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methanation†
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Herein we report our efforts to control the size of colloidal Ni nanoparticles (NiNPs) via a seed-mediated

approach and to produce supported Ni catalysts that are sinter-resistant. NiNPs are prepared using a mild

capping ligand and an external reducing agent at 90 °C to obtain seeds of 3–4 nm, followed by NiNP

growth at 220 °C to vary the final size up to 8 nm. These NiNPs were either introduced onto high surface

area silica via direct deposition in organic solvents, or encapsulated in mesoporous silica. Encapsulation

was determined to be the most promising approach to support the particles. A range of such encapsulated

NiNP catalysts were evaluated for CO2 hydrogenation between 200–400 °C: they were comparably active

as catalysts reported in the literature, and thermally stable and sinter-resistant for 70 h at 350 °C. Neverthe-

less, it was found that the Ni phase was redistributed throughout the mesoporous silica network, resulting

in Ni catalysts with nearly identical particle size of 4–5 nm, determined by the size of the support pores, af-

ter a combination of oxidative and reductive pretreatments. Our approach provides a route to obtain

Ni@SiO2 catalysts with a narrow particle size distribution from a range of colloidal NiNP precursors.

1 Introduction

Colloidal routes towards supported metal catalysts have long
been proposed as a strategy to obtain well-defined heteroge-
neous catalysts due to the possibility to control nanoparticle
size and shape.1,2 The flexibility in colloidal preparation
routes are often viewed as advantageous over conventional
catalyst synthesis methods such as impregnation or
coprecipitation.3,4 Both particle size and shape are known to
significantly influence the catalytic activity of supported nano-
particles in structure–sensitive reactions such as Fischer–
Tropsch and CO2 reduction.5–9 Despite the perceived advan-
tages for colloidal synthetic approaches, most studies have fo-
cused on producing noble metal catalysts,10 with industrially
relevant metals such as Ni and Co receiving limited attention.

The synthesis of supported metal catalysts via colloidal ap-
proaches involves two main challenges related to (i) the con-
trol of the nanoparticle size and (ii) the controlled deposition
of the colloidal nanoparticles onto a support and the removal
of the capping ligands to obtain active catalysts. The former
challenge has received more attention than the latter, even
though the deposition step is crucial to obtain active and sta-
ble catalysts.11 Ineffective anchoring of the nanoparticles may
lead to significant particle aggregation during high-
temperature activation, whereas low temperature treatments
may not effectively remove the capping ligands.12,13 Good
control over nanoparticle deposition on oxidic supports is
particularly important for Ni, which is susceptible to particle
sintering. Moreover, despite several studies in recent years
aiming to control Ni nanoparticle (NiNP) size, only limited
studies have provided synthetic approaches that yielded
NiNPs between 1–10 nm, which that were then also deposited
on a support to investigate particle sintering after capping
agent removal.14

Colloidal nanoparticles are comprised of a metallic core
stabilized by long-chain organic ligands (capping/stabilizing
agents). Vital to obtaining homogeneously dispersed nano-
particles are homogeneous seed formation (nucleation) of
metallic monomers, induced by metal atom (monomer) con-
centrations surpassing a threshold concentration (supersatu-
ration). Nucleation stops once the monomer concentration
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drops below the supersaturation concentration, with existing
nuclei consuming the remaining monomers in the organic
solution (heterogeneous nucleation).15 Synthetic routes to
produce NiNPs have usually involved either (i) thermal de-
composition of an organometallic precursor to produce and
grow the nuclei, or (ii) inducing nucleation using an external
reducing agent to reduce Ni2+, either as organometallic com-
plex or salt, to metallic Ni0. In thermal decomposition proce-
dures, Ni is usually reduced by the capping agents present in
the solution.16

Thermal decomposition methods for NiNP synthesis have
been extensively explored, with NiĲacac)2 often employed as
the Ni precursor. Zhang et al. studied the influence of tem-
perature on NiNP size employing only oleylamine (OAm) as
both solvent and capping agent.17 Polydispersed particles
with a mean diameter of 22 nm were obtained after nucle-
ation and growth at 220 °C, while nucleation was already
found to start at 180 °C. A narrow particle size distribution
for 20–60 nm NiNPs could be obtained by separating the seed
and growth steps in the synthesis. To achieve this, a two-step
seed-growth approach was introduced, in which the initial
seeds formed at 220 °C could be grown more homogeneously
by introducing additional precursor at room temperature and
then maintaining the solution at 195 °C. Chen et al. explored
a variety of alkylamines as capping agents and reducing
agents when preparing NiNPs via thermal decomposition
routes, obtaining particles between 10–50 nm.18

In order to improve control over particle sizes, many stud-
ies resorted to stronger capping agents. These have primarily
involved phosphorous containing ligands,18–23 although sulfur
containing agents have also been explored.24,25 Winnischofer
et al. screened various ratios of Ni precursors, phosphine, and
amine functionalized ligands to control Ni particle sizes be-
tween 4.8–16.3 nm.26 Carenco et al. studied the growth mecha-
nism of NiNPs, employing a combination of trioctylphosphine
(TOP) and OAm as capping agents.19 Within their work, the
authors determined OAm to be an effective reducing agent
(and therefore nucleation agent) but a weak capping agent,
whereas the phosphine ligand was an efficient capping agent
but poor reducing agent for NiĲacac)2. The exclusive use of
OAm as both capping and reducing agent led to Ni particles
between 50–80 nm under thermal reduction conditions. Their
understanding of the nucleation and growth mechanism
allowed the authors to tailor particle sizes from 2 to 30 nm
by varying the OAm :TOP ratio, with TOP-only mixtures yield-
ing the smallest particle sizes with a mean diameter of 2 nm.

The key problem with employing phosphorous containing
ligands (P-ligands) is that the phosphorous is inevitably in-
corporated into the Ni lattice, even at temperatures below
220 °C.19,27–29 Calcination at 500 °C was found to be insuffi-
cient to remove phosphorous from deposited NiNPs, yielding
supported P-containing Ni nanoparticles which were inactive
in cyclohexene hydrogenation.30 However, Ni-phosphides
were not observed by XRD and the predominant phase in the
synthesized NiNPs was metallic Ni. Similar effects have also
been observed for Co-based NPs.31 The use of P-containing li-

gands should therefore be avoided if Ni- and Co-based hydro-
genation catalysts are desired.

Thermal decomposition strategies alone are insufficient to
achieve particle size control in the absence of P-ligands, par-
ticularly if NiĲacac)2 is employed as the Ni precursor. In addi-
tion to thermal reduction strategies the use of strong reduc-
ing agents such as NaBH4,

32,33 hydrazine,34–36 polyols,37 and
more recently borane tert-butylamine (BTB) complex have
been explored.38,39 Using OAm and oleic acid (OAc) as co-
surfactants at 90 °C, Metin and co-workers were able to syn-
thesize monodisperse NiNPs from 3.2 to 5.4 nm by lowering
the BTB/Ni ratio from 3/1 to 1/1 respectively.38 Particles
smaller than 3 nm were obtained by Li et al. by increasing
the temperature at which BTB was injected into the NiĲacac)2
solution from 90 °C to 180 °C.40 However, particle size con-
trol to obtain a series of larger particles between 4 to 10 nm
was not achieved, which could be desirable when employed
in structure–sensitive catalytic reactions such as CO and CO2

hydrogenation.5–8

In addition to accurately controlling the particle size of
colloidal NiNPs, their effective and controlled deposition on
oxidic supports and subsequent removal of the organic li-
gands are vital to obtain active and well-defined catalysts. Di-
rect deposition via impregnation methods are facile,1 but Ni
is prone to sintering during ligand removal by calcination at
elevated temperatures.30 Rinaldi et al. deposited NiNPs on
SiO2 and found that high temperature treatments, although
effective at reducing the amount of ligands on the NiNP sur-
face, also increased the particle mobility which led to signifi-
cant sintering from 5 nm to 20 nm after reduction at 500
°C.30 Zacharaki et al. successfully deposited NiNPs on Al2O3

and effectively removed the ligands by thermal treatment
with only slight sintering observed after reduction at 400 °C.
Complete reduction was not achieved though, and this is nec-
essary for hydrogenation catalysis.14 More robust methods
must therefore be developed to support well-defined colloidal
nanoparticles and to maintain their dispersion if colloidal
routes are to be considered a beneficial approach. To this
end, nanoparticle confinement in porous matrices is consid-
ered a viable strategy. The stabilization of small (<2 nm)
NiNPs through confinement in zeolite micropores has been
investigated by Laprune et al.41 and Goodarzi et al.42 Brock
and co-workers successfully encapsulated Ni2P colloidal
nanoparticles (d = 11 nm) in mesoporous silica to prevent
their aggregation after ligand removal and catalyst activa-
tion.43 Such strategies have been studied for supporting col-
loidal Pt and Pd nanoparticles,44–47 as well as phosphorous-
free colloidal NiNPs,48–50 although these NiNP studies sought
to support and stabilize particles larger than 20 nm. At pres-
ent, no study has been able to produce well-defined colloidal
NiNPs which vary in particle size and maintain their disper-
sion once supported and thermally activated (i.e. ligand re-
moval and catalyst reduction), and are active in gas phase hy-
drogenation reactions. Ideally, such an approach would lead
to catalysts that are tailored for a specific structure–sensitive
reaction.
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In this work, we report the preparation of mesoporous sil-
ica supported NiNPs prepared via the colloidal approach. By
building a comprehensive set of colloidal NiNPs, we are able
to isolate important factors controlling growth and nucle-
ation using established colloidal nanoparticle growth theory.
A two-step seed-mediated synthetic approach was developed,
in which NiNP nucleation was induced with an external re-
ducing agent under mild conditions. Particles were subse-
quently grown under thermal decomposition conditions
(>200 °C) to obtain NiNPs between 3–8 nm using P-free li-
gands. Next, strategies to support the colloidal NiNPs and re-
move their ligands were investigated. Encapsulation of NiNPs
in mesoporous silica produced active and stable hydrogena-
tion catalysts. Moreover, encapsulation of colloidal NiNPs of
different sizes ultimately led to a redistribution of the encap-
sulated Ni to yield catalysts with identical particle sizes and
substantial catalytic activity. This approach demonstrates
that colloidal NiNP growth can be effectively controlled using
only mild capping agents, but that the support pore size be-
comes the controlling factor of the final NiNP size in encap-
sulated Ni@SiO2 hydrogenation catalysts.

2 Experimental
2.1 Materials

Nickel acetylacetonate (anhydrous, 95%) was purchased from
Strem, and oleylamine (OAm, technical, >70%), oleic acid
(OAc, 90%), borane tert-butylamine complex (BTB, 97%), and
cetrimonium bromide (CTAB, >99%) from Sigma Aldrich.
Amorphous silica (Sipernat® 50 S, surface area 500 m2 g−1)
was purchased from Evonik. Hexane (99%), toluene (99.7%),
CHCl3 (99.9%, stab./amylene) were purchased from Biosolve,
and tetraethyl orthosilicate (TEOS, >99%) from Merck. All
chemicals were used as received without further purification.

2.2 Colloidal nanoparticle synthesis

Ni nanoparticles between 3–8 nm were synthesized using
seed-mediated growth methods based on a combination of
literature approaches.19,38,39 To obtain the smallest particles
(seeds), 257 mg NiĲacac)2 (1 mmol), 15 mL oleylamine (OAm)
and 0.32 mL oleic acid (OAc, 1 mmol) were added to a 250
mL two-neck round-bottomed flask equipped with a magnetic
stirring bar. The mixture was brought under inert conditions
by flushing with Ar and degassed at 110 °C for 30 min to re-
moved oxygen and water. A green–blue solution was
obtained. In a second flask, 0.44 g borane tert-butyl amine
complex (BTB, 5 mmol) was dissolved in 2 mL OAm and
degassed. The NiĲacac)2 solution was cooled to 90 °C and the
BTB solution was subsequently injected into the NiĲacac)2 so-
lution. The mixture went black within 30 s, signaling the re-
duction of the Ni2+ to metallic Ni. The synthesis continued
for 1 h, after which the reaction was quenched by adding 17
mL toluene and cooled to room temperature. Nanoparticles
were precipitated by adding acetone as an anti-solvent,
followed by centrifugation (5000 rpm, 10 min). The superna-
tant was removed and the particles were washed by

redispersing them in 5 mL toluene, followed by precipitation
with 45 mL acetone and centrifugation. Particles were
washed 3 times with the toluene/acetone mixture.

To obtain larger particles, the seeds were grown at ele-
vated temperatures. After 1 h of the initial seed formation (as
described above), the black solution was heated to 220 °C
using a heating mantle. Additional NiĲacac)2 (2–4 mmol) in
equimolar OAc (2–4 mmol) was dissolved in octadecene
(ODE, 10–20 mL) and was added dropwise to the round-
bottomed flask using a Teflon cannula at a rate of ca. 0.5 mL
min−1. The particles were kept at 220 °C for an additional 1.5
h, after which the heating mantle was removed. Toluene was
added to make a 1 : 1 solution with the colloidal NPs. Nano-
particles were precipitated, collected, and washed according
to the procedure outlined above.

2.3 Supported colloidal nanoparticles

NiĲOAm)/SiO2. The resulting colloidal NiNPs were subse-
quently supported on high surface area amorphous SiO2

(Sipernat® 50 S, Degussa) with targeted metal loadings between
1–2 wt% Ni. NiNPs were dispersed in 5 mL of a non-polar or-
ganic solvent (e.g. toluene, CHCl3). The NiNPs dispersion was
added to a stirred suspension of 1 g SiO2 in 15 mL of the same
non-polar organic. The mixture was stirred for at least 12 h to
ensure complete transfer of the NiNPs onto the support. The
sample was then recovered by centrifugation, and washed 3
times by re-suspending the sample in the organic solvent
through sonication, and subsequent centrifugation. The sam-
ples were dried overnight in vacuo. Samples synthesized are de-
noted by the solvent in which the colloidal NiNPs were
suspended with Ni/SiO2-h, Ni/SiO2-t, and Ni/SiO2-c denoting
hexane, toluene, and chloroform suspended samples. In order
to remove the organic ligands and to obtain the fully reduced
metal catalyst, Ni/SiO2 was reduced in situ in 10 vol% H2 in He
flow (100 mL min−1) at 450–550 °C (2.5 °C min−1, 6 h).

Encapsulation of NiNPs in SiO2. Encapsulation of NiNPs
in SiO2 was carried out according to a literature procedure by
Savithra et al.43 Colloidal NiNPs (ca. 100 mg) were dispersed
in 5 mL CHCl3 and was slowly added to 20 mL aqueous CTAB
solution (0.1 M) at room temperature. The transfer and stabi-
lization of NiNPs from the organic to the aqueous phase was
facilitated by heating the mixture to 75 °C and slowly evapo-
rating the CHCl3 for ca. 20 min to obtain a homogeneous
black solution in contrast to the original cloudy brown mix-
ture. The Ni/CTAB/H2O mixture was cooled to 50 °C and di-
luted with 130 mL deionized water, to which 2 mL NaOH so-
lution (1 M) was added. In situ hydrolysis of SiO2 was
performed by injecting 2.7 mL TEOS to the Ni/CTAB/H2O so-
lution dropwise over 5 min under stirring at 50 °C. The
resulting gel-like mixture was stirred for 18 h. The product
was isolated and centrifuge-washed 3 times with deionized
water and 3 times with methanol. The product (Ni@SiO2)
was dried in vacuo overnight.

In order to remove the organic ligands (OAm/OAc) and
templating/stabilizing agent (CTAB), Ni@SiO2 was calcined in
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20 vol% O2 in N2 mixture (50 mL min−1) at 500 °C (1 °C
min−1, 10 h). The oxidized NiO@SiO2 nanoparticles were re-
duced at 450–550 °C in 10 vol% H2 in He flow (2.5 °C min−1,
6 h).

2.4 Characterization

Transmission electron microscopy (TEM). Particle sizes of
colloidal nanoparticles and supported nanoparticles were de-
termined with TEM. Measurements were done on a FEI
Tecnai 20 (type Sphera) transmission electron microscope op-
erating at 200 kV. Typically, approximately 100 mg of the
sample was crushed and suspended in pure CHCl3, soni-
cated, and dispersed over a Cu grid with a holey carbon film.

High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM). The size and size distri-
bution of encapsulated particles after reduction and CO2

methanation were studied with HAADF-STEM. Images were
acquired on the TU/e CryoTitan electron microscope (FEI,
now Thermo Fischer Scientific). HAADF-STEM sample prepa-
ration involved sonication of the samples in pure ethanol
(Biosolve, Extra dry, 99.9%) and applying a few droplets of
the suspension to a 200 mesh Cu TEM grid with a holey car-
bon support film. Prior to imaging, the supported samples
were left in an oven at 40 °C overnight to remove residual
ethanol. STEM images were acquired using a probe conver-
gence angle of 10 mrad, a dwell time of 2 μs and a camera
length of 89 mm in combination with a Fischione HAADF
detector.

X-ray diffraction. The crystal structure of the metal and
crystallinity of the supports was studied using XRD. Samples
were ground and pressed into sample holders for measure-
ments. XRD patterns were recorded on a Bruker D2 Phaser
diffractometer using Cu Kα radiation with a wavelength of
1.54 Å. The 2θ angles were measured with a step size of 0.02°
at 1.0 s per step. For Ni@SiO2, additional small angle mea-
surements were performed between 0.1–1°, with a step size
of 0.0015° at 0.25 s per step.

N2 physisorption. Textural properties of the SiO2-based
systems were performed at −186 °C on a Micromeritics
TriStar II 3020. The sample (ca. 150 mg) was degassed at 120
°C for 12 h prior to sorption measurements. Surface areas
were computed using the Brunauer–Emmett–Teller (BET)
method, and pore size distributions and total pore volumes
were calculated by the Barrett–Joyner–Halenda (BJH) method
using the desorption branch of the isotherm.

Temperature programmed reduction (TPR). The reducibil-
ity of encapsulated nanoparticles was studied with TPR in a
Micromeritics AutoChem II. Typically, 50–100 mg of sample
was transferred to a quartz U-tube. The sample was dried at
130 °C for 1 h under He. TPR was performed by linearly
heating the sample to 800 °C in a flow of 4 vol% H2 in He at
50 mL min−1. The gas consumption was measured by a TCD
and calibrated using a CuO/SiO2 reference catalyst.

H2 chemisorption. The available metal sites for encapsu-
lated nanoparticles were probed by H2 chemisorption using a

Micromeritics ASAP 2020. Typically, 100 mg catalyst was
loaded into a quartz U-tube reactor. Prior to H2 chemisorp-
tion, the sample was reduced at 600 °C by heating to this
temperature at a rate of 5 °C min−1, followed by an isother-
mal dwell of 4 h. After evacuation at 620 °C to remove all hy-
drogen species, H2 chemisorption was carried out at 35 °C.

X-ray photoelectron spectroscopy (XPS). Surface Ni oxida-
tion state for colloidal NiNPs was studied with XPS. Finely
crushed samples were placed on double-sided carbon tape
and analyzed using a K-Alpha XPS apparatus (Thermo Scien-
tific). Spectra were obtained using an Al anode (Al Kα =
1486.68 eV) with 50 scans in the Ni 2p region. Depth profil-
ing was performed to study encapsulated NiNPs after reduc-
tion at 600 °C and passivation in 1 vol% O2 in He (6 h).
Finely crushed samples were placed on double-sided carbon
tape and were studied after exposure to an Ar+ ion gun at 3.0
keV for 0–300 s. Ni/Si ratios were used to estimate the ele-
mental composition. All spectra were analyzed with CasaXPS,
charge corrected against the C 1s binding energy of adventi-
tious carbon at 284.8 eV, and were fitted using a Shirley
background.

2.5 Catalytic activity measurements

The catalytic activity of the prepared samples for gas-phase
hydrogenation reactions was performed in a 10-channel high-
throughput flow reactor. Prepared samples were pelletized at
a pressure of 300 MPa and sieved to a 75–125 μm fraction.
Approximately 50 mg catalyst (75–125 μm) was diluted with
150 mg SiC and loaded into a quartz reactor tube with an
internal diameter of 0.4 cm. Quartz wool was used before
and after the catalyst bed. Effluent products were analyzed by
online gas chromatography (Interscience CompactGC)
equipped with Restek Rt-Q-Bond and Rt-Msieve 5 Å (TCD),
Restek Rt-U-Bond and Rt-Q-Bond (TCD), and Restek Rtx-1
(FID) columns.

Benzene hydrogenation. Supported colloidal Ni catalysts
were pretreated in a 100 mL min−1 flow of 10 vol% H2 in He
at 450–550 °C (ramp rate 2.5 °C min−1, dwell 6 h) and cooled
to the 70 °C, which is the starting temperature of the temper-
ature programmed reaction. A gas mixture of 1.5 mL min−1

C6H6, 30 mL min−1 H2, and 68.5 mL min−1 He was prepared
using a controlled evaporation mixer (CEM) kept at 50 °C.
First, a 7.5 vol% C6H6 mixture was prepared by evaporating
3.2 g h−1 C6H6 in a He flow of 185 mL min−1. The resulting
C6H6 gas mixture was diluted with 500 mL min−1 He and 300
mL min−1 H2, and subsequently separated over 10 quartz re-
actors. The weight hourly space velocity (WHSV) was 5.8 g
gcat

−1 h−1. Rates were normalized to the total Ni loading.
CO2 methanation. Encapsulated Ni@SiO2 catalysts were

studied in CO2 methanation using the same high-throughput
setup as described above. CO2 methanation was performed at
atmospheric pressure. Prior to catalytic testing the samples
were reduced at 600 °C for 3 h in 10 vol% H2 in He at a flow
rate of 50 mL min−1. The catalytic performance was tested
with a supply of 3 vol% CO2, 12 vol% H2, and 85 vol% He at
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50 mL min−1. Steady-state CO2 conversion was measured be-
tween 200 and 400 °C. The stability of the catalyst is tested at
350 °C with the same feed composition. The CO2 conversion
(XCO2

), and CH4 (SCH4
) and CO (SCO) selectivities are calcu-

lated as:

XCO
CH CO

CO CH CO2

4

2 4


   

     
(1)

SCH
CH

CH CO4

4

4


 

   
(2)

SCO
CO

CH CO


 
   4

(3)

3 Results and discussion
3.1 Ni particle size control

The general procedures for the colloidal synthesis of Ni nano-
particles employed here are summarized in Fig. 1 with the
main results summarized in Table 1. Representative TEM im-
ages for obtained NiNPs are shown in Fig. 2. Benchmark pro-
cedure 1 involved the synthesis of the colloidal NiNPs
through thermal decomposition of NiĲacac)2 in the presence
of an equimolar amount of oleic acid (OAc) and excess
oleylamine (OAm) at 220 °C. OAc was used as a co-surfactant
to efficiently solvate Ni2+ in the non-polar organic solution.
This procedure resulted in polydisperse NiNPs with an aver-
age particle size of 53 nm (Fig. 2a), despite the large excess of
46 equivalent of OAm. The results are consistent with earlier
reports by Zhang et al.17 and Carenco et al.19 Previously, the
large sizes and broad size distribution of the NPs were attrib-
uted to the rapid reduction of Ni2+ to Ni(0) by OAm, leading
to a burst of Ni(0) species which could not be effectively sta-

bilized by OAm and therefore aggregate into polydisperse
particles.19

To obtain smaller particles with a narrower size distribu-
tion, lower-temperature procedures (90 °C) with an external
reducing agent were applied (procedures 2–4, Fig. 1,
Table 1).38 Borane tert-butylamine (BTB) was dissolved in
OAm and injected into the NiĲacac)2/OAc/OAm solution, turn-
ing the mixture black almost instantly (procedure 2). The
rapid injection of the external reducing agent leads to a
supersaturated solution during which particle nucleation oc-
curs. It is vital that this step is carried out rapidly to achieve
homogeneous nucleation and obtain colloidal NPs with a
narrow particle size distribution. TEM images confirm that
nanoparticles of 4.4 nm were obtained for BTB/Ni = 5 after 1
h growth at 90 °C (Fig. 2b). After precipitating out the NiNPs
using a toluene/acetone mixture, the remaining supernatant
still appeared slightly green, suggesting that not all the Ni2+

had been reduced.
To obtain larger particles, the nanoparticles were pre-

formed at 90 °C and rapidly heated to 220 °C. Additional
NiĲacac)2 (2 or 4 mmol) dissolved in OAc (2 or 4 mmol, re-
spectively) and ODE (10 or 20 mmol, respectively) was added
dropwise to the colloidal dispersion (procedures 3 and 4 re-
spectively, Fig. 1, Table 1). NiNPs of 6.3 nm and 7.9 nm were
obtained in this way by the addition of 2 mmol and 4 mmol
NiĲacac)2 to the initial suspension at 220 °C. The Ni2+ concen-
tration and the rate of addition were kept constant during
the different procedures.

Structural properties of as-synthesized colloidal NiNPs
were studied by XRD (Fig. 3). NiNPs synthesized via the BTB
reduction pathway (procedures 2–4) did not exhibit crystal-
line phases in XRD which we attribute to the small particle
size.51,52 Low-intensity contributions between 40–45° are
likely from amorphous carbon deposits. In contrast, the XRD
pattern of NiNPs synthesized by direct thermal decomposi-
tion of NiĲacac)2 showed sharp diffraction peaks at 39.1°,
41.6°, 44.6°, 58.4°, 71.0°, and 78.0° correspond to the (100),
(002), (101), (102), (110), and (103) crystal planes of hcp-Ni3C

Fig. 1 Schematic illustration of Ni nanoparticle synthesis procedures 1–4.
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(JCPDS no. 04-0853). The hexagonal lattice constants of a =
2.65 Å and c = 4.35 Å match those reported in literature for
hcp-Ni3C.

53–55 Colloidal routes providing Ni3C nanoparticles
have been reported before during synthesis carried out above

200 °C, with carbon contaminations of the organic surfac-
tants yielding the carbide phase.54–57 However, due to the
nearly similar lattice parameters of hcp-Ni3C and metastable
hcp-Ni, we cannot only rely on XRD to discern between these

Table 1 Summary of conditions for Ni nanoparticle synthesis and obtained particle sizes

Procedure Initial NiĲacac)2 (mmol) BTB/Ni T (°C) NiĲacac)2 added (mmol) d (nm) Fraction Ni0b (%)

1 5 n/a 220 0 53 (± 14) 47
2 1 5 90 0 4.4 (± 0.5) 22
3a 1 5 90, 220 2 6.3 (± 1.0) 12
4a 1 5 90, 220 4 7.9 (± 1.5) 39

a BTB injection at 90 °C, NiĲacac)2 addition at 220 °C. b Air exposed. Surface fraction determined by XPS.

Fig. 2 (a) TEM image and distribution of colloidal NiNPs prepared by thermal decomposition of NiĲacac)2 in OAm at 220 °C (procedure 1).
Colloidal NiNPs prepared using seed-mediated growth methods: (b) initial particles produced with BTB/Ni = 5 at 90 °C (procedure 2). By increasing
the temperature to 220 °C, particles were grown by the dropwise addition of (c) 2 equivalents (procedure 3) or (d) 4 equivalents (procedure 4)
NiĲacac)2 in an OAc/ODE solution.
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two crystal phases.53 The carbide phase was confirmed by
XPS measurements of the C 1s region (see ESI†). By etching
the NiNP surface with Ar+ ions, a peak positioned at 283.5 eV
emerged, which could be attributed to the Ni–C bond.54 This
phase is metastable and decomposes into fcc-Ni in reducing
atmospheres above 300 °C.58,59 XPS measurements of the C
1s region after Ar+ etching did not reveal a Ni–C phase for
these smaller NiNPs (see ESI†).

The nature of the particles was studied further with XPS.
XP spectra of colloidal NiNPs after exposure to air were
obtained in the Ni 2p3/2 region (Fig. 4). Despite the absence
of oxidic Ni phases in XRD, we observed both metallic Ni0

(BE = 852.8 eV) as well as oxidized Ni2+ (main peak BE =
856.0 eV, satellite peak BE = 861.5 eV) on all NiNPs,
confirming that the NiNPs readily passivated in air. Larger
colloidal NiNPs appeared to be more resistant to passivation
as evidenced by a higher Ni0 fraction (Table 1).

Interestingly, our results demonstrate that OAm is an ef-
fective capping agent at temperatures at which NiĲacac)2 de-
composes (>200 °C).60 This result contrasts earlier findings
by Carenco et al., who determined OAm to be a weak capping
agent under thermal decomposition conditions, leading to
large, polydispersed nanoparticles.19 Based on our data, we
speculate that OAm is an adequate capping agent but a poor
reducing agent, resulting in an ineffective nucleation and
slow growth. The theory of colloidal nanoparticle growth has
been reviewed in great detail elsewhere.1,3,15,61,62 In the ab-
sence of an external reducing agent, atomic Ni monomer for-
mation is kinetically limited during the temperature ramp to
220 °C. Therefore, once (local) supersaturation is achieved,
Ni seeds are formed and the monomer concentration de-
creases below the threshold concentration for nucleation.
However, due to the slow NiĲacac)2 decomposition, relatively
few seeds are formed when compared to an approach
employing an external reducing agent. The low seed concen-

tration leads to large particles. Moreover, as decomposition
kinetics increase at higher temperature, the rate of monomer
formation is also increased. If the monomer concentration
exceeds the threshold concentration required for supersatura-
tion, nucleation will occur resulting in the formation of new
seeds. The formation of new seeds during the growth of
existing seeds is the main cause of the broad particle size dis-
tribution. With our seed-mediated approach, we obtain a
rapid increase in monomer concentration at low tempera-
tures which leads to homogeneous nucleation. These parti-
cles maintain their narrow size distribution upon increasing
the temperature to 220 °C. Further addition of NiĲacac)2 un-
der decomposition conditions maintains a low monomer
concentration and grows the existing particles rather than
nucleating new ones. Overall this approach allows a better
control of NiNP synthesis. In contrast, addition of NiĲacac)2
at 90 °C did not result in the formation of larger particles,
but in a higher yield of NiNP (see the ESI†), confirming that
the low-temperature seed formation must be combined with
the high-temperature particle growth to obtain larger parti-
cles. To the best of our knowledge, this is the first report of
seed-mediated NiNPs able to control nanoparticle growth

Fig. 3 XRD patterns for the colloidal NiNPs synthesized by (a) thermal
decomposition at 220 °C (procedure 1), (b) BTB addition at 90 °C to
give the smallest NiNPs (procedure 2). Seed-mediated approaches
were ramped to 220 °C and either (c) 2 equivalents (procedure 3) or
(d) 4 equivalents of NiĲacac)2 (procedure 4) was added dropwise.

Fig. 4 Fitted XP spectra in the Ni 2p3/2 region of colloidal NiNPs
synthesized by (a) thermal decomposition at 220 °C (procedure 1, d =
53 nm), and (b) BTB addition at 90 °C (procedure 2, d = 4.4 nm). XP
spectra of NiNPs obtained synthesized by seed formation at 90 °C and
particle growth at 220 °C by (c) 2 eq. Ni addition (procedure 3, d = 6.3
nm), and (d) 4 eq. Ni addition (procedure 4, d = 7.9 nm). Open circles
represent raw data, and metallic Ni0 (blue) and Ni2+ (green)
contributions were fitted.
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below 10 nm, with earlier studies reporting particles larger
than 25 nm.17

3.2 Colloidal Ni/SiO2

Initially, two approaches were explored to support pre-
synthesized colloidal NiNPs: direct deposition on SiO2 and
encapsulation in SiO2. An initial set of 3 catalyst samples
were prepared via direct deposition by contacting the colloi-
dal NiNPs with a commercial SiO2 support. The NiNPs were
either dispersed in hexane (Ni/SiO2-h), toluene (Ni/SiO2-t), or
chloroform (Ni/SiO2-c). Alternatively, colloidal NiNPs were en-
capsulated by first dispersing the particles in CHCl3, adding
the dispersion into a CTAB solution. CHCl3 was removed by
evaporation at 75 °C to yield CTAB-stabilized, OAm capped
colloidal NiNPs in H2O.

43 This double-micelle approach stabi-
lizes the hydrophobic colloidal nanoparticles in aqueous me-
dia. Particles were encapsulated in SiO2 by adding the molec-
ular silicon precursor TEOS under basic conditions. The
hydrolysis of TEOS and condensation of silica was allowed to
proceed for at least 12 h. The sample was washed extensively
and calcined at 500 °C to remove all templating agents. For
all samples, low Ni loadings (ca. 1–2 wt%) were used to mini-
mize particle aggregation during ligand removal and catalyst
activation, both achieved by reduction in 10 vol% H2 in He at
450 °C. All samples had initial colloidal NiNP sizes around
3.5 nm (Table 2), achieved by following procedure 2 and
allowing only 5 min growth time. These particles were only
used in this initial screening study.

TEM images obtained for directly deposited NiNPs after
reductive treatment at 450 °C are presented in Fig. 5a–c. The
images highlight the differences in the aggregation of the Ni
phase. A weak interaction between the commercial SiO2 and
colloidal NiNPs led to ineffective anchoring of the NiNPs, as
evident from the sintering after reduction. In contrast, encap-
sulated nanoparticles (Fig. 5d) retained their initial particle
size (3.5 ± 0.5 nm), even after reduction at 550 °C.

To verify the potential of these samples for catalysis, they
were employed in the gas-phase benzene hydrogenation to
cyclohexane. This reaction, regarded as structure-insensitive,
probes the hydrogenation properties of the supported colloi-
dal nanoparticles. Fig. 6 shows turnover frequencies (TOFs)
measured at 100 °C normalized to the total Ni content for
the supported and encapsulated NiNPs. Hexane deposited
NPs were not studied due to the significant sintering ob-
served by TEM. After reduction at 450 °C, the encapsulated
NiNPs were more active than the directly deposited particles.

Pre-calcination of directly deposited NiNPs did not improve
the catalytic performance of these materials (ESI†). Clearly,
encapsulation of NiNPs yielded superior performing catalysts
compared to direct deposition, showing significantly higher
hydrogenation activity after catalysts were reduced at 450 °C.
We also found that reduction at 550 °C led to even higher ac-
tivity for the encapsulated NiNPs, whereas this treatment
strongly decreased the performance of the deposited NiNP
catalyst. The high activity after reduction at 550 °C should be
due to a higher reduction degree, whilst this positive effect is
suppressed by sintering for the deposited NiNP catalyst. Al-
though sintering was observed for Ni/SiO2-t, this sample sur-
prisingly was not active at all. Based on these results, we con-
clude that supporting the NiNPs by encapsulation is the most
viable approach to study particle size effects in supported Ni

Table 2 ICP determined Ni loadings and TEM determined initial particle
sizes (prior to deposition/encapsulation). Further characterization is
presented in the ESI

Sample Solvent wt% Ni d1 (±), nm

Ni/SiO2-h Hexane 2.1 3.4 (0.5)
Ni/SiO2-t Toluene 0.7 3.7 (0.7)
Ni/SiO2-c CHCl3 1.2 3.7 (0.7)
Ni@SiO2 CHCl3/H2O 1.2 3.7 (0.7)

Fig. 5 TEM micrographs of (a) hexane, (b) toluene, and (c) chloroform
suspended NiNPs deposited on amorphous SiO2 after reduction at 450
°C. (d) NiNPs encapsulated in mesoporous SiO2 after reduction at 550
°C showing an average particle size of 3.5 nm.

Fig. 6 Gas-phase benzene hydrogenation TOFs at 100 °C over
encapsulated Ni@SiO2, Ni/SiO2-c and Ni/SiO2-t after reduction at 450
°C and 550 °C.
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catalysts and proceeded to investigate this synthetic route in
greater detail.

3.3 Encapsulation of NiNPs in mesoporous SiO2

Having optimized both NiNP synthesis and NiNP supporting
techniques, a set of encapsulated NiĲx)@SiO2 catalysts was
prepared in which x denotes the original NiNP size. Proce-
dures 2, 3, and 4 were used to synthesize the NiNPs of 4.4
nm, 6.8 nm, and 7.2 nm respectively. The new set of colloidal
nanoparticles were similar in size compared with those
obtained in the earlier synthesis optimization work,
highlighting the method's reproducibility. Particles of 5.0 nm
were obtained by rapid heating of the initial BTB/Ni solution
from 90 °C to 220 °C without injecting additional NiĲacac)2
under thermal decomposition conditions, indicating that
unreduced Ni2+ at 90 °C may still be reduced at 220 °C, grow-
ing the existing NiNPs from ca. 4.4 to 5.0 nm. After extensive
washing and vacuum drying, approximately 200 mg colloidal
NiNPs was supported via encapsulation. Ligand and
templating agents were removed by slow calcination at 500
°C (10 h, 1 °C min−1), as determined by TGA analysis (see
ESI†). Ni content and physical characterization of calcined
materials are summarized in Table 3. BET surface areas were
determined by N2 physisorption (see ESI†) and were high for
all catalysts, ranging between about 890–980 m2 g−1.

Further characterization with XRD (Fig. 7) showed that the
catalysts were largely amorphous after calcination. The broad
reflection around 22° is characteristic of amorphous silica.
NiO reflections were only observed for the higher loaded
NiĲ7.2)@SiO2 and to a lesser extent NiĲ5.0)@SiO2 catalysts.
Sharp reflections from (200) and (220) planes were observed
around 43.7° and 64.0°, respectively, indicating the formation
of large NiO crystallites (JCPDS no. 47-1049), which we veri-
fied with HAADF-STEM (ESI†). Moreover, very weak and
broad contributions centered around 35.2° (envelope of two
reflection peaks) and 61.0° are indicative of a Ni-silicate
phase (JCPDS no. 49-1859).63,64 This was a first indicator that
the nanoparticle-like structure of NiNPs is lost during calci-
nation. Low-angle XRD measurements (Fig. 7b) confirmed
the presence of MCM-41 like mesoporous structures in all
catalysts. The average mesopore size was calculated from the
d-spacing derived from the position of the (100) reflection
and ranged from 4.4 nm for NiĲ4.4)@SiO2, to 5.4 nm for
NiĲ7.2)@SiO2 (Table 3).

Crucial to the catalytic activity of Ni-based hydrogenation
catalysts is the reducibility of Ni and the availability of metal-
lic Ni active sites. Fig. 8 shows the TPR profiles of encapsu-
lated nanoparticles after calcination. All catalysts exhibit a
maximum reduction temperature between 600–650 °C, which
is characteristic of Ni strongly interacting with the support.
Shoulders around 450 °C can be attributed to the reduction
of NiO weakly interacting with SiO2. Moreover, the total hy-
drogen consumption scales with the total Ni content, whilst
the TPR profiles are composed of similar features.

Further verification that the Ni was encapsulated after re-
duction was achieved with XPS depth-profiling. Fig. 9 shows
surface Ni/Si molar ratios upon successive Ar+ etching. Sam-
ples were first reduced ex situ at 600 °C in 10 vol% H2 in He
and passivated in 1 vol% O2. After Ar+ etching for 60 s, all
samples exhibited higher Ni/Si ratios, which confirmed an in-
crease in the Ni content below the support surface. This
trend continued with every etching dose, although samples
with lower overall Ni content saw the Ni/Si ratios plateau af-
ter 2–3 doses.

3.4 The effect of encapsulation on final particle sizes

The particle sizes in NiĲx)@SiO2 catalysts reduced at 600 °C
(4 h, 5 °C min−1) were determined by both HAADF-STEM and
H2 chemisorption (Table 3). To our surprise, HAADF-STEM
images (Fig. 10) revealed that after reduction, all catalysts
possessed a nearly identical particle size of around 4.5 nm
with a narrow particle size distribution. As low-angle XRD
showed that the pore sizes of the silica support were always
in the 4.4–5.4 nm range, we infer that the silica pore size de-
termines the final size of the reduced Ni particles. In fact,
HAADF-STEM images of calcined NiĲ7.2)@SiO2 revealed the
formation of nest-like NiO species (see ESI†), similar to those
observed in studies investigating nickel phyllosilicate reduc-
tion.63 Park et al. observed nickel phyllosilicate after calcina-
tion of silica-coated nanoparticles capped by OAm/TOP in the
absence of templating agents.64 We speculate that the nest-
like NiO species are formed throughout the mesoporous net-
work and decompose into encapsulated nanoparticles during
reduction, with the pore size restricting the maximum Ni par-
ticle size. The robustness of the mesoporous network there-
fore hinders the preparation of catalysts with larger Ni parti-
cles. Although silica growth optimization was beyond the
scope of this study, strategies to obtain catalysts with larger

Table 3 Physico-chemical properties of encapsulated NiNPs

Sample
Ni
wt%a

BET
(m2 g−1)

Vtot
(cm3 g−1)

Pore
sizeb (nm)

H2 chem.
(mmol g−1)

Accessible
metallic Ni (%)

d (nm)

H2 chem. HAADF-STEMc

Ni(4.4) 2.4 979 1.46 4.4 0.019 9.1 11.1 4.3 (± 0.6)
Ni(5.0) 4.8 983 1.74 4.9 0.052 12.9 7.9 4.6 (± 0.6)
Ni(6.8) 3.7 964 2.15 4.7 0.036 11.4 8.9 4.7 (± 0.7)
Ni(7.2) 8.6 891 1.18 5.4 0.087 11.8 8.6 4.6 (± 0.6)

a Determined with ICP-OES after calcination at 500 °C. b Determined from d-spacing using the position of the SiO2 (100) diffraction obtained
from low-angle XRD measurements. c Samples were reduced at 600 °C (10 vol% H2) and passivated at RT (1 vol% O2, 6 h).
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particles might require alternative templating agents to ob-
tain larger mesopores. Particle sizes calculated from H2

chemisorption measurements assume a H/Nisurface stoichiom-
etry of unity, and that accessible metallic Ni is equal to the
dispersion. Accessible metallic Ni is defined as the percent-
age of Ni chemisorbing H2 relative to the total amount of Ni.
This differs from dispersion because dispersion assumes that
all Ni particles are accessible. Interestingly, comparing the
particle sizes derived from H2 chemisorption (i.e., assuming
accessible metallic Ni equals dispersion) with those obtained
from HAADF-STEM, we see that H2 chemisorption underesti-
mates the dispersion, which suggests that a fraction of the
NiNPs are completely encapsulated by SiO2. This part of the
Ni phase should be inactive in catalysis.

3.5 Catalytic performance in CO2 methanation: activity and
stability

The catalytic activity of NiĲx)@SiO2 catalysts for CO2 methana-
tion was examined between 200–400 °C in a high-throughput
fixed-bed reactor at atmospheric pressure and using a stoi-
chiometric H2/CO2 ratio of 4. Catalysts were reduced in situ at
600 °C prior to exposure to the reaction mixture. The stability

of these materials was also part of our investigations, study-
ing the conversion of the same materials at 350 °C for 70 h.

All catalysts were active within the studied temperature
range, showing a typical Arrhenius behavior of the conversion
at low temperature and deviation from this trend due to the
approach to equilibrium at higher temperature (Fig. 11a). No
hydrocarbons other than CH4 were detected. Turnover fre-
quencies (TOFs) normalized to surface Ni content were calcu-
lated under differential conditions (<10% conversion) at 250
°C (Table 4). No CO formation was observed under these con-
ditions (Fig. 11b). The TOFs revealed that there was no signif-
icant difference in catalytic activity, which can be expected as
the encapsulated catalysts are almost identical apart from
their Ni content. These TOFs are comparable to those
reported in literature for Ni/SiO2 systems.65,66 Identical ap-
parent activation energies were also determined for encapsu-
lated catalysts (∼75 kJ mol−1) which is in line with literature
values.65–68 These results confirm that there are no adverse
effects on the Ni activity by encapsulating the particles in
mesoporous silica, and that the catalysts were free from mass
transfer limitations.

Fig. 7 (a) Wide angle XRD patterns of encapsulated NiNPs after calcination at 500 °C (10 h, 1 °C min−1). (b) Small-angle XRD confirming the pres-
ence of MCM-41 like mesopores for all catalysts.

Fig. 8 H2-TPR profiles of NiĲx)@SiO2 catalysts.

Fig. 9 XPS derived surface Ni/Si molar ratios of encapsulated
NiĲx)@SiO2 samples after calcination at 500 °C and reduction at 600
°C. Samples were exposed to 5 doses of Ar sputtering to obtain a
depth profile.
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Similar conversion trends were observed during the stabil-
ity study at 350 °C (Fig. 11c) in which all catalysts were found
to be stable for 70 h. Catalysts with a lower Ni content
exhibited higher CO selectivities. The catalyst with the lowest
Ni content, i.e. NiĲ4.4)@SiO2, had a CO selectivity of 43–47%
during the entire study. In contrast the highest loaded
catalyst, NiĲ7.2)@SiO2, had a CO selectivity below 10%
throughout the stability test (Fig. 11d). The slight increase in
CO selectivity for NiĲ4.4)@SiO2, NiĲ5.0)@SiO2, and
NiĲ6.8)@SiO2 catalysts during the stability test may indicate
that some of the particles on the external SiO2 surface
sintered under reaction conditions. Earlier studies have
shown that larger Ni particles have a higher selectivity to-
wards CO.69

To verify whether Ni dispersion changed during the cata-
lytic reaction, spent catalysts were analyzed with HAADF-

STEM. Fig. 12 shows HAADF-STEM images of NiĲ4.4)@SiO2

(2.4 wt% Ni) and NiĲ7.2)@SiO2 (8.6 wt% Ni), i.e. the catalysts
at the extreme ends of the initial colloidal particle size and
metal loadings, after 70 h CO2 methanation. For
NiĲ4.4)@SiO2, evidence of particle aggregation was found, al-
though there were clearly also particles that were identical to
the initial particle size. This suggests that some particles
were not encapsulated and their mobility under reaction con-
ditions led to some sintering. In contrast, encapsulated
NiNPs (Fig. 12a, circled) retained their original particle size.
This was also observed for NiĲ7.2)@SiO2 (Fig. 12b) and the
remaining NiĲx)@SiO2 catalysts (see ESI†), which had a
higher Ni loading and showed no evidence of particle aggre-
gation. Moreover, we observed significant areas in
NiĲ4.4)@SiO2 that did not contain NiNPs. We anticipate
therefore that with an encapsulation approach in which SiO2

Fig. 10 HAADF-STEM images and particle size distribution of (a) NiĲ4.4)@SiO2 (b) NiĲ5.0)@SiO2 (c) NiĲ6.8)@SiO2 and (d) NiĲ7.2)@SiO2 catalysts after
reduction at 600 °C (50 nm scale bar).
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is grown around the NiNPs, Ni catalysts with loadings signifi-
cantly higher than 8 wt% should be attainable without nano-
particle sintering. Such an approach appears more promising
than methods like impregnation or chemical vapor deposi-

tion in mesoporous silica or other zeotype materials, in
which the possibility of Ni deposition outside of mesopores
and cavities (i.e., on the external crystal surface) and Ni ag-
gregation are more difficult to control.42,70,71 Across all sam-
ples, particle sizes remained essentially unchanged, with
sintering attributed to unencapsulated nanoparticles.

4 Conclusions

Colloidal NiNPs were successfully synthesized and grown
using a seed-mediated approach to give particle sizes be-
tween 3–8 nm. To the best of our knowledge, this is the first
seed-mediated approach reported for colloidal Ni nanoparti-
cle synthesis that controls particle sizes below 10 nm without
employing P-ligands. In addition, these colloidal NiNPs were
encapsulated in mesoporous SiO2 to yield active and highly
stable methanation catalysts. Despite gaining control over

Fig. 12 HAADF-STEM images of (a) NiĲ4.4)@SiO2 and (b) NiĲ7.2)@SiO2

catalysts after exposure to CO2 methanation conditions.

Fig. 11 CO2 methanation (H2/CO2 = 4, 50 mL min−1) over NiĲx)@SiO2 showing the (a) CO2 conversion and (b) CO selectivity between 200–400 °C.
Catalyst stability was studied at 350 °C and (c) CO2 conversion and (d) CO selectivity remained stable during 70 h.
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the colloidal NiNP size, the Ni particle sizes were identical
for all catalysts after calcination and reduction treatments.
Ultimately, the silica pore sizes determined the final Ni parti-
cle size with the Ni redistributed throughout the mesopores,
with initially larger particles becoming smaller. This rigid en-
capsulation ensured that the Ni did not sinter during metha-
nation and should allow for Ni catalysts with high loadings
to maintain their dispersion. We expect that this method
may be further optimized by changing the silica templating
agent to manipulate the pore sizes, thereby controlling the fi-
nal Ni particle size to achieve catalysts tailored towards spe-
cific structure–sensitive reactions.
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