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Byung-Hyun Kim *c and Ji Chan Park *ad

Uniformly supported nanoparticles have been employed in various catalytic reactions. Recently, dry

reforming of methane (DRM) has attracted much attention for reducing greenhouse gases. However,

improving catalyst properties both in terms of syngas productivity and reaction stability against coke

deposition is still a major issue. We report a new uniform Cs-promoted Ni/Al2O3 nanocatalyst with very

high Ni loading and small particle sizes (ca. 5 nm), prepared via a facile melt infiltration route in an All-In-

One automated apparatus designed for the synthesis of solid catalysts. The proposed nanocatalyst

showed very high productivity for syngas as well as enhanced coke resistance, which enabled the

reaction to proceed under extremely high space velocity conditions up to 180 NL gcat
−1 h−1. The

improved catalytic properties are also elucidated by computational studies.
Introduction

A variety of supported metal nanocatalysts have been synthe-
sized for environmental and energy applications.1–3 Until now,
although the synthesis technology of supported catalysts has
been signicantly improved, the discovery of reliable synthetic
methods and advanced tools for highly uniform catalysts
remains a challenge.4–6

Dry reforming of methane (DRM) is becoming increasingly
important as an eco-friendly process to produce syngas (CO and
H2) from greenhouse gases (CH4 and CO2).7,8 However, for
commercialization, the low stability for carbon deposition,
which hinders the accessibility of catalytically active sites by
reacting substances, is a critical problem, especially for long
periods and under very harsh reaction conditions.9 Catalyst
coking and pore-clogging occur very easily, reducing conversion
and trapping the reaction.

High-performance catalysts for DRM have been developed
for high syngas productivity and reaction stability.10–14 To date,
Ni-based nanocatalysts have been extensively studied and have
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demonstrated the best performance based on their high C–H
bond-breaking ability.15–17 However, it is still difficult to produce
inexpensive active catalysts with a simple process that can
achieve high stability against sintering and coking in high-
temperature reactions.

To prevent sintering and carbon deposition for the DRM
reaction, one of the ideal forms would be well-dispersed metal
particles in a robust metal-oxide structure with suitable metal–
support interactions and basicity.18–22 Although highly
dispersed Ni nanoparticles with high Ni loading have, thus far,
received a great deal of attention, achieving high-loading cata-
lysts has been restricted to agglomeration at reaction
temperatures.23–25 If active particle dispersion can be kept,
highly Ni-loaded catalysts are good candidates in terms of
increasing the number of active sites. On the other hand,
several promoters such as noble metals, alkali, alkaline earth,
and rare metals have been used to promote the performance
regarding the activity and stability of Ni nanocatalysts.26–30

In recent years, automated devices and high-throughput
experiments have been developed for the synthesis and evalu-
ation of nanomaterials.31–35 In addition, computational simu-
lation using density functional theory (DFT) of surface reactions
has become an effective tool for the design and performance
elucidation of new catalysts by using energies calculated from
the activation and reaction of active nanomaterial surfaces.36–39

Here, we report a new method for the optimized synthesis of
a uniform Cs-promoted Ni/Al2O3 nanocatalyst (U-(Cs)Ni/Al2O3)
with highly loaded tiny Ni nanoparticles (ca. 5 nm, 30 wt%)
using a reliable automatic system. The automatic synthesis
protocol based on a melt inltration route without the use of
This journal is © The Royal Society of Chemistry 2023
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additional solvents has advantages such as high manufacturing
speed, reproducibility, sample uniformity, and user safety.

The obtained U-(Cs)Ni/Al2O3 catalyst achieved extremely
high syngas productivity (6.89 molH2 gcat

−1 h−1 and 7.21 molCO
gcat

−1 h−1) even under extremely high space velocity conditions,
as well as good stability and coke resistance. Furthermore, we
demonstrate the importance of uniform dispersion in Ni active
sites and Cs promoters using experimental data and DFT
simulations.
Experimental section
Chemicals

Nickel(II) nitrate hexahydrate (Ni(NO3)2$6H2O, $97%, Aldrich),
cesium carbonate (Cs2CO3, 99%, Aldrich), gamma alumina
powder (g-Al2O3, Alfa Aesar) and anhydrous ethanol (99%,
Samchen) were used as received without further purication. A
commercial FCR catalyst (Süd-Chemie) was used as a control to
compare the performance with the proposed catalysts.
Fig. 1 (a) The main screen for the synthesis sequence set-up and (b)
a brief synthetic scheme of the U-(Cs)Ni/Al2O3 nanocatalyst.
Synthesis of U-(Cs)Ni/Al2O3 nanocatalysts and the Cs-free U-
Ni/Al2O3 catalyst

The U-(Cs)Ni/Al2O3 nanocatalysts were prepared by a simple
melt inltration method using a fully automated All-In-One
(AIO) reaction system. Briey, powders of g-Al2O3 (0.3 g, 2.9
mmol), Ni(NO3)2$6H2O (0.637 g, 2.2 mmol), and Cs2CO3

(15.5 mg, 0.048 mmol) were uniformly mixed with a methacry-
late bead (diameter: 3/8 inch), using a high-energy ball mill
(SPEX 8000M Mixer/Mill®) at 1725 rpm. Aer mixing for 5 min,
the green powder sample was transferred to a stainless steel
reactor (outer diameter: 18 mm and height: 115 mm). Next, the
reactor containing the powder mixture was placed in the sample
holder of the automated AIO reaction apparatus.31 Then, the
automated sequence proceeded at the set values of six steps:
aging, cooling, heating, calcination, cooling, and purging (Fig.
1, Table S1, and Movie S1 in the ESI†). Aer completing the
overall sequence, the resulting black powder was submerged in
anhydrous ethanol (ca. 15 mL) to prevent the rapid surface
oxidation of the Ni nanoparticles. For application in the DRM
reaction, the prepared nanocatalyst immersed in anhydrous
ethanol was simply separated using a magnet and then dried in
a vacuum oven at 50 °C for 2 h. For the synthesis of the Cs-free
uniform catalyst (U-Ni/Al2O3), all procedures and conditions
were the same as those of the U-(Cs)Ni/Al2O3 nanocatalyst
except for the exclusion of the Cs precursor.
Synthesis of IWI-(Cs)Ni/Al2O3 and IWI-Ni/Al2O3 nanocatalysts

The conventional Ni-supported nanocatalysts on g-Al2O3 were
manually prepared by an incipient wetness impregnation (IWI)
method. The prepared Ni nanocatalysts Cs-doped and Cs-free
were denoted as IWI-(Cs)Ni/Al2O3 and IWI-Ni/Al2O3, respec-
tively. We used the same reagents as in the experiment with the
AIO reaction apparatus. Typically, Ni(NO3)2$6H2O dissolved in
ethanol (2 mL) was impregnated into g-Al2O3 powder and then
dried for 2 h at room temperature in a vacuum oven. Aer that,
This journal is © The Royal Society of Chemistry 2023
the dried powder was calcined at 500 °C for 2 h under
a hydrogen gas ow of 100 mL min−1.
Dry reforming of methane reaction tests

The reaction tests were performed in a xed-bed quartz tube
reactor with an outer diameter of 1/4 inch. Some (50 mg) of the
catalyst sample was loaded in the quartz reactor. Before the
reaction, the catalyst was reduced in situ at atmospheric pres-
sure by passing a ow of H2 (100 mL min−1) over it at 800 °C for
40 min. Aer reduction, a mixture of CH4 (50 vol%) and CO2

(50 vol%) was introduced. Then, reaction tests were carried out
at 800 °C under the gas hourly space velocity (GHSV) conditions
of 72 and 180 NL gcat

−1 h−1, respectively. The reaction products
were analyzed using a gas chromatograph (iGC7200, DS Science
Inc.) equipped with a thermal conductivity detector (TCD), and
catalyst activities were measured by conducting a time-on-
stream study at 800 °C for 4 h. The ow rates of the outlet
gases were measured using an online wet-gas ow meter (Shi-
nagawa Co).
Computational details

We made spin-polarized density functional theory calculations
using the Vienna Ab initio Simulation Package (VASP)40 with the
projector augmented wave (PAW) pseudopotentials,41 and we
employed the Perdew–Burke–Ernzerhof (PBE) exchange–corre-
lation functional42 within the generalized gradient approxima-
tion (GGA) including van der Waals corrections suggested by
Grimme.43 The Ni 4s23d8, Cs 5s25p66s1, C 2s22p2, O 2s22p4 and
H 1s1 valence electrons were treated explicitly using the Kohn–
Sham equations. We further used a kinetic energy cut-off of
500 eV for plane wave expansion, and set the convergence
J. Mater. Chem. A, 2023, 11, 1666–1675 | 1667
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criteria for total electronic energy and structural optimization
force to 10−6 eV and 0.02 eV Å−1, respectively. A Ni (111) slab
model structure with 5 layers of 6 × 6 supercells was con-
structed, in which the bottommost two layers were xed while
the rest of the atoms were fully relaxed. A vacuum region of 10 Å
was added in the direction normal to the slab surface to avoid
image–image interactions due to the periodic boundary condi-
tions. The Brillouin zone was sampled at the G-point.

We calculated the adsorption energy (Eads) from the
following equation:

Eads = Etot(molecule+substrate) − [Etot(substrate) + Etot(molecule)]

where Etot(molecule+substrate) indicates the total energy of a mole-
cule adsorbed on the substrate, and Etot(substrate) and Etot(molecule)

represent the total energy of the bare substrate and the mole-
cule in a vacuum, respectively. The zero-point energy correction,
which was calculated from the vibrational frequencies for each
adsorbate using nite differences, was taken into account in the
adsorption energy calculations. The transition state (TS) of the
reaction steps in the DRM and its activation energy were
determined by the climbing image-nudged elastic band (CI-
NEB) method.44

Characterization

Transmission electron microscopy (TEM) images were obtained
using a Talos F200X operated at 200 kV. Energy-dispersive X-ray
spectroscopy (EDS) elemental mapping was performed using
a higher-efficiency detection system (Super X: 4 windowless SDD
EDS system). High-power powder-XRD (Rigaku D/MAX-2500, 18
kW) was also used for sample analysis. X-ray photoelectron
spectroscopy (XPS) was carried out using a K-alpha (TM) with
a micro-focused monochromator X-ray source (Thermo VG
Scientic, Inc). Hydrogen chemisorption measurement was
carried out using a Micromeritics ASAP 2020C. Before
measurement, the sample was heated in owing hydrogen gas
to 400 °C and was held at the same temperature for 4 h to
completely reduce the catalyst. Aer reduction, the sample was
evacuated at 150 °C for 1 h to remove any residual H2 and cooled
to 35 °C. The H2 adsorption isotherm was recorded at 35 °C. The
N2 sorption isotherms were recorded at−196 °C with a TriStar II
3020 surface area analyzer. Before measurement, the samples
were degassed in a vacuum at 300 °C for 4 h. The Ni and Cs
metal concentrations in the catalyst sample were measured
using inductively coupled plasma optical emission spectrom-
etry (ICP-OES, PerkinElmer AVIO500). Temperature-
programmed desorption of ammonia (NH3-TPD) was per-
formed using an AutoChem II 2920 instrument of Micro-
meritics. Before the NH3-TPD experiment, all the samples were
pretreated at 400 °C under a 50mLmin−1

ow of pure H2 for 1 h
to remove adsorbed water and were then saturated with 15%
NH3 under a 50 mL min−1

ow for 1 h at 100 °C. Aer the
saturation step, the samples were purged with He for 30 min to
eliminate weakly adsorbed ammonia from the surface of the
catalysts. Finally, NH3 desorption was performed at a ramp rate
of 10 °C min−1 up to 700 °C under a 50 mL min−1

ow of pure
He. Carbon deposition was quantitatively analyzed by using
1668 | J. Mater. Chem. A, 2023, 11, 1666–1675
a thermogravimetric analyzer (TGA). TG analysis was conducted
using a Setaram apparatus with a heating rate of 10 °C min−1

from room temperature to 800 °C under an airow of 10 mL
min−1. Raman analysis was performed under a Raman micro-
scope (Horiba LabRAM HR Evolution Visible_NIR) using
a 514 nm laser.

Results and discussion
Synthesis of the U-(Cs)Ni/Al2O3 nanocatalyst

The AIO apparatus, which mainly consisted of a reactor,
a heater, and gas controllers, was designed for user-friendly
operation and highly reliable catalyst synthesis (Fig. S1†). The
detailed operation of the apparatus required input of ingredi-
ents (metal precursors and metal-oxide support) and basic
reaction conditions (temperature, time, active gas ow, and so
on). A computer program to control the apparatus was made in
the C# language (Fig. S1b†).

We prepared the U-(Cs)Ni/Al2O3 nanocatalyst through
a simple melt inltration method in the AIO reactor with an
automatic sequence ow system.45 The automated method,
which involves aging and calcination stages, is more convenient
and reliable than other conventional methods. We chose g-
Al2O3 as the support material because it strongly interacts with
active Ni nanoparticles and has high thermal stability.46

Because cesium as a promoter has high basicity, we selected
Cs2CO3 as a precursor.47 First, a mixed sample containing metal
precursors and a support alumina powder was loaded into the
automated AIO reaction apparatus. Next, the control program
was performed to run the serial steps as the programmed
sequence (Table S1†). Highly dispersed Ni nanoparticles with
uniform Cs doping were prepared with a selection of several
variations in the overall synthesis process, including basic steps
for aging, cooling, heating, calcination, cooling, and purging,
using the automated reaction system (Fig. 1a). In particular, the
co-melt inltration of the metal salts is possible in the aging
step because Cs2CO3 salt has good water solubility (2.6 mg
mLwater

−1 at 15 °C). The solution from the melting of the nickel
nitrate hydrate precursors at 60 °C can sufficiently dissolve the
Cs salt (Fig. 1). In the whole process of the catalyst preparation,
trend data in temperature, gas ow, and pressure are accumu-
lated in real time to monitor the synthetic status (Fig. S2†). We
also prepared a Cs-free U-Ni/Al2O3 nanocatalyst for the control
experiment using the same procedure as that for U-(Cs)Ni/Al2O3

except that the Cs precursor was not used.
Transmission electron microscopy (TEM) and high-angle

annular dark-eld (HAADF)-STEM images conrmed the U-
(Cs)Ni/Al2O3 nanocatalyst with uniform Ni particle dispersion
and compact particle loading on the alumina support (Fig. 2a
and S3†). In the elemental mapping image, nickel (green color)
shows well-dispersed crystal domains on the aluminum matrix
(red color) (Fig. 2b). Cesium (blue color) is also distributed over
the Ni nanoparticles. We measured more than 200 particles in
the TEM image (Fig. 2c) and conrmed the Ni particle size in the
U-(Cs)Ni/Al2O3 catalyst to be 5.1 ± 0.7 nm. A high-resolution
TEM (HR-TEM) image of the U-(Cs)Ni/Al2O3 nanocatalyst
shows a single-crystalline Ni nanoparticle (Fig. 2d). The lattice
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) TEM image and (b) elemental mapping image, (c) particle
size distribution histogram, (d) HR-TEM image with the corresponding
FT pattern (inset), (e) low-resolution TEM image, and (f) corresponding
EDX-line profile with the HAADF-STEM image of the U-(Cs)Ni/Al2O3

nanocatalyst. (g) XRD spectra of the uniform nanocatalysts prepared by
using the AIO reactor and (h) specific XRD spectra of the U-(Cs)Ni/
Al2O3 nanocatalysts in four different batches. The bars represent
20 nm (a and b), 2 nm (d), and 100 nm (e), respectively.

Fig. 3 XPS spectra in the energy regions of (a) the survey scan spec-
trum and (b) Ni 2p. (c) The acidity measurements by NH3 adsorption
using NH3-TPD for Cs-free and Cs-doped nanocatalysts. (d) N2

sorption isotherms of pristine Al2O3 and U-(Cs)Ni/Al2O3 nanocatalysts.
Pore size distribution diagrams of the samples using the Barrett–
Joyner–Halenda method by (e) adsorption and (f) desorption
branches.
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distance between neighboring fringes is 0.20 nm, which
matches well with the (111) plane of metallic Ni.

The corresponding Fourier-Transform (FT) pattern also
demonstrates the single-crystalline nature of Ni. The TEM and
corresponding energy dispersive spectroscopy (EDS) line prole
revealed that U-(Cs)Ni/Al2O3 exhibited uniform Cs distribution
on Ni particles (Fig. 2e and f). In the X-ray diffraction (XRD)
patterns of the U-(Cs)Ni/Al2O3 and U-Ni/Al2O3 nanocatalysts, the
peaks well matched the reection of face-centered-cubic (fcc) Ni
(JCPDS no. 04-0850) and gamma-phase alumina (JCPDS no. 10-
0425) (Fig. 2g). There were no signicant differences in the XRD
spectra between the Cs-free and Cs-doped samples. The average
crystallite sizes of the U-(Cs)Ni/Al2O3 nanocatalysts in the four
different batches were 4.6 ± 0.1 nm, which we estimated from
the FWHM of the (200) diffraction peaks at the reection at 2q=
51.8° (Fig. 2h).
This journal is © The Royal Society of Chemistry 2023
A Cs-free Ni catalyst (U-Ni/Al2O3) as a control sample was
prepared and analyzed in the same way. The TEM and
elemental mapping images of U-Ni/Al2O3 showed high unifor-
mity in Ni particle loading (Fig. S4a–d†). The single Ni nano-
particle with a spherical shape clearly showed a single-
crystalline nature (Fig. S4e†). The particle size from the TEM
images of the U-Ni/Al2O3 catalyst was slightly smaller than that
of the Cs-doped one, which was determined to be 5.0 ± 0.8 nm
(Fig. 2c), suggesting that the addition of the Cs salt had an
insignicant effect on the nal Ni particle dispersion. Similar Ni
dispersions of U-Ni/Al2O3 and U-(Cs)Ni/Al2O3 in H2 chemi-
sorption were observed at 10.74% and 11.49%, respectively. In
the XRD data, the average crystallite size of U-Ni/Al2O3 nano-
catalysts prepared in three different batches was determined to
be 4.3 ± 0.1 nm, which is slightly smaller than that (4.6 nm) of
the U-(Cs) Ni/Al2O3 nanocatalysts (Fig. S4f†). The XRD patterns
obtained from the different batches were almost identical,
indicating high reproducibility of the catalyst with good reli-
ability of the automated synthetic procedure.

The chemical structure and elemental surface state of the
automated nanocatalysts were further studied using X-ray
photoelectron spectroscopy (XPS). The dominant signals in
the XPS spectra originated from Cs, Ni, Al, O, and C (Fig. 3a).
J. Mater. Chem. A, 2023, 11, 1666–1675 | 1669
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The nickel surfaces of the samples were mainly observed as
oxidized forms,48 although the fresh catalyst powders were
readily passivated by anhydrous ethanol. The high-resolution Ni
2p XPS spectrum had two spin–orbit peaks (2p1/2 and 2p3/2) for
NiO and Ni (Fig. 3b). The Ni 2P3/2 and NiO 2P3/2 peaks for the U-
(Cs)Ni/Al2O3 nanocatalyst were observed at 851.5 and 855.0 eV,
respectively, which were lower binding energies than those of
the U-Ni/Al2O3 nanocatalyst (852.1 and 855.7 eV). The lower
binding energy of U-(Cs)Ni/Al2O3 was due to the increased
electron density of nickel nanoparticles by Cs doped on the
nickel surface. The U-(Cs)Ni/Al2O3 nanocatalyst also had
a higher Ni0/Ni2+ ratio containing more Ni0 active sites because
neighboring Cs is oxidized more easily than Ni. The XPS spec-
trum of the Cs band energy region had a set of peaks at 724 and
738 eV in the range of the Cs 3d5/2 and 3d3/2 orbital signals
(Fig. S5†).

The adsorption properties by acid sites of the U-(Cs)Ni/Al2O3

and U-Ni/Al2O3 nanocatalysts were examined by temperature-
programmed desorption of ammonia (NH3-TPD), performed
at a ramp rate of 10 °C min−1 up to 700 °C under a 50 mLmin−1

ow of pure He (Fig. 3c). The peaks around 300 °C and 530 °C
were related to weak and strong acidic sites, respectively. U-(Cs)
Ni/Al2O3 had fewer acid sites in 1.01 mmol NH3 gcat

−1 than the
U-Ni/Al2O3 nanocatalyst (0.85 mmol NH3 gcat

−1).
N2 sorption experiments on pristine Al2O3 and U-(Cs)Ni/

Al2O3 were performed at −196 °C. All samples exhibited type
IV adsorption–desorption hysteresis (Fig. 3d). The Brunauer–
Emmett–Teller (BET) surface areas of pristine g-Al2O3 and U-
(Cs)Ni/Al2O3 were measured to be 242.2 and 150.1 m2 g−1,
respectively. The total pore volume of U-(Cs)Ni/Al2O3 was 0.37
cm3 g−1, which is much lower than that of pristine g-Al2O3

(0.76 cm3 g−1). This is because the mesopores of Al2O3 were
almost lled with metallic Ni, which has a higher density (d =

8.908 g cm−3) than Al2O3 (d= 3.987 g cm−3). Using the Barrett–
Joyner–Halenda (BJH) method on the adsorption and desorp-
tion branches, the pore sizes of pristine g-Al2O3 were 11.0 nm
and 8.0 nm, respectively (Fig. 3e and f). On the other hand, the
reduced pore size of U-(Cs)Ni/Al2O3 was observed to be
10.0 nm in the adsorption branch and 7.0 nm in the desorp-
tion branch, reecting the pores lled with Ni particles. The
Cs-free U-Ni/Al2O3 nanocatalyst also showed similar pore
properties to U-(Cs)Ni/Al2O3 (Fig. S6†). The BET surface area
and total pore volume were 145.0 m2 g−1 and 0.37 cm3 g−1,
respectively.

Inductively coupled plasma optical emission spectrometry
(ICP-OES) measurements showed that the Ni and Cs contents of
the U-(Cs)Ni/Al2O3 nanocatalyst were 30.2 wt% and 2.9 wt%,
respectively, which were in good agreement with the nominal
values of the Ni and Cs loadings.
Fig. 4 (a) CH4 and (b) CO2 conversions of the catalysts in the DRM
reaction at GHSV = 72 NL gcat

−1 h−1, (c) TGA and (d) XRD data of the
recovered catalysts after the DRM reactions at GHSV = 72 NL gcat

−1

h−1, (e) CH4 and (f) CO2 conversions of the catalysts under GHSV= 180
NL gcat

−1 h−1 and (g) H2 and (h) CO productivities of the catalysts. All
reactions were performed at 800 °C with a CH4/CO2 ratio of 1. The
dotted lines (a, b, e, and f) indicate the conversion rates at thermo-
dynamic equilibrium.
Catalytic performance test in dry reforming of methane

The catalytic performance of the systemically synthesized U-(Cs)
Ni/Al2O3 and U-Ni/Al2O3 nanocatalysts was evaluated in dry
reforming of methane (DRM) reactions by introducing
a commercially available Ni-based catalyst (FCR). The main
reaction was highly endothermic as follows:
1670 | J. Mater. Chem. A, 2023, 11, 1666–1675
CH4ðgÞ þ CO2ðgÞ/2COþ 2H2 DH
�
298 K ¼ 247 kJ=mol

Catalytic studies were carried out in a continuous-ow
quartz reactor at 800 °C with a methane (CH4) to carbon
dioxide (CO2) ratio of 1 for 4 h time-on-stream (TOS) (Fig. S7†).
CH4 and CO2 conversions were determined using a gas chro-
matograph equipped with a thermal conductivity detector. For
fast performance assessment of the catalysts, reaction tests
were conducted under high gas hourly space velocity (GHSV)
conditions of 72 NL gcat

−1 h−1 and 180 NL gcat
−1 h−1, respec-

tively (Fig. 4). First, when the U-(Cs)Ni/Al2O3 nanocatalyst was
used in the DRM reaction under GHSV = 72 NL gcat

−1 h−1, very
high CH4 (89.8%) and CO2 (91.8%) conversion rates were
observed at TOS = 4 h as constant values approaching the
theoretical maximum values (CH4: 90.3% and CO2: 94.9%)
(Fig. 4a and b). The Cs-free U-Ni/Al2O3 nanocatalyst experienced
slightly lower CH4 and CO2 conversions (86.9% and 88.5%)
compared to the U-(Cs)Ni/Al2O3 nanocatalyst. On the other
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) CH4 and (b) CO2 conversions of the catalysts in the long-
term DRM reaction at 800 °C with a CH4/CO2/N2 ratio = 1 : 1 : 2 under
GHSV = 72 NL gcat

−1 h−1.
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hand, the commercial nickel catalyst showed a rapid deactiva-
tion tendency with low conversion rates of CH4 67.3% and CO2

77.6% at TOS = 4 h.
Although the conversion difference between U-Ni/Al2O3 and

U-(Cs)Ni/Al2O3 was not signicant at GHSV = 72 NL gcat
−1 h−1,

the coke resistance of the catalysts was quite different. Carbon
deposition caused catalyst deactivation and reactor blockages
derived from two reactions as follows:

CH4/Cads þ 2H2 DH
�
298 K ¼ 75 kJ=mol

2CO/Cads þ CO2 DH
�
298 K ¼ �172 kJ=mol

The carbon deposition rate (mgcarbon gcat
−1 h−1) for the

recovered catalysts aer a 4 h reaction at GHSV = 72 NL gcat
−1

h−1 was measured by thermogravimetric analysis (TGA) (Table
S2†). The TGA graphs revealed that the spent U-(Cs)Ni/Al2O3

nanocatalyst had a much less weight loss (1.87 wt%) than the U-
Ni/Al2O3 nanocatalyst (12.0 wt%) and the commercial Ni cata-
lyst (31.2 wt%) in a temperature range of 500–700 °C (Fig. 4c). In
the XRD data, a broad peak ranging from 23° to 28° of the spent
U-Ni/Al2O3 catalyst exhibited the graphitic carbon phase (JCPDS
no. 75-0444), meaning that signicant carbon deposition
occurred in the Cs-free U-Ni/Al2O3 nanocatalyst during the DRM
reaction (Fig. 4d).

The deposited carbon was also characterized using Raman
Spectroscopy (Fig. S8†). Two strong peaks were observed at 1349
cm−1 and 1573 cm−1, respectively, consistent with the D band
and the G band. The graphitization degree was measured by
calculating the IG/ID ratio indicating the crystallinity of the
deposited carbon. The IG/ID value of the recovered U-Ni/Al2O3

nanocatalyst was 1.02, suggesting that the deposited carbon has
a less ordered graphitic structure than conventional DRM
catalysts.49

On the other hand, there was no carbon peak in the XRD
spectrum of the U-Cs(Ni)/Al2O3 nanocatalyst, suggesting that
the addition of Cs as a base promoter in the catalyst effectively
suppressed the acidic sites of the catalyst surface, which can
lead to carbon deposition in the DRM. Incredibly, the TEM and
HAADF-STEM images with elemental mappings of the spent U-
Cs(Ni)/Al2O3 nanocatalyst indicated high durability to sintering
and carbon deposition, which was observed with the fresh
catalyst (Fig. S9 and S10†). In the TEM images, there were no
signicant changes in particle distribution among the fresh U-
Cs(Ni)/Al2O3, thermally treated U-Cs(Ni)/Al2O3 under a H2 ow
at the reaction temperature (800 °C), and the recovered U-(Cs)
Ni/Al2O3 aer the DRM reaction under GHSV = 72 NL gcat

−1 h−1

at 800 °C.
To maximize syngas productivity in DRM reactions, an

extremely harsh space velocity condition (GHSV = 180 NL gcat
−1

h−1) was applied to the catalysts. As expected, there were
decreased conversion rates for all the catalysts as the increase in
space velocity reduced the contact time of the reactant gases
with the catalysts (Fig. 4e and f). However, interestingly, the U-
(Cs)Ni/Al2O3 nanocatalyst still had a high CH4 conversion of
82.7% and a CO2 conversion of 87.5%, whereas the U-Ni/Al2O3
This journal is © The Royal Society of Chemistry 2023
nanocatalyst did not maintain the reaction due to reactor
clogging by the carbon-deposited catalyst. On the other hand,
the commercial Ni catalyst showed largely decreased conversion
rates of 40.6% of CH4 and 54.8% of CO2 at TOS = 4 h.

In general, a high Ni loading of the catalyst can lead to an
increased number of active sites if particle dispersion can be
maintained. The uniform nanocatalyst with high Ni loading
and high particle dispersion, prepared by using the automated
AIO reaction system via a melt inltration method, resulted in
high conversion rates even under high GHSV conditions. U-(Cs)
Ni/Al2O3 also achieved the highest syngas (H2 and CO)
productivity, calculated to be 6.89 molH2

gcat
−1 h−1 and 7.21

molCO gcat
−1 h−1, respectively, at GHSV = 180 NL gcat

−1 h−1

(Fig. 4g and h). In particular, the hydrogen productivity of U-(Cs)
Ni/Al2O3 at GHSV = 180 NL gcat

−1 h−1 was 2.58 times higher
than that (2.67 molH2 gcat

−1 h−1) of the commercial Ni catalyst.
Until now, most Ni-based catalysts with high coke resistance
showed low conversions due to a low Ni content.50 To both
achieve high conversion rates and ensure coke resistance,
conventional catalysts with a low metal content should be run
under relatively low GHSV conditions.51,52 However, the U-(Cs)
Ni/Al2O3 nanocatalyst experienced high conversion rates as well
as good stability with high coke resistance even under high
GHSV conditions. To the best of our knowledge, this is an
excellent value among DRM catalysts (Table S2†).

To verify the long-term stability of U-(Cs)Ni/Al2O3 and the
commercial Ni catalyst, DRM reactions were also conducted for
20 h under GHSV = 72 NL gcat

−1 h−1 at 800 °C with a CH4/CO2/
N2 ratio = 1 : 1 : 2 (Fig. 5). The U-(Cs)Ni/Al2O3 nanocatalyst
exhibited high and constant conversion rates, whereas the
commercial Ni catalyst showed a signicant deactivation trend
during the reaction.
Investigation of the uniformity effect of active sites in the
DRM reaction

For comparison with other conventional Ni-based catalysts, Ni
particles and Cs-doped Ni particles were manually prepared on
an alumina support by the incipient wetness impregnation
(IWI) method. For the synthesis of IWI-(Cs)Ni/Al2O3 and IWI-Ni/
Al2O3, the same Ni content as the automated uniform catalysts
prepared with the AIO apparatus was applied.

The TEM images of the IWI-Ni/Al2O3 and IWI-(Cs)Ni/Al2O3

catalysts showed inhomogeneous particles consisting of some
J. Mater. Chem. A, 2023, 11, 1666–1675 | 1671
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Ni clumps around 30 nm and small Ni nanoparticles less than
5 nm (Fig. 6a and b). The TEM image and corresponding EDS
line prole of IWI-Cs(Ni)/Al2O3 revealed an irregular distribu-
tion of Cs dopants on the Ni surface (Fig. 6b and c). IWI-Cs(Ni)/
Al2O3 contained two separate regions of Cs-rich Ni and Cs-free
Ni.

In the XRD data of IWI-Ni/Al2O3 and IWI-(Cs)Ni/Al2O3, there
were sharper peaks at 2q = 44.5° in both cases compared to the
U-(Cs)Ni/Al2O3 catalyst, which reected the formation of larger
Ni crystals (Fig. 6d). Therefore, the manual synthesis by incip-
ient wetness impregnation methods for highly Ni-loaded cata-
lysts yielded more irregular catalysts in terms of both Ni particle
dispersion and Cs dopant distribution compared to the uniform
catalysts prepared with the automated AIO reaction system.

The catalytic performance of the IWI-(Cs)Ni/Al2O3 and IWI-
Ni/Al2O3 catalysts was also tested under GHSV = 72 NL gcat

−1

h−1 (Fig. 6e and f). Although the initial conversion rate for
60 min was very high for the IWI-Ni/Al2O3 catalyst, the reaction
could not proceed any further aer 80 min because of reactor
clogging caused by severe carbon deposition of the catalysts.
The Cs-doped IWI-(Cs)Ni/Al2O3 catalyst showed a slightly longer
reaction time of 20 min than the Cs-free IWI-Ni/Al2O3 catalyst,
but the reactor was also plugged by the generated carbon.

The TEM images of the spent catalysts recovered aer 4 h of
DRM reaction under the same harsh reaction conditions of
Fig. 6 (a) Low-resolution TEM image of IWI-Ni/Al2O3 and (b) TEM
image and (c) corresponding EDS line profile with a HAADF-STEM
image of the IWI-(Cs)Ni/Al2O3 catalyst. (d) XRD spectra of the catalysts.
(e) CH4 and (f) CO2 conversions of the catalysts by the DRM reactions
performed under GHSV = 72 NL gcat

−1 h−1 at 800 °C with a CH4/CO2

ratio of 1. The bars represent 100 nm (a and b).

1672 | J. Mater. Chem. A, 2023, 11, 1666–1675
GHSV = 72 NL gcat
−1 h−1 obviously showed the difference in

coke resistance among the catalysts (Fig. 7). The spent U-(Cs)Ni/
Al2O3 nanocatalyst maintained a uniform dispersion of Ni
nanoparticles without any signicant agglomeration (Fig. 7a).
In addition, there were no carbon shells or laments on the
surface of active nickel nanoparticles, as shown in the HR-TEM
image (Fig. 7b). On the other hand, the TEM images of the other
catalysts (Cs-free U-Ni/Al2O3 nanocatalyst, commercial Ni cata-
lyst, IWI-Ni/Al2O3, and IWI-(Cs)Ni/Al2O3) demonstrated carbon
whiskers on the catalyst surface (Fig. 7c–f). In particular, there
were more carbon whiskers in the catalysts produced by the
incipient wetness method (Fig. 7e and f).

We investigated the different coke resistances between the U-
(Cs)Ni/Al2O3 and IWI-(Cs)Ni/Al2O3 catalysts through DFT
calculations by examining the reaction pathways and key
elementary steps for coke formation during the DRM process.
To describe the Ni surface with different Cs doping uniformity,
we prepared Ni (111) slab structures with a different number of
Cs dopants on the surface to represent the model structures for
U-(Cs)Ni/Al2O3 and IWI-(Cs)Ni/Al2O3 nanocatalysts (Fig. 8a).
The noted U-(Cs)Ni (111) and IWI-(Cs)Ni (111) refer to the
surface model structures for U-(Cs)Ni/Al2O3 and IWI-(Cs)Ni/
Fig. 7 (a–f) TEM images of the recovered catalysts under the same
DRM reaction conditions recorded at 800 °C with a CH4/CO2 ratio of 1
under GHSV = 72 NL gcat

−1 h−1. (a and b: the spent U-(Cs)Ni/Al2O3

nanocatalyst, (c): the spent U-Ni/Al2O3 nanocatalyst, (d): the spent
commercial Ni catalyst, (e): the spent IWI-Ni/Al2O3, and (f): the spent
IWI-(Cs)Ni/Al2O3). The bars represent 100 nm (a, c, d, e, and f) and
20 nm (b).

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 (a) Atomistic representation of U-(Cs)Ni/Al2O3 and IWI-(Cs)Ni/
Al2O3 showing different Cs uniformity. (b) Schematic diagram of the
reaction pathway for the DRM. (c and d) Activation energy diagram for
CH* dehydrogenation and its corresponding geometry-optimized
atomic structures of initial, transition, and final states for U-(Cs)Ni(111)
and IWI-(Cs)Ni (111). (e and f) Activation energy diagram for CH*
oxidation and its corresponding geometry-optimized atomic struc-
tures. Grey, purple, black, red, and white balls represent Ni, Cs, C, O,
and H atoms, respectively. Yellow dashed lines in the atomic structures
indicate the supercell used in this work.

Table 1 The calculated activation energy of CH* dehydrogenation
and oxidation for bare Ni (111), U-(Cs)Ni (111), and IWI-(Cs)Ni (111)
surfaces

Reaction

Adsorption energy (eV)

Bare Ni
(111)

U-(Cs)Ni
(111)

IWI-Ni(Cs)Ni
(111)

CH* + * / C* + H* 1.12 1.18 1.00
CH* + O* / CHO* + * 1.11 1.08 1.48

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
2 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
4/

3/
20

24
 5

:3
1:

11
 A

M
. 

View Article Online
Al2O3. The Al2O3 substrate was omitted in the actual simulation
to focus on the role of Cs on the Ni (111) surface.

It is generally accepted that surface carbon C* is a precursor
for surface carbon deposition, so the carbon deposition resis-
tance would increase if C* formation in the DRM process could
be decreased.53 The schematic diagram of the reaction pathway
shows competitive reactions of CH* conversion as highlighted
(Fig. 8b). One is the CH* dehydrogenation reaction (CH* + * /

C* + H*) and the other is the CH* oxidation reaction (CH* + O*
/ CHO* + *). If the CHO* formation reaction in the CH*

conversion is energetically more favorable than the C* forma-
tion reaction, the carbon deposition should be reduced.

For the bare Ni (111) surface, the activation energy barrier of
the dehydrogenation step (CH* + * / C* + H*) and the
oxidation step (CH* + O* / CHO* + *) was calculated to be
1.12 eV and 1.11 eV, respectively (Table 1 and Fig. S11†). The
energy difference between two competitive reactions on the bare
Ni (111) was almost negligible, which indicated that both
reactions could simultaneously occur. However, for the U-(Cs)Ni
(111) surface where a 1 Cs atom was doped on the 6 × 6 Ni (111)
surface, the energy difference between the CH* oxidation step
and dehydrogenation step was found to be increased to 0.1 eV,
which leads to more favorable CH* oxidation (Table 1 and
Fig. 8c and e). Moreover, the activation energy barrier of the
CH* dehydrogenation step increased to 1.18 eV, which results
in enhanced coke resistance. Interestingly, DFT calculations
showed that the coke formation would be accelerated when the
areal density of the Cs dopant increased, for example, in the
This journal is © The Royal Society of Chemistry 2023
case of IWI-(Cs)Ni (111) where there is a Cs-rich surface. For the
IWI-(Cs)Ni (111) surface, the activation energy barrier of the
dehydrogenation step and the oxidation step was respectively
calculated to be 1.00 and 1.48 eV (Table 1 and Fig. 8c and e),
indicating energetically favorable coke formation owing to the
signicantly lowered reaction barrier for the C* formation
during the competitive reactions of CH* conversion.

This was due to the areal density of the Cs dopant, which
changed the active sites for the CH* conversion. The geometry-
optimized structures of the CH* dehydrogenation step showed
that the most stable adsorption site of C on the IWI-(Cs)Ni (111)
surface was an fcc hollow site while that on the U-(Cs)Ni (111)
surface was an hcp hollow site (Fig. S12†). Since the CH mole-
cule prefers to adsorb on an fcc hollow site irrespective of the Cs
doping density, C–H bond breaking occurs aer the CH mole-
cule is moved to a nearby hcp hollow site, which requires
additional energy and creates higher activation energy in the
CH* dehydrogenation step for the U-(Cs)Ni (111) surface
(Fig. 8d). In the meantime, for IWI-(Cs)Ni (111), the activation
energy of CHO* formation was found to increase signicantly
since the Cs dopant needed to be pushed away from its stable
site at the saddle point to form CHO*, which was energetically
unfavorable due to the undesirable repulsive force between two
closer Cs cations (Fig. 8f). All the calculated adsorption energies
of the adsorbate and corresponding adsorption sites are
summarized (Table S3†). Our DFT calculations suggest that the
enhanced carbon deposition resistance for U-(Cs)Ni/Al2O3 was
due to uniform Cs doping, which increased the activation
energy barrier for CH* dehydrogenation over that for CH*

oxidation, which is known to be the essential step for coke
formation.

Conclusions

In this study, using an automated AIO reaction system via
a facile melt inltration method, we simply prepared a highly
uniform and easily reproducible catalyst (U-(Cs)Ni/Al2O3),
which contained homogeneously Cs-doped Ni nanoparticles
(ca. 5 nm) with high Ni loading (ca. 30 wt%). The catalyst
demonstrated a very high conversion rate and the best syngas
productivity up to 6.89 molH2

gcat
−1 h−1 and 7.21 molCO gcat

−1

h−1 even in very harsh DRM reactions. In addition, a constant
long-term reaction for 20 h was possible using the catalyst,
based on its excellent thermal stability towards particle sinter-
ing and high carbon deposition resistance at 800 °C.
J. Mater. Chem. A, 2023, 11, 1666–1675 | 1673

https://doi.org/10.1039/d2ta08442b


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
2 

D
ec

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 H
an

ya
ng

 U
ni

ve
rs

ity
 o

n 
4/

3/
20

24
 5

:3
1:

11
 A

M
. 

View Article Online
Computational simulations elucidated that the well-dispersed
Cs dopant in the catalyst was able to effectively stabilize Ni
nanoparticles, suppress CH* dehydrogenation, and enhance
the CH* oxidation step. Based on the signicantly improved
catalytic properties in activity, productivity, and coke resistance
of the catalyst as well as reliability, we anticipate that the
proposed catalyst can optimize the sustainable production of
syngas by a DRM reaction and thus reduce greenhouse gases.
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