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A new catalytic approach is pioneered to achieve CO, methanation
via a single atom alloy Ir/Ni catalyst using a ball-milling method.
This Ir/Ni catalyst exhibits a TOFcy4 of 10244 h~! and a 220 h lifetime
at 350 °C without deactivation, illustrating excellent catalytic efficiency
in the presence of mechanical energy.

Introduction

A shortage of energy is one of the significant challenges for
human society, and exploring new resources or recycling wastes
that can be used as substitutes for fossil fuels could yield
suitable candidates. CO, is one of the greenhouse gases and
is released on a massive scale from exhaust gases. It has been
widely studied as an energy-generation scaffold with consider-
able experimentation to produce methane, syngas, formic acid,
hydrocarbons, and other valuable chemicals.'™ During various
conversion routes, CO, methanation produces CH, directly as
an energy resource. If the H, could be generated from the
photolysis of water, the utilization of green H, during the CO,
methanation reaction presents an unprecedented technological
advantage in this specific area.

In 1902, Paul Sabatier and Jean-Baptiste Senderens discovered
CO and CO, methanation.®” After a century of development, CO,
methanation mechanistic studies and catalyst R&D have
sufficiently advanced so that industrialization of this technology
is the next step. There have been many catalysts utilized to
increase the CH, production efficiency, including noble metal
catalysts (Ru, Rh, and Pd)*'° and transition metal catalysts (Co,
Fe, and Ni)." " There has been intensive research on Ni catalysts
due to their low cost and high activity under high temperature.
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Single-atom alloy Ir/Ni catalyst boosts CO,
methanation via mechanochemistry+

Rui Tu,f Yujie Zhang,t Yuchun Xu, Junxia Yang, Ling Zhang, Keran Ly,
Shengliang Zhai, Tie Yu

* and Weigiao Deng 2/ *

New concepts

This work achieved the CO, methanation reaction through a mechanical
catalysis method in a ‘gas-gas’ system. The mechanical energy induced by the
collision between the vessel and the grinding medium (metal balls) was able
to activate reactants under mild conditions using a different rationale
compared with thermo-catalysis, electro-catalysis, or photo-catalysis
methods, with a higher efficiency of the mechanical energy to stimulate
methanation. Mechanical catalysis requires the catalyst to integrate with the
grinding medium, and therefore we constructed an atomically dispersed Ir—
Ni alloy structure on the surface of Ni balls to simultaneously serve as the
grinding medium and catalyst. Single-atom Ir significantly increased the
catalytic efficiency, and the Ir-Ni alloy structure greatly inhibited noble metal
sintering. The collision between the metal balls or/and vessel removed the
deposited coke on the metal surface, and therefore mechanical catalysis
greatly increased the catalyst lifetime without deactivation as compared with
a fixed-bed reactor. An efficiency comparison between mechanical catalysis
and thermo-catalysis methods for CO, conversion revealed that mechanical
energy exhibits the desired catalytic efficiency. This work utilized CO,
methanation as a ‘gas-gas’ model reaction to prove the high catalytic
efficiency of the mechanical catalysis approach and pioneers a new direction
for single-atom metals as catalysts in mechanochemistry fields.

However, Ni catalysts present low CO, conversion at low tem-
peratures, while the high reaction temperature during methana-
tion causes catalyst deactivation during metal sintering and
carbon deposition, along with low energy efficiency.'*

To improve the application potential of Ni-based catalysts,
additional metallic elements are normally employed as promoters,
and the strong interaction between various metal alloy structures
increases the catalytic activity and stability. Previously reported
metal promotors include Co, Fe, Ru, Rh, Pt, Pd, and Re in Ni-M
bimetallic catalysts."> In addition to their promoter action, the
catalyst carrier also exhibits a significant effect on CO, activation
during the methanation process.'**¢*® Therefore, constructing an
alloy structure for an active metal to determine the optimal
support for CO, adsorption and activation are considered in this
study to explore an efficient methanation catalyst.

Except for the catalyst design, this work pioneers a new
approach for the mechanical catalysis method to be applied in

This journal is © The Royal Society of Chemistry 2023
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increasing CO, methanation efficiency in the presence of mechan-
ical energy. Mechanical catalysis utilizes mechanical energy
from the collision between milling balls and vessel to induce
the catalytic reaction, and the collision pattern includes fric-
tion, shearing, and collision between two mediums. Mechano-
catalysis has been considered as one of the top ten emerging
technologies in chemistry, and a previous mechanocatalysis
method was utilized to achieve C-N and C-C cross-coupling,
cycloaddition, polymer reaction, and C-H activation in pre-
viously reported ‘solid-solid’ systems.'®?° Recently, the
mechanical catalysis method was successfully applied to
synthesize ammonia from N, and H,, and the reports noted
that the efficiency was greater when mechanical energy was
used to activate N,, with this method greatly moderating the
reaction conditions in the batch reaction system.*"?

Consequently, we utilized a custom-built vibration reactor
(Fig. 1a) to explore mechanical reactions in a continuous gas
flow. The active metal species was loaded on metallic milling
balls, which simultaneously acted as the catalyst and collision
medium. The mechanical energy is produced from the collision
between the milling balls and the reactor inner wall, which
occurs with a vertical motion. The collision frequency is regu-
lated by the electric motor under the vibration reactor.
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Fig. 1 (a) A schematic diagram of the vibration reactor and its vertical
work mode. (b) The catalytic activity of Ir/Ni catalysts as a function of
reaction temperature. Reaction conditions: 150-450 °C, 800 rpm, and
100 mL min~* flow rate. (c) The methanation performance under different
flow rates. Reaction conditions: 350 °C, 800 rpm, and 20-100 mL min~*
flow rate. (d) The catalytic activity of Ni and Ir/Ni catalysts. Reaction
conditions: 350 °C, 800 rpm, and 100 mL min~? flow rate. (e) Ir/Ni catalysts
lifetime study under 350 °C, 800 rpm, and 100 mL min~* flow rate.
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Because decreasing the active metal size, especially the
atomic dispersion, boosts its catalytic activity,*” iridium (Ir)
was impregnated on Ni metal balls to form a single atomic alloy
structure in this work. The optimum reaction conditions were
firstly investigated to maximize the CH, yield, and the Ir distribu-
tion and charge were also estimated to understand the bulk
structure of the Ir/Ni catalyst. Additionally, the catalytic stability
was examined, and a mechanistic study was undertaken to
propose a plausible rationale for CO, methanation under
mechanical catalysis conditions.

Results and discussion

Fig. 1 shows the methanation performance over Ni and Ir/Ni
catalysts. Fig. 1b presents the methanation performance from
150-450 °C over the Ir/Ni catalyst, and the desired CO, conver-
sion was achieved at 350 °C and began to decrease above
350 °C. Because CO, methanation is a thermodynamically
unfavorable process, the higher temperature inhibited an
increase in CO, conversion. Additionally, the CH, selectivity
in effluent decreased with the increasing reaction temperature
due to the formation of CO as byproduct, and the reason for
this might be the occurrence of a reverse water-gas reaction at
high temperatures (CO, + H, = H,O + CO).

With respect to CO formation, the chromatograph spectra
detected the CO in the product, and it increased from 150 to
450 °C. In addition, increasing the space velocity decreased the
CO, conversion and the CH, selectivity at 350 °C and 800 rpm,
as shown in Fig. 1c. The Ir doping significantly increased the
CO, conversion from 8% to 69%, and the CH, selectivity rose
from 57% to 98%, as shown in Fig. 1d. It was more intriguing to
improve the CH, selectivity and inhibit CO generation on Ir/Ni,
illustrating the modification of the reaction pathway due to the
presence of Ir. Finally, a stability test of CO, methanation over
Ir/Ni was conducted at 350 °C, 800 rpm, and 100 mL min "
inlets. The CO, conversion and CH, selectivity were maintained
at 64% and 98%, respectively, over 220 h in Fig. 1(e), indicating
the superior stability of Ir/Ni for CO, methanation.

As a control experiment, an Ir-Ni/Al,O; catalyst (0.5 wt% for
Ir loading, and 10 wt% for Ni loading) was also synthesized by
an impregnation method, and its lifetime test is shown in
Fig. S1 (ESIt). It only presented 34% CO, conversion and 99%
CH, selectivity, while the reactivity continuously decreased with
time on stream. Fig. S2 (ESI{) compares some representative
catalysts and their methanation performance over the past few
decades. The Ir/Ni catalyst exhibited excellent reactivity and
stability through the mechanical catalysis method at a moderate
temperature range.

Fig. 2 shows the appearance of Ir/Ni and Ir-Ni/Al,O; milling
balls. Fresh Ir-Ni/Al,O; presents with a cyan color in Fig. 2c,
which turned to black after CO, methanation, as shown in
Fig. 2d. The color variation was mainly induced by Ni**
reduction and coke during the reaction process, and the 3.5%
weight loss above 400 °C from the thermogravimetric (TG)
profiles in Fig. S3 (ESIt) proved the coke formation.
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Fig. 2 Appearance of (a) fresh and (b) used Ir/Ni. Appearance of (c) fresh
and (d) used Ir—Ni/Al,O3 catalysts.

Nevertheless, the Ir/Ni catalysts did not significantly change
before or after the reaction (Fig. 2a and b). Also, no coke was
detected on the Ir/Ni metal surface, which implied the complete
dissociation of CO, into C atoms or inhibition of other coke-
generation reactions over the Ir/Ni catalyst in contrast to metal
oxide catalysts.

The scanning electron microscopy (SEM) images in Fig. 3
reveal the morphology of the Ir/Ni metal surface. The fresh Ir/Ni
surface was uniform and flat in Fig. 3a and b, but the surface
became slightly rough and compact after 220 h of reaction, as
shown in Fig. 3¢ and d. Moreover, many small holes existed on
the pristine Ni metal surface that were maintained after calci-
nation and reaction, and they increased the surface defects.
The element mapping spectra for the metal surface (Fig. 3e-1)
were further used to analyze the metal dispersion. For a fresh
Ir/Ni sample, C, O, and Ni were uniformly distributed, and no Ir

View Article Online
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signal was recorded (Fig. 3e-h), which was caused by its low
loading and a signal that was too weak for adequate dispersion.
For the used Ir/Ni sample, the surface atom dispersion did not
change after 220 h of reaction (Fig. 3i-1), proving that no metal
sintering or aggregation occurred during the reaction process.
The surface morphology change might be induced by the
preparation process and mechanical collision during the reac-
tion process. In the Supplementary Information, an additional
energy dispersive X-ray spectroscopy (EDS) spectrum of the
raised particle on the metal surface is shown in Fig. S4 (ESIf),
and only Ni, O, and C were recorded. Therefore, there was no
relationship between the distortion of the metal surface and
the Ir sintering.

The X-ray diffraction (XRD) pattern in Fig. 4a revealed that
the Ni metal only presented peaks for the Ni fcc structure. After
Ir loading, the Ni and NiO phase were detected, and no Ir or
IrO, phases were recorded. The new shoulder peaks appearing
over the Ir/Ni sample at 43° were assigned to the Ir-Ni alloy.>®
The partial NiO phase indicated that the annealing treatment
during the preparation process was not able to completely
reduce the surface metal elements. In addition, the character-
istic peaks of the used Ir/Ni catalyst were identical to those of
the fresh Ir/Ni catalyst without change, which illustrated the
catalytic stability.

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the valence state of the metallic elements on the metal
surface of the Ir/Ni catalyst before and after the reaction. In
Fig. 4d, the surface Ni exhibited reduced Ni® and oxidative Ni**
states, and their molar ratio (Ni°/Ni**) equaled 1 from the peak-
fitting results. This was also supported by the NiO phase from
the XRD results. The Ir 5f spectra in Fig. 4c only presented
reduced Ir° species, while the Ir 5f binding energy (61.9 eV)
shifted to a higher binding energy direction, implying the
electron deficiency on Ir atoms.?® It should be noted that in
the O 1s XPS spectra in Fig. S5 (ESI{), the Ni and Ir valence
states on the metal surface of the used Ir/Ni catalyst did not
change, confirming that the Ir-Ni structure was intact during
the methanation reaction. In Fig. 4b, no new carbide species
were found from the C 1s spectrum after comparison of the

Fig. 3 SEMimages of (a and b) fresh and (c and d) used Ir/Ni metal surfaces. Elements mapping spectra of (e)—(h) fresh Ir/Niand (i)— (1) used Ir/Ni samples.
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Fig. 4 (a) XRD patterns for Ni and fresh and used Ir/Ni samples. (b—d) Ni
2p, Ir 4f, and C 1s XPS spectra of fresh and used Ir/Ni. (e) XANES spectra of
the Ir Ls-edge from the Ir/Ni catalyst, with Ir foil and IrO;, as references.
Inset: Ir Ls-edge EXAFS in R space from the Ir/Ni catalyst, with Ir foil and
IrO, as references.

fresh and used Ir/Ni samples, which was consistent with the
above result demonstrating no coke generation on the Ir/Ni
catalyst.

The X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) were mea-
sured to examine the coordination structure of Ir species on the
Ir/Ni catalyst, as shown in Fig. 4e. The intensity of the white line
represents the charge of the Ir species, and the increasing
intensity denotes the charge increase. The white line intensity
for the Ir/Ni catalyst was between that of Ir foil and IrO,, but
similar to that of Ir foil, which illustrates that the Ir charge was
near 0, but presented an electron-deficient state.

The Fourier transform spectra of EXAFS in R-space exhibited a
primary peak at 2.12 A, which was assigned to the Ir-Ni alloy
structure because this coordination path was clearly different with
Ir-Ir from Ir foil or Ir-O from IrO,. Additionally, the EXAFS spectra
also proved that there was no existence of Ir particles over the Ir/Ni
metal surface. The profile fitting results in R-space demonstrated
that the Ir coordination number was 6 for the Ir-Ni band in Table S1
(ESIt), which further proved the formation of atomically dispersed
Ir species on the Ni surface. Compared with the fresh Ir/Ni catalyst,
the used Ir/Ni sample presented the identical Ir XANES spectra, and
their profiles almost overlapped. The Ir-Ni coordination path in the
FT EXAFS spectra was the same, implying that the Ir-Ni structure
was intact during the CO, methanation reaction.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Surface element mapping images from XPS spectra over fresh Ir/Ni
and used Ir/Ni catalyst. The spot size was controlled at 10 um, and the
scanning times were 20 for each spot. (a) Ir and (b) Ni mapping spectra
over a fresh Ir/Ni sample. (c) Ir and (d) Ni mapping spectra over a used Ir/Ni
sample. Abundance maps of (e) Ni* and (f) Ir* over a 50 x 50 um? field of
view from the Ir/Ni surface region. (g) A 3D TOF-SIMS map of the Ir signal
on the Ni substrate. (h) The Ni* and Ir* signals obtained by TOF-SIMS
analysis with respect to the diffusion depth.

Because the Ir/Ni milling ball in this work is in a pure
metallic phase and too thick, the XPS element mapping spectra
in Fig. 5 presented its advantages in examining the surface
atom dispersion. The element mapping spectra in Fig. 5a
demonstrated that the doped Ir atoms were well dispersed on
the Ni metal surface, and no Ir particles were detected in the
scanning area. The mapping spectra for the used Ir/Ni catalyst
shown in Fig. 5c and d presented identical results, consisting of
well-dispersed Ir species and a Ni substrate that illustrated no
detected change in the Ir/Ni structure during the CO, methana-
tion process.

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
is a sensitive surface analytical technique that can be ade-
quately used to reflect Ir spatial localization on the Ni substrate.
Fig. 5e-h revealed that Ir was well dispersed on the surface of
the Ni substrate without aggregation, and the distribution

Nanoscale Horiz., 2023, 8, 852-858 | 855
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depth of Ir from 0-3 nm was induced by the rough geometry of
the Ni surface, as shown in Fig. S6 (ESIf). The spent Ir/Ni
sample presented an Ir dispersion that was identical to that of
the fresh Ir/Ni sample in Fig. S7 (ESIT), which proved the intact
Ir/Ni structure. Fig. 4 combines the XRD and XANES results for
Ir distribution, and it was identified that only atomically
dispersed Ir species were formed on the Ir/Ni catalyst.

Fig. 6 presents the CO, + H, diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) results over the Ni and
Ir/Ni catalysts. Prior to this test, the CO, adsorption behavior
over those two samples was estimated using DRIFTS, as shown
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Fig. 6 In situ DRIFTS studies of CO, + H, over (a) Ir/Ni and (b) Ni catalysts
under 150 °C. (c) The apparent activation energy from a kinetic activity test.
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in Fig. S8a and b (ESIt). Characteristic peaks after CO, adsorption
appeared in three regions: 1300-1800 cm™ ", 2200-2400 cm ™", and
3500-3800 cm™ ', which were ascribed to carbonate/formate-like
species,’®>? gaseous absorbed CO, species, and hydrogen carbo-
nates/hydroxyls, respectively.*'** Notably, the identical DRIFTS
results for CO, adsorption in Fig. S8a and b (ESIT) over two samples
demonstrated that the doped Ir species exhibited inferior CO,
adsorption ability, and Ni was the main CO, adsorption site.
Nevertheless, when CO, + H, was introduced onto the catalysts,
the Ir/Ni catalyst presented many more carbonates and formate
species than the Ni catalyst, as shown in Fig. 6, and the corres-
ponding peak intensities greatly strengthened. (The remainder of
the DRIFTS results is shown in Fig. S8c and d, ESLY)

Specifically, the peaks at 1130, 1361, and 1735 cm ' in
Fig. 6a were assigned to formate species, and the peak at
1530 cm ' belongs to the O-C-O asymmetric vibration in
formate species.***" The peaks at 1653 and 1434 cm ™' were
ascribed to carbonate species.*” It has been documented that
monodenate carbonates are easily hydrogenated into formate
species during the CO, methanation process, and therefore,
additional formate species were recorded on the Ir/Ni catalyst as
compared to carbonate species. In addition, no adsorbed CO
species were detected at 1900-2000 cm™ ' in Fig. 6, which
indicates that the CO route was not the dominant reaction
pathway for CH, generation and explained the lower CO selec-
tivity in this work. It was concluded that formate species were
the main intermediates for CO, methanation over the Ir/Ni
catalyst, and Ir-Ni possessed much higher reactivity than Ni
for CO, activation and its subsequent hydrogenation process.

To boost the impact of mechanical energy on the CO,
methanation reaction, kinetic experiments under static mode
and vibration mode (800 rpm) were performed, and are shown
in Fig. 6c. The Ir/Ni catalyst under the mechanical catalysis
method exhibited higher reaction rates as compared to the
thermo-catalysis method. The lower apparent activation energy
of mechanical catalysis implied that the addition of mechanical
energy introduced variation into the methanation rationale and
enhanced the CO, conversion efficiency.

The heating effect induced by the mechanical collision
between milling balls and vessel is examined in Fig. S9 (ESIf).
The slight temperature change demonstrated that the heating
effect was not the main mechanical energy transformation
pattern. Additionally, the collisional electric charge on the Ir/
Ni and Ni balls after collision with steel plates in Fig. S10 and
S11 (ESIt) revealed that the doped Ir species greatly increased
the electric charge on the Ir/Ni balls as compared with Ni balls,
which probably boosted CO, activation and energy transforma-
tion from mechanical collision into reactant conversion.

The energy consumption under static mode and vibration
mode (800 rpm) was also measured by an electricity meter.
Under 350 °C, CO, methanation under vibration mode and
static mode consumed 0.137 kW h and 0.140 kW h energy,
respectively. The additional energy consumption from the
mechanical vibration was 1.4%, while the obvious improve-
ment in the CO, conversion rates as shown in Fig. 6¢ proved the
high catalytic efficiency of mechanical energy during this reaction

This journal is © The Royal Society of Chemistry 2023
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process. Further studies on mechanistic research and energy trans-
formation patterns would greatly promote the application of this
technology for catalytic conversion between energy molecules.

Conclusions

The Ir/Ni single atom alloy catalyst was prepared by an impregna-
tion method and utilized for CO, methanation through a mechan-
ical catalysis method. The reaction activity showed that the Ir/Ni
catalyst exhibited a superior CO, conversion rate and state-of-the-
art reaction stability. The bulk characterization results proved that
Ir was atomically dispersed and coordinated with surface Ni atoms
in the form of an Ir-Ni alloy, and reduced Ir° species presented an
electron-efficient state. The Ni atoms on the metal surface pos-
sessed reduced Ni® and oxidative Ni*" states at the same time. The
Ni sites were the main CO, adsorption sites, and an Ir-Ni alloy was
the reaction site for H, activation and the subsequent hydrogena-
tion reaction. After 220 h of reaction, the Ir/Ni catalyst exhibited
identical surface atom distribution and valence states, and the
stable Ir-Ni alloy structure enabled its long lifetime. Compared
with the oxide-supported Ir-Ni/Al,O; catalyst, the Ir/Ni catalyst
exhibited excellent coke-resistant performance, and the mechano-
chemical catalysis method effectively boosted the reaction effi-
ciency with the addition of mechanical energy.
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