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Introduction

Catalytic decomposition of undiluted methane into hydrogen and
carbon nanofilaments over Pt promoted Ni/CeO, catalysts

Manoj Pudukudy ®* Zahira Yaakob °, Qingming Jia °, Mohd Sobri Takriff °

The catalytic decomposition of methane is a strategic process to produce COx-free hydrogen and carbon nanomaterials. In
this work, for the first time, highly porous ceria was prepared by a urea-assisted solid state combustion method and used
as support for the preparation of a set of platinum-promoted nickel catalysts. The amount of Pt varied from 0.05% to 0.2%
while retaining 20% nickel in the catalysts. The prepared catalysts were completely characterized for their structural,
textural and redox properties, and their catalytic performance was tested for undiluted methane decomposition. A fine
surface dispersion of nickel oxide over ceria was observed in the prepared catalysts. No peaks related to Pt were observed
in the catalysts, indicating its good surface dispersion. An enhancement was observed in the properties of the Ni/CeO,
catalyst after the addition of Pt as a promoter. The crystallinity of NiO was not altered by the addition of Pt, whereas the
specific surface area of the catalysts was increased with the incremental addition of Pt. Furthermore, the reduction
temperature of nickel oxide was shifted to low temperature in the Pt-promoted catalysts due to the hydrogen spillover
effect. The surface composition and chemical states of the Pt-promoted Ni/CeO, catalysts were further studied using XPS.
The Pt-promoted Ni/CeO, catalysts exhibited high catalytic efficiency for methane decomposition due to their improved
catalytic properties. The addition of Pt increased the hydrogen yield, and a significant increase in the hydrogen yield was
observed for the incremental amount of Pt in the catalysts. Moreover, by increasing the reaction temperature from 650°C
to 750°C, the hydrogen vyield increased significantly. A maximum hydrogen yield of 65% was observed for the
0.2%Pt@Ni/CeO, catalyst at 750°C. The enhanced activity and stability of the catalysts was attributed to the synergistic
effects of Ni and Pt due to their fine surface dispersion over ceria with a proper metal-support interaction. Multiwalled
carbon nanofilaments with different diameters were deposited over the catalysts. The carbon nanotubes deposited over
Ni/CeO, catalyst were found to be more homogeneous than the Pt-promoted catalysts. Moreover, a wide hollow channel
was observed in the carbon nanotubes deposited over the Pt-promoted catalyst.

methods for producing hydrogen from water. However, the
water-based hydrogen production methods are less effective
from an industrial point of view. For instance, the electrolysis

Hydrogen is a promising zero emission fuel mainly used in fuel
cells for the generation of power/electricity by its
electrochemical redox reaction.’ Therefore, in recent years,
the production of hydrogen has attracted interest in energy
research. It can be produced by several methods from various
hydrogen containing sources.’ Water, hydrocarbons, alcohols
and biomass resources form the main sources of hydrogen.
Water is the green source for hydrogen because the formation
of carbon oxides is not possible from water.? Electrolysis of
water and photocatalytic water splitting are the common
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of water is associated with high cost constraints, and
photocatalytic water splitting suffers the limitation of photo
conversion efficiency.4 In both of the aforesaid processes, the
simultaneous production of oxygen provides a further hurdle
for the process, because of the separation and purification of
hydrogen from oxygen. Partial oxidation, autothermal
reforming and steam reforming of hydrocarbons, especially
methane, alcohols and biomass, are the other routes for
hydrogen production.5 Currently, the industrial production of
hydrogen is based on the steam reforming of methane as it is
an abundant source of hydrogen with a high hydrogen to
carbon ratio. The simultaneous production of carbon oxides
makes the route non-eco-friendly when considering
environmental issues like global warming and acid rain.® Thus,
it is very urgent to replace the conventional hydrogen
production methods with a promising alternative method.
Methane decomposition is the greener method for the
production of hydrogen, since no formation of carbon oxides
were observed in this anaerobic process.7 Here, methane is
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directly cracked into hydrogen and solid carbon without any
other by-products. The reaction can be represented as:

CH, > 2H, + C, A= 75.6 ki/mol

The non-catalytic decomposition of methane requires high
reaction temperatures of 1200°C for an efficient reaction. Also,
the carbon could be deposited in the form of bulk activated
carbon in its amorphous form. Because of these constraints, in
the past few years, methane decomposition has been carried
out in the presence of -catalysts. Both metallic and
carbonaceous catalysts were investigated for methane
decomposition, which has a positive impact on the reaction
efficiency in terms of methane conversion, product selectivity,
yield and the morphology of the deposited carbon.? Moreover,
the catalysts were found to enhance the reaction by reducing
the reaction temperature, improving the kinetics of the
process and tuning the morphology of the deposited carbon.
Heterogeneous metal-based supported catalysts were highly
effective for the hydrogen production and for the deposition
of carbon in the form of graphene and single or multiwalled
carbon nanofilaments.” These highly valuable carbon
nanomaterials can be used for several applications in the field
of energy, such as for hydrogen storage, electrode materials
for fuel cells, supercapacitors, batteries etc.'’® The catalytic
performance of the catalysts for methane decomposition
depends on several factors. Active metals, textual
promoters/supports, co-metals or promoters, synthesis
methods, synthesis conditions, etc. play significant roles in
determining the catalytic activity of the catalyst.11 Ni, Co and
Fe are the most commonly used active metals. Transition
metals were used as co-metals, noble metals were used as
promoters, and thermally stable metal oxides such as silica,
alumina, ceria, zirconia, lanthana, magnesia, titania and their
mixed compositions were used as the textural promoters.12
Ceria is a rare earth metal oxide which is less studied for
methane decomposition as a textural promoter.13 Based on its
enhanced textural and redox properties, ceria would efficiently
take part in the chemical reaction by providing a surface for
the dispersion of active metals and promoters. The addition of
noble metals as promoters was also reported to enhance the
reaction. In methane decomposition, several noble metal-
promoted catalysts were reported. Many of the works focused
on the type and effect of different promoters on the selectivity
of the reaction and also on the carbon growth. A brief
description of some of the noble metal-promoted catalysts
reported in methane decomposition is discussed below.

Takenaka et al.’* studied methane decomposition over Cu-
, Rh-, Pd-, Ir- and Pt-promoted nickel catalysts and reported
that the addition of Pd reduced the deactivation of the Ni/SiO,
catalyst, whereas the addition of other promoters decreased
the carbon yield. Additionally, due to the formation of Pd-Ni
bimetallic alloys, an increase in the carbon vyield and an
improvement in the morphology of the deposited carbon
nanofibers were noted. In Pd catalysts, the methane
decomposition was reported to proceed through the
adsorption desorption mechanism at the Pd-interacting
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phases.15 Ogihara et al.’® studied Pd and Rh-promoted Ni, Co
and Fe-loaded alumina catalysts for methane decomposition.
As per their study, among the various catalysts synthesized,
the Pd-Co/Al,0; catalyst showed the highest carbon yield at
740°C, and the catalyst provided a maximum hydrogen yield of
94% at a reaction temperature of 850°C. Ruthenium- and
Platinum-promoted Fe/SiO, catalysts were also used for
methane decomposition.17 The catalysts were prepared by a
chemical reduction method under microwave irradiation by
using poly (N-vinyl-2-pyrrolidone) as a protective agent. The
catalyst particles with the size of 0.5-3 nm produced single-
walled carbon nanotubes in 200% higher yield than the
unpromoted catalyst due to the synergetic effects of noble
metals with iron on the silica surface. Shah et al.*® reported
methane decomposition over Mo Ni and Pd-promoted
Fe/Al,05 catalysts and reported that the bimetallic catalysts
showed better activity for methane decomposition. A
hydrogen yield of above 80% was achieved over the bimetallic
catalysts. However, the Pd-promoted catalyst showed an
improved activity for hydrogen production and for the
selective growth of carbon. Odier et al.”® studied a Pt/CeO,
catalyst for methane decomposition. An improved hydrogen
production rate was noticed over the platinum catalyst due to
spillover effects. However, because of the redox nature of
ceria, COx was detected in the hydrogen stream, possibly
formed by the interaction of the lattice oxygen of ceria with
the deposited carbon.”

In another work, Prasad et al.”® used 5% and 10% Pd-
promoted activated carbon catalysts for methane
decomposition. Among the catalysts, the 10% Pd-promoted
catalyst exhibited high catalytic activity and stability at 850°C
due to presence of more Pd crystals on the surface of activated
carbon. A highest hydrogen production rate of ~0.3 and ~0.4—
0.6 mmol/(min g) was observed for the 5 and 10% Pd-loaded
AC catalysts, respectively. Moreover, carbon nanofibres with
high crystallinity were deposited over the 10% Pd/AC catalyst
after methane decomposition. Szymanska et al.?! used Pt-, Pd-
and Cr-supported activated carbon catalysts for methane
decomposition. They reported that the Pd-based catalysts
showed high catalytic efficiency with various loadings of 1, 5,
10 and 20%. When increasing the amount of Pd, the methane
conversion increased, and no deactivation was observed. A
maximum hydrogen production rate of 8 mmol/(min g) was
observed over the 20% Pd catalyst. However, due to the
presence of a very small amount of Pd on the activated
carbon, the 1% Pd catalyst provided low activity for methane
decomposition.

Takenaka et al.”? studied methane decomposition over
Ni/SiO,, Pd/SiO, and Ni-Pd/SiO, catalysts. They reported that
the addition of Pd to the Ni/SiO, catalyst improved the activity
and stability of the catalyst for methane decomposition. This
could be due to the presence of highly dispersed Ni-Pd
bimetallic alloys over the silica. However, the high catalytic
stability of the catalysts could be attributed to the increased
number of facets on the Pd-Ni alloys after the precipitation of
supersaturated carbon. Nuernberg et al.” used Pt-promoted
15% Ni/MgAl,O, catalysts for methane decomposition and
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reported that the catalytic activity of Ni/MgAl,O, was
improved by the addition of a small amount of Pt as a
promoter. As per their report, over a 0.1% Pt-promoted
catalyst, a maximum methane conversion of 14% was
observed in the initial stage of the reaction with a feed of 7:1
molar ratio of N,:CH, at 700°C. Punnoose et al.?* investigated
methane decomposition over bimetallic Fe-Pd and Fe-Mo
catalysts supported over alumina. They reported that high
catalytic activity was observed for the Pd-promoted bimetallic
catalyst compared to their monometallic analogues at 700-
800°C. The palladium-based bimetallic catalyst provided a
maximum hydrogen vyield of 80% compared to the other
catalysts. Approximately 75% and 65% of hydrogen yield was
obtained for the Fe-Mo and Fe-Ni bimetallic catalysts,
respectively, at 700°C. In another work, Takenaka et al.t® 2
used Pd-promoted Ni-, Fe-, and Cu-loaded alumina-supported
bimetallic catalysts for methane decomposition. As per their
results, the Pd-M/AlLO; (M = Fe, Co, Ni, Cu, Ag, and Rh)
catalysts provided high methane conversions of 35-50% in the
temperature range of 700-900°C with a gas space velocity of
160 I/h g. Moreover, the methane conversion decreased to 5-
10% during the course of the reaction with a streaming time of
3-10 h.

Thus, it is clear that the metal promoters play a significant
role in the catalytic performance of the catalysts. Also, it was
found that Pd is widely studied in this process compared to
other noble metals, especially platinum. Previously, our group
had reported Pd-promoted nickel catalysts supported over
MgAl,O, and SBA-15 for methane decomposition.ls’ 26
Therefore, in the present study, we focused on the
development of a set of Pt-promoted nickel catalysts with
various loadings of Pt and their catalytic performance for
methane decomposition. Herein, highly porous ceria were
prepared by a urea-assisted solid state combustion method
and used as a support for the Pt-promoted nickel catalysts
with various amounts of Pt promoter. The as-prepared Pt-
promoted ceria supported nickel catalysts were tested for the
catalytic decomposition of methane. To the best of our
knowledge, this type of catalyst composition is not vyet
reported in methane decomposition literature. Moreover, the
prepared catalysts were completely characterized using
several analytical methods, and their properties were
correlated to their performance for methane decomposition.
The catalysts provided high catalytic activity and stability for a
period of 360 minutes of reaction without any deactivation.
Moreover, the effect of Pt, its amount, reaction temperature
and the structural and crystalline properties of the deposited
carbon were investigated in detail.

Experimental

Synthesis of Pt promoted Ni/CeO, catalysts

All of the chemicals used in the experiments were of
analytical grade and were purchased from R&M chemicals. A
two-step synthesis was used to prepare the Pt-promoted
Ni/CeO, catalysts. In the first step, the highly porous CeO,
support was prepared via a solid state combustion method

This journal is © The Royal Society of Chemistry 20xx

using urea as a fuel, and, secondly, the active metal Ni and
promoter Pt was incorporated into CeO, by a wet
impregnation method. For the synthesis of the CeO, support,
0.1 mol of cerium nitrate hexahydrate and 0.5 mol of urea
were mixed and grinded in a mortar using a pestle until it
becomes a sticky paste. The material was then transferred to a
quartz crucible and calcined at 700°C for 5 hours in a muffle
furnace to obtain the CeO, support. For the preparation of
nickel-loaded and Pt-promoted catalysts, the weighed
amounts of the nickel nitrate hexahydrate and platinum
tetrachloride (PtCl,, Aladdin, China) were dissolved in 500 mL
of distilled water taken in a 1 L beaker and heated to 80-85°C
with magnetic stirring. Next, the weighed amount of
synthesized ceria was slowly added. After the complete
addition of ceria, the solution was subjected to gentle
evaporation at 85°C with magnetic stirring until it becomes a
homogeneous paste. The paste was then carefully transferred
into a quartz crucible and dried in an air driven oven at 100°C
overnight. The dried sample was then crushed, powdered and
calcined at 700°C for 5 hours to obtain the Pt-promoted
Ni/CeO, catalysts. In the present synthesis, the amount of Ni
was kept constant (20 wt %) in all of the catalysts, whereas the
amount of Pt was varied as 0.05 wt%, 0.1wt% and 0.2 wt% by
changing the amount of Pt precursor during the synthesis. The
prepared support and catalysts were denoted as CeO,,
Ni/CeO, and x%Pt@Ni/CeO,, where the x stands for the
nominated amount of platinum in the catalyst.

Materials characterization

The freshly prepared support, unpromoted and Pt-
promoted Ni/CeO, catalysts were characterized for their
crystalline, structural, morphological, textural and redox
properties using different analytical methods, as reported in
our previous works.””” #® The actual amount of metals in the
fresh catalysts were studied using inductively coupling plasma
- optical emission spectroscopy (ICP-OES). For ICP analysis, the
metallic species were extracted in a hot acid mixture of HF, HCI
and HNOj; (1:1:3 volume ratio) at 50°C for 60 minutes, then
diluted to pH 2 and analyzed. The crystallographic properties
of the catalysts were studied using X-ray diffraction analysis,
and the diffraction patterns were obtained with a Bruker D8
Focus X-Ray Diffractometer and were processed/analysed
using EVA software. The samples were scanned in the rage of
3-80° with a scan rate of 0.025°. Scherrer’s equation was used
to calculate the crystallite size of the metal oxides present in
the fresh catalysts. The surface composition of the catalysts
and its surface adsorbed species were studied using Fourier
transform infrared (FTIR) spectroscopy, and the FTIR spectra
were taken in transmission mode in the region of 400-4000
em™ in a Thermoscientific NICOLET 6700 system. The
morphology of the fresh catalysts was viewed using a ZEISS
MERLIN COMPACT field scanning electron
microscope (FESEM). The SEM micrographs of the catalysts
were taken at an accelerating voltage of 3 kV. An Energy
dispersive X-ray (EDX) analyser coupled with the SEM
instrument was used to study the qualitative and quantitative
composition of the catalysts. The transmission electron

emission
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microscopic (TEM) images of the catalysts were taken in a
Philips CM-12 instrument, operated at a voltage of 100 keV for
the determination of the internal morphology. The chemical
structure and surface states of the elements in the fresh
catalysts were determined using X-ray photoelectron
spectroscopy (XPS) in a Kratos XSAM X-ray photoelectron
spectrometer having a base pressure of 10 Torr. The Mg Ka
X-radiation was used as the excitation source. The results were
processed using vision processing software. The binding
energy of C 1s (285 eV) was used as the reference to correct
the charging shifts. A linear background subtraction was
performed to present the results and the peaks in each
spectrum were curve fitted using a Gaussian function. A
Micromeritics ASAP 2020 surface area and porosity analyzer
was used to study the textural properties of the catalysts. The
Brunauer—-Emmett—Teller (BET) method was used to calculate
the specific surface area and, using the Barrett—Joyner—
Halenda (BJH) method, the pore parameters such as pore size
and pore volume were evaluated based on the desorption
branch of the nitrogen isotherm. The samples were subjected
to a degassing treatment at 300°C for 2 h. The hydrogen-
temperature programmed reduction (H,-TPR) studies for the
determination of the reduction behaviour of the catalysts were
conducted in a Micromeritics Autochem 2920 chemisorption
analyzer. The samples were reduced with 20 mL/min 10%
H,/N, gas mixture from room temperature to 800°C with a
heating rate of 10°C/min. Approximately 50 mg of each of the
sample was used for the TPR experiments, and the
consumption of hydrogen was monitored using a gas
chromatograph equipped with a thermal conductivity
detector. The carbon deposited catalysts after the methane
decomposition reaction were further characterized using XRD,
FESEM, TEM and TGA analyses. The thermogravimetric analysis
was carried out in a Mettler Toledo thermogravimetric
analyser (TGA/DSC1 model) under oxygen atmosphere.

Methane decomposition experiments

Methane decomposition was studied as a test reaction to
evaluate the catalytic performance of the Pt-promoted
Ni/CeO, catalysts. The experiments were conducted in a
vertical down flow stainless steel fixed bed reactor with a total
length of 60 cm and internal and outer diameters of 2.5 and 3
cm, respectively. The reactor was heated by using an electric
muffle furnace. The weighed amount of catalyst powder (2 g)
was packed in the middle of the reactor using thermal
resistant quartz wool and nitrogen was flushed to check the
gas leakage (if any). After catalyst packing, the reactor
temperature was increased from room temperature to
reduction temperature (650°C) using a constant flow of
nitrogen (150 mL/min). The nitrogen gas was replaced with
hydrogen gas with a flow rate of 150 mL/min for 90 minutes
for the catalyst reduction after attaining the reduction
temperature. The hydrogen was discontinued after the
catalyst reduction, and nitrogen was re-introduced to increase
the reactor temperature to reaction temperature. Once
attaining the reaction temperature, the nitrogen was shut off
and methane was introduced into the reactor for the
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decomposition reaction. The reaction was performed for 360
minutes on stream. During the reaction, the outlet gases were
collected in gas sampling bags and were analysed by a Gas
chromatograph (SRI GC 8610C) equipped with two packed
columns (Molecular sieve 13X and Porapak Q) connected to a
thermal conductivity detector using helium as the carrier gas.
To report the catalytic performance of the catalysts for
methane decomposition, hydrogen vyield (%) was calculated.
After 360 minutes of reaction, the reactor was cooled to room
temperature with a constant flow of nitrogen (150 ml/min) to
collect the carbon deposited catalysts for their
characterization.”

Results and Discussion

Table 1 shows the amount of metals in the fresh catalysts
measured by ICP-OES analysis. A minimal variation was seen in
the actual and nominated metal contents in the catalysts.

Nominated Actual amount
Catalysts

amount (Wt %) (ICP) (Wt %)

Ni Pt Ni Pt

Ni/CeO, 20 0 17.3 0
0.05%Pt@Ni/CeO, 20 0.05 16.9 *ND
0.1%Pt@Ni/CeO, 20 0.10 19.2 0.088
0.2%Pt@Ni/CeO, 20 0.20 18.8 0.179

*ND- Not detected

XRD analysis was used to study the crystallographic
properties of the Pt-promoted Ni/CeO, catalysts, and the
diffraction patterns are shown in Fig. 1.
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Fig. 1- X-ray diffraction patterns of the prepared catalysts
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The diffraction peaks observed at the 20 values of 28.4°,
33.1°, 47.5°, 56.4°, 59.1°, 69.4°, 76.8° and 79.05° were indexed
to the presence of the face centred cubic phase crystalline
structure of ceria. The other peaks observed at the 20 values
of 37.3°, 43.3° and 63° were related to the presence of NiO in
the catalysts. No peaks related to Pt were observed. The low
intensity of the peaks of nickel oxide compared to the peaks of
ceria and the absence of Pt peaks confirms the fine surface
dispersion of NiO and Pt in the catalysts.30 No formation of
NiCeO solid solution was detected. The average crystallite size
of ceria prepared by the urea-assisted solid state combustion
method was calculated be 24 nm, whereas the crystallite size
of ceria after nickel loading was found to be slightly increased
to 28 nm, as indicated by the intensity of the diffraction peaks.
The presence of platinum and its amount did not contribute to
the crystallite size of ceria in the Pt-promoted nickel catalysts,
since the crystallite size of ceria was calculated to be same (28
+1 nm) in all of the nickel catalysts. The crystallite size of nickel
oxide was not calculated because of the low intensity of the
peaks, which is not altered by the addition of Pt or with its
amount. The low crystallinity of NiO further ensures the good
homogenous surface dispersion of the nickel species in the
catalysts.31 No impurities were detected, as indicated by the
absence of other unwanted peaks.

FTIR spectra of the support and Pt-promoted nickel
catalysts were studied for the determination of their surface
composition and functional groups present in the catalysts. As
shown in Fig. 2, only one well resolved transmission band was
observed in all of the samples. The transmission band
observed at 505 cm™ could be attributed to the stretching
vibration of the Ce-O bond, confirming the presence of Ce02.32
This band was retained in the catalysts, irrespective of the
addition of nickel and platinum. The transmission band for NiO
was not seen clearly and which is expected to merge with the
Ce-O band. It further confirms the surface dispersion of NiO in
the CeO, support.33

Transmittance (%)

4000 3500

T T T T T T
3000 2500 2000 1500 1000 500

Wavenumber (cm”)

Fig. 2- FTIR spectra of the prepared catalysts

This journal is © The Royal Society of Chemistry 20xx

Chemistry)-

ARTICLE

No other transmission band was detected in the catalysts,
indicating the absence of surface-adsorbed impurities in the
catalysts.

The surface morphology of the prepared support,
unpromoted and Pt-promoted nickel catalysts were
investigated using FESEM analysis, and the images are shown
in Fig. 3.

Fig. 3- SEM micrographs of the samples (a, b) CeO,, (c, d)
Ni/CeO,, (e, f) 0.1 %Pt@Ni/CeO, and (g, h) 0.2%Pt@Ni/CeO,
catalysts

The urea-assisted solid state combustion derived CeO,
support exhibited a homogeneous porous structure. The CeO,
support seems like a porous sponge where a number of pores
with different sizes were observed. These cave like- pores
could be developed due the release of gases from the bulk of
the mixed sample during combustion process. The high
magnification image in Fig. 3(b) shows the presence of
homogenously aggregated polygonal shaped CeO,
nanoparticles. The sizes of the CeO, particles were found to be
varied on the nanoscale, and they were tightly aggregated. In
addition to the existence big pores in the catalysts, the inter-
aggregation of the polygonal shaped particles resulted in the
development of some tiny voids in the sample. However, these
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kinds of pores were not seen consistently in the sample due to
the high degree of tight aggregation of ceria particles.

The surface of the ceria support was found to be covered
with metal species after nickel and Pt-loading in the catalysts,
which further confirms the homogenous dispersion of metal
species over the ceria.?* In the Ni/CeO, catalyst, the nickel
oxide particles were observed to exist in the form of quasi-
spheres and are not significantly aggregated as in the Pt-
promoted catalysts (Fig. 3(c,d)). The surface of ceria is still
visible together with the metal oxide particles. Pseudo-
spherical particles of NiO were seen in the 0.1% Pt-promoted
nickel catalysts. However, the surface of ceria was not seen in
the Pt-promoted catalysts, which is completely covered with
the metal species. The amount of Pt has a marked influence in
the surface morphology of the Ni/CeO, catalyst. As shown, an
aggregation of nanoparticles without any particle coagulation
was seen over the 0.1% Pt-promoted catalyst (Fig. 3(e,f)). In
contrast, in the 0.2% Pt-promoted catalyst, the particles were
agglomerated considerably, which further provided a porous
texture to the catalyst (Fig. 3(g, h)). Even though the size of the
particles decreased after Pt addition, no change in the NiO
crystallinity was detected because of their agglomeration, as
observed in XRD analysis.

The quantitative and qualitative compositions of some of
the representative samples were studied using EDX analysis,
and the spectra are shown in Fig. SD1. As shown, only Ce and
O, Ce, Ni and O and Ce, Ni, Pt and O were seen in the CeO,,
Ni/CeO, and 0.2%Pt@Ni/CeO, catalysts, respectively. No other
elements were detected in the samples, demonstrating the
purity of the prepared catalysts.

The amount of Ni and Pt in the catalysts was determined
from 5 different spots of the sample while performing the
SEM-EDX analysis of the representative samples. The mean
value of the amount of Ni and Pt was found to be 18.6 wt%
and 20.7 wt% for Ni and 0 and 0.23% for the Pt in the Ni/CeO,
and 0.2%Pt@Ni/CeO, catalysts, respectively. These values are
in good agreement with the values of the metals in the
catalysts. However, a minimal variation was observed in the
values, which is in an acceptable range. The elemental
mapping analysis of the 0.2% Pt-promoted nickel catalyst is
shown in Fig. SD2. As shown, the metal species such as Ni and
Pt were found to be highly dispersed on the catalyst.

The internal morphology of the representative catalysts
was captured using TEM, and the micrographs are shown in
Fig. 4. As shown, the catalysts showed aggregated particles in
both of the samples. The sizes of particles were found to be
quite large in the unpromoted catalyst, whereas, after Pt
addition, the size of catalyst particles decreased, as shown in
the images. The average sizes of the particles were measured
to vary from 50-100 nm and 30-70 nm for the Ni/CeO, and
0.2%Pt@Ni/CeO, catalysts, respectively. Moreover, the Pt
promotion increased the rate of homogenous aggregation of
particles, as is consistent with the SEM results. The inter-
aggregation of these catalyst particles could be responsible for
the porous texture in the catalysts.
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Fig. 4- TEM micrographs of the fresh catalysts: (a-c)
Ni/CeO, and (d-f) 0.2 %Pt@ Ni/CeO, catalyst

The surface states and chemical bonding of the catalysts,
was studied using XPS analysis, and the results are shown in
Fig. 5. The wide scan XPS spectra indicated the presence of Pt,
Ni, Ce, O and C as the main elements in the catalysts (Fig. 5(a)).
The peak for C originated from the XPS measurement, which
cannot be avoided in XPS analysis. The binding energy of C 1s,
285 eV, was used as the reference to correct the charging
shifts. No other elements were detected, indicating the purity
of the prepared catalyst.

High resolution elemental spectrum and the deconvoluted
peaks of the 0.2%Pt@Ni/CeO, catalyst were studied in detail.
Fig. 5(b) shows the high resolution spectrum of Pt 4f. Two
peaks were detected with binding energies of 71.05 eV and
74.17 eV. These peaks correspond to Pt 4f7/2 and Pt 4f5/2,
respectively, confirming the presence of platinum in its O
oxidation state.®® The deconvoluted Ni 2p spectrum is shown
in Fig. 5(c). The peaks were fitted by considering two spin orbit
doublets and two shake up satellites. The peaks fitted at the
binding energies of 851.2 - 867.5 eV with a main peak at 854.4
eV and a satellite peak at 860.9 eV and the peaks fitted located
at 868.5 - 884.1 eV with a main peak at 873.3 eV and a satellite
peak at 879.4 eV were assigned to the Ni 2p3/2 and Ni 2p1/2
spin-orbit levels of NiO, respectively.36’ 3 The main peaks of Ni
2p located at the binding energies of 854.4 and 873.3 eV were
in good agreement with the reported values of the +2
oxidation state of nickel.®® In addition to these peaks, an
additional shoulder peak appeared at 855.9 eV, which is
probably due to the presence of a small amount of Ni in the +3
oxidation state on the surface the catalyst.37

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5- XPS analysis of the catalysts: (a) Survey spectra of the prepared catalysts and the high-resolution XPS spectra and
corresponding deconvoluted spectra of (b) Pt 4f, (c) Ni 2p, (d) Ce 3d and (e) O 1s in the 0.2% Pt@Ni/CeO, catalyst

The deconvoluted XPS spectra of the Ce 3d are shown in
Fig. 5(d). Ceria is reported to be showing a core level spectrum
with three resolved lobed envelopes because of its different
final states of mixed valence.>® *° The lobed envelopes were
observed at the binding energies 875.1-892.5 eV, 895-912.5 eV
and 916.8 eV. The marked labels were identified as the Ce 3d
peaks, where the “v” and “u” represent the spin-orbit coupling
of the Ce 3d5/2 and Ce 3d3/2 levels, respectively.“’ 42 The
peaks observed at the binding energies of 882.4 eV (v), 889.24
eV (v”), 898.34 eV (v"'), 901.05 eV (u), 908.08 eV (u”) and
916.73 eV (u”) were ascribed to the +4 oxidation state of
cerium (Ce“), whereas the peaks at the binding energies of
879.89 eV (v0), 884.47 eV (v'), 899.97 eV (u0) and 903.6 eV (u’)
were related to the +3 oxidation state of cerium (Ce3+).43'44 The
deconvoluted high-resolution XPS spectrum of O 1s is shown in
Fig. 5(e). Two oxygen contributions were seen in the spectrum,
as indicated by the two deconvoluted peaks. The fitting peak
observed at the binding energy of 530.5 eV could be attributed
to the oxygen bonded with the metal.*® The second fitting
peak of O1 at the binding energy of 532.26 eV could be due to
the presence of a high number of defect sites with low oxygen
coordination in the material.*®

This journal is © The Royal Society of Chemistry 20xx

The textural properties of the support and Pt-promoted

nickel catalysts were studied using BET/BJH analysis, and the
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sorption desorption isotherms are shown in Fig. 6.
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The isotherms were classified as type IV according to the
IUPAC classification. A H3 hysteresis loop can be observed in
all of the catalysts, indicating the existence of mesopores in
the prepared samples.46 In ceria, the hysteresis loops were
observed at the relative pressure range of 0.8 to 1. After nickel
loading and Pt addition, the hysteresis loop was found to start
quite early, as shown in the isotherms. The specific surface
area, average pore size and average pore volume of the
samples are tabulated in Table. 1. The specific surface area of
the ceria prepared by the urea-assisted combustion method
was measured to be 94.6 mz/g. After nickel loading, the
surface area of the ceria catalyst was decreased to 58.29 m?/g.
This could be due to the blocking of mesopores of ceria by the
nickel oxide particles.47 However, the addition of platinum
significantly increased the surface area of the catalysts. By
increasing the amount of Pt from 0.1% to 0.2%, the surface
area of the catalyst was found to increase from 69.4 mz/g to
73.81 mz/g. Similar results were previously reported in the
case of noble metal-promoted metal catalysts.48 The
synergistic effects of Pt and Ni could be the reason for this
behaviour. Moreover, the average pore size of ceria (15.2 nm
was found to be not altered greatly even after nickel loading
and Pt addition. However, the mean pore volume of ceria
decreased from 0.3125 cm3/g to 0.2384 cm3/g after nickel
loading, whereas, after Pt addition, it increased significantly
according to the amount of Pt. By increasing the amount of Pt,
the pore volume of the catalysts increased, as shown in Table.
1. The increased pore volume could be responsible for the high
surface area of the catalysts.

View Article Online
DOI: 10.1039/C8NJ02842G

the reduction temperatures. This is attributed to the hydrogen
spillover effect of Pt with nickel species.48’ 2 The low
temperature reduction peak of ceria due to surface oxygens is
expecting to merge with NiO peaks. No high temperature
reduction peaks were observed, indicating the absence of a
strong metal support interaction.>® This is highly consistent
with the XRD observation of the absence of the NiCeO solid
solution. The low temperature reduction peaks further confirm
the homogenous dispersion of NiO on the surface of ceria.

—— Ni/CeO,
——0.05 % Pt @ Ni/CeO,
T ——0.2 % Pt @ Ni/CeO,

TCD signal (a.u.)

A‘\\\\
— 3

e L D S
100 200 300 400 500 600 700 800 900

T
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Fig. 7- TPR profiles of the fresh catalysts

Table 1- Textural properties of the ceria support, unpromoted and Pt promoted nickel catalysts

BET specific surface area Pore size Pore volume
Catalysts , 5
(m*/g) (nm) (em*/g)
CeO, 94.61 15.2 0.3125
Ni/CeO, 58.29 14.4 0.2384
0.1%Pt@Ni/CeO, 69.40 13.9 0.2747
0.2%Pt@Ni/CeO, 73.81 14.7 0.2896

The reducibility of the unpromoted and Pt-promoted nickel
catalysts were studied using TPR analysis, and the reduction
profiles are shown in Fig. 7. Two resolved reduction peaks
were observed in all of the catalysts. The first reduction peak
centred at 386°C in the Ni/CeO, catalyst could be attributed to
the reduction of isolated NiO, which is weakly interacted with
the ceria support.49' *0 The second broad reduction peak
centred at nearly 800°C was ascribed to the reduction of the
lattice oxygens of ceria.”® After the addition of the Pt
promoter, the reduction temperature of the samples was
found to be shifted to low temperatures, as shown in the
figures. A broad reduction peak starting from 225°C to 377°C
with two maximas at 284°C and 343°C and 279°C and 335°C
was observed for the 0.05% and 0.2% Pt promoted catalysts
respectively. The increasing amount of Pt slightly decreased

8 | J. Name., 2012, 00, 1-3

The catalytic activity of the unpromoted and Pt-promoted
nickel catalysts were tested for methane decomposition. The
yield of hydrogen as a function of time on the stream over the
prepared catalysts is plotted in Fig. 8. The catalysts showed
high activity and stability for the decomposition reaction for a
period of 360 minutes on the stream. The difference between
the highest initial and final hydrogen yield was found to be
very small, indicating the high stability of the catalysts. Only
hydrogen and unreacted methane were detected in the
reaction product, except for the unpromoted Ni/CeO, catalyst.
Trace amounts of CO was observed in the outlet gas at the first
5 and 10 minutes of reaction over Ni/CeO, catalyst. However,
no formation of CO or CO, was observed in the products in the
Pt promoted catalysts, indicating the complete reduction of
catalyst in the reduction process, which is promoted the

This journal is © The Royal Society of Chemistry 20xx
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presence of Pt in the catalyst with its hydrogen spillover
effects. Previously, Tang et al.”® reported the formation of CO
in methane decomposition due to the presence of the lattice
oxygen of ceria, which could react with the deposited carbon.

100
] —=&— Ni/CeO,
] —8—0.05 % Pt @ Ni/CeO,
80

—4&— 0.1 % Pt @ Ni/CeO,
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Fig. 8- Catalytic performance of the catalysts for methane
decomposition: Effect of Pt and its amount (Reduction
temperature-650°C, Reaction temperature-700°C, Catalyst
weight- 2 g, Methane flow rate- 150 ml/min and Reaction
time- 360 min)

The unpromoted nickel catalyst showed a maximum
hydrogen yield of 46% at the first 30 minutes on the stream
and, during the course of the reaction, it slightly decreased; at
the end of 360 minutes, 36% hydrogen yield was observed.
The addition of Pt as a promoter to the catalyst increased the
hydrogen vyield. Approximately 51% hydrogen vyield was
observed for the 0.05% Pt-promoted catalyst in the initial
stage of the decomposition reaction, whereas, at the end of
360 minutes, 39% hydrogen yield was observed. The activity of
the 0.1% Pt-promoted catalyst was found to be close to that of
the 0.05% Pt-promoted catalyst until 210 minutes on the
stream. Nearly 45% hydrogen yield was measured at 180
minutes on the stream and, after that, it remained more or
less the same (45+1%) over the whole period of reaction. A
maximum hydrogen yield of 54+1% was observed for the 0.2%
Pt-promoted catalyst at 60 minutes on the stream. The activity
remained the same until 120 minutes on the stream. After a
gradual decrease of the hydrogen yield to 47%, it remained
very close to the hydrogen yield obtained for the 0.1% Pt-
promoted catalyst. At the end of 360 minutes, 45% hydrogen
yield was measured. Thus, it can be said that the Pt-promoted
catalysts provided more activity for methane decomposition
compared to the unpromoted catalyst. This could be due to
the synergistic effects of Pt and Ni over ceria. The addition
platinum improved the surface area, pore parameters, and
reduction behaviour of the Ni/CeO, catalyst. In addition, it
promoted the surface dispersion of active metal particles on

This journal is © The Royal Society of Chemistry 20xx
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the ceria. This could be responsible for the high performance
of the Pt-promoted catalysts.

The effect of reaction temperature was also investigated
using the 0.2% Pt-promoted catalyst. As shown in Fig. 9, by
increasing the reaction temperature from 650°C to 750°C, the
hydrogen yield also increased. This could be ascribed to the
endothermic nature of the reaction. At 650°C, a maximum
hydrogen yield of 47% was observed in the first 30 minutes on
the stream, and, after a gradual decrease, nearly 39%
hydrogen yield was measured at the end of 360 minutes of
reaction. When the reaction temperature was increased by
50°C, the highest initial hydrogen yield of 55% and a final
hydrogen yield of 45% were observed (700°C). At 750°C, a
maximum hydrogen yield of 65% was observed at the first 30
minutes on the stream. The activity continued the same until
180 minutes on the stream. After that, a slow decrease in
hydrogen yield was observed until 360 minutes on the stream,
and nearly 55% hydrogen yield was observed at the end of 360
minutes. The high stability of the catalysts for methane
decomposition at high temperatures could due to the
presence of highly dispersed nickel particles on ceria facilitated
by the Pt promoter.

100

90 —a— 650°C
" ] —e—700°C
J —A— 750°C

70 4

] m

Hydrogen yield (%)
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0 30 60 90 120 150 180 210 240 270 300 330 360
Time on stream (minutes)

Fig. 9- Effect of reaction temperature on the hydrogen
yield over 0.2% Pt @ Ni/CeO, catalyst (Reduction temperature
650°C, Catalyst weight- 2 g, Methane flow rate- 150 ml/min
and Reaction time- 360 min)

For a comparative study, some of the recently reported
metal catalysts for methane decomposition are discussed
below. Al-Fatesh et al.>* studied methane decomposition over
alumina-supported Ni-, Co- and Fe-based mono, bi and
trimetallic catalysts. They reported that the 15% Co-30%
Fe/Al,O; catalyst showed a maximum hydrogen yield of 72% at
180 minutes on the stream. The hydrogen yield was found to
be unaffected with the incremental addition of Co in the
catalyst. Moreover, the addition of 10-20% Ni to the 30%
Fe/Al,O; catalyst yielded a maximum hydrogen yield of 70%.
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The trimetallic catalyst with a composition of 10% Ni-5%
Co-30% Fe/Al,O; provided high catalytic efficiency for methane
decomposition. Fakeeha et al.®  studied methane
decomposition over 12.5% Ni-12.5% Co loaded La,0; catalyst
prepared by a co-precipitation method. At 700°C, nearly 80%
hydrogen yield was achieved for the bimetallic catalyst, which
was calcined at 500°C, and high catalytic stability was observed
for a period of 300 minutes on the stream. In another work,
Khan et al.>® studied the catalytic decomposition of methane
using lanthana-supported Ni- and Co-based bimetallic catalysts
prepared by a co-precipitation method. A maximum hydrogen
yield of 90% was observed over the 12.5Ni-12.5Co/La,0;
catalyst at 300 minutes on the stream at a reaction
temperature of 700°C. Moreover, the catalysts provided high
catalytic stability for 24 h of reaction. In another work,
Fakeeha et al.”’ reported methane decomposition over Ni- and
Co-based bimetallic alumina catalysts prepared by a co-
precipitation route and stated that a maximum methane
conversion of 69% and 74% was observed in the initial and
final periods of reaction, respectively, over the 25% Ni-25%
Co/Al, O3 catalyst. Zardin and Lopez58 reported methane
decomposition over a Co-Al mixed oxide catalyst synthesized
by a co-precipitation method. According to their results,
irrespective of the Co/Al ratio, the methane activated catalyst
exhibited high catalytic activity and stability for the reaction.
The highest methane conversion of 80% was achieved at
750°C.

Ahmed et al.>® reported 50% Ni/CeO,-Al,03 catalysts with
different loadings of ceria for methane decomposition. The
amount of ceria in the catalyst played a significant role in the
catalytic performance. The maximum hydrogen yield of ~53%
was obtained over the Ni/Ce25-Al75 catalyst. Moreover, the
highest catalytic stability was shown by the Ni/CeO, catalyst
due to the presence of surface-dispersed nickel particles over
ceria. In another work, Mahmoudi et al.?° studied methane
decomposition over activated carbon derived from olive
stones by chemical and physical activation processes. The
reaction was reported to occur in the micropores of the
catalysts. At all reaction conditions, both of the catalysts were
deactivated after 70 minutes on the stream at 800°C-850°C
due to the decreased surface area of the catalysts. Carrillo et
al.®* studied methane decomposition over MnOx-loaded yttria-
stabilized zirconia catalysts. The catalysts were found to be
highly stable, and a maximum methane conversion of 30% was
observed at 950°C. In another work, Awadallah et al.?? studied
methane decomposition over 40% Ni-loaded ZSM-5(25), ZSM-
5(400) and amorphous silica (AS) catalysts. The catalysts
prepared by the impregnation method shown a maximum
hydrogen vyield of 77%, irrespective of the support. However,
during the course of the reaction, the hydrogen vyield
decreased with respect to the support material. Among the
synthesized catalysts, the Ni/ZSM-400 catalyst showed high
catalytic stability due to the presence of surface-dispersed
metal particles on ZSM, where the hydrogen yield was
measured to be 62% at 180 minutes on the stream. In
contrast, nearly 13% and 42% hydrogen yields were observed
for the Ni/AS and Ni/ZSM-25 catalysts, respectively, at 180
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minutes on the stream. Ashik et al.*® studied methane
decomposition over a Ni/SiO, catalyst prepared by a co-
precipitation modified Stober method and reported that 18.87
mmol/g min methane conversion was observed at 650°C.

Iron- and copper-promoted Ni/Al,O; catalysts were also
successfully used for methane decomposition by Bayat et al.%
As per their report, the 50% Ni-10% Fe-Cu/Al,O5 catalyst
showed high catalytic stability for the reaction at 675°C and
750°C for a period of 600 minutes of reaction due to the
synergistic effects of the simultaneous additions of copper and
iron as promoters. Li et al.® reported Ni/SiO, and NiCu/SiO,
catalysts prepared by a hetero-phase sol gel method for
methane decomposition. A maximum methane conversion of
23% was achieved over 10% Cu-promoted catalyst at 650°C. In
other work, Bayat et al.® used Al,O3-supported NiCu catalysts
for methane decomposition. Per their report, at 750°C, a
maximum methane conversion of 84% was obtained in the
first few minutes on the stream over the 50% Ni-10% Cu/Al,O;
catalyst. However, with increasing time on the stream, a slight
decline in the methane conversion was observed. In contrast,
at 675°C, a steady state methane conversion of 70% was
observed until the end of the 700 minutes of reaction. In
another work, Bayat et al.”’ reported the high catalytic stability
of the 50% Ni-15% Pd/Al,O; catalyst for methane
decomposition for a period of 600 minutes, with a maximum
hydrogen yield of 75% at 675°C. The methane conversion was
found increase to 90% when the reaction temperature was
increased to 750°C. However, a slight deactivation was
observed during the course of the reaction due to the
deposition of carbon.

Kang and Lee®® used highly stable nickel-carbon-B,0; core-
shell structured catalysts for methane decomposition and
reported that the highest methane conversion of ~90% was
achieved over 13%Ni@C-B,0; catalyst at a reaction
temperature of 850°C. 15 cycles of reaction were performed
using the same catalyst, indicative of the excellent stability of
the catalyst due to its core-shell structure. In another work,
Tang et al.®  used Fe/CeO, catalysts for methane
decomposition. Because of the presence of highly dispersed
iron nanoparticles on ceria, the 60% Fe/CeO, catalyst showed
high activity and stability for methane decomposition
compared to the unsupported iron catalyst. A maximum
methane conversion of 80% was observed during the initial
period of reaction, whereas a steady state methane conversion
of 23% was observed at 750°C for a period of 720 minutes of
methane decomposition. Wang and Lua® reported methane
decomposition over Ni-Cu alloy nanoparticles obtained
through the thermal decomposition of NiCu oxalates. As per
their report, a maximum methane conversion of ~82% was
achieved at 750°C over the Ni-Cu alloy catalyst with a nickel
composition of 62.5%. Zhou et al.”® used Fe/Al,O; catalysts
with various loadings of iron prepared by a fusion and an
impregnation method for methane decomposition. All of the
catalysts exhibited high catalytic efficiency for the reaction,
irrespective of the amount of iron in the catalyst and the
method of synthesis. At 750°C, a steady state methane
conversion of 70% was obtained for the Fe/Al,O; catalyst with

This journal is © The Royal Society of Chemistry 20xx
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65% iron prepared by the fusion method. Shen and Lua’"

studied methane decomposition over Ni/TiO, catalysts
prepared by a sol gel method and reported that, at 500°C, a
highest carbon yield of 321.1 gC/gNi was attained. In other
work, Lua and Wang72 used trimetallic Ni-Cu-Co alloy particles
for methane decomposition. Up to 750°C, all of the alloys with
different metal compositions provided high catalytic activity. In
contrast, above 800°C, a rapid decrease in the catalytic activity
was noticed. In another work, Ibrahim et al.”® used Fe/Al,O5
catalysts prepared by a coprecipitation method for methane
decomposition. According to their results, the Fe/Al,O;
catalysts provided a maximum hydrogen vyield of ~77% at
700°C. Moreover, the hydrogen yield was found to increase
with an increasing amount of iron in the catalyst. Thus, it could
be said that the Pt-promoted Ni/CeO, catalysts have shown
superior or comparable activity with these catalysts.

The 360 minutes of the methane decomposition reaction
yielded nearly 6.6 g, 6.4 g, 6.7 g, and 7.1 g of carbon over the
unpromoted and 0.05%, 0.1% and 0.2% Pt-promoted Ni/CeO,
catalysts, respectively. The amount of deposited carbon was
found to be somewhat the same in the unpromoted and 0.05%
and 0.1% Pt promoted catalysts, whereas quite high amount of
carbon was deposited over 0.2%Pt@Ni/CeO, catalyst. This
could be attributed to the increased catalytic activity of the
catalyst compared to other catalysts. Thus, it can be said that
the Pt-promoted Ni/CeO, catalysts are highly efficient for the
reaction to produce hydrogen and carbon simultaneously.

Moreover, it was found that with increasing the reaction
temperature from 650°C to 750°C, the amount of deposited
carbon also increased significantly. Approximately 6.5 g, 7.1 g,
and 8.9 g of carbon were deposited over the 0.2% Pt-
promoted Ni/CeO, catalyst at 650°C, 700°C and 750°C,
respectively. In this case, the amount of deposited carbon is
directly proportional to their catalytic performance. That is,
the higher the reaction temperature, the higher the catalytic
activity and hence, higher the carbon deposition.

The spent catalysts were further characterized using XRD
to study their crystalline properties, and the diffraction
patterns are shown in Fig. 10. The diffraction peak centred at
the 26 value of 26.5° could be assigned to the presence of
graphitic carbon.” The d-spacing of the crystalline carbon was
calculated to be 0.3442 nm, 0.3369 nm, 0.3410 nm and 0.3458
nm for the unpromoted and 0.05%, 0.1% and 0.2% Pt-
promoted catalysts, respectively. The values were found to be
very close to the ideal distance between graphitic layers,
indicating the high crystallinity of the deposited carbon.” ”®
Additionally, the peaks for ceria and nickel were detected.
Among the peaks, highest intensity was shown by ceria. As
shown, the intensity of the peaks of nickel was found to be
very low, and the peak intensity decreased in the platinum-
promoted catalysts. This further confirms the presence of
highly dispersed nickel particles on ceria and the promoting
role of platinum for the homogeneous surface dispersion of
nickel crystallites. The crystallite size of nickel was calculated
to be 8 nm for the Ni/CeO, catalyst, whereas it was calculated
to be 5+1 nm for the Pt-promoted catalysts. This small nickel
crystallites dispersed on the ceria matrix could be responsible

This journal is © The Royal Society of Chemistry 20xx

for the high activity and stability of the catalysts for methane
decomposition.
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Fig. 10- XRD patterns of the spent catalysts

The spent catalysts were further characterized using
thermogravimetric analysis and the TGA curves are shown in
Fig. 11. As shown, single step weight loss was noticed for the
spent catalysts. This could be due to the oxidative degradation
of the deposited carbon. Since the oxidation started after
450°C, it is confirmed that there is no deposition of amorphous
carbon. It is reported that the amorphous carbon oxidises
before 400°C.”° It further confirms the formation of crystalline
carbon with high graphitization degree.
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Fig. 11- TGA curves of the spent catalysts
The carbon yield was also calculated from TGA weight loss

according to the equation: Carbon yield (%) = ((% of weight
loss by carbon oxidation/% of residue after oxidation))*
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100.”*”" The weight loss and carbon yield was measured to be
65%, 69.5% 70% and 84% and 186%, 228%, 233% and 525% for
the Ni/Ce02, 0.1%Pt@Ni/CeO, and 0.2%Pt@Ni/CeO, catalysts
at 700°C and 0.2%Pt@Ni/CeO, catalyst at 750°C respectively.
Thus, it is clear that the addition of Pt as a promoter in the
Ni/CeO, catalyst and with increasing the reaction temperature,
a considerable increase in the carbon yield was noted. This is
highly related to their catalytic activity. Moreover, it is found
that the deposited carbon is highly crystalline because they
were oxidized at high temperatures.27

The external morphology of the carbon-deposited catalysts
was investigated using SEM analysis, and the micrographs are
shown in Fig. 12. As shown, carbon was observed to be mainly
deposited in the form of nanotubes. Bulk amounts of carbon
nanotubes accumulated on the surface of the catalysts, as
shown in the Fig. 12(a, d). The carbon nanotubes were found
to be highly homogenous in diameter distribution and were
interwoven. The diameters of the carbon nanotubes were
measured a 20-30 nm in the unpromoted catalyst, while the
diameters of the carbon nanotubes deposited over the Pt-
promoted catalyst was varied greatly from 30-60 nm.
However, the length of the carbon nanotubes was not possible
to measure because of their intermixing in both of the
catalysts. Compared to the carbon nanotubes deposited over
the unpromoted catalyst, the carbon nanotubes deposited
over the Pt-promoted catalyst seems to be denser and look
like carbon nanowires.

Fig. 12- SEM micrographs of the solid carbon deposited
over (a-c) Ni/CeO, and (d-f) 0.2%Pt@Ni/CeO, catalysts

To evaluate the internal morphology in detail, TEM images
were taken and are shown in Fig. 13. As shown, both carbon
nanotube samples were multi-walled in nature. The outer wall
thickness and internal channel space of the carbon nanotubes
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shown in Fig. 13(b, d) were measured to be 5 nm and 10 nm
and 6 nm and 14 nm for the unpromoted and Pt-promoted
catalysts, respectively. Moreover, the Pt promoter increased
the hollow structure of the carbon nanotubes by enhancing
the width of the inner channel space of the carbon nanotubes.

Fig. 13- TEM micrographs of the solid carbon deposited
over (a-c) Ni/CeO, and (d-f) 0.2%Pt@Ni/CeO, catalysts

Conclusions

In summary, a series of Pt-promoted nickel-ceria catalysts
were successfully prepared by an impregnation method and
used for methane decomposition. In the present study, rather
than using commercial ceria, urea-assisted solid state
combustion derived porous ceria was used as a catalyst
support. Various characterization results indicated an
enhanced role of the Pt and ceria support towards the catalytic
activity of the catalysts. The active phase of nickel was found
to be NiO, which was highly dispersed on the surface of the
ceria. The addition of platinum as a promoter increased the
metal oxide surface dispersion rate. The specific surface area
of the Ni/CeO, catalyst increased with the addition of Pt, and
with increasing amounts of Pt, the surface area of the Pt
promoted catalyst was also increased considerably. This could
be attributed to the synergistic effects of Pt and Ni over ceria.
Moreover, the reduction temperatures were found to be
lowered after Pt addition due to the hydrogen spillover effect.
The scanning and transmission electron microscopic images
indicated the presence of a porous network in the catalysts
produced by the inter-aggregation of particles. The
unpromoted and Pt-promoted catalysts provided high catalytic
activity and stability for methane decomposition for a period
of 360 minutes of reaction. The addition of platinum increased
the hydrogen vyield, and it increased with increasing amounts
of Pt in the catalyst. Among the synthesized catalysts, the
0.2%Pt@Ni/CeO, catalyst showed the highest hydrogen yield.
A maximum hydrogen yield of 65% was observed for the
catalyst at 750°C. No catalyst deactivation or formation of COx
was detected, which might have been due to the enhanced

This journal is © The Royal Society of Chemistry 20xx
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role of highly dispersed Pt and Ni nanoparticles over CeO, with
the proper metal support interaction in the catalysts.
Moreover, the effect of reaction temperatures studied in the
range of 650°C to 750°C indicated that the hydrogen yield
increased significantly with increasing reaction temperature.
The carbon yield was also found to be increased with the
incremental addition of Pt in the Ni/CeO, catalysts and also
with increasing the reaction temperatures. A maximum carbon
yield of 525% was achieved over 0.2%Pt@Ni/CeO, catalysts at
750°C. The characterization of spent catalysts indicated the
deposition of highly crystalline multi-walled carbon nanotubes.
The diameter distribution of the carbon nanotubes deposited
over the platinum-promoted catalyst was found to vary
considerably compared to the same deposit over the
unpromoted catalyst. The addition of the Pt promoter
increased the hollow structure of the carbon nanotubes since
the measured internal channel space was quite high for the
carbon nanotubes deposited over the Pt-promoted catalyst.
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A series of Pt promoted Ni/CeO, catalysts were prepared, characterized and their catalytic
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CH.

90
80

70 4

60 4
50

40

ydrogen yie

30
20

10

—=#—Ni/CeO,

—8—0.05 % Pt @ Ni/CeO,
—A—0.1%Pt@ Ni/CeOz
—v—02%Pt@ Ni/CeOz

Iaiaaas==S

2H:

T
0

LA I S S S S e s

LT LI |

F % 8§ % 3 *
30 60 90 120 150 180 210 240 270 300 330 360
Time on stream (minutes)



http://dx.doi.org/10.1039/c8nj02842g

