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Abstract
Preparing catalysts from cheap metal precursors in a single pot are an appealing method for reducing catalytic preparation
costs, minimizing chemical waste, and saving time. With regards to the catalytic conversion of dry reforming of methane,
it offers the prospect of significantly reducing the cost of H2 production. Herein, NiO-stabilized metal oxides like Ni/TiO2,
Ni/MgO, Ni/ZrO2, and Ni/Al2O3 are prepared at two different calcination temperatures (600 °C and 800 °C). Catalysts are
characterized by X-ray diffraction, Raman spectroscopy, surface area-porosity analysis, Temperature program experiments,
infrared spectroscopy, and thermogravimetry analysis. The MgO-supported Ni catalyst (Ni/MgO-600), ZrO2-supported Ni
catalyst (Ni/ZrO2-600), and Al2O3-supported Ni (Ni/Al2O3-600) catalyst calcined at 600 °C show initial equal H2 yields (~
55%). The population of CH4 decomposition sites over ZrO2-supported Ni catalyst remains highest, but H2-yield drops to
45% against high coke deposition. The catalytic activity remains constant over the Ni/MgO-600 catalyst due to the enrichment
of “surface interacted CO2-species”. MgO-supported Ni catalyst calcined at 800 °C undergoes weak interactions of NiO-M′
(M′ � support), serious loss of CH4 decomposition sites and potential consumption of H2 by reverse water gas shift reaction,
resulting in inferior H2 yield. H2-yield remains unaffected over an Al2O3-supported Ni catalyst even against the highest coke
deposition due to the formation of stable Ni (which exsolves from NiAl2O4) and proper matching between carbon formation
and rate of carbon diffusion.
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1 Introduction

The enormous addition of greenhouse gases to the envi-
ronment brings global warming and climatic disbalance
worldwide. In this run, catalytic conversion of greenhouse
gases like CH4 and CO2 into hydrogen-rich syngas up to
the industrial scale may be a potential hope. This reaction is
popularly known as the dry reforming of methane (DRM),
and it is operated at highly endothermic conditions (CH4 +
CO2 → 2H2 + 2CO; � H � 247 kJ/mol). H2 is not only a
green energy source, but also it has three times more energy
content than gasoline [1]. The commercial production of H2

throughDRM reactionmay fulfill energy demand and amend
the environment by depleting the concentration of green-
house gases (CH4 and CO2). The DRM community worked
vigorously toward high-performance catalytic development
by modifying preparation conditions, choosing active metal
precursors, selecting support, and optimizing loading by pro-
moters. Using a promoter-based catalyst system generally
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requires more steps for synthesis, and after optimum load-
ing, it may also shade the catalytic active sites. It raises the
synthetic cost of the catalyst also. So, handy catalyst prepara-
tion reliesmore onmetal precursors and support and excludes
the use of promoters.

Novel metals and Ni are catalytic active sites for DRM,
and the dispersion of catalytic active sites for potential con-
version needs support. The DRM reaction is operated at a
very high reaction temperature and retaining stable catalytic
active sites at this temperature are even more challenging.
The size and morphology of Ni can be controlled by proper
calcination methodology and mixing a suitable matrix with
Ni during catalyst preparation [2, 3]. Dispersion of cheap
active metals like Ni (derived from cheap metal precur-
sors) over thermally sustainable metal oxide supports like
titania, magnesium oxide, alumina, and zirconia by simple
synthetic pathwaysmay be an option for preparing handy and
cheap catalyst. Among different alkaline earth metal oxides,
MgO-support has adequate basicity, high thermal sustain-
ability, and high thermal conductivity [4]. So, it is readily
used as a basic ceramic material. MgO-supported Ni catalyst
was found promising at intermediate calcination tempera-
tures (600 °C) due to the complete formation of NiO-MgO
solid solutions [5]. However, a higher calcination tempera-
ture (700 °C) resulted in the formation of a larger Ni size,
a harder framework, lower reducibility, and lower catalytic
activity toward DRM. Again, high-pre-treatment tempera-
tures (800 °C) also dictated severe sintering of metallic Ni,
high-coke deposition, and lower catalytic activity [6].

A Titania-supported Ni catalyst can be used as a photo-
catalyst and a thermal catalyst for the DRM reaction [7, 8].
The phase transition of TiO2 support and partial coverage
of active Ni sites by TiOx species were major drawbacks in
achieving higher activity toward DRM [7, 9]. Zhang et al.
conducted a CH4-temperature programmed surface reaction
without oxidizing agents (O2/CO2) over Ni/ZrO2. Still, they
detected CO. It indicates the involvement of lattice oxygen in
the ZrO2 lattice during CH4 oxidation [10]. Instant involve-
ment of lattice oxygen for carbon deposit oxidation, creating
a vacancy behind, and after that, oxygen replenishment of
oxygen by CO2 is a terrific pathway to minimize the delay
in the CH4 oxidation reaction [11]. The oxygen-endowing
capacity of ZrO2 (from its lattice)makes it superior toAl2O3.
NiO-ZrO2 solid solution was claimed for consistent catalytic
activity towardDRM [12–14]. Ni-impregnated ZrO2 showed
about 43–46% H2-yield [11, 15]. However, phase transition
at higher temperatures limited the activity toward DRM.

Alumina is widely available in the earth’s crust and is
known for its high thermal sustainability and high thermal
conductivity, hardness, and passiveness to the atmosphere.
Alumina is an excellent carrier for stabilizing Ni at high
temperatures. At high temperatures up to 900 °C, NiO is

diffused into the Al2O3 support, coordinates with Al (tetra-
hedrally and octahedrally), and generates reducible NiAl2O4

species [16–18]. During reductive pre-treatment of the cat-
alyst (before the DRM reaction), Ni derived from NiAl2O4

was found to have stable active sites for CH4 decomposition
in the DRM reaction. Al-Fatesh et al. showed an increase in
basicity (or CO2 absorption) at a higher pre-treatment tem-
perature (800 °C), whereas Bian et al. showed the same at a
higher calcination temperature (700 °C) [19, 20]. He et al.
[21] showed increased metal-support interaction and high Ni
dispersion on increasing calcination temperature. Qiu et al.
[22] optimized the best performance of an alumina-supported
Ni catalyst at 600 °C calcination temperature and 700 °C
reduction temperature.Thepreparationmethod is also crucial
for high catalytic activity. 23% H2 yield was noticed over Ni
impregnated over Al2O3, whereas 58% H2-yield is claimed
over Ni/Al2O3 prepared by microwave-assisted combustion
synthesis [23].

The supported metal catalysts are synthesized in multiple
pots and single pot. Preparation of supports by hydrother-
mal/sol–gel followed by impregnation of active metal over
a support needs multiple pots during synthesis [24, 25]. It
leads to chemical wastage and longer time duration. The one-
pot synthetic strategy minimizes chemical waste and saves
time as the entire synthesis is carried out in a single pot.
Herein, dispersion of cheap active metals, like Ni (derived
from cheap metal precursors), over different metal oxides
carriers like titania, magnesium oxides, alumina, and zirco-
nia are carried out in a single pot at two different calcination
temperatures (600 °C and 800 °C). The catalyst samples are
investigated for dry reforming of methane and characterized
by X-ray diffraction (XRD), Raman spectroscopy, Infrared
spectroscopy, surface area and porosity, H2-Temperature
programmed reduction (H2-TPR), CH4-temperature pro-
grammed surface reaction (CH4-TPSR), CO2-temperature
programmed desorption (CO2-TPD) and thermogravimetry.
The physiochemical changes over the catalyst surface dur-
ing calcination temperature vis-à-vis their effect on catalytic
activity is a guide for developing a handy, single-step syn-
thesis, promoter-free, metal oxide-supported Ni catalyst for
DRM.

2 Experimental

2.1 Materials

Ni (NO3)2.6H2O (98%, Alfa Aesar), titania (TiO2-P25,
99.9%, from Degussa p25, Nanoshel, Cheshire, UK), alu-
mina (Al2O3, 97.7% Norton Chemical Process Products
Corp), magnesia (MgO, 99.5%. BDH), and zirconia (ZrO2,
99.8%, Anhui-Elite, China).
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2.2 Catalyst Preparation

The nickel nitrate precursor salt solution (equivalent to 5
wt%) is added over a support (like TiO2, Al2O3, MgO, and
ZrO2) under stirring and heating until all water is evapo-
rated. The paste is dried at 110 °C. One set of dry catalysts
is calcined at 600 °C for 3 h (at 3 °C/min heating ramp), and
another set of dry catalysts is calcined at 800 °C for 3 h. The
catalysts calcined at 600 °C are abbreviated as Ni/TiO2-600,
Ni/Al2O3-600, Ni/MgO-600, Ni/ZrO2-600 whereas cata-
lyst calcined at 800 °C are abbreviated as Ni/TiO2-800,
Ni/Al2O3-800, Ni/MgO-800, Ni/ZrO2-800.

Accordingly, the 5.0 wt% NiO supported over S (S �
TiO2, Al2O3, MgO, or ZrO2) catalysts were produced by
dissolving 0.5 g of Ni (NO3)2·6H2O in 30 ml of distilled
waterwith stirring and heating. Afterward, 2.441 g of support
was added, and the stirring was continued for 30 min. The
obtained catalysts were dehydrated at 120°C for 20 h and
were then calcined for five hours either at 600 °C or 800 °C.

2.3 Catalyst Characterization

The surface area and porosity of the catalyst samples
were studied using the Brunauer–Emmet–Teller (BET)
method and the Barrett–Joyner–Halenda (BJH) method on
a Micromeritics Trostat II 3020. X-ray diffraction (XRD)
study and phase analysis of catalyst samples were carried out
over a Miniflex Rigaku diffractometer using the Cu Kα radi-
ation source (at 40 kV and 40 mA) and the JCPDS database,
respectively. Laser Raman spectra of catalysts are taken by
the JASCO NMR-4500 spectrometer in the spectral range
of 170–1000 cm−1 by using a 532 nm excitation wave-
length and 1.6 mW laser power for 10 s of exposure time
at 3 accumulations. Spectra were processed using Spectra
Manager Ver. 2 software (JASCO, Japan). The electronic
transition study was conducted under 1 nm resolution in the
200–1000 nm range at 200 nm/min scanning speed over a
V-570 (JASCO, USA) ultraviolet–visible spectrophotome-
ter. The H2-Temperature programmed reduction profile is
analyzed over a 70 mg sample under 10% H2/Ar gas flow
(flow rate 30 ml/min) up to 900 °C temperature (heating
ramp 10 °C/min) in the Micromeritics Auto Chem II 2920
USA instrument. For CH4-temperature programmed surface
reaction, the same procedure is followed with 10% CH4/Ar
mixture (in place of 10%H2/Armixture). TheCH4 orH2 con-
sumption amount is determined by the thermal conductivity
detector (TCD). For CO2-temperature programmed desorp-
tion, 70 mg of the sample was kept at 200 °C for 1 h under
heliumflow (to remove physically adsorbed species) and then
subjected to a 10% CO2/He mixture (flow rate of 30 ml/min)
at 50 °C for 30 min. Then, the CO2 desorption signal was
recorded by TCD with a linear increase in temperature up
to 1000 °C with a temperature ramp rate of 10 °C/min.

Fourier transforms infrared spectra of catalyst samples are
recorded over the KBr pallet in 400–4000 cm−1 range using
Prestige-21SHIMADZU.Ultraviolet–visible spectra of cata-
lyst samples are recorded in 200–800 nm range at a resolution
of 1 nm (200 nm/min scanning speed) using the V-570,
JASCO (USA). The weight loss % of the spent catalyst sam-
ple (15 mg) was determined by thermogravimetry analysis
under oxidative treatment from room temperature to 1000 °C
(20 °C/min heating ramp) using Shimadzu TGA-51.

2.4 Catalyst Activity Test

0.1 g of catalyst is packed in a tubular stainless-steel reactor
(PID Eng & Tech micro-activity reference company, length
30 cm, internal diameter 9.1 mm). An axially injected K-
type thermocouple monitors the catalyst bed temperature.
The packed catalyst is activated under H2 flow (flow rate
30 ml/min) at 700 °C for 1 h. Further, CH4, CO2, and N2 gas
feed (feed ratio 3:3:1) are passed through a packed activated
catalystwith a 42,000ml/h gcat space velocity at 700 °C reac-
tion temperature. The effluent is examined under Ar carrier
gas by gas chromatograph instrument equipped with molec-
ular sieve 5A column, PorapakQ column, and TCD detector.
H2 yield % and CO yield % are determined by the following
expressions:

H2Yield% �
(
nH2

)
out

2 × (
nCH4

)
in

× 100

CO Yield% � (nCO)out(
nCH4

)
in +

(
nCO2

)
in

× 100

where
(
nH2

)
out is Mole of H2 in product (outlet),

(
nCH4

)
in

is mole of CH4 in inlet, (nCO)out is mole of CO in product
(outlet), and (nCO)in is mole of CO2 in inlet.

3 Result

3.1 Characterization Result

Figure S1 displays the catalyst sample’s X-ray diffraction
pattern. After calcining Titania supported Ni calcined at
600 °C, both rutile TiO2 phase (JCPDS reference num-
ber 00–021-1272) and anatase TiO2 phase (JCPDS refer-
ence number 01–076-0334) are organized in the catalyst.
(Fig. S1a). Upon higher calcination temperature (800 °C),
rutile phase is stable. The effect of calcination temperature
is not evident on the phase distribution of Al2O3-supported
Ni, ZrO2-supported Ni and MgO-supported Ni catalysts
(Fig. S1b–d). Alumina-supported Ni catalyst exhibited cubic
phases of nickel aluminum oxide (JCPDS reference number
00-001-1299), aluminum oxide (JCPDS reference number
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00-004-0858) and nickel oxide (JCPDS reference number
01-071-1179). MgO-supported Ni catalyst has both cubic
magnesium nickel oxide phase (JCPDS reference number
00-034-0410) and cubicmagnesium oxide (JCPDS reference
number 00-043-1022), while the ZrO2-supported Ni catalyst
contains only monoclinic phase (JCPDS reference number
00-024-1165).

The Raman spectra of catalyst samples are shown in
Fig. 1. Titania-supported Ni catalyst calcined at 600 °C
shows a prominent Raman band for the anatase phase at
399 cm−1 (B1g), 511 cm−1 (A1g) 518 cm−1 (B1g) and
639 cm−1 (Eg) and a diffuse Raman band for the rutile phase
at 447 cm−1 (Eg) [26] (Fig. 1a). Interestingly, if the same cat-
alyst is prepared at 800 °C calcination temperature, the three
peaks disappear overNi/TiO2-800 catalyst andhigh-intensity
peaks related to rutile phases at 242 cm−1, 447 cm−1 (Eg),
612 cm−1 (A1g) appear [26, 27]. It indicates the phase tran-
sition of titania from anatase to rutile phases from 600 °C to
800 °C calcination temperature. Zirconia-supported Ni cata-
lysts (Ni/ZrO2-600 and Ni/ZrO2-800) showed high-intensity
peaks of monoclinic zirconia at 179 cm−1, 188 cm−1,
220 cm−1, 301 cm−1, 333 cm−1, 342 cm−1, 379 cm−1,
476 cm−1, 536 cm−1, 559 cm−1 and 610 cm−1 and 636 cm−1

[28–30] (Fig. 1b). The catalyst calcined at higher temperature
(Ni/ZrO2-800) has high-intensity peaks of monoclinic zirco-
nia. The Raman spectroscopy results of titania-supported Ni
and zirconia-supported Ni catalysts are found in the same
line as X-ray diffraction results. MgO-supported Ni catalyst
and Al2O3-supported Ni catalysts were found to be Raman
inactive (Fig. S2).

The N2-adsorption isotherm and surface parameters (sur-
face area, pore volume and average pore diameter) of catalyst
samples are shown in Fig. 2. The surface area catalyst sam-
ples calcined at 600 °C are found in the following order:
Ni/Al2O3-600 > Ni/MgO-600 > Ni/TiO2-600 > Ni/ZrO2-
600. That means alumina-supported Ni catalyst has the
highest surface area and pore volume, whereas zirconia-
supported Ni catalysts has the least surface area and pore
volume at 600 °C calcination temperature. However, if cata-
lyst samples are calcined at a higher calcination temperature
of 800 °C, a sharp fall of the surface area is observed in TiO2-
supportedNi catalyst, and a noticeable fall of the surface area
is marked for MgO-supported Ni catalysts, ZrO2-supported
Ni catalysts and Al2O3-supported Ni catalyst (Fig. 2e). It is
again markable that the average pore diameter of “high tem-
perature calcined catalyst” is larger than “low-temperature
calcined catalyst”. It indicates conversion of smaller pores
into large pores upon higher calcination temperature. Over-
all, the fall in surface area and nurture of larger pore diameter
upon higher calcination temperature signifies for substantial
pore damage (or collapse of the small pores to form the big
ones) [31–33]. Even though the surface area and pore diame-
ter of Al2O3-supported Ni catalyst calcined at 800 °C remain

highest in its series. Thatmeans, the Al2O3-supportedNi cat-
alyst is almost unaffected by calcination temperature.

The H2-temperature programmed reduction profile of dif-
ferent catalysts is shown in Fig. 3. The reduction peaks at
different temperatures indicate the extent of reduction of
different “surface interacted NiO species”. The reduction
peaks below 500 °C, 500–700 °C, and 700–1000 °C are
attributed to the reduction of NiO species that interacted
weakly, moderately, and strongly with the support, respec-
tively [17]. Titania-supported Ni catalysts have reducible
NiO species that interact moderately with support, whereas
alumina-supported Ni catalysts have reducible NiO species
that strongly interacts with support (Fig. 3a, b). Over an
alumina-supported Ni catalyst, someNi ionsmay be diffused
into the Al2O3 support at high temperatures and form stable
NiAl2O4. The NiAl2O4-species is reducible above 700 °C.
The XRD pattern of the alumina-supported Ni catalyst also
showed the presence of NiAl2O4 phases. Interestingly, in our
case, the catalyst activation temperature is also set at 700 °C.
That means, at this temperature, Ni exsolves from the sta-
ble NiAl2O4 phase and presents a stable catalytic active site
for the DRM reaction. It is again noticeable that if titania-
supported Ni catalyst or alumina-supported Ni catalyst are
prepared by calcining at a high temperature (800 °C), the
intensity of reduction peaks decreases and the pattern of
reduction peaks shifts toward a relatively lower tempera-
ture. It indicates the increasing edge of reducibility for the
catalyst calcined at high temperatures. MgO-supported Ni
catalysts have a very poor reducibility profile (Fig. 3c). That
means, it has very few reducible NiO species at the catalyst
surface. Possibly due to the formation of stable cubic magne-
sium nickel oxide phases, reducible NiO species are depleted
over the catalyst surface. The reducible profile of zirconia-
supported Ni catalyst is unique (Fig. 3d). ZrO2-supported
Ni species calcined at 600 °C has two reduction peaks at
about 350 °C and 550 °C indicating the presence of both
“weakly and moderately interacted NiO-species” over the
catalyst surface [34]. Interestingly, if the catalyst is prepared
at a high-calcination temperature (800 °C), the peak intensity
of weakly interacted NiO species is shifted toward a higher
temperature, and an intense single peak about peak maxima
475 °C appears. That means, the catalyst calcined at 800 °C
has a higher metal-support interaction with reducible “mod-
erately interacted NiO-species”.

Infrared transmittance spectra of catalyst samples are
shown in Fig. 4. The infrared vibration peak of the met-
al–oxygen bond falls in the lower wavelength region (<
800 cm−1) due to the high atomic weight of metal and
the reduced mass of the metal–oxygen pair (compared to
nonmetal-oxygen pairs such as OH, C-O) [35]. The Ni–O
vibration peak for free NiO species was reported at 433 cm−1

[36]. The IR vibration peak < 433 cm−1 indicates the weak-
ening of bond strength between Ni and O (Ni–O bond)
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Fig. 1 Raman spectra of
(a) Ni/TiO2-600 and
Ni/TiO2-800 (b) Ni/ZrO2-600
and Ni/ZrO2-800

Fig. 2 N2-adsorption isotherm of
catalysts (a) Ni/TiO2-600 and
Ni/TiO2-800 (b) Ni/Al2O3-600
and Ni/Al2O3-800
(c) Ni/MgO-600 and
Ni/MgO-800 (d) Ni/ZrO2-600
and Ni/ZrO2-800 (e) The surface
area, pore volume and Average
pore diameter of different
catalysts.
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Fig. 3 H2-temperature programmed reduction profile of catalysts (a) Ni/TiO2-600 and Ni/TiO2-800 (b) Ni/Al2O3-600 and Ni/Al2O3-800
(c) Ni/MgO-600 and Ni/MgO-800 (d) Ni/ZrO2-600 and Ni/ZrO2-800

and the strengthening of bond strength between NiO and
another metal M′ (NiO–M′ bond). The infrared peak beyond
1000 cm−1 is due to “CO2-interacting surface species” and
surface hydroxyl.

The Titania-supported Ni catalyst has a band related
chiefly to stretching and bending vibration of OH at
3425 cm−1 and 1625 cm−1 respectively (Fig. 4a). Inter-
estingly, if a titania-supported Ni catalyst is prepared at a
higher calcination temperature (800 °C), the band of these
hydroxyl groups is intensified (Fig. 4b, c) and the intensity
of these bonds atNi/TiO2-800 is greater than that of other cat-
alysts. TiO2-supported Ni catalysts have a peak between 400
and 800 cm−1 corresponding to Ti–O bending and stretch-
ing vibrations [37]. The vibrational peak due to Ni–O is not
specified over the given IR spectra, or it may merge with the
broad vibration peak of Ti–O (Fig. 4c). It is observed that
at a higher calcination temperature (800 °C), the intensity
of the vibration band of Ti–O decreases indicating a possible

interaction of Ti–Owith another metal at a higher calcination
temperature.

If the ZrO2-supported Ni catalyst is synthesized at a
high calcination temperature (800 °C), the intensity of the
hydroxyl band is decreased compared to the catalyst cal-
cined at a lower calcination temperature (600 °C) (Fig. 4f).
This observation is just the reverse of the TiO2-supported
Ni catalyst. Zirconia-supported Ni catalyst calcined at lower
temperatures has a peak at 422 cm−1, which indicates the
strengthening of the bond between NiO and support metal
(NiO-M′ bond). Simply, it indicates the increased metal-
support interaction (then an IR vibration peak at 433 cm−1

for free NiO). Apart from these, there are also several vibra-
tion peaks at 496 cm−1, 550 cm−1, 584 cm−1, 629 cm−1,
and 750 cm−1 for Zr-O bond vibration [15, 38].

IR spectra MgO-supported Ni catalysts have peculiarities
in means of the band for surface CO2-species. It has a dif-
fuse peak at 859 cm−1 for ionic CO3

2− [37–39], a broadband
(consisting of several overlapping peaks from 1460 cm−1,
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Fig. 4 Infrared transmittance
spectra of (a) all catalysts
calcined at 600 °C (b) all
catalysts calcined at 800 °C
(c) Ni/TiO2-600 and
Ni/TiO2-800 (d) Ni/Al2O3-600
and Ni/Al2O3-800
(e) Ni/MgO-600 and
Ni/MgO-800 (f) Ni/ZrO2-600
and Ni/ZrO2-800

1530 cm−1 [40] for ionic and unidentate carbonate species
(Fig. 4e). It indicates that MgO supported Ni species can
absorb CO2 from the environment, interact with it and form
various CO2-interacting species on the surface even at room
temperature. The effect of calcination temperature on the
interaction of CO2 species over the surface is also evident.
The peak intensity from 1460 to 1530 cm−1 increases if the
MgO-supported Ni catalyst is calcined at a high calcination
temperature (800 °C). It indicates the potential presence of
ionic and unidentate carbonate species over a Ni/MgO-800
catalyst. In the Ni/MgO-600 catalyst, the Ni–O vibration

peak is observed at 425 cm−1 whereas, over the Ni/MgO-
800 catalyst, this peak is shifted to 461 cm−1. It indicates
that if MgO-supported catalysts are prepared at higher calci-
nation temperatures, the NiO interaction with the support is
weakened. Another peak at 660 cm−1 is due to the stretching
vibration of Mg-O [37].

The infrared vibration peak for alumina-supported Ni is
specified in the lower temperature peaks at 407 cm−1 and
a broad peak from 500 to 1000 cm−1 (Fig. 4d). The peak
at 407 cm−1 is attributed to the vibration peak of strongly
interacted NiO species with support (NiO-M′). The broad
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peak includes the vibration peak of Al-O in AlO6 octahedral
units as well as AlO4 tetrahedral units [36, 41].

CH4-temperature programmed surface reaction (TPSR)
experiment is carried out up to temperature 875 °C for the
different catalyst systems (Fig. 5a, b). The CH4-TPSR peaks
at different temperature signify the extent of CH4 decompo-
sition over different active sites at the catalyst. The peaks of
about 600 °C and > 800 °C were claimed to be the decom-
position of CH4 at Ni-M interface and thermally derived
decomposition of CH4 respectively [42]. Catalysts calcined
at lower calcination temperature show a prominent CH4

decomposition peak at about 600 °C temperature, which
is attributed to CH4 decomposition at the Ni-M (M � Al,
Zr, Mg, Ti) interface. The peak intensity of Ni/ZrO2-600
is maximum, and Ni/MgO-600 is minimum. Interestingly,
when catalysts are prepared at high calcination temperatures,
a distinct surface characteristic for CH4 decomposition is
noticed. The CH4 decomposition peak over Ni/ZrO2-800
is not affected (than Ni/ZrO2-600), whereas this peak is
markedly suppressed over Ni/TiO2-800 and Ni/MgO-800.
Ni/Al2O3-800 shows multiple CH4 decomposition sites at
550 °C, 700 °C and 800 °C. We have also checked the
CO2 interaction profile of Ni/Al2O3 and Ni/ZrO2 catalyst
(calcined at 600 °C and 800 °C) through CO2-temperature
programmed desorption experiments (Fig. 5c, d). The CO2

desorption peaks at about 75 °C, 200–400 °C and 750 °C
are assigned for weak basic sites, intermediate strength basic
sites and strong basic sites, respectively [43]. It is observed
that Ni/Al2O3 catalysts (either calcined at 600 °C or 800 °C)
have rich moderate strength basic sites, but Ni/ZrO2-600 has
a diffuse population ofmoderate strength basic sites.Ni/ZrO2

catalyst calcined at high temperature has gained a high pop-
ulation of strong basic sites, about 800 °C. However, these
basic sites do not remain useful for catalytic purpose because
the DRM reaction is carried out at 700 °C.

DRM is considered as a two-step reaction namely, dis-
sociation of CH4 into CH4-x (x � 1–4) overactive sites and
sequential oxidation of CH4-x (x � 1–4) by CO2. In this run,
polymerization of CH4-x (x� 1–4) surface-intermediate can-
nock be neglected which lodges the catalyst with coke [44].
The shading of catalytic active sites by inert coke may harm
the catalytic activity seriously. Quantitative/qualitative study
of coke deposits over the catalyst surface is needed. The ther-
mogravimetry profile of the spent catalyst system is shown in
Fig. 6a. In the course of coke deposition, theMgO-supported
Ni catalyst as well as the Al2O3-supported Ni catalyst was
not affected by calcination temperature. The earlier one
shows coke resistance, whereas the later one shows extreme
coke lodging. Spent Ni/MgO-600 and Spent Ni/MgO-800
show 12–13% weight loss, whereas Spent Ni/Al2O3-600
and Spent Ni/Al2O3-800 show 80–82% weight loss. The
coke resistance capacity of titania-supported Ni catalyst and
zirconia-supported Ni catalyst improved if these catalysts

were synthesized at high-calcination temperatures (800 °C).
Ni/TiO2-600 and Ni/TiO2-800 catalysts show ~ 60% and
43.4% weight loss, respectively, whereas Ni/ZrO2-600 and
Ni/ZrO2-800 catalysts have ~ 79% and ~ 63% weight loss,
respectively.

To shed more light on the type of carbon deposit, a
Raman spectroscopy study of catalyst samples is carried out
(Fig. 6b–e). The spent catalyst system showed a C-O sym-
metric stretching vibration peak of ionic carbonate (CO3

2−
group) at 1055 cm−1 [45–47] defects carbon band (ID) at
1340 cm−1, graphite carbon band (IG) about 1573 cm−1

and the 2D band about 2680 cm−1. The defect band is due
to vibrations of carbon atoms with dangling bonds in an
amorphous carbon network, whereas graphite carbon cor-
responds to the stretching vibration of highly symmetric
carbon sp2 bonds [48]. The spent TiO2-supported Ni catalyst
and spent Al2O3-supported Ni catalyst which are calcined
at a high temperature (800 °C) have a higher intensity of
defect carbon bands (ID) and 2D carbon bands than the cat-
alyst calcined at a low temperature (Fig. 6b, c). In the case
of zirconia-supported Ni catalyst, the opposite is true. That
means, higher temperature calcined spent Ni/ZrO2-800 cat-
alyst has low-intensity carbon bands (Fig. 6e). For the spent
Ni/MgO-800 catalyst, the peak for carbonate has maximum
intensity (Fig. 6d). Among all, spent Ni/Al2O3-800 has the
highest intensity of all types of carbon bands, including a
band of about 2185 cm−1 for the presence of C≡C [49].

3.2 Catalyst Activity Result

The catalytic activity in terms of H2-yield of different cata-
lyst systems toward the DRM reaction is shown in Fig. 7a,
b. The activity of pure NiO is also tested for dry reforming
of methane. The H2-yield and CO-yield is just 0.75% and
1.25% respectively at 700 °C reaction temperature over pure
NiO (not shown in Fig. 7). Clearly, the size and stability of
Ni against high temperature in DRM are a crucial factor in
achieving high activity. In search of Ni stability, the catalyst
prepared by dispersion of 5wt% Ni over thermally sustain-
able metal oxide supports like titania, magnesium oxide,
alumina, and zirconia are tested for DRM reaction. Titania-
supportedNi catalyst calcined at 600 °C is crystalline (having
both rutile and anatase TiO2 phases). It has low surface area,
prominent presence of surface hydroxyl (-OH) and reducible
“moderately interacted NiO-species”. Espinbs et al. showed
the diffusion of metallic Ni into TiOx layer > 500 °C tem-
perature [50]. They showed growth of NiO island due to the
presence of TiO2. E. Ruckenstein et al. showed migration of
Ni+2 ion into the TiO2 layer [51]. Simoens et al. showed the
migration of titanium and oxygen species onto the surface of
Ni during reductive treatment [52]. Here, it can be concluded
that migration of metallic Ni from the surface or oxidation of
metallic Ni by TiO2 under oxidizing environment (by CO2)
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Fig. 5 CH4-temperature programmed surface reaction profile of (a) all catalysts calcined at 600 °C, (b) all catalysts calcined at 800 °C, (c) CO2-TPD
of Ni/Al2O3-600 and Ni/Al2O3-800 (d) CO2-TPD of Ni/ZrO2-600 and Ni/ZrO2-800

may result in inferior activity toward DRM. Ni/TiO2-600
shows only 35% hydrogen yield, further slowing down to
26%at the 440-min. If the same catalyst is prepared at 800 °C,
surface hydroxyl concentration has raised, titania phases are
restricted to rutile, additional rhombohedral nickel titanium
oxide phase appears, and surface area drops immensely. The
intensity of reducible “moderately interacted NiO species” is
also got down. CH4-TPSR experiment also shows a marked
decrease of CH4 decomposition sites over Ni/TiO2 catalyst
if it is prepared at 800 °C calcination temperature. The sharp
drop of surface area decreased amount of reducible NiO
species and less concentration of CH4 decomposition sites
over Ni/TiO2-800, results in more inferior catalytic perfor-
mance toward DRM. At the end of 440-min, the H2-yield
remains at just ~ 22%. The catalyst has an immense car-
bon deposit during the reaction that may also contribute to
the inferiority of the catalyst toward DRM. The CO-yield
remains 16% higher (than H2-yield) over Ni/TiO2-600 and
31% higher (than H2-yield) over Ni/TiO2-800 at the end of
the reaction (440-min). It indicates the pronounced presence

of reverse water gas shift reaction over titania-supported Ni
catalyst, which is responsible for consumingH2 and affecting
the final H2-yield.

MgO-supported Ni catalyst calcined at 600 °C has a
cubic magnesium nickel oxide phase. NiO bonding with
support MgO is also verified by IR spectra at wavenumber
425 cm−1. But these nickel-containing species seem to be
poorly reducible.However,Ramanand infrared spectroscopy
verify the presence of ionic as well as unidentate carbonate
species over the catalyst surface, even under normal environ-
mental conditions. The TGA result also indicates the least
carbon deposit over a MgO-supported Ni catalyst. It indi-
cates that the catalyst is quite interactive with CO2 species.
The catalytic activity of Ni/MgO-600 is quite impressive.
It shows a continuous 54–55% H2 yield up to 430-min. The
high H2-yield even the inadequate presence of reducible NiO
species indicates that the role of interacting CO2 species is
crucial for DRM over MgO-supported Ni catalysts. If the
same catalyst is prepared at a high calcination temperature
(800 °C), the concentration of CO2-interacting species grows
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Fig. 6 (a) Thermogravimetry profile of all catalysts calcined at 600 °C
and at 800 °C (b) Raman spectra of spent Ni/TiO2-600 and spent
Ni/TiO2-800 (c) Raman spectra of spent Ni/Al2O3-600 and spent

Ni/Al2O3-800 (d) Raman spectra of spent Ni/MgO-600 and spent
Ni/MgO-800 (e) Raman spectra of spent Ni/ZrO2-600 and spent
Ni/ZrO2-800
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Fig. 7 Activity results versus TOS (a) The H2-Yield vs TOS over
Ni/TiO2-600, Ni/Al2O3-600, Ni/MgO-600, Ni/ZrO2-600 (b) The H2-
Yield versus TOS over Ni/TiO2-800, Ni/Al2O3-800, Ni/MgO-800,

Ni/ZrO2-800 (c) “The H2-Yield and CO-yield” vs TOS over Ni/TiO2-
600, Ni/Al2O3-600, Ni/MgO-600, Ni/ZrO2-600 (d) “The H2-Yield and
CO-yield” versus TOS overNi/TiO2-800, Ni/Al2O3-800, Ni/MgO-800,
Ni/ZrO2-800

but the bonding between NiO and support metal is weakened
(as observed in IR spectra at 461 cm−1). The weak bonding
between “NiO and support metal” and substantial decrease in
surface area is noticed over Ni/MgO-800. CH4-TPSR experi-
ment shows marked suppression of CH4 decomposition sites
overNi/MgO-800 catalyst. It acquired 38–35%H2-yield dur-
ing 430-min time on stream. Here, it is also noticeable that
the CO-yield remains just 6–8% above than H2-yield dur-
ing 430-min time on stream over Ni/MgO-600. But over
Ni/MgO-800, CO-yield is quite higher (33–44% than H2-
yeild) (Fig. 7c, d). That means, weak bonding between
“NiO and support metal”, suppression of CH4 decomposi-
tion sites, and potential consumption of H2 by reverse water
gas shift reaction result into inferior catalyst performance
than Ni/MgO-800.

Zirconia-supported Ni catalyst calcined at 600 °C shows
a strong bond between NiO and support metal (NiO-M′)
(as observed in IR spectra at 422 cm−1). It has reducible
NiO-species which interacts with support through weak and
moderate strength. CH4-TPSR experiment shows the highest
density of CH4 decomposition sites over Zirconia-supported
Ni catalyst. Zirconia-supportedNi catalyst calcined at 800 °C
has reducible NiO species which interacts with support
through moderate strength. The CH4-TPSR experiment also
shows the intensity of CH4 decomposition sites remains
equal over Ni/ZrO2 catalyst either it is calcined at 600 °C
or 800 °C. Both catalysts Ni/ZrO2-600 and Ni/ZrO2-800 had
quite comparable performance. Both show an initial 55–56%
H2-yield which drops to 45–46% H2-yield at the end of 430-
min. The catalyst either calcined at low temperature (600 °C)
or high temperature (800 °C) had very high coke deposits
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(79% and 63% respectively). It seems that the strong bond
betweenNiOand supportmetal (NiO-M′) and the presence of
reducible “moderately interacted NiO-species” are the prime
cause of initial good catalytic performance. But the activity
is seized slowly by heavy coke deposition with time. The
performance of Ni/ZrO2-800 is again notable as CO-yield
is always found to be less than H2-yield (Fig. 7d). It indi-
cates the inhibition of reverse water gas shift reaction over
Ni/ZrO2-800 catalyst.

Alumina-supported Ni catalysts (either calcined at 600 °C
or 800 °C) have the highest surface in its series. Relatively,
the surface area of the catalyst decreased markedly if it is
prepared at a higher calcination temperature (800 °C). Both
catalysts have aNiAl2O4 phase, which exsolves stablemetal-
lic Ni upon reduction. The catalyst has the highest coke
deposition (80–82%), but both catalysts’ activity (Ni/Al2O3-
600 and Ni/Al2O3-800) is retained at a high (55–58%
H2-yield) for up to 430 min. Ni exsolved from NiAl2O4

seems quite stable, and it restricts the carbon deposit lay-
over at the Ni or Ni–Al boundary. Carbon is deposited away
from the active sites and does not affect catalytic activ-
ity. The catalyst maintains high CH4 decomposition (into
CHx) over stable Ni (exsolved from NiAl2O4) and transfers
the CHx species away from the catalytic active site. In the
meantime, either CO2 (or surface-interacted CO2- species)
oxidizes theCHx species (intoH2 andCO) or theCHx species
is left behind for polymerization and subsequent coke for-
mation. The proper matching between the carbon formation
rate and carbon diffusion rate (away from the carbon forma-
tion site) continually exposes the catalytic site for the fresh
reaction [53, 54]. So even against the highest coke depo-
sition, an alumina-supported Ni catalyst maintains 55–58%
H2-yield up to 430-min time on stream. The CO-yield was
just 1.6–3% higher than the H2-yield over Ni/Al2O3-600 cat-
alyst and 8–9% higher than the H2-yield over Ni/Al2O3-800
during 430-min time on steam. It indicates themark presence
of reverse water gas shift reaction also above the alumina-
supported Ni catalyst system.

It is time to conclude the reaction mechanism over each
catalyst system. TiO2-supported Ni catalyst has active sites
Ni, which is derived by the reduction of “moderately inter-
actedNiOspecies”.Maskingof active sitesNi byTiO2 results
in the least catalytic activity (26%H2-yield) (Fig. 8a). Again,
“Ni/TiO2 calcined at a higher temperature” has lower den-
sity of CH4 decomposition sites/metallic Ni over diminutive
surface area (than the lower temperature calcined catalyst),
resulting in the worst H2-yield (22%) at the end of 440-min
TOS. MgO-supported Ni catalyst has the least population
of active Ni species, but the richest interaction with CO2,

resulting in ~ 55% H2-yield with minimum coke deposi-
tion (Fig. 8b). If the Ni/MgO catalyst is prepared at a higher
calcination temperature, the interaction of active sites with

support becomes weaker and catalyst retains minimum den-
sity of CH4 decomposition sites. So, Ni/MgO-800 °C turns
into inferior activity (35% H2-yield) than Ni/MgO-600. The
effect of calcination temperature of Ni/ZrO2 does not affect
the population of CH4-decomposition sites. However, the
CO2-interaction profile of Ni/ZrO2 catalyst is inferior to
Ni/Al2O3 catalyst. The enhanced metal-support interaction
and highest population of CH4 decomposition sites over
Ni/ZrO2 offers high DRM activity (~ 55%) initially, which
slowed down to 46% H2-yield against high coke deposi-
tion (63–79% weight loss) (Fig. 8c). The mark inhibition
of RWGS is noticed (CO yield < H2-yield) over zirconia-
supported Ni catalyst if it is prepared at high calcination
temperature. Ni/Al2O3 has stable catalytic active metallic Ni
sites (exsolved from NiAl2O4), prominent CH4 decomposi-
tion sites and a relatively richer CO2 interaction profile than
Ni/ZrO2. The catalytic activity for DRMand coke deposition
remains unaffected by calcination temperature over Al2O3-
supported Ni catalyst. Ni exsolved fromNiAl2O4 phase over
Ni/Al2O3 catalyst is quite stable and constantly exposable to
feed gas, maintaining high H2-yield (~ 58%) up to 430-min
even against the highest coke deposition (Fig. 8d).

The catalytic activity of our catalyst is compared
with other “supported NiO-based” system and shown in
Table 1. Among dual metal oxide-supported Ni cata-
lyst (Ni/TiOx-Al2O3, Ni/ MoOx-Al2O3, Ni/La2O3-ZrO2,
Ni/CeO2-ZrO2, Ni/Y2O3-ZrO2, Ni/MgO-ZrO2, Ni/Al2O3-
MgO and Ni/CaO- Al2O3) are prepared by multiple
pots synthesis and maximum 44–45% hydrogen yield
is achieved over Ni/Al2O3-MgO and Ni/Y2O3-ZrO2 [36,
55–59]. Among single metal oxide-supported Ni catalyst,
about 45% H2-yield is achieved over Ni/mesoporous SiO2

(prepared with the assistance of oleic acid) and Ni/ZrO2 [55,
59–65]. However, using high-cost carrier gas (helium) for
DRM over Ni/ZrO2 may not be encouraged. The current cat-
alyst systems like Ni/Al2O3 (calcined at 600 °C and 800 °C)
are prepared under single pot impregnation methodology.
The maximum ~ 58% H2-yield (up to 7 h time on stream at
700 °C reaction temperature) is achieved overNi/Al2O3-800.

4 Conclusion

Higher calcination temperature during catalyst preparation
modifies metal-support interaction, distribution of active
species and density of CH4 decomposition sites and sub-
stantial collapse of smaller pores into larger one (resulting
in smaller surface area). At higher calcination temperature
(800 °C), CH4 decomposition sites over “titania-supported
Ni catalyst” and “magnesia-supported Ni catalyst” are
depleted, whereas the surface area of TiO2-supported Ni is
dropped abruptly. These cause lower catalytic activity over
Ni/TiO2 andNi/MgO if these catalysts are prepared at 800 °C.
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Fig. 8 Reaction mechanism layout over each catalyst system: (a) CH4
decomposition over metallic Ni (derived from moderately interacted
NiO species) followed by oxidation by CO2 over Ni/TiO-600 cata-
lyst refereeing least DRM activity and high coke deposition (b) CH4
decomposition over available Ni sites followed by oxidation by CO2
and CO2-interacting species over Ni/MgO-600 catalyst resulting high

DRM activity and least coke deposition (c) CH4 decomposition over
metallic Ni derived from strongly interacted NiO-Zr species followed
by oxidation byCO2 causing highDRMactivity against high coke depo-
sition (d) CH4 decomposition over metallic Ni exsolved from NiAl2O4
followed by oxidation by CO2 causing highest DRM activity against
highest coke deposition

Table 1 Comparative table of catalytic activity (H2-yieid) over different catalyst systems

Sl. no Active
Metal

Support Feed ratio
CH4:CO2: Carrier gas
(N2)

Preparation method, reaction
time, reaction temperature,
WHSV

H2 Yield (%) References

1 Ni Al2O3 1: 1: 0 Ultra-sonication assisted
impregnation, 70 h, 600 °C,
70L/hgcat

22 [60]

2 Ni Al2O3 1: 1: 3 Impregnation, 5 h, 550 °C,
60L/hgcat

12 [61]

3 Ni Al2O3 1: 1: 0 Impregnation, 24 h, 550 °C,
24L/hgcat

10 [62]

4 Ni Al2O3 1: 1: 0 Impregnation, 24 h, 650 °C,
24L/hgcat

30 [62]

5 Ni Al2O3 3: 2: 50 (He) Impregnation, 850 °C,
120L/hgcat

39 [59]

6 Ni ZrO2 3: 3: 1 Impregnation, 7 h, 700 °C,
42L/hgcat

43 [63]

7 Ni ZrO2 55: 35: 10 Impregnation, 10 h, 800 °C,
40L/hgcat

10 [55]

8 Ni ZrO2 1: 1: 2 (Ar) Impregnation, 0.5 h, 700 °C,
60L/hgcat

45 [64]

9 Ni TiOx-Al2O3 3: 3: 1 Impregnation, 7 h, 700 °C,
12L/hgcat

30 [36]
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Table 1 (continued)

Sl. no Active
Metal

Support Feed ratio
CH4:CO2: Carrier gas
(N2)

Preparation method, reaction
time, reaction temperature,
WHSV

H2 Yield (%) References

10 Ni MoOx-Al2O3 3: 3: 1 Impregnation, 7 h, 700 °C,
12L/hgcat

39 [36]

11 Ni La2O3-ZrO2 55: 35: 10 Impregnation, 10 h, 800 °C,
120L/hgcat

11 [55]

12 Ni CeO2-ZrO2 55: 35: 10 Impregnation, 10 h, 800 °C,
120L/hgcat

13 [55]

13 Ni Y2O3-ZrO2 3: 3: 1 Sol–Gel, 7 h, 700 °C, 42L/hgcat 45 [56]

14 Ni MgO-ZrO2 3: 3: 1 Sol–Gel, 7 h, 700 °C, 42L/hgcat 23 [56]

15 Ni Mesoporous SiO2 1: 1: 0 Oleic acid assisted impregnation,
6 h, 700 °C, 24L/hgcat

45 [65]

16 Ni Mesoporous SiO2 1: 1: 0 Impregnation, 6 h, 700 °C,
24L/hgcat

32 [65]

17 Ni Al2O3-MgO 1: 1: 0 Sol–Gel, 10 h,650 °C, 24L/hgcat 44 [57]

18 Ni CeO2-ZrO2 1: 1: 0 Co-precipitation than –
Impregnation, 24 h, 700 °C,
30L/hgcat

34 [58]

19 Ni CaO- Al2O3 3: 2: 50 (He) Impregnation, 850 °C,
120L/hgcat

40 [59]

20 Ni MgO- Al2O3 3: 2: 50 (He) Impregnation, 850 °C,
120L/hgcat

36 [59]

21 Ni Al2O3-600 3: 3: 1 Impregnation, 7 h, 700 °C,
42L/hgcat

55.05 This study

22 Ni Al2O3-800 3: 3: 1 Impregnation, 7 h, 700 °C,
42L/hgcat

57.65

The density of CH4-decomposition sites remains unaffected
over Ni/ZrO2, whereas the surface area of Ni/Al2O3 remains
highest in its series even uponhigher calcination temperature.
Titania-supported Ni catalyst is found to be inferior toward
DRM. The MgO-supported Ni catalyst, calcined at 600 °C,
has excellent interaction with CO2, the least carbon deposit,
strong bond between NiO-support but inadequate presence
of reducible NiO species. It showed quite a high H2-yield
(~ 55%) up to 430-min on stream. The strong bond between
NiO and support metal (NiO-Zr), the population of reducible
“moderately interacted NiO species” and the highest popu-
lation of CH4 decomposition sites over zirconia-supported
Ni catalyst results in a high H2 yield of ~ 55%. However, it
slowed down to ~ 45% during the 430-min on stream due
to heavy coke deposition. The potential inhibition of reverse
water gas shift reaction over Ni/ZrO2-800 makes it unique to
rest catalyst systems. Alumina-supported Ni catalysts have
a NiAl2O4 phase and high surface area. Ni exsolved from
NiAl2O4 at 700 °C during catalyst activation is relatively sta-
ble and active. It catalyzes CH4 decomposition (into CHx)
at stable Ni and transfers the fragment CHx away from the
active sites where further oxidation (by CO2) or polymer-
ization of CHx species occurs. It resulted in a constant high

55–58% H2-yield even against high coke deposition during
the 430-min on stream.
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