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A B S T R A C T

Y⁠2O⁠3 supported Ni catalysts were prepared from different Y precursors. The catalysts synthesized
via Y⁠4O(OH)⁠9(NO⁠3) and YO(NO⁠3) as precursors exhibit superior activity in CO⁠2 methanation reaction compared
to the catalysts prepared by direct impregnation of Y⁠2O⁠3. YO(NO⁠3) acts as a unique matrix to afford anchoring
sites to interact with Ni⁠2+ ions, leading to a moderate interaction between Ni metal and Y⁠2O⁠3 support, which
translates into excellent catalytic activity and stability towards CO poisoning. In situ DRIFTS spectra confirm the
reaction mechanism of Ni/Y⁠2O⁠3 catalyzed CO⁠2 methanation with carbonates and formates as the key intermedi-
ates. The apparent difference in the rate of transformation of formates into methane determines catalytic activ-
ity of these Ni/Y⁠2O⁠3 catalysts. This work provides an effective strategy to achieve CO⁠2 activation and resistance
to CO poisoning through careful selection of precursor for the support, which allows to control the strength of
metal-support interaction.

1. Introduction

Atmospheric CO⁠2 concentration reached 400.5ppm in 2016, con-

tributing 77% to the total increase in radiative forcing caused by all
long-life greenhouse gases during the past 30 years [1]. Understand-
ing consequences of the increased atmospheric CO⁠2 concentration stim-
ulates the drive towards reduction in CO⁠2 emissions as well as the de-
velopment of methods of direct use of CO⁠2 as a feedstock to reduce
both, future use of non-renewable feedstocks, and emissions from such
processes. With the developments in photocatalytic water splitting and
rapid adoption of renewable electricity generation, large-scale produc-
tion of H⁠2 at low cost is expected to be realized in the near future
[2]. Thus, the reactions of direct hydrogenation of CO⁠2, which have
been extensively studied over the years [3–6], are experiencing a re-

newal of interest both in academic and in industrial research. Among
these, methanation of CO⁠2 over Ni-based catalysts is attractive due to
excellent performance and low catalyst cost, yielding potential access to

conventional combustion fuel and energy technology with low life-cycle
carbon emissions [7–11].

Although Ni-based catalysts show comparable activity for CO⁠2

methanation to that of noble metal-based catalysts and thus are eco-
nomically favorable, their stability is not yet at the commercially vi-
able range. The medium-to-high operating temperature for CO⁠2 metha-
nation in the highly exothermic reaction puts a difficult demand on the
mechanical and chemical catalyst stability [12,13]. In the presence of
CO in the feed gas or as a byproduct, formation of mobile Ni carbonyl
species and sintering of active sites result in a significant loss of catalytic
activity [14–16]. To improve stability towards CO poisoning, one can

try to increase the strength of metal-support interaction to provide more
anchoring sites for the active Ni particles. Introduction of promoters
and/or change of the support have been explored to tune the metal-sup-
port interaction [17–20]. However, variations in catalyst composition

result in the increased complexity in analyzing the cause-and-effect re-
lationships. It would be of interest to de-convolute the effects and to ex-
plore the individual contributions to metal-support interaction.
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Recently, Y⁠2O⁠3 has been introduced as a promoter in several cat-
alytic systems [21]. Dispersion of Cu over Cu/ZnO/Al⁠2O⁠3 catalysts was
significantly improved by introduction of a moderate amount of Y⁠2O⁠3

[22]. Similarly, addition of Y⁠2O⁠3 into Cu–SAPO-34 catalysts promoted

their activity in selective reduction of NO⁠x by NH⁠3 via an enrichment of
the stable isolated Cu species and surface acidic sites [23]. In the case of
Ni/Al⁠2O⁠3, Y⁠2O⁠3 doping not only increased catalytic activity in autother-
mal reforming of methane with CO⁠2 into syngas, but also improved cat-
alyst stability [24]. Y⁠2O⁠3 has also been directly applied as a support for
Ni based catalysts, due to its distinct surface properties [25–28]. Ni/

Y⁠2O⁠3 demonstrated excellent activity in CO⁠2 methanation, compared to
Ni supported onto different metal oxides [29]. But, the CO poisoning
effects and metal-support interaction in the Y⁠2O⁠3-supported Ni catalysts
are not well studied.

In this work, we tune the metal-support interaction via choosing ap-
propriate Y-precursors. Catalysts obtained from different Y-precursors
have the same composition and pore structure, but the differences in the
anchoring sites in the supports obtained from the different precursors af-
ford different interactions with the Ni species which, in turn, determine
catalytic activity and stability to CO poisoning. Through this method,
we are able to study the effect of the strength of metal-support interac-
tion on stability and activity of the Ni-based CO⁠2 methanation catalysts.

2. Experimental

2.1. Catalyst preparation

The support precursor Y⁠4O(OH)⁠9(NO⁠3) (hydroxide hydrate, HN) was
obtained by hydrothermal treatment of Y(NO⁠3)⁠3 solutions at 120°C for

12h with the addition of urea, which was filtered and dried at 100°C
overnight. The support precursors YO(NO⁠3) (oxide nitrate: ON) and
Y⁠2O⁠3 (oxide: OX) were synthesized by calcination of Y⁠4O(OH)⁠9(NO⁠3) on
air for 2h at 400 and 500°C, respectively.

Traditional impregnation method was adopted to introduce Ni
species. During impregnation, the support precursor was immersed into
a solution containing the required amount of Ni(NO⁠3)⁠2 at a constant stir-
ring for 0.5h. All the Ni loadings in the prepared catalysts were carefully

analysed by considering weight changes of the calcined catalysts. Excess
water was removed in a rotary evaporator at 80°C. The final Ni sup-

ported on Y⁠2O⁠3 sample was obtained by calcination on air at 500°C for

4h. The catalysts prepared from different support precursors (HN, ON

and OX) were denoted as Ni/Y⁠2O⁠3-HN, Ni/Y⁠2O⁠3-ON and Ni/Y⁠2O⁠3-OX,
respectively.

2.2. Activity test

Prior to activity tests, 100mg of catalyst was reduced in situ in

H⁠2 flow of 30mL (STP) ·min⁠-1 (25°C, 1atm) at 500°C for 60min in

a fixed bed quartz tube micro-reactor. Catalytic activity measurements
were carried out at atmospheric pressure by passing a gaseous mix-
ture of CO⁠2 (5%) and H⁠2 (20%) in He balance at a total flow rate of
100mL·min⁠-1 (25°C, 1atm), corresponding to GHSV ~ 40,000 h⁠-1. The

inlet and outlet flows were analyzed by an on-line gas chromatograph
(Agilent 6890) equipped with both a FID and a TCD detectors. The
sampling data were collected when reaction reached steady state, typ-
ically within 60–120min after reaching the desired reaction tempera-

ture. Since only CH⁠4 and CO were identified as products in the outlet
gas, conversion of CO⁠2 and yields of CH⁠4 and CO were calculated by the
following equations:

2.3. Characterization

Thermogravimetric analysis (TGA) was conducted on a PerkinElmer
Diamond TG/DTA equipment. Samples were heated in N⁠2 up to 800°C
with a ramp of 10°C·min⁠-1.

Concentration of Ni in the prepared catalysts was analyzed by Du-
alview Optima 5300 DV inductive coupled plasma optical emission
spectrometry (ICP-OES) system after digestion of the solid by an aqua
regia solution.

N⁠2 adsorption-desorption isotherms were measured using a Quan-
tachrome Autosorb-1C instrument at liquid N⁠2 temperature (-196°C).

Prior to N⁠2 physisorption, all the catalysts were outgassed at 300°C
for 5h in vacuum. The specific surface areas were calculated using

Brunauer-Emmett-Teller (BET) isotherm in the partial pressure range of
0.05-0.35. The pore volumes and average pore diameters were deter-
mined by BJH method from the desorption branches of the isotherms.

Powder X-ray Diffraction (PXRD) patterns were recorded on a Bruker
Advance 8 X-ray diffractometer using a Ni filtered Cu Kα radiation

(λ=0.154nm), operated at 40kV and 40mA. PXRD data were collected

between 10 and 90° (2θ) with a resolution of 0.02° (2θ).

High resolution transmission electron microscopy (HR-TEM) mea-
surements were performed using JEOL-2010 UHR high resolution trans-
mission electron microscope with an accelerating voltage of 200kV.

CO⁠2 temperature-programmed desorption (CO⁠2-TPD) and CO tem-
perature-programmed desorption (CO-TPD) experiments were per-
formed using a Micromeritics Autochem II 2920 instrument equipped
with a quadrupole mass spectrometer (MKS Cirrus). Prior to TPD exper-
iments, samples of 100mg were pre-treated at 500°C in H⁠2 for 60min

and then cooled to ambient temperature. The sample was then exposed
to 20% CO⁠2/Ar or 5% CO/Ar for 60min, followed by Ar purge for an-

other 60min. Temperature was raised to 500°C at a ramp of 10°C·min⁠-1

and the signal of CO⁠2 (m/z=44) and CO (m/z=28) were recorded. CO

chemisorption was carried out on the same instrument at 35°C after H⁠2

treatment at 500°C.

H⁠2 temperature-programmed reduction (H⁠2-TPR) measurements for
the catalysts samples were conducted on Micromeritics Autochem II
2920 instrument equipped with a TCD detector. After pre-treatment in
the flow of air in a quartz U-tube reactor at 500°C for 60min, the

samples were cooled to ambient temperature in Ar flow. Then, 10%
H⁠2/Ar flow was introduced to pass through the catalyst bed until a sta-
ble TCD signal was observed. Subsequently, a temperature ramping pro-
gram from ambient to 1000°C at the rate of 10°C·min⁠-1 was performed;

H⁠2 consumption was monitored by TCD after removal of H⁠2O.
In situ diffuse reflectance infrared Fourier Transform spectroscopy

(DRIFTS) experiments were performed on an FTIR spectrometer (Nico-
let is-50) equipped with a smart collector and an MCT/A detector
cooled by liquid nitrogen. The reaction temperature was controlled by
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an Omega programmable temperature controller (±1°C). Prior to each

experiment, the sample was pre-treated at 500°C for 60min in H⁠2 and

then cooled to 300°C. The background spectra were collected in flow-

ing Ar and automatically subtracted from the sample spectrum. The re-
action conditions were controlled as follows: 5% H⁠2, 20% CO⁠2 and Ar
balance with total flow rate of 200mL·min⁠−1 (25°C, 1atm). All spectra

were recorded by accumulating 100 scans with a resolution of 4 cm⁠-1.

3. Results and discussion

3.1. Catalytic performance of Ni/Y⁠2O⁠3-HN catalysts

The CO⁠2 hydrogenation reaction was performed on Ni/Y⁠2O⁠3-HN
catalysts with various Ni loadings and performance of different cata-
lysts is summarized in Fig. 1. For all the tested catalysts, conversion
and yield reached thermodynamic equilibrium at high temperatures
within the range tested. With the increase in Ni loading, catalytic ac-
tivity increased, evidenced by the shift of the CO⁠2 conversion patterns
to lower temperatures. In the case of the 2% Ni/Y⁠2O⁠3 catalyst, CO⁠2

conversion increased monotonically with the increase in temperature,
reaching a value of 78% at 425°C that was close to equilibrium. It is

worth mentioning that activity of the 10% and the 20% Ni/Y⁠2O⁠3 cata-
lysts reached equilibrium limitation (88%) at a temperature as low as
350°C. However, doubling Ni loading from 10% to 20% only resulted

Fig. 1. (A) CO⁠2 conversion and (B) yields of CH⁠4 and CO over Ni/Y⁠2O⁠3-HN catalysts with
different Ni loadings. Dashed line is the thermodynamic equilibrium conversion values.

in an unappreciable increase of about 4% in the CO⁠2 conversion at
temperatures between 275 to 325°C. On the other hand, the maximum

yield of CO was below 4% for all the Ni/Y⁠2O⁠3-HN catalysts tested (Fig.
1B).

3.2. Resistance to CO poisoning of the Ni/Y⁠2O⁠3-HN catalysts

Deactivation of Ni active sites caused by CO poisoning is a serious is-
sue that cannot be ignored in practical application of Ni catalysts in CO⁠2

methanation. Introduction of CO leads to formation of Ni(CO)⁠4 species
and their high mobility results in sintering of metal particles and, hence,
poor catalysts long-term stability. To study stability of catalysts to CO
poisoning, the reaction was performed with 1% CO in the feed over
three Ni/Y⁠2O⁠3-HN catalysts with different Ni loadings.

As shown in Fig. 2, no evident loss of activity was observed in the
case of the 5% Ni/Y⁠2O⁠3-HN catalyst within 80h on stream. A slight de-

cline in activity, with CO⁠2 conversion declining from 60% to 54% and
55% to 52% was observed in the cases of the 10% and the 20% Ni/
Y⁠2O⁠3-HN catalysts, respectively. In contrast, no change in activity was
observed in the CO-free experiments at the same temperature. The ini-
tial CO⁠2 conversion decreased by ca. 4% right after the addition of CO,
which was caused by competitive adsorption of CO and CO⁠2 [30]. This
result suggested that deactivation was caused by CO-poisoning rather
than the heat-induced metal sintering, which was possibly affected by
the interaction of Ni sites with Y⁠2O⁠3 support. This relation will be dis-
cussed below.

3.3. Characterization of the Ni/Y⁠2O⁠3-HN catalysts

Y⁠4O(OH)⁠9(NO⁠3) as a Y-based support precursor affords a unique
matrix to allow interactions with Ni⁠2+ ions to form the Ni/Y⁠2O⁠3-HN
catalysts. The precursor with impregnated Ni species evolves into the
Y⁠2O⁠3-supported Ni nanoparticles in the process of calcination. Reflec-
tions of Y⁠4O(OH)⁠9(NO⁠3) precursor were clearly identified by PXRD pat-
tern, as shown in Fig. 3A. Distinct diffraction peaks assigned to Y⁠2O⁠3

were observed in the PXRD patterns of the Ni/Y⁠2O⁠3-HN catalysts with
different Ni loadings, indicating phase transformation of the Y-based
support from hydroxide hydrate to oxide (Fig. 3B). However, no Ni- or
NiO-related diffraction peaks emerged over the Ni/Y⁠2O⁠3-HN catalysts
with low Ni loadings (2 to 10%), suggested that Ni sites were either
highly dispersed on Y⁠2O⁠3 surface, or existed in amorphous form in the
as-prepared catalysts. The peaks at 37.2° and 62.8° became distinguish-

able when Ni loading was increased to 20wt%, indicating formation of

NiO phase.
CO⁠2-TPD was carried out to examine the surface basicity of the Ni/

Y⁠2O⁠3-HN catalysts and their interactions with CO⁠2. As shown in Fig. 4,
only one peak at around 82°C was observed over the 2% Ni/Y⁠2O⁠3-HN

catalyst; this peak was attributed to desorption of CO⁠2 adsorbed on
weak basic sites. With the increase in Ni loading to 5%, the CO⁠2 des-
orption from weak basic sites was increased, while a small peak at ca.
240°C appeared, which was indicative of desorption of CO⁠2 from the

medium-strength basic sites. A further increase in the Ni content to 10%
did not influence CO⁠2 desorption from the weak basic sites but led to
the increase in the desorption volume of CO⁠2 from the medium-strength
basic sites. An extra peak at a higher temperature of ca. 318°C was ob-

served when Ni content was changed to 20%, indicating the presence of
an appreciable amount of strong basic sites.

It was suggested that CO⁠2 adsorbed on surface hydroxyls with weak
basicity is effectively converted to active carbonate species, which fur-
ther react with the dissociated H atoms to form CH⁠4 [31]. In addition,
combining CO⁠2-TPD with DRIFTS studies, Pan et al. reported that sur-
face oxygen sites with medium basicity promote formation of active
monodentate carbonates and the subsequent transformation into CH⁠4,
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Fig. 2. Anti-CO-poisoning stability tests of Ni/Y⁠2O⁠3-HN catalysed CO⁠2 methanation reaction, which were run at 275°C.

whereas CO⁠2 adsorbed on strong basic sites is not involved in the metha-
nation reaction [32–34]. This offers an explanation why the 5% and the

10% Ni/Y⁠2O⁠3-HN catalysts with moderate basicity show good catalytic
activity. It also agrees well with the fact that only minor increase in ac-
tivity was observed when Ni loadings double from 10% to 20%.

To investigate the cause of deactivation, TG and H⁠2-TPR analysis
were performed on the spent Ni-Y⁠2O⁠3 catalysts after long-term CO-fed
CO⁠2 hydrogenation reaction. TG curves revealed no distinguishable
weight loss during temperature ramp up to 800°C for both the fresh and

the spent 10% Ni/Y⁠2O⁠3-HN catalysts, indicating that there was no obvi-
ous carbon deposition during the reaction. Therefore, the possibility of
deactivation caused by carbon deposition can be convincingly excluded.
On the other hand, there was a noticeable difference in the H⁠2-TPR
curves for the fresh and the spent catalysts, as shown in Fig. 5. Only one
prominent peak at 325°C was observed over the fresh 10% Ni/Y⁠2O⁠3-HN

and the 20% Ni/Y⁠2O⁠3-HN, which was assigned to the Ni species weekly
interacting with the Y⁠2O⁠3 support [29,35]. After 80h of the CO-contain-

ing CO⁠2 reduction reaction, a small shoulder peak at 290°C was ob-

served for both samples, which was attributed to the reduction peak
of the unsupported Ni species of lower activity for CO⁠2 methanation
[8,36]. The appearance of this new peak confirmed the transformation
of active Ni species into mobile Ni, which was caused by gradual poi-
soning by CO.

3.4. Effects of Y-precursors

3.4.1. Y-precursors determine catalyst structure
The metal-support interaction can be regulated by a choice of the

suitable support material as well as by incorporating promoters, thus
modulating catalytic activity and stability to CO poisoning [36]. How-
ever, the activity-structure-relationship is hard to reveal because several
aspects of structural information are varied simultaneously. One effec-
tive strategy is to use several precursors of the same support to mini-
mize the variations in structural parameters. For instance, by varying
precursors of Al-support, the density of surface hydroxyl groups can be
adjusted to anchor the Ag⁠+ species. As the metal-oxide interaction was
successfully tuned, the as-prepared Ag/Al⁠2O⁠3 catalysts displayed good
catalytic activity for selective reduction of NO⁠x [37]. We expect to con-
trol the strength of metal-support interaction by varying pre-calcination
conditions of the Y-based support precursors and then to further opti-
mize the catalytic activity of Ni/Y⁠2O⁠3 catalysts.

We shown that Y⁠4O(OH)⁠9(NO⁠3) precursor was a unique support ma-
trix for interaction with Ni species. Calcination of Y⁠4O(OH)⁠9(NO⁠3) leads
to the evolution of the Y⁠2O⁠3 phase, which proceeds via an intermediary
phase, YO(NO⁠3) (oxide nitrate: ON). This is evidenced from results of
the combined TG and PXRD analysis. Three stages of weight loss were
observed in the TG curve of Y⁠4O(OH)⁠9(NO⁠3) precursor, as shown in Fig.
6. Based on the PXRD patterns for the products calcined at different
temperatures, the weight loss before 300°C was due to desorption of
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Fig. 3. PXRD patterns of (A) Y⁠4O(OH)⁠9(NO⁠3) precursor and (B) Ni/Y⁠2O⁠3-HN catalysts with
different Ni loadings.

Fig. 4. CO⁠2-TPD profiles of Ni/Y⁠2O⁠3-HN catalysts with different Ni loadings.

the physisorbed content and the phase of Y⁠4O(OH)⁠9(NO⁠3) was still main-
tained at this temperature. The other two weight changes at approx. 400
and 500°C were attributed to phase transitions, with the first one corre-

sponding to the transition from Y⁠4O(OH)⁠9(NO⁠3) (hydroxide nitrate: HN)
to YO(NO⁠3) and the second one from YO(NO⁠3) to Y⁠2O⁠3 (oxide: OX).

To tune the metal-support interaction, the other two Y-precursors
were prepared and used as supports in the synthesis of the 10% Ni/
Y⁠2O⁠3 catalysts. Ni/Y⁠2O⁠3-HN, Ni/Y⁠2O⁠3-ON and Ni/Y⁠2O⁠3-OX were de-
noted according to their precursors, respectively. The PXRD patterns
for the three as-prepared catalysts showed exclusive diffraction peaks
of Y⁠2O⁠3 after calcination (Fig. S1). No Ni-related peaks appeared, as ex-
pected, indicating good dispersion of Ni species on the surface of Y⁠2O⁠3.
Moreover, Ni content in the resulted catalysts, determined by ICP-EOS,

Fig. 5. H⁠2-TPR profiles of fresh 10% and 20% Ni/Y⁠2O⁠3-HN catalysts, along with the spent
catalysts after CO poisoning test (denoted as Ni/Y⁠2O⁠3-HN-s).

Fig. 6. TG profile of the products from hydrothermal treatment and the corresponding
PXRD patterns of the calcined products at different temperature.

was almost identical (Table 1). Uniform pore structures and BET surface
areas were obtained, suggesting no evident structural variation between
the catalysts has been introduced by varying the precursor.

The subtle distinctions in surface properties were observed on these
three Ni/Y⁠2O⁠3 catalysts. The surface sites with both weak and medium
basicity were reflected by CO⁠2-TPD curves of the three catalysts (Fig.
S2). However, intensity and the amount of medium strength basic sites
were different. The total CO⁠2 desorption peak area from the medium
basic sites on the Ni/Y⁠2O⁠3-HN and the Ni/Y⁠2O⁠3-ON were similar, but
significantly higher than that for the Ni/Y⁠2O⁠3-OX. The H⁠2-TPR profiles
of the three Ni/Y⁠2O⁠3 catalysts revealed different types of H⁠2 reduction
peaks, as shown in Fig. 7. Compared to the 10% Ni/Y⁠2O⁠3-HN catalyst,
a shoulder peak at 351°C appeared as well as the major peak at 325°C,

over the 10% Ni/Y⁠2O⁠3-ON catalyst. This was attributed to the strength-
ened metal-support interaction. For the 10% Ni/Y⁠2O⁠3-OX catalyst, the
H⁠2-reduction peaks were drastically different. Intensity of the peak at
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Table 1
BET surface area, average pore size and total pore volume estimated from the Brunauer-Emmett-Teller (BET) analysis, along with the Ni content determined by ICP-EOS, Ni dispersion
from chemisorption and TOF of CO⁠2.

Sample Surface area Pore size Pore volume Ni content Ni dispersion ⁠a TOF⁠b

(m⁠2/g) (nm) (ml/g) (%) (%) (×10⁠-3 s⁠-1)

10% Ni/Y⁠2O⁠3-HN 77.14 3.14 0.19 10.11 18.6 8.55
10% Ni/Y⁠2O⁠3-ON 72.09 3.20 0.20 10.16 13.2 8.46
10% Ni/Y⁠2O⁠3-OX 74.66 3.08 0.19 10.05 9.7 7.13

a estimated from CO chemisorption by assuming the ratio of CO:Ni(surface)=1:1.
b TOF of CO⁠2 at 225°C (reacted CO⁠2 per surface Ni per second).

Fig. 7. H⁠2-TPR profiles of fresh and spent Ni/Y⁠2O⁠3 from different support precursors.

325°C decreased and the major peak was at 465°C that was assigned

to the reduction of Ni species with a much stronger interaction with the
support [37,38].

Based on the above analysis, we conclude that the nature of the
Y-precursor could determine the surface basic properties and the inter-
action strength between Ni sites and Y⁠2O⁠3 supports while preserving the
macrostructure of the support.

3.4.2. Y-precursors determine stability to CO poisoning
Catalytic reaction of CO⁠2 methanation was performed on the 10%

Ni/Y⁠2O⁠3 catalysts derived from the three different Y-precursors. As
shown in Fig. 8, the Ni/Y⁠2O⁠3-ON catalyst exhibited comparable CO⁠2

conversion to the Ni/Y⁠2O⁠3-HN catalyst, which reached 88% at 350°C to

track the equilibrium conversion. Similar distributions of surface sites
with medium basicity were one of the primary causes of high activity
of these two catalysts. The Ni/Y⁠2O⁠3-OX catalyst showed relatively lower
activity, which was reflected in the conversion curve being shifted to
higher temperatures. One reason of the lower CO⁠2 conversion over the
Ni/Y⁠2O⁠3-OX catalyst was the weak surface interaction with CO⁠2, as ev-
idenced by the reduction in the amount of the medium strength basic
sites in the CO⁠2-TPD profile.

It has been generally accepted that metallic Ni served as the active
sites for H⁠2 dissociation and CO⁠2 methanation [11,39]. However, us-
ing in situ EXAFS characterization, Du and co-workers revealed that the
mild oxidation atmosphere of CO⁠2 resulted in the partial oxidation of
Ni0 during methanation, which was closely related to reducibility of Ni

species in the first place [40]. The oxidative status of Ni species also
deteriorated the activity of CO⁠2 methanation. Therefore, although the
catalysts were pre-treated in H⁠2 at 500°C before activity tests, the Ni

Fig. 8. CO⁠2 conversion over catalysts prepared from different support precursors. Dashed
line is the thermodynamic equilibrium conversion values.

species in Ni/Y⁠2O⁠3-OX could be easily oxidized due to the strong
NiO⁠x-Y⁠2O⁠3 interaction and this leds to inferior activity for CO⁠2 methana-
tion.

We carried out CO chemisorption to determine the dispersion of Ni,
assuming each exposed Ni site took up one CO molecule [39,41]. A con-
siderably higher dispersion of Ni was observed over the Ni/Y⁠2O⁠3-HN,
which was 18.6%. The dispersion of Ni in the Ni/Y⁠2O⁠3-ON and Ni/
Y⁠2O⁠3-OX was 13.2% and 9.7%, respectively. This leads to a concern
about variations in the size of Ni particles, which can affect catalytic
performance as well as the reduction behavior [11,42]. To further in-
vestigate the effects of Ni particle size, HR-TEM analysis of the three Ni
catalysts was performed. As shown in Fig. S3, Ni particles with an av-
erage diameter of 6.8, 7.0 and 7.3nm for the pre-reduced Ni/Y⁠2O⁠3-HN,

Ni/Y⁠2O⁠3-ON and Ni/Y⁠2O⁠3-OX catalysts, respectively, were observed. The
similar particle size distributions but varied dispersions of Ni suggested
that different shapes of metal particles have been adopted, which agreed
well with the assumption of gradual emergence of Ni into the substance
of the support due to the strengthened metal-support interaction. The
TOF was calculated based on Ni dispersion. As shown in Table 1, a simi-
lar value was obtained over the Ni/Y⁠2O⁠3-HN and the Ni/Y⁠2O⁠3-ON, while
an obvious decrease was observed over the Ni/Y⁠2O⁠3-OX. This suggests
that an overly strong metal-support interaction deteriorated the metha-
nation activity; this also agrees well with the possible consequence of
Ni0 oxidation over reaction time.

The stability to CO poisoning was further investigated over the three
10% Ni/Y⁠2O⁠3 catalysts (Fig. S4). Within 80h on stream, a slight drop

in conversion was observed in the case of the Ni/Y⁠2O⁠3-HN catalyst,
assigned to the formation of mobile Ni(CO)⁠4 species (reduction peak
at 290°C in the H⁠2-TPR of the spent sample) as discussed previously.

A low but constant CO⁠2 conversion, around 20%, was obtained in
the case of the Ni/Y⁠2O⁠3-OX catalyst, while a stable conversion of
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around 53% was obtained in the case of the Ni/Y⁠2O⁠3-ON catalyst. The
latter two spent samples were also examined by H⁠2-TPR (Fig. 7). The re-
duction peaks of strengthened Ni-Y⁠2O⁠3 interaction were unaffected and
no peak of mobile Ni species on Y⁠2O⁠3 support at 290°C was observed,

suggesting that the strong interaction between Ni and Y⁠2O⁠3 hindered
the formation of Ni(CO)⁠4 species. As shown in Fig. 9, the CO-TPD pro-
files evaluated the interaction between CO and the catalysts’ surface,

which revealed only one CO desorption peak at a temperature lower
than 150°C over the Ni/Y⁠2O⁠3-OX and the Ni/Y⁠2O⁠3-ON, owing to the

physically adsorbed CO species. For the Ni/Y⁠2O⁠3-HN, another promi-
nent peak at a higher temperature of ~350°C appeared, which origi-

nated from desorption of CO that strongly interacted with Ni species.
This result clearly suggested that the metal-support interaction affected
the affinity of CO to the surface, determining stability of Ni catalysts in
CO-containing reaction mixtures.

A fine-tuning of the interaction between Ni and the Y⁠2O⁠3 supports
is required to realize simultaneously superior methanation activity and
robust stability. Pretreatment by H⁠2 at 500°C successfully reduces NiO

into active metallic Ni species, which is stabilized by surface anchoring
sites. On the one hand, a metal-support interaction that is too weak re-
sults in vulnerability to sintering of Ni particles over long-term catalytic
runs, especially when CO is introduced. On the other hand, if the in-
teraction between Ni species and the support is too strong, the surface
Ni species cannot retain the active metallic state in the reaction atmos-
phere, which results in the deteriorated catalytic performance [43,44].
Ideally, the metal-support interaction should be strong enough to offer
sufficient anchoring sites for the highly dispersed active sites, but not
too strong to prevent the Ni species from being maintained in the active
metallic form. Choosing a suitable Y-precursor can afford a moderate in-
teraction between the Ni species and Y⁠2O⁠3 support, which is beneficial
to the enhancement in catalytic activity and stability.

The catalytic activity and anti-CO-poisoning ability for Y⁠2O⁠3 sup-
ported Ni catalysts are affected by the degree of dispersion of Ni species
and the strength of metal-support interaction. In Ni/Y⁠2O⁠3-HN, a high
dispersion of Ni has been obtained. However, the weak metal-sup-
port interaction offered few anchoring sites for the active sites, which
were vulnerable to CO poisoning. As a comparison, a much stronger
metal-support interaction has been achieved over the Ni/Y⁠2O⁠3-OX,
which benefited the anchoring of active Ni species, thus improved the
stability in CO-containing reaction gas. However, this also led to the
decrease in the number of active sites exposed on the surface as most
of Ni atoms were within the matrix of the support. In addition, the

Fig. 9. CO-TPD profiles of Ni/Y⁠2O⁠3 prepared from different support precursors.

high reduction temperature of Ni species with a strong metal-support in-
teraction resulted in the partial oxidation of the metallic Ni in the mild
oxidative atmosphere of methanation reaction, which further decreased
the available active sites [40]. In between, the structure of YO(NO⁠3) pro-
vided a moderate metal-support interaction, which was strong enough
to prevent the formation of mobile Ni carbonyls in CO atmosphere at al-
most no expense on the exposed Ni sites. Thus, simultaneously improved
stability and excellent activity have been achieved over Ni/Y⁠2O⁠3-ON.

3.5. Surface reaction intermediates and mechanisms

In consideration of distinct surface basicity and Ni-Y⁠2O⁠3 interaction
for the Ni/Y⁠2O⁠3-HN and the Ni/Y⁠2O⁠3-OX catalysts, the surface interme-
diates and the reaction pathways on the two catalysts may potentially
differ during the CO⁠2 methanation process. In situ DRIFTS experiments
were performed to study the evolution of surface species during CO⁠2

hydrogenation. The spectra were recorded after adsorption of CO⁠2 for
30min at 300°C over the 10% Ni/Y⁠2O⁠3-HN with He purge for 60min

to remove the physisorbed CO⁠2 and any gaseous residues. After that the
inlet gas was switched to H⁠2 while evolution of the surface species was
monitored.

As shown in Fig. 10, adsorption of CO⁠2 resulted in the formation of
two bands centered at 1512 and 1378 cm⁠-1, along with a distinct band at
1296 cm⁠-1, all of which were attributed to different carbonates species
[10,45,46]. Moreover, shoulder peaks at 1655, 1592, 1443 and 1211
cm⁠-1 were clearly distinguishable. While the band at 1592 cm⁠-1 was also
ascribed to surface carbonates species, the other three peaks were as-
signed to hydrogen carbonates [29,47–49]. The introduction of H⁠2 re-

sulted in the immediate appearance of new bands at 1621, 1601, 1362
and 1341 cm⁠-1, accompanied by apparent attenuation of the carbonates
bands at 1592, 1512, 1378, and 1296 cm⁠-1. The four new peaks were di-
vided into two groups: (i) 1621 and 1341 cm⁠-1, and (ii) 1601 and 1362
cm⁠-1, which were assigned to monodentate formate species and biden-
tate formate species, respectively, on the basis of the frequency differ-
ence between the two peaks [33,50,51]. Most importantly, the peaks at
3010 and 1301 cm⁠-1, which were assigned to methane, appeared after
the introduction of H⁠2 (Fig. 10A). The bands of formate species reached
a maximum in 5min with the continuous consumption of carbonates,

suggesting a transformation of carbonates into formate species with the
steady supply of H⁠2, which agreed well with the literature [52,53]. Af-
ter that, the peaks of formate species decreased, along with the contin-
uous formation of surface methane species. According to the obtained
DRIFTS spectra, we conclude that the possible complete reaction route
of the CO⁠2 methanation catalyzed by the Ni/Y⁠2O⁠3 proceeds with forma-
tion of carbonates following adsorption of CO⁠2, which are first hydro-
genated into formate and subsequently transformed into methane as the
final product.

A different evolution route of surface intermediates was evident
from the DRIFTS results obtain with the 10% Ni/Y⁠2O⁠3-OX catalyst. As
shown in Fig. 10D, a similar spectrum at the stage of CO⁠2 adsorption
was obtained, which revealed the peaks of carbonates at 1592, 1512,
1378 and 1296 cm⁠-1, along with hydrogen carbonates at 1655, 1443
and 1211 cm⁠-1. Moreover, the monodentate formate peaks at 1621 and
1341 cm⁠-1 were recognizable, which probably was the result of CO⁠2

being adsorbed on the surface hydroxyl groups. After the introduc-
tion of H⁠2, hydrogen carbonates and carbonates species were generally
consumed and appreciable amount of formate species were produced.
However, unlike that on the 10% Ni/Y⁠2O⁠3-HN catalyst, the peaks as-
cribed to formate species were continuing to increase even after ex-
posure to H⁠2 for 60min. Noticeably, the peak at 3010 cm⁠-1 of surface

methane species diminished quickly and disappeared after 5min, sug-

gesting that conversion channel of formate spices into methane was
closed. Based on the DRIFTS results, the reaction pathway on the 10%
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Fig. 10. Dynamic changes of in situ DRIFTS spectra over (A, B) 10% Ni/Y⁠2O⁠3 and (C, D) 10% Ni-Y⁠2O⁠3 recorded as a function of time in a flow of H⁠2 at 300°C after being exposed to CO⁠2

for 30min.

Ni/Y⁠2O⁠3-OX was proposed: the adsorbed CO⁠2 is first converted into for-
mate specie and then formed into methane; the step of formate conver-
sion has been significantly hindered over the 10% Ni/Y⁠2O⁠3-OX catalyst.

The reaction steps of CO⁠2 adsorption and carbonates formation oc-
curred in a similar way on the two Ni/Y⁠2O⁠3 catalysts. However, after
carbonates converted into formates, the following reaction pathways
differed. A higher yield of methane was obtained on the Ni/Y⁠2O⁠3-HN

catalyst due to sequential transformation of formates into methane. In
the case of the Ni/Y⁠2O⁠3-OX catalyst, the rate of formation of the for-
mate intermediate species was much higher than their rate of conver-
sion into methane, possibly due to the lower rate of atomic H supply.
This result is also in good agreement with the fact that conversion of
formate species is the rate-determining step for CO⁠2 methanation [54].
The H⁠2 dissociation on metallic Ni sites significantly depends on the
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dispersion. The lower dispersion of Ni over the Ni/Y⁠2O⁠3-OX led to a de-
crease in surface H concentration, which slowed the conversion of for-
mate species and thus limited productivity of the Ni/Y⁠2O⁠3-OX catalyst
towards methane.

4. Conclusions

Different Y-precursors were used to prepare Ni/Y⁠2O⁠3 catalysts to
tune the metal-support interaction without affecting morphology of the
catalysts. Catalysts prepared starting from YO(NO⁠3) precursor resulted
in a moderate metal-support interaction, showing superior activity for
CO⁠2 methanation and robust stability in CO-containing reaction mix-
tures. A weak metal-support interaction caused poorer stability over cat-
alysts prepared from Y⁠4O(OH)⁠9(NO⁠3), while inferior activity was ob-
tained when Y⁠2O⁠3 was used, which was the result of an overly strong
metal-support interaction. Spectroscopic study by DRIFTS showed that
carbonates were formed after CO⁠2 adsorption, which were then con-
verted into formates and methane stepwise after the introduction of H⁠2,
the latter step being affected in the case of the catalyst with a strong
metal-support interaction.
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