalyst (or support) (100 mg)
was purged with helium at 120 °C for 1 h in order to clean the surface of the sample. The sample

was then reduced in situ at 400 °C (10 °C-min™") for 4 h using a 1/4 mixture of He/H; and then
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cooled to room temperature under the same atmosphere. The sample was then swept with
helium at a flow rate of 30 mL-min! for 1 h to remove physisorbed and/or weakly bound
species. TPD was performed by heating the sample from 50 to 700 °C with a heating ramp of

10 °C-min’! in helium and the TPD spectra were recorded.

Catalytic tests. The catalytic tests for the methanation of CO, were performed using a
continuous-flow stainless steel fixed bed reactor (height = 300 mm, e.d. = 9.52 mm, i.d. = 7.9
mm) under a total pressure of 6.1 bar. 200 mg of catalyst with a particle size in the 100-200 pm
range were mixed with 1800 mg of SiC (Alfa Aesar). Before the catalytic test, the catalyst was
reduced in situ at 400 °C for 4 h under a 1/4 mixture of N2/Hz, at atmospheric pressure. Then,
experiments were performed at a constant WHSV (Weigh Hourly Space Velocity) of 2750
NmLcoz-h!-g!. under a No/Ho/CO, gas mixture of 1/4/1 at 340 °C and 6.1 bar. Some tests were
also conducted at 260 °C and 6.1 bar, or at 340 °C and 1 bar. Some tests were also performed
by dilution of the catalyst in TiO> support instead of pure SiC. In typical dilution tests, 200 mg

of catalyst were diluted in 1000 mg of TiO> support and 800 mg of SiC.

The composition of the reactant/product mixture was analyzed using an on-line gas
chromatograph (500 Clarius) equipped with two TCD: one with argon as gas vector to quantify
Hz, CH4, and CO, and another with helium to quantify CO,. The GC is equipped with two
Shincarbon columns (1/8, 2.0 mm, 80/100), and recorded the formation of methane and

conversion of Hz and CO; every 8 min.

The different response coefficients determined from the GC calibration allowed us to calculate
the molar fractions (X) of the different molecules considered during the methanation reaction,

as follows:

¥ = (Area of a signal ) o 1
* " \Area of N, signal) " k,
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With a = CO», CH4, H», CO and k = response coefficient.
The conversion rates of the reagents were then calculated as follows:

H, outlet flow)

, Xco ,
CO, conversion =1 - ————— H, conversion = (1 .
H, inlet flow

Xco,tXcHutXcCO
With H, outlet flow = Dry flow outlet X Xy,

With Dry Flow, the gas flow without water formed during the reaction.

Dry flow outlet = (M)

. CH,4 outlet flow
CH, yield = (¥)
Xco,*XcH,HXcO

CO, inlet flow
With CH, outlet flow = Dry flow outlet X X¢y,
CO yield = CO, conversion — CH, yield

P 9%CH ield
CH, selectivity = (4’4—3’“3)

, . CO yield
. CO selectivity = ( Y )
%C0, conversion

CO, conversion

Possible thermodynamic, heat transfers and mass transfer limitations have been checked (see
SI 1 and SI 2). When not specified, all the results are due to an intrinsic kinetic effect and thus
reflect a catalytic effect. In order to remove any effect of a different level of conversion between
experiments, the quantitative comparison of catalysts has been achieved through a robust
kinetic comparison on the basis of estimated inlet CO> consumption rates (rf:oZ) at the reactor
inlet. This goal was achieved thanks to a non-isothermal and non-isobaric unidimensional
pseudo-homogeneous plug-flow reactor model combined with the regression of a limited set of
kinetic parameters of the kinetic model from Champon et al.[36] More details on this approach
are available in the SI 3. The CO; consumption rates at the inlet (r,fioz), can then be used to
calculate corresponding TOF; at the reactor inlet. These TOF;, which refer to the number of

reacted molecules per surface active Ni per unit of time at the reactor inlet, have been calculated
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considering dispersion data (TEM mean particle size after testing) obtained from a universal

mathematical relation [35].

Catalyst stability was evaluated considering a deactivation parameter (DP) based on the
evolution of the inlet reaction rate of CO2 hydrogenation with time on stream (TOS) defined as

follows:

DP = (rCiOZ)Tos=zoh B (rCiOz)Tos=1h

(rCiOZ )T05= 1h

Because of possible differences in catalyst activity and active specie dispersion, a Turn Over
Number (TON, expressed in molco? converted per Molni surt) 18 always given simultaneously to

reflect the corresponding work of the catalyst.

3. Results
3.1. Catalyst characterization

The specific surface area, pore volume, average pore diameter, Ni loading (ICP), Ni mean
particle size and dispersion of the investigated samples are shown in Table 1. The BET area of
commercial TiOz supports follows the sequence TiO2.p25 (57 m? g!) > TiO2-anatase (10 m? g1y >
TiO2-uite (4 m? g!). As already reported for similar catalysts [20], the addition of nickel by
impregnation induces a decrease of the specific surface area for the TiO».p25-based catalyst.
Figure 1 shows the H>-TPR profiles of the calcined Ni/TiO> samples, which correspond to the
reduction of NiO. The catalysts can be classified according to their reducibility in the following
order: 10NV/TiO2-rusite ~ 10N1/TiO2-anatase > 10N1/TiO2-p25. For 10Ni/TiO2-rusire and 10Ni/TiOs-

anatase catalysts, the Ho-TPR profile presents a main reduction peak at 420 and 440 °C,

10
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respectively. An easier reduction of NiO to Ni° for Ni/TiO2-uite compared to Ni/TiO2-anatase has
been previously reported [37]. The 10Ni/Ti02-p25 catalyst profile is relatively broad (stepwise
Ni reduction) and the lower reducibility suggests a stronger interaction between Ni and the
support, arising presumably from a smaller Ni particle size. Previous H>-TPR experiments on
Ni/T102-anatase and Ni/T1O2-441. have also proposed a stepwise reduction of Ni [33]. Finally, if
the discussion on the TPR profiles of Ni/Ti0O; catalysts are generally limited to the reduction of
NiO species presenting different type of interaction with the support, some works [38, 39] also
reported that the NiO phase reduction can be accompanied by a partial reduction of Ti*' to Ti*",
resulting in the formation of O,- Ti** site (where O, denotes oxygen vacancy). It is not possible
to exclude the occurrence of such a phenomenon in our case.

The Ni particle size was obtained from both XRD and TEM analyses (Table 1). The TEM and

XRD analyses confirmed a smaller Ni particle size on the TiO2-p25 support.

6
| 520°C
5 10Ni/TiO,.pp5 - L
®
8 4
c
= S
] 420 °C
E 31
2
g 10N|/T|02-rutile <y
(8] 2 - )
~N
I
440 °C
1 -
10Ni/Ti02-anatase /\
0

50 150 250 350 450 550 650 750 850
Temperature (°C)

Figure 1. H>-TPR profiles for the 10N1/TiO2-anatase, 10N1/T1O2-rusite and 10N1/TiO2-p25 catalysts.

11
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In XRD, the characteristic NiO peak is identified at 26 = 43.55° (Figure 2). Although it has
been shown that the anatase-rutile transformation of the TiO, support is facilitated by the
metallic ions formed during the reduction [40]; such phenomenon was not significant in the
present study. The amount of anatase phase in TiO2.p2s (78 %) was determined from the

equation proposed by Spurr and Myer [41]:
Ir
% anatase = (1 + 1.26 * (1—))_1
a

where Ia (20 = 25.4°) and Ir (20 = 27.6°) are the XRD peak intensities of the anatase and rutile

crystal components, respectively.

*{101)
NiO
TiOZ—r:.‘U}'e

Tl DZ-DH&'?O‘SG

(00) 10 Ni/TiO, 5,5

(004) - (211) :
(105)+* (204) (211)

10 Ni/TiO,.,u04e
'

10N i/Tiozvanarase

20 30 40 50 60 70 80
Angle 20 (°)

(112) (215)

Arbitrary unit

=
N 3

Figure 2. XRD diffractograms for the 10N1/T1O2-anatase, 10ON1/T1O2-rusite and 10N1/TiO2-p25

catalysts.

The images obtained by conventional TEM (Figure 3a-c) allowed us to compare the

morphology of the catalysts and to determine the corresponding Ni particle size distribution

12
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(Figure S1). STEM-HAADF images (Figure 3d-f) and EDX mapping (Figure 3g-1) demonstrate
the presence of Ni particles on the three catalysts. The Ni particles are larger on TiO2-uie and
Ti1O2-anatase supports. Nickel is relatively well dispersed, especially on the 10Ni/TiO2-p2s
catalyst, presumably due to the significantly higher surface area of this support. Although TEM
studies have revealed that Ni particles show a non-wetting morphology when grown on TiO».
anatase and a wetting morphology when grown on the rutile (101) surface [42], in our case
HRTEM observations (Figure S2) were not conclusive regarding such a phenomenon, even if
it appears that the Ni particles on TiO2..uie Wwere more facetted than the ones on TiO2-anarase

(Figures 3a,b and Figure S3).

20
———

Figure 3. TEM images of a) 10N1/TiO2-anatase, b) 10N/ T1O2-1site and ¢) 10N1/TiO2-p25; STEM-
HAADF images of d) 10NV/TiO2-anatase, €) 10N1/TiO2-pusite and f) 10N1/TiO2-p25; and EDX
mapping of g) 10N1/TiO2-anatase, h) 10N1/T1O02-rusite and 1) 10N1/TiO2-p25. Scale bar (a-c): 100nm;

(d-1): 200 nm.

13
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The dispersion values of the catalysts obtained by hydrogen chemisorption are very low (0.1-
1%). Similar results have already been reported, and have been rationalized by the fact that
hydrogen adsorption on Ni/TiO: is an activated process [43]. In all cases, the dispersion values
calculated from the average particle sizes determined by TEM differ from the chemisorption
experimental values. However, the trends remain the same. The H» adsorption capacity on the
various catalysts decreases according to the following order: TiO2-p25 > TiO2-rusite = TiO2-anatase.
Since CO adsorption at low temperature (< 200 °C) may result in [Ni(CO)4] formation [44], Ni
corrosion and Ni deposition in the setup and lines, CO chemisorption was not performed.

XPS analyses were performed just after reducing the samples at 400 °C. The deconvolutions of
the Ni 2p3/> region of the three catalysts are presented on Figure 4. The chemical states of Ni

considered are the following [45-48]:

- Ni® particles: 1 peak at 852.6 eV and 2 satellite peaks (856.3 eV and 858.7 eV)

- NiO: 1 peak at 853.7 eV and 4 satellite peaks (855.4 eV, 860.9 eV, 864.0 eV, and
866.3 eV)

- Ni(OH)2: 1 peak at 855.6 eV and 5 satellite peaks (855.7 eV, 857.7 eV, 860.5 eV,

861.5 eV and 866.5 eV).

Nickel is present as Ni°, NiO and Ni(OH): on the three catalysts. The superposition of the bands
does not show any significant differences between the different catalysts at the level of the
binding energies. Table 2 groups relevant results obtained after deconvolution of the XPS
spectra. The atomic percentage and binding energies associated with all the corresponding
peaks are given in Table S8. The relative atomic percentage of Ni’ follows the order 10Ni/TiO>-
anatase > 1ONi/TiO2-usite > 10Ni/TiO2.p25. The lower amount of Ni’ on 10Ni/TiOz.p25 is in
accordance with the TPR results, and should be due to the smaller particle size measured for
this catalyst. Indeed, small Ni’ particles interact strongly with the support, and react with

oxygen at a faster rate than with large particles [49].

14



Table 1. Specific surface area, pore volume, average pore diameter, Ni loading (ICP), Ni mean particle size and dispersion of the investigated

samples.
BET surface Pore volume Average pore o,n:  Niparticle Niparticle Ni particle o/nd
Sample area (m? g!) (cm® g1) diameter (nm) AN (nm)®  size (nm)®  size (nm)° Di (%)
TiOZ—anatase 10 0.12 15 - - - - -
TiO2-uite 4 0.05 15 - - - - -
TiO2-p25 57 0.31 17 - - - - -
1ONVTIO>. 10 0.14 17 11.0 31 24 27 4.4
anatase
10N/ TiO2-susite 4 0.05 16 10.1 33 27 29 4.1
10N1/TiO2-p25 47 0.37 15 10.1 22 17 20 6.1

2 The Ni crystal size after reduction, from TEM.
® The Ni crystal size after reduction, from XRD.
¢ The Ni crystal size after catalysis (340°C, time-on-stream (TOS) = 25 h), from TEM.
4 Dispersion of Ni, calculated from the average particle sizes determined by TEM.

15



Regarding the difference between 10Ni/TiO2-anarase (36 % Ni®) and 10Ni/TiO2-uite (25.5 % Ni°),
it might be related to the different Ni/Ti surface atomic ratios in these samples. The 10N1/TiO»-
rutile catalyst shows a significantly higher ratio (0.81) than 10N1/TiO2-anatase (0.31), which should
result from the lower surface area of the TiOx-.uiie support. Another explanation for the higher
Ni/Ti surface atomic ratio observed on 10N1/TiO2-. could arise from the fact that Ni particles

on Ti1O2-anarase are wrapped by a thin TiOx overlayer [33, 50].

4600 9000

8500

=
o
n 4200 S so00
£ z
Z £ 7500 % /
2 3800 £ \ - |
8 - —Ni2p3/2 metal < |
£ —_Ni2p3/2 metal —Ni2p3/2 Ni(OH)2 T Q‘
—Ni2p Ni(OH)2 6500 Ni2p3/2 NiO O
3400 —Ni2p NiO A\
—Envelope
—Envelope 6000
Exp
Exp
3000 5500 i i i
885 880 875 870 865 860 855 850 845 885 880 875 870 865 860 855 850 845
Binding energy(eV) Binding energy(eV)
c d)
3400
N
_ [ 3000
§ 8606 23 a\ L ION!/T!OZ,,,W,,;E
< 3200 E P i = \\\ //\)/ AVl = 10Ni/TiO,_, e
£ S 7000 - \ = 10Ni/TiO, 5,5
g z \
£ 5000 -
= 2 = o /\’f\m\
€ s
Ni2p3/2 metal £ 5000 \
3000 ) ea/ £ s
—Nizp Ni{OH)2 <\ 4000 M
—NzpNo 00 | N
—Enveloppe
i i 2000
2800 P , , , ' 885 875 865 855 845 865 855 845
885 880 875 870 865 860 855 850 845 Binding energy (eV)

Binding energy(eV)

Figure 4. Deconvolutions of Ni 2p32 peak of the catalysts, after ex-sifu reduction under H> at
500 °C a) 10N1/TiOz-anatase, b) 10N1/TiO2-rusite, and ¢) 10N1/TiO2.p25. d) Superposition of the Ni

2ps3/2 bands of the three samples.

However, our HRTEM observations and STEM-EDX analyses (Figures S4), as well as the
catalytic results (see below) do not support this possibility on any of the three supports. This is
understandable if we consider that for Ni/TiO> catalysts, strong metal support interactions are
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significant when a high calcination temperature is used, typically around 800 °C [51, 52]. The
low Ni/Ti surface atomic ratio measured for 10N1/TiOx-p25 should be related to the much higher
specific surface area of this catalyst. No significant changes in the Ni® binding energy were
noticed for the three catalysts, precluding significant differences in charge transfer between
these samples, which could affect selectivity in the Sabatier reaction [53, 54]. This is expected
if we consider the large Ni particle size; but we cannot exclude that some differences exist in
the interfacial region between the metal and the support. Titanium is in the Ti** form, and the
Ti** form characteristic of reduced TiO2 [55] was not detected (Figure S5) under these
conditions. From HRTEM observations, STEM-EDX analyses (Figures S4) and these XPS

data, we can thus exclude the mobility of TiO2.x over the nickel surface.

Table 2. Atomic relative percentage of Ni species, Ni® and Ti binding energy and Ni/Ti at.
ratios of the catalysts determined by XPS analyses after ex sifu reduction under H» at 400 °C.

Catalyst Ni’ (%) Ni(OH)2 (%) NiO (%) Ni°B.E.(eV) TiB.E.(eV) Ni/Ti

10N1/TiO2-anatase ~ 36.0 42.0 22.0 852.6 459.1 0.31
10N/ TiO2-usite 25.5 35.6 38.9 852.5 459.2 0.81
10N1/T1O2.p25 19.7 50.6 29.6 852.6 459.3 0.14

Based on the above analyses, we can conclude that the main difference between the three
catalysts arise mainly from the higher BET surface area of TiO»-p25, which allows a better nickel
dispersion on that support. The smaller Ni particles present on TiO2-p25 are more difficult to
reduce than those supported on TiO2-anawse Or TiO2-ruite. The higher dispersion of Ni on
10N1/T102-p25 should result in a higher catalytic activity for CO> methanation, as demonstrated

by Wei et al. [20].
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3.2. Evaluation of the catalytic behavior

The catalytic performances of the obtained Ni/TiO2 catalysts towards the reaction of CO2
methanation were studied under different configurations: i) pure catalysts in single fixed-bed
reactor configuration; ii) mixture of catalysts in single fixed-bed reactor configuration, and iii)
pure catalysts in two separated and successive fixed-beds. Reproducibility tests were regularly
performed on the 10Ni/Ti0x.p25 catalyst, showing experiment error in the range + 5%.

Pure catalysts in single fixed-bed reactor configuration. Figure 5 shows the CO, consumption
rates at the inlet of the reactor (rf:oZ) and CHg selectivity of 10N1/TiO2-anatase, 10N1/T102-p25, and
10ON1/TiO2-rusite at 260 °C. Table 3 summarizes the values of CO; conversion, CH4 selectivity,
CO; consumption rate and initial TOF at 260 and 340 °C. At 260 °C, the conversion values
were all below 10%, far from the thermodynamic equilibrium composition. Thus, any
thermodynamic limitation can be excluded at 260°C (see SI 1-2 for further details). The reaction
rate at the inlet of the reactor rioZ of the three catalysts follows the order: 10Ni/T10z-p25 >
1ON/TiO2-usite >> 10N1/TiO2-anarase (Kcozmetn kinetics constants are given in SI.2, Table S7).
These results confirm the findings of Bao et al. for Ni/TiO; catalysts; i.e. Ni/TiO2-ruite is much
more active than Ni/TiO2-anase for CO2 methanation [33]. Since the 10Ni/TiO2.p25 catalyst
presents a smaller mean Ni particle size compared to 10Ni/TiO2-ruite and 10N1/TiO2-anatase
catalysts (Table 1), the TOF; led to the following order 10Ni/TiO2-rusite = 10N/TiO2-p25 >>
1ONV/TiO2-anarase- Additionally, as the Ni particle size is significantly smaller on TiO2.p25 than
on TiO2-.uie, N0 Obvious structure sensitivity is apparent in the particle size range investigated.
Considering that: 1) the Ni particle size is similar on 10Ni/TiO2-anarase and 1ONV/Ti1O2-puite
catalysts, i1)) no TiOx overlayer is present on these particles, and iii) the nature of the
metal/support interaction is not significantly different for these catalysts (except maybe at the
interface), it is reasonable to propose that all catalysts should contain mainly interfacial actives

sites, i.e. those located at the gas/particle/support interface [56].
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Figure 5. Comparison of: a) CO; consumption rates at the inlet of the reactor; and b) CH4
selectivity of 10Ni catalyst on 10N1/TiO2-anatse (blue diamonds), 10N1/TiOz2. e (red circles)

and 10N1/Ti02-p25 (black triangles) at 260 °C.
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Table 3. CO; conversion, CH4 selectivity, CO2 consumption rate and initial TOF (TOF;) of Ni catalysts on different supports obtained at 260 °C

and 340 °C.
Catalyst COz conv. (%)? CHs selec.(%)? rlo, (mmolcoz gear' h™) TOF; (h™)
1ONY/TIO-anarase 4.5 (42.6) 66.4 (19) 5.8 71
1ONI/TIO -t 8.8 (78.4) 99.5 (98.3) 11.7 166
1ONY/TiO2.p25 11.0 (95.6) 99.9 (99.5) 15.1 146

2 The values between brackets are the value obtained at 340 °C.
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As far as selectivity is concerned, it follows the order: 10Ni1/TiO2.p25 = 10N1/TiO2-usite >
10N1/T102-anatase- In the case of 10N1/TiO2-anatse, higher amounts of CO are produced. It has
also been shown that the binding strengths of key reaction intermediates at the metal/oxide
interface determine the reaction pathways and selectivity in CO> hydrogenation reactions [57,
58]. The presence of Ni single atoms or very small nanoparticles or clusters that bind CO too

weakly, could also facilitate an easy desorption [54, 59, 60].

The stability of the catalyst is also an important property for CO2 methanation because of
possible Ni sintering and coke deposition under the exothermic reaction conditions, which can
lead to fast deactivation. The catalyst stability was investigated for the three catalysts using
deactivation parameter (DP) representing the relative loss in reaction rate at the inlet of the
reactor and a corresponding TON. These evaluations were done at 260 °C and 340 °C under a
constant GHSV of 16500 NmL/h/gcata for a time on stream of 20 h. For the experiments at 260
°C (Figure S6), no detectable deactivation occurs during 20 h for 10N1/TiO2-uire and 10N1/T1Ox-
p2s and a slight one for 10N1/TiO2-anatase With a DP around 7 %. Final TON values of 1340, 2750
and 2214 are reached for a TOS of 20 h at 260 °C for 10Ni/TiO2-anatase, 10N1/TiO2-yui2e and
10N1/TiO;.p25 respectively. The same experiments run at 340°C (Figure S6) indicate again that
no detectable deactivation was observed for 10N1/TiO2-uire and 10Ni/TiO2.p25 and a pronounced
one is observed for 10Ni/mawse (DP = -62%). Nonetheless, the high conversion level
encountered with 10Ni/TiO2.p25 at this temperature is too close to the thermodynamic
equilibrium to draw any robust conclusion on the catalyst stability at this temperature for this

catalyst. One can just reasonably expect that it is due to its similarity with the rutile catalyst.

The final TON values reached during these experiments are logically higher than the former
ones and are of 12 710, 27 250 and 22 370 for 10N1/TiO2-anatase, 10N1/TiO2-r1ie and 10N1/TiO5-
p2s respectively. Deactivation of Ni/TiO> catalysts during CO> methanation has been ascribed

either to coke formation through either CH4 decomposition, or via CO disproportionation [24],
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or to nickel oxidation [61]. It is interesting to notice that this deactivation is more likely on the
catalyst prepared on the anatase phase, which also produces more CO available for

disproportionation.

Mixtures of catalysts in single fixed-bed reactor configuration. In order to obtain more
information on the influence of the TiO» phase on the catalytic performances, calcined
10N1/TiO2-anatase and 10N/ TiO2-.ite catalysts were physically mixed at different weight ratio.
Table 4 shows the CO; conversion, CHs selectivity, CO> consumption rate and inlet TOF; of
these catalyst mixtures. Figure S7 shows the evolution with ToS of CO2 consumption rate and
CHy selectivity. The use of 10N1/TiOz-anatase and 10N1/TiO2-quite catalyst mixtures (presenting
similar particle sizes) improves the CO, consumption rate, and a synergistic effect is evidenced
(kcozmeth kinetics constants are given in SI.2, Table S7). Interestingly, the synergistic effect was
noticed even if the catalysts were mixed after the calcination step, which differs from the work
of Sassoye et al. [31,32]. Figure 6 shows the inlet CO2 consumption rate and the corresponding
TOF; for the mixed series from pure 10N1/TiO2-anatase to pure 10N1/TiOz-ruie catalyst, as a
function of the anatase content in the supports. A synergy is clearly observed for a % of
1ONV/TiO2-anarase between 40 and 80%, as the catalyst mixtures are more active than the
corresponding calculated weighted rates based on single-phase rates. The highest TOF; was
obtained for a ratio 70/30, close to the 72/28 ratio of TiOz-p2s. It is worth noting that the TOF;

of the 70/30 mixture (211 h™!, Table 4) is markedly higher than that of 10Ni/TiOx.p25 (146 h).
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Figure 6. a) CO> consumption rate at the inlet of the reactor; and b) TOF; at 260 °C for the
mixed series from pure 10N1/TiO2-grarase to pure 10N1/TiO2-nusite catalyst, as a function of the
anatase content. The full lines indicate the calculated weighted average of 10N1/T102-anatase and
10N1/T1O2-usite individual performances. The red diamond corresponds to the 10Ni/TiO2-p25

catalyst.
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Table 4. CO: conversion, CH4 selectivity, CO, consumption rate (sum of methanation reaction rate and RWGS reaction rate) at the inlet of the

reactor, initial TOF, and specific activity of 10N1/TiO2-anatase + 10N1/T1O2-i at different ratio and 260 °C (average values after 20 h).

10Ni/TiO:-anatase/ 1ONVTIO 2-ruiite CO: conv. CHi selec. o, TOF:
(weight %) (%) (%) (mmolco: gear h™') ()

100/0 45 66.4 5.8 71

80/20 6.1 87.9 7.9 101

70/30 11.9 97.8 16.3 211

60/40 9.1 92.7 12.2 159

40/60 8.7 94.7 11.6 155

20/80 6.5 94.7 8.5 117

0/100 8.8 97.2 11.7 166
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Pure catalysts in two separated and successive fixed-beds. We performed a series of
experiments with two successive beds of 10N1/TiO2-anatase and 10N1/T1O02-usite (Figure S8 shows
the two reactor configurations with the two separated beds). In the first configuration (C1), the
gas flow passes first through a bed of 10N1/TiO2-usite, and then through a separate bed of
10N1/T102-anatase- In the second configuration (C2), the gas flow passes first through a bed of
10N1/T102-anatase, and then through a separated bed of 10N1/T1O2-usite. It is important to note that
in these two configurations the two beds are not in physical contact since they are separated

using quartz wool. The results of this series of experiments are summarized in Table 5.

Table 5. CO; conversion and CHjy selectivity of two successive beds of 10N1/TiO2-rutite (20%)
and 10N1/TiO02-anatase (80%) and vice versa at 260 °C. Conversion and selectivity reported here

are average values for 20 h of TOS.

Configuration CO; conv. (%) CHs selec. (%)

C1
11 (5.6)" 84.4 (78.6)*
ﬁl"Sf ]ONZ./TiOZ-ru[[[e then IONZ./TiOZ-anamse

C2
3.5(5.4)y 97.9 (77.1)*
first 10Ni/TiO:-anatase then 10Ni/TiOx-rusite

2 Expected values (without the synergy) obtained by the simulation of the two successive beds using regressed

kinetic parameters of pure 10Ni/TiO,-rutile and pure 10Ni/TiO,-anatase are given between brackets.

This series of experiments is important since it clearly demonstrated that a physical contact
between the two catalysts is not necessary to obtain the synergistic effect in the case of the
configuration C1. Our results contrast significantly with previous studies showing an influence
of the TiO; crystallographic phase on CO> methanation, since: i) from XPS analyses, activity
does not seem to be linked to a different electronic interaction between Ni and TiO: as

previously discussed [33], except maybe at the interface where should be located the active
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sites; and ii) the hypothesis of metal migration [31] is excluded from this latter experiment

series.
3.3. Space resolved-gas-sampling analyses.

The following conditions were used for space-resolved gas sampling during CO, methanation:
Piotar = 1 bar, T = 340 °C; CO2/Ha/He = 1/4/10; WHSV = 1200 NmLco2 h™! g!.Under these
conditions, CO,, CHas, and CO were quantified using an FTIR spectrometer to follow the gas
phase composition under different reactor configurations: 1) 10N1/TiO2-anatase; 11) 10N1/T105-
rutite; 111)  TONVT102-anatase (80%) +10N1/T1O2-ruite (20%) catalyst mixture; iv) two beds
configuration - first 10N1/TiOz2-anarse (80%) then 10N1/TiO2-puite (20%); and v) two beds
configuration - first ION1/TiO2-uite (20%) then 10N1/TiO2-anawse (80%). The catalytic results
(conversion and selectivity) obtained at atmospheric pressure in these experiments as well as in
the methanation reactor are presented on Table S9 and Table S10, respectively. The space-
resolved gas sampling was performed using a capillary inserted in the catalyst bed (Figure S9)
that moved along the axial direction; data were collected for each position along the catalyst
using MS. The quantitative results obtained are summarized on Figure 7. This series of
experiments shows that 10Ni/TiO2.uie promotes the formation of CH4 (Figure 7b), while
10N1/T1O2-anatase promotes the RWGS reaction with formation of CO, together with CHy4 (Figure
7a). When the 2-bed configuration is used, it is observed that: 1) in the configuration 10Ni/TiO»-
ruiite first, CO2 methanation occurs first, and then on 10N1/TiO02-anarase RWGS comparably more
accelerated; and 1) in the configuration 10N1/TiO2-anatase first, first CO2 methanation and RWGS
take place, the evolved CO on Ni/TiO2-anawse does not further react on the Ni/TiO2- e catalyst
that only produces more CHs and water. Due to the rather low activity at the atmospheric
pressure of this space-resolved gas sampling study, the differences between the two sequential-

bed configurations are not large. Nevertheless, the selectivity trends defined by the support
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structure and also the advantage of the close vicinity of the anatase TiO; and rutile TiO:

supported Ni catalysts on methanation activity is evident (Figure 7¢ vs. Figures 7d and 7e).
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Figure 7. Space-resolved gas sampling for: a) 10Ni/TiO2-anatase; b) 10N1/TiO2-usite; €) catalyst
mixture 10N1/TiO2-anaase (80%) +10N1/TiO2-rusite (20 %); d) 2 beds — 20% 10N1/TiO2-rusite and
80% 10N1/TiO2-anatase; and €) 2 beds — 80% 10N1/TiO2-4natase and 20% 10N1/TiO2-ruite. (blue:
COg; orange: CHj4; and brown: CO (the contribution from CO; has been subtracted)). MS
profiles (a.u.) along the catalyst bed were converted into concentration profiles (in vol. %) by

using the inlet and outlet gas concentrations measured by FTIR.
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3.4 Surface species analysis by DRIFTS operando

For surface species analysis by DRIFTS operando during CO: methanation, the following
conditions were used: Pyl = 1 bar, T = 280-340 °C; CO2/Hz = 1/4; WHSV = 336 NmLcoz h™!
g'!l. These experiments were performed after reducing the catalyst under H» at 400 °C for 1 h.
Under these conditions, 10Ni/TiO2-gnatase, 10Ni/TiO2uite and the catalyst mixture 80%
10N1/T1O02-gnatase + 20% 10N1/T102-1uite Were studied. First, the relative rates were measured at
280 °C, and under these conditions, a synergistic effect was also observed, as compared to
weighted activities (Figure S10). A series of experiments was also performed at different
temperatures to calculate the apparent activation energy (SI.2, Table S7). The calculated
activation energies were 80 (10N1/TiO2-anatase), 105 (10NV/T1O2-uite), 133 (10N1/TiO2-p25) and
85.5 kJ.mol™! (catalyst mixture). Figure 8a shows the spectra for the 10Ni/TiO2- e catalyst at
various temperatures between 50 and 280 °C taken in the DRIFTS cell under a CO>+H> feed.
Only the large band of COx(g) at 2360 cm™! is visible for all the temperatures, whereas the
CHa(g) band at 3050 cm’! starts to appear at 260 °C. There are no visible surface species on
1ON1/TiO2-ruite. If, at 280 °C, Hz is removed from the gas mixture, two large bands at 1875 and
2024 cm’' appear, characteristic of multi-bonded and linear CO on Ni, respectively. These
bands disappeared when Hz was added again to the gas mixture, meaning that nickel carbonyl
species are reversibly formed when H» is removed (Figure S11). DRIFTS spectra were also
recorded at various temperatures with 10N1/TiO2-unase (Figure 8b). In that case, carbonyls
adsorbed on Ni are visible under a CO2+H> feed, exhibiting two characteristic bands at 1842
cm’! for multi-bonded nickel carbonyl and 2070 cm™ for linear nickel carbonyl species.
Surprisingly, the CO adsorbed on Ni with the mixture of H/CO; is slowly removed when H»
is not present in the gas mixture (Figure S12). Ni-CO species are still present 5 min after

removing H», and they only disappear after 4 h.
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Figure 8 DRIFTS spectra recorded under 2% CO2 + 8% Hz (1 bar) for: a) 10Ni/TiO2-juite at
various temperatures; b) 10Ni/TiO2-gramse at various temperatures; and c) 10Ni/TiO2-rusite,
10Ni/Ti02-anatase and the catalyst mixture 80% 10Ni/TiO2-anatase + 20% 10N1/TiO2-ruite at 280°C.

(WHSV =336 NmLco2 h'! g!).
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This contrasts with the data collected over the 10Ni1/TiO2..usie catalyst, possibly due to
differences in CO> adsorption or dissociation rates or CO desorption rate (and the gradual
oxidation of Ni particles by CO> in the absence of H»). There is no visible formation of formate
or carbonate species on nickel. These results contrast with those obtained by Bao ef al. at much
lower temperature (i.e. 75 °C) [33], who observed the formation of hydrogenocarbonate species
on both N1/TiO2-usite and N1/TiO2-anawse catalysts. The higher temperatures used here likely led
to lower surface coverage of these weakly bound species. The study by Bao et al. was also
conducted at atmospheric pressure, but using a catalyst reduced 4 h at 500°C and at a higher
WHSV (2400 NmLcoz g! h'!). The fact that such adsorbed species were not observed in this
study could thus be related to: 1) a low surface coverage; or ii) the reduction conditions. For this
latter possibility, Panagiotopoulou et al. have recently shown that during CO> methanation
formate species appeared after prolonged catalyst reduction [62]. The same operando DRIFTS
experiments were performed with the mixture of catalysts. Figure 8c shows a comparison of
the three catalysts. A quantitative analysis of the sample spectra at 280 °C (Figure 8.c) is only
valid if the materials exhibit similar scattering and absorption coefficient, leading to similar
optical pathlengths. This can be assumed to be true in the present case, since a mixture of the
same loading of Ni supported on two titania polymorphs are considered. For the catalyst
mixture 80% 10N1/Ti102-anatase + 20% 10N1/T1O2- e, CO adsorbed on metallic Ni is still visible,
but the band area of adsorbed CO has a calculated value of 0.79 for the mixture, when a value
of 1.25 (= 0.8 * 1.56) would be expected for an 80% dilution of the signal obtained on the pure
10N1/T102-anatase. This important observation corroborates the fact that the 10N1/TiO2-usite
assisted the hydrogenation of the CO(ads) on the 10N1/T1O2-gnazase. This result enables to unravel

the origin of one of the synergetic effects between 10N1/TiO2-usie and 10N/ Ti1O2-anarase.
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3.5 H,-TPD experiments and catalytic tests to assess hydrogen spillover

The results from catalyst characterization, catalytic study, operando DRIFTS and MS study can

be summarized as follows:

- 10ONV/TiO2-anatase and 10N1/TiO2-usite present similar Ni particle size before and after
catalysis, and from XPS analyses, similar metal support interactions (except maybe at
the interface where should be located the active sites);

- for pure catalysts, the activity, selectivity and stability for CO, methanation are higher
on Ni/TiO2.usite than those on 10N1/T102-anatase;

- when a mixture of these two catalysts is used, a synergistic effect is observed, since the
measured rate of the mixture is higher than the corresponding calculated weighted rate;

- the two catalysts do not need to be in physical contact for the synergistic effect to occur
(configuration C1);

- during the methanation reaction, adsorbed CO is accumulating on Ni/T1O2-anatase, and

one role of the Ni/TiO:-..ite could be to assist the hydrogenation of this adsorbed CO.

Taken together, these results suggest that: 1) these catalysts could contain mainly interfacial
actives sites; 11) Ni/TiO2-anawse 18 @ more selective but less active RWGS reaction catalyst
compared to Ni/TiO2.qe (hypothesis independently checked, see Figure S12), which is a
necessary step for methanation; iii) methanation of CO, generally recognized as the rate-
determining step of the reaction [30, 63-66], should be faster on Ni/TiO2usite [33], iv) hydrogen
spillover, which occurs fast and at relatively large distances on reducible supports, by surface
species but also by gas-phase radicals [67-69], could be involved in the process, by assisting
the CO; hydrogenation steps on Ni/TiO2-anarase; and v) the optimal anatase/rutile ratio can arise

from the balance of the reaction rates for the H-spillover and CO;, methanation.
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Concerning hydrogen spillover, it is worth mentioning that it has already been proposed as the
explanation of the synergy between Pd/y-Al,O3; and Rh/y-Al>Os catalysts in CO> methanation
[70]. In that study, the authors have shown that although Pd/y-Al>Os is inactive at 200 °C, the
activity of mechanical mixtures of the two catalysts was up to 50 % higher than that of the pure
Rh/y-Alb O3 catalyst. While Pd/y-Al,O3 alone could not hydrogenate the Pd-CO adsorbed
species, the presence of Rh/y-Al,O3 significantly increased the reactivity of Pd-CO species,
which was proposed to account for the observed synergistic effect, via hydrogen spillover.
Synergies associated to H-spillover were also reported for mechanical mixtures of Rh/y-Al,O3
(methanation catalyst) and Ni/C (spillover catalyst) [71], for Ni-Ru/SiO»-La,O3 catalysts (Ni:
methanation catalyst, and Ru: spillover catalyst) [72], or for Co-Pt/SiO> catalysts [73, 74]. In
this latter case, it was shown that the H-spillover (from Pt to Co) significantly enhance the
reduction of Co. This effect could be also important in our case since: 1) it is known that Ni
deactivation can occur due to coke formation [75] or formation of Ni-hydroxide by reaction
with water [63], and ii) the deactivation observed for pure Ni/TiO2-anarse 18 suppressed when
using the catalyst mixture (see Figure S7). Another implication of H-spillover in CO>

methanation on Ru/CeO» [76] and Ni/MgO [77] catalysts is related to H-assisted HoO removal.

H»-TPD of the three catalysts, 10Ni/TiO2-anatases 10Ni/TiO2-rusite and the physical mixture, were
performed after hydrogen reduction at 400 °C in order to quantify the spillover of hydrogen.
The total amounts of Hz adsorbed on these three catalysts were 29.6, 50.3 and 32.9 umol.g™! for
10N1/T102-anatase, 10N1/T1O2-us7e and the mixture, respectively. Concerning the supports (Figure
9), higher amounts of H, were observed for the TiO2-uite (4 m? g'!) than for TiO2-anarase (10 m?
g). The heterolytic H» dissociation (leading to a hydride and a hydroxyl) on TiO2. . has been
reported to proceed much more easily (Ea = 8.5 kcal mol™) than on TiO2.anarase (Ea = 24 keal
mol™!) [78]. For TiO2-suie, the hydride produced by the Ha heterolytic activation can transfer

from Ti to O with activation energy of 22.8 kcal mol™!, yielding the homolytic products. For the
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catalysts, higher amounts of H> were observed for the 10Ni/TiO2-use compared to 10N1/TiO»-
anatase. Theoretical calculations have shown that although H> desorption is difficult on a
stoichiometric TiO; surface, it becomes easier (and favored upon H>,O desorption) with an
increase in Oy, which are generated by H>O desorption [79]. Two main desorption peaks are
observed at ~190 and ~300 °C. The presence of these two peaks in Ni/Ti0O; catalysts has already
been reported [80]. The peak at lower temperature (190 °C) can be attributed to hydrogen
chemisorbed at the surface of the Ni particles [20], and to reverse hydrogen spillover. The
presence of a peak at higher temperatures has been discussed in several studies dealing with
hydrogen spillover on TiO> supports, it is ascribed to H-spillover associated with the support
[81, 82]. The desorption of hydrogen adsorbed at interfacial sites located at the metal-support
interface has also be invoked [83]. These analyses point to a higher H-spillover on 10Ni/TiO»-
rutile than on 10N1/T102-anawase. On Ru/T107 catalysts, the opposite situation was observed [53],
which highlights the importance of the intimate interaction between the metal and the support

on the jump of the hydride from the metal to the support.
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Figure 10. Comparison of: a) CO> consumption rates at the inlet of the reactor; and b) CHy
selectivity at 260 °C of 10Ni/T102-p25 diluted with 1.8 g of SiC (black triangles), diluted in TiO»-
rutile (red circles) - 0.2g 10N1/TiO2-p25 + 1g TiO2-rusite (+ 0.8 g SiC), and diluted in TiO2-anazase

(blue diamonds) - 0.2g 10N1/TiO2-p25 + 1g TiO2-anatase (+ 0.8 g SiC).
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Since spillover is often postulated when a dilution of the catalyst leads to an activity increase,
we performed two experiments starting from the 10N1/TiO2.p25 catalyst, measuring the CO»
consumption rate evolution upon dilution of the catalyst with either TiO2-usite O T1O2-anatase (in
addition to SiC). The increase of the rate with higher degrees of dilution can be understood if
one admits that the reaction also involves the support (because of spillover hydrogen) in
addition to reactivity occurring on the sites of the Ni/TiO, particles. The results of these
experiments performed at 260 °C in order to better quantify differences are shown on Figure

10 and Table S11.

For both tests performed with diluted catalysts, the rate increases, confirming hydrogen
spillover. The rate increase is significantly higher when the dilution is performed with the TiO»-
anatase SUpport, with a calculated TOF = 0.0197 s, which is one of the highest reported for Ni-
catalyzed CO2 methanation at this temperature and GHSV (see Table S12 for comparison with
reference catalysts). We independently verified that an increase in CO; consumption rates was
also observed after dilution of the 10N#/TiO2-ruiie catalyst in pure TiO2-anawse Support (Figure
S14 and Table S13). These data suggest that CO- is also hydrogenated on the Ni-free TiO»-
anatase and much less on the Ni-free TiO2-usite. On TiO2-gnatase, however, the reaction seems to be

slightly less selective (Table S11) since small amounts of CO are produced.

These results can be rationalized by: i) an easier spillover hydrogen species diffusion on TiO».
anatase than on TiO2-ie and/or ii) the higher specific surface area of TiO2-anarase (10 m? gh)
compared to TiO2ruie (4 m? g'). To evaluate the impact of the support surface area we also
performed a dilution test with the 10Ni/TiO2.p2s catalyst and only 0.4 g of TiOx2-unawse to be at
isosurface with 1 g of TiO2..uie (Table S11). In that case the CO> consumption rate increases
compared to pure 10Ni/TiO2-p25 (15.0 mmolco, geo' h™') is not so high. Indeed, the rate is 25.0
mmolcos gear! h' (0.4 g of TiO2-anatase) instead of 45.4 mmolcos gea! h! (1 g of TiO2-anatase), Which

is still higher than with 1 g of TiO2-muie (21.3 mmolcoz ge! ).
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If the bare supports are considered, the mechanism for hydrogen atom diffusion has been
investigated by DFT [84-86]. Three competing processes have been taken into account, namely,
migration of H on the surface, diffusion of H into the bulk, and hydrogen desorption. On both
supports, diffusion of H into the bulk is both kinetically and thermodynamically favorable.
Activation barriers for bulk migration of 102 and 67 kJ mol™' have been reported for TiO2-usite
and TiO2-anarase, respectively. This latter result corroborates our experimental findings. We can
thus propose that Ni-initiated hydrogen spillover on Ni/TiO> creates active sites on the TiO»
bare support for CO hydrogenation. The generation thanks to H-spillover of active
hydrogenation sites on TiO2 (Oy created by partial reduction of Ti0O) has already been reported
during the Ag/TiO> catalyzed hydrodeoxygenation of guaiacol [87] and the Fe/Ti0, catalyzed

ammonia synthesis [88].

It thus appears that the origin of the synergetic effect between TiO> crystalline phases in the
Ni/TiO2 catalyzed CO> methanation reaction comes from hydrogen activation. The Ni/TiO»-
rutile catalyst is much more active for CO> reduction to methane than Ni/TiO2-anarase for a CO2/Ha
ratio of 1/4 and 1/1. On the other hand, Ni/TiO2-¢nazase 1s more selective for the RWGS reaction
catalyst, and the diffusion of H-species is easier on the TiO2-anarse Support than on TiO2usite.
Thus, in a catalyst mixture, the H-species resulting from the spillover on the Ni/TiO2-juite

catalyst should have the tendency to accumulate on the TiO2-anarase Support (Scheme 1).

The contact between the two supports is actually not necessary since gas phase hydrogen
spillover can occur [66-68, 89-91]. Even if thermodynamically the gas phase H spillover
concentration should be very low [92], it should permit a fast formation of H species adsorbed
on the support. Additionally, the water present in the gas phase could be involved in the
transport process maybe via the reactor walls or the quartz wool used to separate the catalyst

beds [93].
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Scheme 1. Hydrogen spillover and H diffusion in a Ni/TiO2-suite - N1/TiO2-anarase catalyst

mixture.

When these H species have reached the TiO2.anase Support, the CO2 hydrogenation is greatly
improved on the N1/Ti102-anazse catalyst, the methane being formed even from the support alone,
and catalyst deactivation is reduced. The part of CH4 formed directly on the TiO; support is
however relatively low. Thus, we compare the CO> conversion at 260 °C for the 10N1/TiO2-wsite
catalyst (200 mg), the 10N1/T1O2-uie catalyst (60 mg, corresponding to 30% in weight) mixed
with 140 mg of T102-anawse (corresponding to 70% in weight), and the N1/TiO2-..iz catalyst (60
mg, corresponding to 30% in weight) mixed with 140 mg of Ni/TiO2-anawse (corresponding to
70% in weight). The results, presented on Table S13, clearly show that the conversion
improvement linked to the Ni on Ni/T1O2-gnazase 1S much higher than the one linked to the TiO»-
anatase SUpport itself. The precise role of the H species is still unclear, but it is worth mentioning
that TiO; reduction by hydrogen spillover has been reported [94-96]. Additionally, it was
reported that on Rh catalyst supported on CeO> (another reducible support), the fraction of CO
that undergoes dissociation increases significantly as the CeO; surface is reduced [97]. The fact
that the TOF of the catalyst mixture is significantly higher than that of the Ni/TiO2.p25 catalyst

could be related to the lower specific surface area of the supports used in the mixture compared
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to TiO2-p25, and to Ni particle proximity, which should be higher for the mixture of catalysts.
These two characteristics should favor the hydrogen spillover. Finally, considering the fact that
Ni particles in Ni/TiO2-anatase and Ni/TiO2-niile catalysts present similar sizes without TiOx
overlayers, and similar electronic interaction with the supports, we can propose that these
catalysts should contain mainly interfacial actives sites [98]. The importance of the metal-
support interface in Ni-catalyzed CO> hydrogenation has been discussed [57,77,99,100]. For
CO2 methanation, the role of the active sites located at the Ni-support interface has been studied
by DFT and operando DRIFT analyses, and different implications related to the reaction

mechanism have been proposed.

On Ni/ZrO; catalysts, hydrogen species generated by hydrogen spillover could contribute to the
formation of Oy on the ZrO, surface, which enhance CO» adsorption and activation [99]. It was
also proposed that the interaction of the Ni-ZrO; interface with adsorbed CO was strong enough
to facilitate its further hydrogenation to CHs4 [57]. For the Sabatier reaction on Ni/MgO
catalysts, it was shown by DFT that the presence of the MgO support is beneficial for the OH
removal from intermediate species, and consequently for H>O formation during CO>
methanation, due to hydrogen-spillover and the strong OH adsorption on the MgO support [77].
On Ni/CeO; catalysts [101], it was recently proposed that, as in the case of Ni/ZrO» catalysts
[99], H-spillover from Ni to CeO; can lead to a partial reduction of CeO» and generation of Oy
at the metal-support interface region. A linear correlation between the CO> methanation
reaction rate and the number of Oy was reported. This suggests the involvement of surface Oy
in CO; adsorption and activation [102]. A similar phenomenon could occur on TiO, another
reducible oxide. Such a phenomenon could be at the origin of the difference of reactivity
between 10N1/TiO2-anatase and 10N1/TiO2- e catalysts. Indeed, it was shown by DFT that the

Oy formation energy is much lower on TiO2. it rutile than on TiO2-anatase [103]. Thus, the
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higher H-spillover on 10N1/TiO2-uite than on 10N1/TiO2-gnase could result in a higher

concentration of Oy on the 10N1/TiO2-.4 catalyst, and consequently a higher activity.

Finally, as far as Ni/TiO> catalyst stability is concerned, it is worth mentioning that it has been
reported that highly active hydrogen species resulting from spillover that diffuse on Ni catalyst
surface lead to the hydrogenation of the coke precursor species adsorbed on the catalyst
[104,105], and to the reduction of nickel oxide [106]. Such phenomena could explain why the
use of mixture of TiO2 phases allows limiting catalyst deactivation (Fig. S6b for 10Ni/TiOx-

P25).

4. Conclusion

Nickel catalysts (10% w/w) were prepared on TiO2-suite, TiO2-anatase and TiO2.p2s5. The catalysts
prepared on TiO2..uie and TiO2-anawse present a similar Ni particle size (~ 30 nm) before and
after CO2 methanation, as well as similar metal-support interactions. The 10Ni/TiO2.p25 presents
smaller particle size (~ 20 nm). The CO2 consumption rate measured at the inlet of the reactor
of 10NV/T1O2-anatase; 1ONVT1O2-usite, 10N1/T102.p25 and a physical mixture of 30% 10N1/TiOx-
rutite T 70% 10N1/TiO2-anatase Show that a synergistic effect operates when a mixture of the crystal
phases of TiO2 is used as a support in the Ni/TiO;-catalyzed methanation reaction. The synergy
observed using a mixture of catalysts could also occur even if the two catalysts are not in
physical contact. H>-TPD analyses and methanation tests performed with diluted catalysts have
shown that hydrogen spillover is more pronounced on the Ni/TiO2- e catalyst. DRIFTS
operando analyses have shown that adsorbed CO is accumulating on Ni/TiO2-arazase but not on
Ni/TiO2-ruiite. The synergy between the two catalysts can be rationalized as follows: 1) the
Ni/TiO2-ruite catalyst is active and selective for CO, methanation and also for hydrogen

activation; i1) the Ni/TiO2-anawse 1s poorly active for the CO, methanation and RWGS, and the
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T102-anatase Support is more efficient than TiO2- iz for diffusion of H species; 1i1) when the two
catalysts are used together, the H species diffuse from Ni/TiO2-usite to N1/T1O2-anatase; 1v) the H-
enriched N1/TiO2-anawse catalyst becomes very active for CO, methanation. The optimal TiO»-
anatase! T102-msite Tatio (between 0.4 and 0.8) is achieved through a control of the balance of the
spillover, CO, methanation and deactivation rates. Finally, the higher TOF obtained with
catalyst mixtures compared to Ni/TiO2-p25 suggests that interfacial sites, presumably involving
Oy, should be involved in this reaction. Our results that confirm the essential role of the support
for Ni-based CO» methanation catalysts [107], can also be put into perspective to propose an
explanation of the support effect (rutile vs anatase) observed on Co/TiO; catalysts for Fischer-
Tropsch synthesis, for which a similar synergistic effect has been observed without being
clearly explained [108, 109]. DFT calculations are in course to reveal the mechanism of the
hydrogenation at the interfacial active sites and on the bare TiO2-anarse SUpport, and to clarify
the possible role(s) of the H species resulting from spillover (H-assisted hydrogenation steps,

H-assisted water desorption or H-assisted Ni reduction).
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