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Spectroscopic Investigation of the Influence of Ni Particle Size in CO, Methanation
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Abstract

CO, methanation was investigated over Ni/Al,O; catalysts with Ni nanoparticle sizes
ranging from 4.6 to 8.4 nm. Particle sizes were determined using electron microscopy and CO
chemisorption measurements. The turnover frequency (TOF) increased from 0.005s! to 0.21 s°!
with increasing Ni particle size. To understand the origin of this trend, in sifu FTIR studies were
performed. The results revealed that smaller Ni particles predominantly followed a direct formate
pathway, while larger particles exhibited a combined CO and formate-mediated mechanism.

Although surface basicity varied among the catalysts, methanation activity was not correlated with

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

this basicity. However, the ability of the catalysts to undergo reduction and oxidation was

suggested to cooperatively enhance methanation activity.
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Introduction

The increasing concentration of atmospheric carbon dioxide (CO,), primarily from
anthropogenic activities, poses a significant global challenge, motivating the development of
effective strategies for its capture and utilization.!> Among various approaches for CO, utilization,
methanation (CO,+4H,=CH4+2H,0) has emerged as a promising technology.>* This reaction
offers two simultaneous benefits: it is a route to transform a greenhouse gas into a valuable energy
carrier (CHy4, synthetic natural gas), and it provides a pathway for storing renewable hydrogen,
thus contributing to a circular carbon economy.*>

The development of efficient catalysts is key to enabling CO, methanation.? Heterogeneous
catalysts such as Ni-based catalysts offer a balance of high activity, high methane selectivity, and
low cost, making them economically attractive for large-scale applications.®’” The performance of
Ni-based catalysts is highly influenced by several factors, including metal loading, the size of the
dispersed Ni nanoparticles, metal-support interactions (MSI), and the properties of the support
material 314

The size of Ni nanoparticles significantly influences both the reactivity and stability in
CO, methanation, as particle size affects the electronic and geometric properties of the catalyst.!>16
The structure sensitivity of supported Ni catalysts in methanation has been explored using a
combination of experimental and computational methods.!*!” Wang et al. studied 3.5-7.5 nm Ni
particles on SiO, support and found that the catalyst with the smallest Ni particles had the highest
methanation reactivity.'® Similarly, Vogt et al. demonstrated that the catalytic mechanism of CO,
reduction is affected by Ni nanoparticle size (1-7 nm) on a SiO, support where they found a
volcano trend of methanation activity with Ni particle size and the highest TOF for the catalysts

with ~4 nm Ni particles. Catalysts exhibited higher activity when the coverage of linearly adsorbed
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CO is higher.! Complementarily, Sterk ef al. employed density functional theory (DFT) and
microkinetic modeling to reveal how CO, methanation activity varies across different Ni crystal
facets.!” Using density functional theory (DFT) and microkinetic modeling, they found that the
terrace surfaces Ni(111) and Ni(100), as well as the stepped Ni(211) facet, exhibited minimal
activity for CO, methanation. In contrast, the Ni(110) surface was identified as the most active.
Their analysis revealed that the dominant reaction mechanism involves a combination of carbide
and formate pathways. Spano et al. used DFT calculations to study a broad range of Ni metal
nanoparticles with different shapes and sizes in the range of 0.5-10 nm in CO, methanation,
quantifying the distribution of potential active sites for each particle.?’ They found a maximum
turnover frequency (TOF) for nanoparticles around 2-3 nm and, importantly, that the particle shape
impacts the structure sensitivity. These studies demonstrated structure sensitivity by considering
nickel as the sole active site, without considering the potential catalytic contributions of the

support.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

However, supports such as Al,03,2! Ce0,,?? TiO,,> and ZrO,?* can actively participate in

CO, methanation to improve catalytic activity, indicating that structure sensitivity involving active
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supports should also be explored for the rational design of more efficient methanation catalysts.
Lin et al. investigated structure sensitivity experimentally by studying partially reducible CeO,-
supported catalysts with Ni particle sizes of 2, 4, and 8 nm for CO, methanation.?®> Their findings
showed that the methanation activity increases with Ni particle size. Moreover, it was found from
DRIFTS experiments that the hydrogenation of surface formate species was markedly more
efficient on the larger (8 nm) Ni particles supported on CeO, compared to smaller particles.
Adhikari et al. experimentally studied CO, methanation over Ni/CeO, catalysts with Ni particle

sizes ranging from 1.3 to 17 nm. While CeO, was found to enhance Ni reducibility, its acid-base
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and redox properties had minimal influence on the methanation activity. Notably, methane
selectivity increased with larger Ni particle sizes.?¢ In our previous work, we examined Ni particle
sizes ranging from 7.7 to 62.5 nm on a reducible CeO, support and from 2.9 to 27 nm on a reducible
TiO, support for CO, methanation.?”’” We demonstrated a connection between the size of Ni
particles, their corresponding adsorbed surface species, and their reactivity for CO, methanation.

Another promising support for nickel-based CO, methanation is alumina (Al,03)*%.
AlL,Oj is active??3! but not reducible, therefore it has different behavior and interaction with metal
nanoparticles than TiO, or CeO,. While numerous studies have focused on the reaction
mechanism, Ni loading, addition of a second metal or a second support, the role of the alumina
support, and the interaction between nickel and alumina in CO, methanation, structure sensitivity
has not been extensively detailed in the literature for Al,Oz supported Ni catalysts.>>3¢ Zhang et
al. investigated CO, methanation over Ni/Al,Oj5 catalysts by varying the Ni loading from 2.5 to 50
wt%, which led to Ni particle sizes between 11.6 and 17.8 nm.?” Their study revealed that with
different nickel loadings, nickel particle agglomeration was influenced by the varied strength of
interaction between metal and alumina. Among the samples, the catalyst with approximately 25
wt% Ni (12 nm Ni particles) exhibited the highest methanation activity. Additionally, Karelovic
et al. examined the effect of Rh particle size on Al,Os-supported catalysts, with sizes ranging from
3.6 to 15.4 nm.?® Their study showed that the intrinsic activity of Rh/Al,O; catalysts for CO,
methanation was largely independent of particle size at reaction temperatures between 185 and
200 °C. However, at lower temperatures, catalysts with larger Rh particles exhibited higher
activity.

In this work, we investigate the structure sensitivity of Al,Os-supported Ni catalysts for

CO, methanation. To obtain the range of Ni particle sizes, the catalysts were synthesized using
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strong electrostatic adsorption (SEA), colloidal synthesis (CS), and incipient wetness impregnation
(IWI) methods. Comprehensive characterization techniques—including CO chemisorption,
temperature-programmed reduction (TPR), temperature-programmed oxidation (TPO), (scanning)
transmission electron microscopy (STEM/TEM), and CO, temperature-programmed desorption
(TPD) were employed to investigate the structural properties of the catalysts. Reactivity
measurements were performed in a fixed-bed flow reactor to establish correlations between the
catalyst structure and CO, methanation performance. In situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) was applied to investigate how the reaction mechanism is
influenced by variations in Ni particle size on Al,O3 support. Our results demonstrate that changes
in Ni particle size on Al,Os support influence the reaction mechanism and reduction behavior,

which in turn account for the observed trends in CO, methanation performance.

Materials and Methods

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Catalyst Synthesis

Alumina supported Ni catalysts were synthesized with varied particle sizes by three
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different methods. The support oxide, fumed Al,O; (AEROXIDE® Alu 130, Evonik) was used as
received. This alumina exists in the y-phase confirmed by XRD (Figure S1). All catalysts are
referred to as Ni/Al,O3; — X, where X is the particle size measured by electron microscopy.
Strong Electrostatic Adsorption

Supported Ni catalysts were prepared by strong electrostatic adsorption (SEA).3*#! The
catalysts have a theoretical Ni loading of between 3 and 10 wt%. The desired amount of hexamine
nickel (II) chloride (Strem Chemicals, 98%) was dissolved in 75 mL of deionized water (18 MQ)

to synthesize 5 g catalyst in each batch. The pH of the solution was then adjusted to 12 via dropwise
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addition of ammonium hydroxide solution (Sigma-Aldrich, 30%). Once the solution had a stable
pH of 12, the oxide support was added and stirred for one hour. After mixing, the catalyst solution
was filtered and washed with 1.5 L of deionized water and left to dry at room temperature in air
overnight. The catalyst was then transferred to a ceramic crucible and dried in static air at 120 °C
for 30 minutes. The dry catalyst was crushed into a fine powder and then reduced in flowing H,
(50 sccm) (Airgas, Industrial). The catalyst was first heated to 227 °C and held for 2 hours, then
heated to 477 °C and held for 12 hours (all heating at 2 °C/minute).*? Then, the catalyst was cooled
under H, to below 40 °C, purged with N, (Airgas, Industrial), then passivated with 10.02% O, in
Ar (Airgas, Ultra High Purity) at 10 sccm for 30 minutes.
Incipient Wetness Impregnation

To synthesize a Ni/Al,O5 catalyst with larger Ni nanoparticles, we used incipient wetness
impregnation (IWI).# First, the wetness point of the support was measured and determined to be
0.848 g of deionized water per g of Al,Os. The catalysts have a theoretical Ni loading of between
3 and 15 wt%. The desired amount of hexamine nickel (II) chloride (Strem Chemicals, 98%) was
dissolved in deionized water (18 MQ) according to the Al,O; wetness point to synthesize 5 g
catalyst. The metal solution was added dropwise to the Al,O5 support, mixing well between each
addition. The catalyst was then transferred to a ceramic crucible and dried in static air at 120 °C
for 30 minutes. The dry catalyst was crushed into a fine powder and then reduced in flowing H,
(50 sccm) (Airgas, Industrial). The catalyst was heated to 227 °C and held for 2 hours, then heated
to 477 °C and held for 12 hours (all heating at 2 °C/minute).*? Then, the catalyst was cooled under
H; to below 40 °C, purged with N, (Airgas, Industrial), then passivated with 10.02% O, in Ar
(Airgas, Industrial) at 10 sccm for 30 minutes.

Colloidal Synthesis
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03101j

Page 7 of 33 Nanoscale

View Article Online
DOI: 10.1039/D5NR03101J

To synthesize a Ni/Al,O; catalyst with particularly small Ni nanoparticles, we used
colloidal synthesis (CS). Colloidal Ni nanoparticles were synthesized using a procedure adapted
from Vrijburg et al.** First, nickel acetylacetonate hydrate (Strem Chemicals) (2.57 g), oleylamine
(Sigma-Aldrich, 70%) (150 mL), and oleic acid (Sigma-Aldrich, 90%) (3.2 mL) were added to a
250 mL round bottom flask. This solution was degassed under bubbling Ar (Airgas, Industrial) for
30 minutes at 110 °C, then cooled to 90 °C. In parallel, a solution of borane tert-butylamine (BTB)
(Thermo Scientific, 97%) (4.4 g) and oleylamine (20 mL) were mixed in a 50 mL flask and
degassed under Ar at room temperature for 30 minutes. Then, the BTB solution was added to the
Ni acetylacetonate solution within a 10 second period while maintaining an Ar atmosphere and
constant stirring. Within 30 seconds of the addition, the solution turned from light blue to dark
grey or black. The mixture was stirred at 90 °C for 1 hour. Next, toluene (Sigma-Aldrich, 99.8%)
(170 mL) was added to the mixture to precipitate the nanoparticles, and the mixture was cooled to

room temperature. The solution was separated into centrifuge tubes, each with ~15 mL of the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

nanoparticle solution and then ~35 mL of acetone (VWR Chemicals) was added. The solution was

centrifuged at 10,000 rpm for 10 minutes then the supernatant was removed. Additional acetone

Open Access Article. Published on 19 December 2025. Downloaded on 12/24/2025 4:28:19 PM.
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was added to each tube and sonicated to redisperse the nanoparticles; this washing process was
repeated three more times. From here, the washed nanoparticles were sonicated once more in
acetone to disperse the nanoparticles. Then, the Al,O; support was impregnated with the
nanoparticle solution to achieve the desired metal loading (3 wt%) to synthesize 5 g total catalyst.
After sufficient solution was added to reach the wetness point of the Al,O3 support, the mixture
was placed in a drying oven at 120 °C for 30-40 minutes or until the acetone had evaporated. Then,
additional nanoparticle solution was added, and the process was repeated until the desired Ni

loading was achieved, based on the total Ni content and assuming uniform distribution of
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nanoparticles in the solution. The dried catalysts were reduced in H; (50 sccm) at 350 °C (heating
rate of 2 °C/min) for 5 hours. The catalyst was cooled to below 40 °C, purged with N,, and

passivated with 10.02% O, in Ar (Airgas, Industrial) at 10 sccm for 30 minutes.

Reactivity Measurements

CO, methanation reactions were carried out in a 0.375-in. outer diameter and 0.340-in.
inner diameter stainless-steel flow reactor. 270-300 mg of catalyst for Ni/Al,O; - 4.6, Ni/Al,O5 -
5.6, and Ni/Al,05 - 6.6; 100 mg of catalyst for Ni/Al,O; - 7.4; and 26 mg of catalyst for Ni/Al,O;
- 8.4 were diluted in silicon carbide (Strem Chemicals, 100 mesh) at a mass ratio of 1:3 catalyst to
silicon carbide. The diluted catalyst was loaded into the reactor between plugs of quartz wool
(Technical Glass Products). The temperature was controlled using a proportional-integral-
derivative (PID) controller (Love Controls) with a K-type thermocouple (Omega) placed inside
the catalyst bed. Aluminum blocks were placed between the reactor tube and the furnace (Applied
Test Systems) to ensure isothermal operation. All gases were delivered by mass flow controller
(Brooks 5850 (CO,, H,) and Alicat (N,)) and used without further purification. Prior to reaction,
the catalyst was reduced under H, (Airgas, Industrial) flow for 2 hours at 477 °C (50 sccm) (heating
at 5 °C/min). The reactor was cooled to 300 °C with a ramp rate of 17 °C/min under H, then a
mixture of CO, (Airgas, Bone-Dry), H,, and N, (Airgas, Industrial) was fed to the reactor at a
molar ratio of 1:4:5. Reactions were conducted for a minimum of 20 hours. Gas composition was
measured via gas chromatograph (Perkin Elmer Clarus® 580 GC) with Ar carrier gas and a thermal
conductivity detector (TCD) with Haysep N and mole sieve 13X columns and a flame ionization
detector (FID) with an Elite-Q Plot column. N, was used as an internal standard. All measurements
were carried out at a CO, conversion of less than 10% and the carbon balance for all reactions was

>98%. The average CO, conversion and reactivity data were taken after an activation period and
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with a standard deviation of not more than 0.3% (X% = 0.3%, here X is the CO, conversion) for
5 hours (Table 2). The absence of transport limitations were confirmed in this study (Tables S1
and S2).

In a similar manner, CO hydrogenation was conducted in the same differential reactor as
described for CO, methanation. 100 mg of catalyst was diluted in silicon carbide (Strem
Chemicals, 100 mesh) at a mass ratio of 1:3 catalyst to silicon carbide. The diluted catalyst was
loaded into the reactor between plugs of quartz wool (Technical Glass Products). Prior to reaction,
the catalyst was reduced under H, (Airgas, Industrial) flow for 2 hours at 477 °C (50 sccm) (heating
at 5 °C/min). The reactor was cooled to 300 °C with a ramp rate of 17 °C/min under H, then a
mixture of 10% CO/Ar (Airgas, UHP), H,, and N, (Airgas, Industrial) was fed to the reactor at a

molar ratio of 1:4:5. Reactions were conducted for 3 hours.

Characterization

Chemisorption, temperature programmed reduction, temperature programmed oxidation,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and temperature programmed desorption experiments were all conducted on a Micromeritics Flex.

Open Access Article. Published on 19 December 2025. Downloaded on 12/24/2025 4:28:19 PM.

The Ni dispersion was evaluated by static CO chemisorption at 35 °C. For chemisorption, catalysts

(cc)

were pre-reduced in H, (Airgas, UHP) at 477 °C for 2 hrs. with a ramp rate of 10 °C/min. CO was
incrementally dosed up to a pressure of 450 mmHg. The site density was calculated using a
stoichiometry calculating from the linear and bridged CO adsorption area from CO FTIR,
described in more detail in the main text.

For temperature programmed reduction (TPR) experiments, the catalysts were first dried
under N, (50 sccm) at 110 °C for 30 minutes (ramp rate 10 °C/min), then cooled to 40 °C. TPR
was run while flowing 10% H,/Ar (Matheson) at 50 sccm and heating at 10 °C/min up to 950 °C

and the gas composition was monitored by TCD.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr03101j

Open Access Article. Published on 19 December 2025. Downloaded on 12/24/2025 4:28:19 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Page 10 of 33

View Article Online
DOI: 10.1039/D5NR03101J

Similarly, for temperature programmed oxidation (TPO) experiments, the catalysts were
first dried under N, (50 sccm) at 110 °C for 30 minutes (ramp rate 10 °C/min), then cooled to 40
°C. TPO was run while flowing 10% O,/He (Airgas) at 50 sccm and heating at 10 °C/min up to
950 °C and the gas composition was monitored by TCD.

For temperature programmed desorption (TPD) of CO,, the catalyst was first reduced in
H; (Airgas, UHP) to 477 °C for 2 hrs with a ramp rate of 10 °C/min. Then the sample was cooled
to 100 °C and purged under flowing He (Matheson, UHP) for 30 minutes. The sample was then
exposed to 10% CO,/Ar (Matheson) at 25 sccm for 90 minutes and desorption conducted by
heating to 900 °C at 10 °C/min.

Transmission electron microscopy (TEM) was carried out on a JEOL TEM 2100. For the
unsupported colloidal nanoparticles, one drop of the Ni nanoparticle solution was placed onto a
300-mesh copper grid with a carbon-coated formvar film and then air-dried. Images were acquired
at 120 kV with a Gatan OneView camera and Digital Micrograph software. Scanning transmission
electron microscopy (STEM) was carried out on a JEOL NEOARM aberration-corrected analytical
STEM at Oak Ridge National Laboratory (ORNL) operated at 200 kV with a semi-convergence
angle of ~28 mrad for capturing images on supported catalysts. The supported catalysts were
dispersed in acetone and then a copper grid (400-mesh with a carbon-coated formvar film) was
dipped into this solution once and air-dried. Particle size analysis was conducted using Imagel.

Fourier transform infrared spectroscopy (FTIR) experiments were conducted using a
Nicolet iS50 FTIR (Thermo-Fisher) with a mercury—cadmium—telluride (MCT) detector. Samples
were loaded in a high temperature diffuse reflection cell (Harrick Praying Mantis) equipped with
CaF, windows. To investigate the catalyst behavior under CO, methanation conditions, all

catalysts were first reduced under a mixture of H, and Ar (1:9 ratio) at 74 sccm at 477 °C (heating
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at 5 °C/min) for 2 hours and then cooled to 300 °C with a ramp rate of 17 °C/min under the mixture
of H, and Ar (1:9 ratio) prior to switching to a mixture of CO,, H,, and Ar (1:4:5 ratio) at 100
sccm in the IR cell. For transient experiments, CO, was stopped by switching the gas to a mixture
of H, and Ar (4:5 ratio) at 90 sccm and maintaining this flow for 1 hr. CO, flow was then restarted,
switching to a mixture of CO,, H,, and Ar (1:4:5 ratio) at 100 sccm and maintaining flow for 30
minutes. Similarly, CO hydrogenation in situ FTIR experiments were conducted by reducing the
catalysts first as mentioned above and then cooled to 300 °C. Then the catalysts were exposed to
switching to a mixture of CO and Ar (1:9) at 69 sccm and H, flow at 31 sccm simultaneously,
combining 100 sccm at 300 °C in the IR cell. All spectra include 8 accumulated scans at a
resolution of 4 cm!. Similarly, for CO adsorption FTIR experiments, all catalysts were first
reduced under a mixture of H, and Ar (1:9 ratio) at 74 sccm at 477 °C (heating at 5 °C/min) for 2
hours. After reduction, the sample was cooled to 35 °C with a ramp rate of 17 °C/min under Ar

flow at 60 sccm. The flow was then switched to a mixture of CO and Ar (1:9) ratio) at 20 sccm in

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the IR cell for 1 hour and finally switched to only Ar at 60 sccm. All spectra include 256

accumulated scans at a resolution of 4 cm™!.
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Inductively coupled plasma optical emission spectroscopy (ICP-OES) was conducted on
an Agilent ICP OES 720 instrument, following EPA 200.7 Rev 4.4-1994 Method for Ni. ICP
samples were prepared by dissolving 25 mg of catalyst in 10 mL aqua regia (HCl: HNO; = 3:1)
for at least 24 hours at room temperature.

X-ray diffraction (XRD) patterns were measured on an X'Pert PRO MRD instrument
(PANalytical) with Cu Ka (1 =1.5056 A) radiation with a 20 scan step size of 0.016.

X-ray photoelectron spectra (XPS) were collected on fresh and spent Ni/Al,O; - 4.6 and

Ni/Al,O; - 8.4 catalysts using a Kratos Axis Supra+ X-ray Photoelectron Spectroscope equipped
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with a monochromatic Al Ka (1486.7 eV) X-ray source. The survey scans were performed at a
pass energy of 160 eV and step size of 1 eV, while the individual scans at 20 eV with a step size
of 0.1 eV. The spectra were processed and fitted in CasaXPS software*> with a Shirley-type

background, and a spectrum shift calibration was performed using C 1s peak at 284.8 eV.

Results and Discussion

Nickel catalysts supported on alumina were synthesized using colloidal synthesis (CS),
strong electrostatic adsorption (SEA), and incipient wetness impregnation (IWI) methods. Table 1
summarizes the set of catalyst samples, including Ni loading, metal dispersion, particle size

determined from CO chemisorption measurements, and STEM/TEM.

Table 1. Metal loading, synthesis conditions, and particle size and site density measured by CO

chemisorption and electron microscopy for the Ni/Al,O; catalysts studied in this work.

Catalyst Synthesis Theoretical ICP  Reduction Site density Particle Particle Site density

Name? Method®  Ni wt. (%) Ni temp. (nmol/g) size (nm) size (nmol/g)
wt. O from CO from CO (nm)® from
(%) chemi® chemi ¢ STEM/TEMf
Ni/ALO; - CS 3 2.23 350 121.6 3.2 46+14 82.6+25.1
4.6
Ni/ALO; - SEA 3 2.3 477 68.7 5.7 5.6+1.3 70+16.2
5.6
Ni/ALO; - IWI 3 2.3 477 60.5 6.5 6.6+13 59.4+11.7
6.6
Ni/ALO; - SEA 10 6.66 477 150.1 7.6 74+15 153.3+31.1
7.4
Ni/ALO; - IWI 15 14.7 477 315.1 7.9 84+19 298.1+ 67.4
8.4

2 Catalysts are named as Ni/Al,0;3-X where X is the Ni particle size in nm measured from STEM/TEM.  CS: colloidal synthesis,
SEA: strong electrostatic adsorption, IWI: Incipient wetness impregnation. ¢ Site density was calculated from CO static
chemisorption based on ICP weight percentage and using a stoichiometry calculated from CO FTIR as described in Figure S2. 4Ni
particle size was calculated using the formula, dy=1.0/D where D is the dispersion calculated from CO static chemisorption.? ©
Average particle size and standard deviation measured from TEM (6.6 and 8.4 nm samples) or STEM (4.6, 5.6, and 7.4 nm samples)
(Figure 1) considering 65 nanoparticles for each sample. fSite density was calculated from the STEM/TEM particle size and weight

loading determined from ICP.

We compared the estimated Ni nanoparticle size measured from CO chemisorption and

STEM/TEM. To estimate active sites from chemisorption, if we use a stoichiometry of 1.5 Ni:CO,
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assuming a mix of atop and bridge bound CO, the particle size estimated from CO chemisorption
does not agree well with (S)TEM (Table S3). From CO FTIR on Ni/AL,O; - 8.4, however, we can
better estimate the CO adsorption behavior on these catalysts by taking into account the relative
quantities of linear and bridged CO adsorption. As shown in Figure S2, the peak area for the bridge
bound CO (1740-2000 cm!) is almost 3 times larger than the peak area for linearly adsorbed CO
(2000-2100 cm™").#647 While exact extinction coefficients are not measured, we estimate the CO
adsorption stoichiometry to be around 1.3 based on generally reported ratios of linear and bridged
CO molar extinction coefficients on a variety of different metals (Table S4).48-50 This estimate and
the corresponding IR spectra suggests that CO adsorption on our catalysts does not follow the
typical approximation of a Ni:CO stoichiometry of 1.5.5! Due to the uncertainty in this adsorption
stoichiometry, however, we have applied the sites estimated using the Ni particle size measured
from STEM/TEM (Figure 1) for all subsequent discussion. For the catalyst prepared via colloidal

synthesis (CS), the initially synthesized unsupported Ni nanoparticles exhibited an average

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

diameter of 3.16 £ 0.69 nm (Figure S3). Upon incorporation onto the Al,O5 support, the Ni particle

size was 3.2 nm from chemisorption, while STEM analysis revealed a size of 4.6 £ 1.4 nm. We

Open Access Article. Published on 19 December 2025. Downloaded on 12/24/2025 4:28:19 PM.

(cc)

note there is potential for some of the Ni to be in phases that do not adsorb CO, e.g., nickel
aluminate®! which was confirmed from XRD (Figure S1). We emphasize that comparing active
site estimates from chemisorption with each stoichiometry and STEM analysis results in only
minor variations in site density. These differences likely arise from a combination of factors,
namely variations in the CO:Ni adsorption stoichiometry and relative proportion of Ni adsorption
sites vs aluminate non-adsorption sites across the set of samples. Despite the inherent uncertainty
in estimating active site densities, the overall behavior of these catalysts as a function of particle

size does not change substantially.
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Figure 1. STEM/TEM images for (a) Ni/ALO; - 4.6, (b) Ni/Al,O3 - 5.6, (c) Ni/AlL,O3 - 6.6, d)
Ni/Al,O5- 7.4, (e) Ni/Al,0O5 - 8.4, and corresponding particle size distributions (f-) for the catalysts
studied in this work. For each sample 65 nanoparticles were measured, and the Ni particle sizes

are shown as mean =+ standard deviation.

The CO, methanation reaction was carried out over the Ni/Al,O5 catalysts. The activity is
reported in Table 2 and the corresponding time on stream data is shown in Figure S4. Each reaction
was conducted for a minimum of 20 hours. The Ni/Al,O5 - 4.6 and Ni/AL,O; - 5.6 catalysts were
stable from the beginning, whereas Ni/Al,O3 - 6.6, Ni/Al,O5 - 7.4, and Ni/Al,O5 - 8.4 showed an
activation period for 5, 8, and 20 hrs., respectively, before reaching steady state (Figure S4). The
weight hourly space velocity (WHSV) ranged from 5,000 to 280,000 h'!, with CO, conversion
maintained below 10%. The absence of transport limitations was verified, as shown in Table S2.
The reported CO, conversion and CH,4 production rate were calculated from the steady state

activity after the activation period. Methane production rates (umol/min/g catalyst), shown in
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Table 2, were normalized by the corresponding electron microscopy-based site densities in Table

1, yielding the turnover frequencies (TOFs) presented in Table 2 and Figure 2.

Table 2. CO, methanation reactivity data of the set of Ni/Al,O; catalysts.

Catalyst Total flow WHSV Average CO, Average CH, TOF (s)P
rate (sccm) (1/hr) conversion (%) ? Production
(nmol/min/g of catalyst)

Ni/AlL,O; - 4.6 56 5100 4.1£0.2 22.5+0.09 0.005+0.001
Ni/ALO; - 5.6 100 8100 6.9+0.1 82.440.6 0.02+0.005
Ni/Al,O; - 6.6 200 17500 8.7+0.1 177£1.3 0.05+0.01
Ni/AL,Os - 7.4 300 71000 8.8+0.1 829+2.5 0.09+0.02
Ni/ALO; - 8.4 300 28400 9.4+0.3 375748 0.21£0.05

2 Average CO, conversion and corresponding rates were taken over 5 hrs. time on stream when the standard deviation in

conversion was 0.3% or less over time (Table S5). In this window, the standard deviation for the average CH, production was

found to be 8 pmol/min/g, or less over time. Reaction conditions: CO,:Hy:Np= 1:4:5, 300°C and 1 atm. The catalysts were

reduced for 2 hrs. at 477°C prior to reaction. All the catalysts were 100% selective to CH,. ® TOF was calculated using the

electron microscopy based site densities; error in TOF accounts for error in the CH4 production and the standard deviation of

the measured particle size from Table 1.

As shown in Figure 2 and Figure S5, we observed an increase in TOF with increasing Ni

particle size for CO, methanation. Although slight differences in TOF values are observed between

those calculated from CO chemisorption—derived and microscopy-based site densities, the overall

trend of TOF with Ni particle size remains consistent as shown in Figure S5. To understand the

underlying reasons for this trend, we investigated the reaction mechanism using in situ FTIR

spectroscopy. The results, presented in Figure 3, provide insights into how the surface species

under reaction conditions vary with Ni particle size. Detailed peak assignments are provided in

Table Sé6a.
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Figure 2. Turnover frequency as a function of Ni particle size from (S)TEM for catalysts supported

on Al,Os. The lines are to guide the eye. Reaction conditions: 300 °C, 1 atm, CO,:H,:N, = 1:4:5.

As shown in Figure 3 and Table S6a, we observe peaks assigned to formate species on all
catalysts: at 1595 and 2912 cm! for Ni/Al,Os - 4.6, 1384, 1595, and 2903 cm! for Ni/Al,O3 - 5.6,
1381, 1596, and 2904 cm! for Ni/AL,O; - 6.6, 1384, 1591, and 2908 cm'! for Ni/Al,O5 - 7.4, and
1384, 1592, and 2904 cm™! for Ni/Al,O5 - 8.4.5236 We also observed peaks corresponding to bridge
and three-fold bound CO at 1840 and 1925 cm! for Ni/ALLO; - 5.6, 1840 and 1913 c¢cm™ for
Ni/AL,O; - 6.6, 1852 cm™! for Ni/Al,O5 - 7.4, and 1840 and 1916 cm! for Ni/Al,O; - 8.4. Peaks
assigned to linear CO are observed at 2029 cm™! for Ni/Al,Os - 5.6, 2028 cm! for Ni/Al,O; - 6.6,
2022 cm! for Ni/Al,O3 - 7.4, and 2019 cm™! for Ni/Al,O5 - 8.4.5233-738 Linear and bridged CO
species were absent on the smallest Ni particle size catalyst (Ni/Al,O; - 4.6). A peak at 3003 cm’!
was observed for all the catalysts and can be assigned to the asymmetric C—H stretching vibration
of either adsorbed methane or formate.3?>3-7 We also observe a peak at 1458 cm! for Ni/Al,Os -
8.4 (Figure 3) which is assigned to a bicarbonate species>**%° formed on the Ni-Al,O; interface.
While previous reports have suggested that surface carbonate and carboxylate species participate

in the reaction mechanism, we did not observe these species on our catalysts.®® On the smallest
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particles, we have observed only formate species. We also note that 1800-2100 cm™! broadly

corresponds to peaks for CO species adsorbed on metallic Ni,°!-92 while formate species typically

adsorb and stabilize on NiO rather than on metallic Ni,%*%4 suggesting both Ni species are present

under reaction conditions. As the Ni particle size increased, we also observed CO as well as
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Figure 3. FTIR spectra of Ni/Al,O5 catalysts under CO, methanation conditions. All catalysts

were reduced in situ at 477 °C for 2 hrs prior to switching to the CO,, H,, Ar mixture at 300 °C.

The spectra shown were collected after 10 hrs. of reaction and the background of the reduced

catalysts under H,/Ar flow is subtracted.
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bicarbonate for the catalyst with the largest particle size. These observations suggest a shift in the
reaction mechanism with particle size.

To quantitatively compare the set of catalysts, we integrated the total peak areas for both
carbonyl (2150-1800 cm!') and formate species (summation of peaks at 1384, 1591-1595, and
2903-2908 cm™') and calculated the ratio of carbonyl to formate peak areas as shown Figure 5a.
We observe that this ratio of carbonyl:formate is higher for Ni/Al,O3 - 7.4 than for Ni/AL,O3 - 5.6
and Ni/Al, O3 - 6.6. We suggest that this increase in coverage of carbonyl species is responsible
for the higher activity of Ni/Al,O3 - 7.4 compared to Ni/Al,O5 - 5.6 and Ni/Al,O5 - 6.6. This
difference in surface coverage for carbonyl and formate species, however, does not explain why
Ni/Al,O; - 8.4 has the highest activity as the ratio of carbonyl to formate peak areas was lower
than for Ni/Al,O; - 7.4. During the initial time on stream under reaction conditions (Figure S6), a
small peak corresponding to a formyl species® at 1742 cm™! was observed for Ni/Al,Os - 8.4, but
then disappeared after 10 min. We suggest that both the formyl species and the interfacial
bicarbonate species described above are highly active intermediates,%¢%® leading to the higher
observed rate over the Ni/Al,O3 - 8.4 catalyst. We note that DRIFTS analysis by Rivero-Mendoza
et al. revealed a similar presence of formate and adsorbed CO species on a La-Ni/Al,O; catalyst
surface. They suggested these adsorbed species correspond to a reaction pathway involving H,-
assisted CO, dissociation into C and O atoms, which are subsequently hydrogenated to form CH,4
and H,0.%°

To further probe the mechanism and role of adsorbed species, we then stopped the flow of
CO; and measured the transient behavior of Ni/Al,O; - 4.6, Ni/Al,O3 - 6.6, Ni/Al,O5 - 7.4, and
Ni/Al,O; - 8.4 catalysts (Figure 4 and Figure S7). We observe that CO species quickly disappeared

from the surface of the Ni/Al,O5 - 6.6, Ni/Al,O3 - 7.4 and Ni/Al,O; - 8.4 catalysts. As no CO
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species were present on the Ni/Al,Os - 4.6 catalyst during CO, methanation, no change in the
carbonyl region was observed. In contrast, however, formate species remain on the Ni/Al,O; - 4.6,
Ni/Al,O;5 - 6.6, Ni/Al,O;5 - 7.4, and Ni/Al,O; - 8.4 catalysts. To evaluate whether these formate
species are spectator or reactive species, we calculated the peak areas of the adsorbed formate
species after stopping CO, for 1 hr. on Ni/Al,O3 - 4.6 (the catalyst with the lowest TOF) and
Ni/Al,Os; - 8.4 (the catalyst with the highest TOF) as shown in Figure 5b. The formate peak areas
gradually decreased over time. The decrease in peak area was much slower than the measured TOF
which suggests this decrease in formate peak area is due to slow desorption rather than reaction
and that formate is a spectator species. The decrease in formate peak area may also suggest the

slow reaction of formate to methane.
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Figure 4. Transient DRIFTS spectra for a) Ni/Al,O; - 4.6 and b) Ni/Al,O; - 8.4 catalysts; catalysts
were exposed to reaction conditions (CO,:H,:Ar =10:40:50, 300 °C) for 10 hours, then CO, was
stopped and dynamic changes to the adsorbed species were measured under H,:Ar flow. The black
spectrum indicates steady state reaction conditions and blue indicates the catalyst after 1 hour

without CO,.
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Figure 5. a) TOF vs. Ni particle size (black) and the ratio of CO:formate peak areas vs. Ni particle
size from the steady state in sifu FTIR spectra (pink) and b) formate IR peak area as a function of
time after stopping CO,. Integrated peak areas are shown in Table Séc.

To determine whether the formate species originate from direct CO, hydrogenation or via
a CO intermediate, we conducted in situ CO hydrogenation FTIR experiments (Figure 6) and CO
hydrogenation reactivity measurements (Figure S8) on two catalysts: Ni/Al,O3 - 4.6 and Ni/AL,O;
- 8.4. These catalysts represent the lowest and highest measured TOF for CO, methanation and
therefore we expect them to show different behavior under CO hydrogenation conditions. For
Ni/Al,Oj; - 8.4, under CO methanation conditions, distinct bands corresponding to formate species
(1375, 1390, 1592, and 2904 cm™"), bicarbonate species (1458 cm!), and adsorbed methane (3016
cm) were observed and the CO methanation TOF was about 0.13 s71.5470 This TOF on Ni/Al,O5
- 8.4 was lower than the CO, methanation TOF (0.21 s'!). In contrast, Ni/Al,O3 - 4.6 showed no
detectable formate peaks under CO methanation conditions and the CO methanation TOF was
about 0.006 s*! with deactivation over time. This TOF on Ni/AL,O; - 4.6 was slightly higher than
the CO, methanation TOF (0.005 s'!). These results suggest that under CO, methanation conditions
on smaller Ni particles, formate is likely formed directly from CO, dissociation but CO

methanation proceeds with direct CO cleavage which forms C. This direct CO dissociation and
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subsequent C accumulation would rationalize the observed deactivation.”’'~7# In contrast, the higher

g TOF for CO, methanation than CO methanation on larger Ni particles suggests that the formate
@

3 pathway can proceed from either CO or CO, hydrogenation.
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g Figure 6. In situ FTIR spectra under CO hydrogenation reaction conditions on (a) Ni/Al,O;
o - 4.6 and (b) Ni/Al,Oj; - 8.4. The catalysts were reduced in situ at 477 °C for 2 hrs prior to switching
&

g to the CO, H,, Ar (7:31:62) mixture at 300° C. The spectra shown were collected across the first

hour of reaction; the bottom spectra (black) represents t=0 min and the top spectra (blue) represents
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t= 60 min. For all spectra, a background of the reduced catalyst under Hy/Ar flow is subtracted.

(cc)

occurs through formate species adsorbed on the Al,Os surface.’*7>76 Conversely, Schreiter et al.
reported that while hydrogen carbonate and carbonate species participate in methane formation,
surface formate and carboxylate species may act as spectators.’® Pan et al. proposed that
monodentate formate species are more readily hydrogenated than bidentate formate species
derived from hydrogen carbonate.”” Our transient in situ FTIR results similarly suggest that the
formate species are a spectator species for CO, methanation on alumina supported Ni catalysts.

We note, however, that we did not observe carbonate and carboxylate species on our catalysts as
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has been previously suggested by some studies.®*’8 We also observed that CO is likely a reactive
species, particularly for larger nickel particles, as has been suggested in the literature.’>¢ Formyl
species were also observed on the catalyst with the largest nickel particles. We attribute the
presence of these species to the increasing CO, methanation performance with particle size.
Overall, we suggest that for Ni/Al,O; catalysts, CO, methanation proceeds primarily via the
formate pathway on smaller Ni particles, where the formate species originate from direct CO,
hydrogenation. As the Ni particle size increases, CO formation becomes more pronounced, and
formate species are generated through both CO, and CO hydrogenation routes. For the largest Ni
particles, formyl and bicarbonate species also appear with CO and formate species. Based on this
discussion, a schematic representation of the CO, methanation mechanism over Al,Oz-supported
Ni catalysts with varying Ni nanoparticle sizes is provided in Figure 7.

Beyond reaction mechanism analysis, we examined the interaction of CO, with the
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Figure 7. Proposed surface species and reactivity trend of the catalysts studied in this work.

catalysts to assess its role both as a reactant and as a probe of surface basicity. CO, temperature-
programmed desorption (CO,-TPD) was conducted to evaluate the strength of basic adsorption
sites, as shown in Figure 8. Two desorption regions were identified: <450 °C, attributed to weak
and medium basic sites, and > 450 °C, associated with strong basic sites.” Previous studies have

highlighted the importance of weak and medium basic sites in facilitating CO, methanation.’ The
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Figure 8. CO, TPD on Ni/Al,Oj; catalysts studied in this work
distribution of basic sites, based on integrated peak areas, is summarized in Figure S9 and Table
S7, and correlations between basicity, catalytic activity, and Ni particle size are presented in Figure
9.

As shown in Figure 9a, we observe that the percentage of weak+medium basic sites does
not follow a specific trend with respect to TOF and Ni particle size. As shown in Figure 9b, the
total basic sites show a downward ‘V’ trend with Ni particle size. Overall, these small changes in
basicity do not explain the behavior of TOF as a function of Ni particle size. Basicity is generally
suggested to be important for CO, methanation,’ however our measurements indicate a low basic
site density that does not change much across the studied set of catalysts (Figure 9b). In our

previous work, we examined the influence of Ni particle size on TiO, and CeO, supports for CO,
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Figure 9. The CO, methanation turnover frequency (black) and (a) % of weak+medium basic
sites (magenta) or (b) the area of total basic sites (desorption from 100-900 °C) (magenta) from

temperature programmed desorption as a function of Ni particle size.

methanation.?” The CO, desorption profiles obtained from TPD (integrated raw area between 100—
900 °C) for Ni/TiO, and Ni/CeO, catalysts fell within the same range as those observed for
Ni/Al,Os; in the present study. Thus, despite changing the supports, the CO, desorption behavior
remained comparable, particularly for Ni/Ti0, and Ni/Al,O3. The CO, desorption can be attributed
to catalyst basicity, leading us to conclude that Ni particle size exerts minimal influence on the
basicity of Al,Os-supported catalysts.

Since methanation takes place in the presence of H, (a reducing agent) and CO, (an
oxidizing agent), the reduction and oxidation behavior of the Ni catalysts is important to
understand activity trends. H, TPR and O, TPO profiles of the series of Ni-based catalysts are
shown in Figure 10. Both experiments were conducted on fresh, reduced and passivated catalysts
where we expect some variation in the ratio of metallic to oxidized Ni between catalysts, therefore
we analyze the results qualitatively rather than quantitatively. As shown in Figure 10a, the
observed peak below 400 °C may represent the reduction of NiO species to Ni®. The much smaller

peaks above 400 °C represent the reduction of a nickel aluminate phase, which is observed by
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XRD (Figure S1).8081 Similarly in Figure 10b, the observed peaks below 500 °C represent the
oxidation of Ni®to NiO.8234 These results indicate that Ni is able to be both oxidized and reduced
at the reaction temperature of 300 °C. While we observe intensity changes across the set of

catalysts, likely due to metal content, the overall redox behavior remains similar.
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Figure 10. (a) H, TPR and (b) O, TPO on Ni/Al,Oj; catalysts. It should be noted that after synthesis

the catalysts were reduced at 477 °C for 12 hours in H, and then passivated for 30 minutes and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

stored in air prior to the TPR and TPO.

We also performed ex situ XPS to assess the catalyst electronic structure for fresh and spent

Open Access Article. Published on 19 December 2025. Downloaded on 12/24/2025 4:28:19 PM.

(cc)

Ni/Al,O3 - 4.6 and Ni/Al,O3 - 8.4 catalysts as presented in Figure 11. Figure 11 shows the
deconvoluted Ni 2p spectra of Ni/Al,O3 - 4.6 and Ni/Al,O; - 8.4 before (a,c) and after (b,d) the
reaction. The Ni?* 2p;,, peak was observed at 855.20 eV for both fresh and spent catalysts.?3-86 The
Ni phase appeared to be absent on the fresh sample but was ~ 7.5 atomic % of the Ni on the spent
catalyst for both Ni/Al,O5 - 4.6 and Ni/Al,05 - 8.4. This change in species before and after reaction
suggests some degree of redox activity under reaction conditions, in agreement with the TPR and
TPO results. Both catalysts showed NiAl,O4 spinel peaks which are characteristic of Ni/Al,O3
catalysts. As the XPS measurements were conducted ex situ after air exposure, the observed

predominantly Ni oxide species are expected. Because XPS is surface-sensitive (probing depth ~5
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nm), metallic Ni species may exist beneath a Ni oxide layer and be undetected by this technique,
depending on particle size, resulting in signals corresponding mainly to Ni** rather than Ni° for
the fresh catalysts. In contrast, TPO captures oxidation of all reducible Ni species, including
subsurface metal, and thus may exhibit a Ni-metal oxidation feature even when the surface is
oxidized. Interestingly, a small amount of Ni® was detected in the spent catalysts by XPS,
suggesting that reduction (and likely oxidation) occurs under reaction conditions. In situ
techniques to directly probe this behavior, such as in situ XPS or XAS, however, are outside the

scope of this study.

a) Ni?* 3/2 Ni?* 3/2 satellite b Ni®3/2 Ni® 1/2
NPz 1/2 NiZ* 1/2 satellite NiZ* 3/2 Ni2* 3/2 satellite
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Figure 11. Deconvoluted Ni 2p XPS spectra of (a) fresh Ni/Al,0;-4.6, (b) spent Ni/Al,0;-4.6,
(c) fresh Ni/Al,0;-8.4, and (d) spent Ni/Al,05-8.4

From previous reports in the literature, metallic Ni sites are known to facilitate H,
dissociation and CO, hydrogenation,>3#” while adjacent NiO domains can promote CO, adsorption

and activation.®# Bi et al. studied MCM-41 supported nickel catalysts where they found that the
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co-existence of metallic Ni and NiO species at a sufficient molar ratio creates a metal Ni-NiO
interface, which facilitates the activation of reactants and improves CO, methanation
performance.”® As reported in previous studies, CO species are adsorbed on metallic Ni sites,®!-62
whereas formate species tend to adsorb and stabilize on NiO sites rather than on metallic Ni.63:64
Though we cannot directly correlate the oxidation and reduction behavior with metallic Ni and
NiO respectively, we suggest that a balance between the reducing and oxidizing characteristics of

the catalysts may synergistically enhance the methanation reaction performance.

Conclusion

We have observed a positive relationship between Ni particle size and TOF for CO,
methanation. We suggest that across all Ni/Al,O; catalysts studied in this work, methanation
occurs via a formate pathway. On the most active catalysts with larger Ni particles, CO,
methanation follows a parallel CO+formate pathway. The highest reaction rate is observed when

bicarbonate and short-lived formyl species are present in addition to CO and formate. The

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

catalysts’ reduction and oxidation behavior are thought to work synergistically to improve CO,
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methanation performance. Catalyst basicity, however, does not have a direct correlation with

(cc)

methanation activity trends observed on the set of Ni/Al,O5 catalysts.
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