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INTRODUCTION

The need for COx-free hydrogen is rising for automotive
and industrial uses, necessitating the development of new tech-
nologies to take the place of the outdated partial oxidation of
hydrocarbons and steam reforming processes now used to
produce hydrogen. In order to attain appropriate H2 purity levels
for polymer electrolyte membrane (PEM) fuel cells and other
industrial uses, these well-developed technologies generate
hydrogen polluted with COx [1]. This necessitates a more invo-
lved separation process. Since hydrocarbons are anticipated
to continue to be the primary source of hydrogen in the short-to
medium-term, catalytic cracking of hydrocarbons has recently
attracted more attention as a COx-free hydrogen production
method [2-5]. Recent commercial uses of carbon filaments,
the sole byproduct of the cracking process and the hydro-
carbon with the largest proportion of hydrogen to carbon among
hydrocarbons, have increased interest in methane, which has
already attracted attention for other reasons [6-8].

Since carbon is deposited on the catalyst during catalytic
cracking of methane, catalyst deactivation is the main issue
that has been reported. Carbon either diffuses through nickel
to produce carbon filaments or encloses the active sites to
prevent methane from accessing them [9-11]. For the catalyst
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to be used again in a continuous process, the deactivated
catalyst must be regenerated [12]. The constant addition of
regenerated catalyst and removal of deactivated catalyst are
required to carry out methane cracking in a continuous mode
of operation [2,7,10]. Studies on catalyst performance and
analyses of the impact of process factors have been carried out.

Nickel has been the most often utilized catalyst for methane
cracking. For this study, nickel has either been supported on
Al2O3, SiO2 and La2O3 or supported and promoted with a
different metal, such as Ni/Cu/Al2O3 [13-15], Ni/Ca/Al2O3 [16]
and Ni/Rh/La2O3 [17]. Supports such as zeolites are usually
employed due to their microporous nature [18]. Along with
carbon black, activated carbon has also been employed as
catalyst [19,20]. Cobalt has been evaluated as Co/Mo/Al2O3,
Co/Al2O3 and Co/Al2O3/SiO2 [13,16,21]. Investigations into
other metals, like Cu and Fe, have also been conducted [22-24].
Due to the deposited carbon’s ability to diffuse through the
active metal site and then precipitate on the other side of the
metal particle to form a carbon filament, metallic catalysts differ
from carbon-based catalysts in their capacity to sustain the
cracking reaction for a longer period after carbon deposition
starts. The metallic active site is kept at the tip of the carbon
filament by a process that keeps it exposed to reactive gases
until deactivation by encasing carbon eventually. Nickel is well-
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known for its strong catalytic activity, higher permitted carbon
loading and affordable price for hydrocarbon cracking [25-28].
Using Ni/Cu/Al2O3 and Co/Mo/Al2O3, Qian et al. [13] investi-
gated the impact of catalyst reduction on methane cracking in
a fluidized bed. According to their findings, the nickel catalyst
outperformed the cobalt catalyst in terms of conversion. Murata
et al. [16] investigated the methane cracking activity of several
catalysts supported on alumina. The catalysts’ activities were
performed in the following order: Ni/Ca/Al2O3 > Ni/Al2O3 >
Co/Al2O3 > Fe/Al2O3.

Additionally, the performance and stability of the catalyst
are clearly impacted by the support [14,29]. According to various
studies on fixed bed reactors, the catalyst material, the kind of
support, the textural characteristics of catalyst and the operating
parameters are the variables that govern methane conversion
and the type of carbon deposition on the catalyst [30-32]. This
study examined the impact of the support type and the catalyst
textural features on the rate of methane cracking in a fixed
bed using nickel supported on varied loadings of ZrO2 over
Al2O3. BET-SA (Brunauer Emmet Teller-surface area), XRD
(X-ray diffraction), H2-TPR (H2-temperature programmed
reduction), H2-pulse chemisorption, Raman spectroscopy and
CHNS (carbon, hydrogen, nitrogen and sulphur) analysis were
used to characterize the catalysts and their physico-chemical
properties were correlated with the rates of H2 production.

EXPERIMENTAL

Sudchemie-purchased g-Al2O3 was employed as a support
and impregnated with ZrO2 of varied loadings (1, 3, 5, 7 and 10).
The ZrO2-Al2O3 support is impregnated with a Ni loading opti-
mized at 20 wt.% using Ni (NO3)2·6H2O as a precursor and
the cracking activity of methane was analyzed. After dissolving
nickel nitrate in water by weight, the weighed support was
added, and then the mixture was heated to 80 ºC. This process
was repeated several times to ensure that all of the water would
eventually evaporate and that nickel would be spread evenly
across the support. In order to remove the water of evaporation
and other impurities, the impregnated sample was dried and
then calcined at 500 ºC for 5 h.

Characterization: The surface characteristics of nickel
supported on ZrO2 were assessed using N2 adsorption at -196
ºC, employing an Autosorb 3000 physical adsorption instru-
ment. The particular surface areas were determined using the
Brunauer-Emmett-Teller (BET) method. The H2-pulse chemi-
sorption and H2-TPR analyses were conducted using a Microtrac
BEL Corp instrument (Belcat-II, Japan). The quantification

of hydrogen consumption was conducted through the analysis
of effluent gas, employing a calibration curve based on the
temperature-programmed reduction (TPR) of Ag2O, following
a comparable experimental procedure. The X-ray diffraction
(XRD) patterns of the Al2O3 samples modified with ZrO2 and
Ni, in their fresh, used and reduced states, were analyzed using
powder XRD analysis. The analysis was conducted using a
Rigaku Miniflex X-ray diffractometer, with Ni filtered CuKα
radiation (λ = 0.15406 nm), in the 2θ range of 10º- 80º. The
scan rate was set at 2º min-1 and the generator voltage and current
were set at 30 kV and 15 mA, respectively. The Raman spectro-
scopy technique was employed with a Horriba Raman spectro-
photometer. The SEM images were acquired using the JSM-
7601F scanning electron microscope manufactured by JEOL,
Thermofischer, while high-resolution TEM micrographs were
obtained using the TALOS-F 200X transmission electron micro-
scope manufactured by FEI.

CH4 cracking studies: A fixed bed reactor built of quartz
was loaded with about 0.05-0.1g of calcined Ni/ZrO2-Al2O3

catalyst. Catalyst was reduced using a mixer of 5% H2 balance
at 550 ºC for 3 h prior to the start of the reaction. After that 30
mL/min of CH4 was allowed to flow over the catalyst in place
of 5% H2/Ar gas at the same temperature [33]. N2 was used as
the carrier gas while a Shimadzu GC (gas chromatography)
set up with a carboxen column and a TCD (thermal conduct-
ivity detector) was used to investigate the product stream from
the reactor exit in real time. The analysis was performed utilizing
a six-port auto-sampling valve at every 15 min regular time
intervals. The reaction was continued until the concentration
of methane remained constant and hydrogen gas in the GC
was at a minimum. The hydrogen yields measured from both
CH4 conversion and H2 production were cross-checked and
the accumulated carbon (obtained from the recovered catalyst)
was examined by CHNS. Nevertheless, the absence of subs-
tances like CO and/or CO2 during the process confirms the
mass balance. It is improbable that the COx species were seen
when CH4 was in contact with a decreased Ni surface [34].

RESULTS AND DISCUSSION

N2 physisorption studies: At liquid nitrogen temperature
and different pressures, the nitrogen is physiosorbed on the
catalyst surface and the results are tabulated in Table-1. An
observed correlation exists between the elevated proportion
of ZrO2 loading and a reduction in the surface area of catalyst.
This phenomenon can perhaps be attributed to the obstruction
of the alumina support’s pores. The surface area of the alumina

TABLE-1 
PHYSICO-CHEMICAL CHARACTERISTICS OF 20 wt.% Ni SUPPORTED on ZrO2-Al2O3 

ZrO2 (wt.%) in 
Ni/ZrO2-Al2O3 

BET-SA  
(m2/g)a 

Crystallite size 
(NiO)b 

H2 uptake 
(mmol/g)c 

H2 uptake  
(cm3/g)d 

Ni metal surface 
area (m2/g)e 

H2 Yields 
(molH2/mol Ni) 

0 
1 
3 
5 
7 

10 

450 
245 
236 
218 
204 
187 

– 
8.5 

16.8 
22.3 
26.2 
30.1 

– 
1.54 
2.20 
2.30 
2.42 
2.39 

– 
0.05 
0.12 
0.09 
0.06 
0.05 

– 
1.23 
2.80 
2.20 
2.12 
1.99 

– 
241 
476 
426 
205 
165 

aCalculated from BET surface area; bXRD analysis; cH2 TPR; d, eH2 pulse chemisorption. 
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which was ~ 450 m2/g was reduced to 187 m2/g with impreg-
nation up to 10 wt.% of ZrO2 and 20 wt.% of Ni.

XRD studies: Fig. 1 displays the XRD profiles of 20 wt.%
Ni-X wt.%-ZrO2-Al2O3 calcined at 500 ºC. The reflections at
2θ = 37.28º, 43.3º and 62.9º, along with the associated ‘d’
values of 2.09, 1.48 and 2.41 Å, demonstrated that NiO phase
is present [ICDD #01-1239]. Since there are no reflections
matched to the ZrO2 phases, ZrO2 is either in amorphous or
micro-crystalline state beyond X-ray diffraction detection
limits. Due to the well-dispersed or small crystallite size of
NiO in the calcined samples, broad NiO peaks are present.
Additionally, despite the constant Ni content throughout all
the prepared samples, it was found that the crystallinity of NiO
phase increases with an increase in ZrO2 content, supporting
the role of Al2O3 in promoting the crystallinity of nickel oxide
phase. It appears that ZrO2 is effectively distributing NiO species
in the environment.

H2-TPR studies: The H2-TPR (Fig. 2) analysis was used
to examine the reduction behaviour of the metal oxides and
Table-1 lists the relevant hydrogen uptakes. Due to the NiO’s
single stage reduction, a strong peak was visible in all of the
samples. The H2 uptakes increased as the Ni loading increase,
demonstrating H2-TPR to be a bulk technique. With an increase
in Ni loading, the Tmax of the signal is somewhat pushed towards
a lower temperature owing to the formation of larger NiO crys-
tallites as determined by XRD analysis (Table-1). Additionally,
a high temperature shoulder peak at 581 ºC was observed in
20 wt.%Ni-5 wt.%-ZrO2-Al2O3, indicating a strong interaction
between NiO species and the support. The XRD examination
of 5 wt.% ZrO2 modified catalyst provided additional support
for this, revealing a shift in the diffraction angle towards a
lower value (Fig. 1a). Though all the samples showed more or
less similar reduction temperature, the H2 uptake clearly mani-
fests the effect of particle size of the catalysts or particle agglo-
meration during catalyst preparation. Though 20Ni-1 wt.%
ZrO2-Al2O3 showed high surface area the low H2 uptake obtained
on Ni surface may be due to particle agglomeration.
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Fig. 2. H2 TPR patterns of 20 wt.% Ni over (a) 1 (b) 3 (c) 5 (d) 7 and (e) 10
wt.% ZrO2-Al2O3 catalysts

H2 chemisorption studies: The Ni metal surface area of
the samples was calculated using H2 pulse chemisorption tech-
nique. According to the H2 chemisorption data (Table-1), the
Ni metal surface area increased from 1.23 to 2.08 m2 g-1 after
which it remained largely unchanged. As seen by the higher
Tmax for 5 wt.% ZrO2 modified alumina support (Fig. 2), the
low temperature reduction of 20 wt.% Ni-3 wt.% ZrO2-Al2O3

catalyst appears to improve the dispersion of nickel species
on the catalytic surface.

Cracking activity of methane: The time on stream (TOS)
measurement of CCM activity carried out at 550 ºC with 20 wt.%
Ni supported on X%-ZrO2-Al2O3 catalysts is shown in Fig. 3
and the H2 yields obtained are provided in Table-1. The activity
data clearly demonstrates a higher CH4 cracking conversion
at the beginning followed by a decline with time that lasted
for around 420 min. The catalytic cracking of methane (CCM)
conversion was minimal and the catalyst deactivated after 300
min with decreased ZrO2 content. Amongst these catalysts,
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Fig. 1. XRD patterns of (A) fresh calcined and (B) used, 20 wt.% Ni over (a) 1 (b) 3 (c) 5 (d) 7 (e) 10 wt.% of ZrO2-Al2O3 catalysts
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Fig. 3. TOS graph of 20Ni/X%-ZrO2-Al2O3

20Ni/3 wt.% ZrO2-Al2O3 showed a greater activity, which
stands correlated with the hydrogen yields and the Ni metal
surface area as shown in Table-1.

SEM/TEM studies: The microscopic images of the
calcined catalyst showed the even distribution of the metal on
the support while the used catalyst had CNT with Ni at the tip.
SEM images showed the CNT ranging from 50 to 120 nm
(Fig. 4a-b). The growth of the CNT obtained varies depending
upon the Ni particle size [35]. Transmission electron micro-
graph (Fig. 4c) showed the interior of the catalyst with selvedge
behaviour of the carbon and diffusion in the ‘V’ shape.

Fig. 4. SEM & TEM images of used 20Ni/3wt.%-ZrO2-Al2O3

Raman spectroscopic studies: Raman spectra of the
modified 20Ni/X%-ZrO2-Al2O3 catalyst, which are reported in
Fig. 5, confirm the type of deposition of carbon. Two different
bands are observed in the Raman spectra. The one centred
~ 1320 cm-1 (D-band) can be attributed to disordered carbon
caused by structural flaws in graphite or the presence of amor-
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Fig. 5. Raman spectra of 20 wt.% Ni over (a) 1 (b) 3 (c) 5 (d) 7 and (e) 10
wt.% ZrO2-Al2O3 catalyst

phous and carbon nanoparticles. The in-plane carbon-carbon
stretching vibrations from carbon with a rather ordered structure
are responsible for the Raman shift at about 1580 cm-1 (G-band)
[31,36]. The frequency and strength of the Raman D and G
bands can be used to determine the degree of crystallinity of
carbon that has been deposited. The average plane size of the
perfect graphene is inversely related to the ratio of the peak
area of the D band to that of the G band ID/IG, which means
that the degree of graphitization of carbons is higher at lower
ID/IG values [37]. It has been observed that the ID/IG ratio fell
as FWHM increased. Alvarez et al. [38] found a similar relation-
ship between the ID/IG ratio and the FWHM for carbon nano-
fibers. The generation of highly ordered carbon over 20Ni/3
wt.%-ZrO2-Al2O3, where the ID/IG ratio is smaller than other
catalysts, is suggested by the carbon built-up against the
G-bandwidth. The 20Ni/3 wt.%-ZrO2-Al2O3 catalyst’s high
catalytic decomposition of methane (CDM) activity may be
related to the high amount of ordered carbon that was deposited
there, which eventually accumulated more carbon and persisted
for a longer period than on the other catalysts. When compared
to the other samples, high Ni metal surface area of 20Ni/3
wt.%-ZrO2-Al2O3 may also be responsible for its CDM activity.

Methane cracking over alumina support has been reported
by Amin et al. [39]. Zirconia acts as a promoter and helps in
reforming of CH4 with La2O3 as a support material [40]. Herein,
we reported a mesoporous support such as alumina with diffe-
rent loadings of ZrO2 and a constant optimized loading of Ni.
The results were interesting, though the weight percent of Ni
was kept constant, there occurred a decrease in surface areas
of the catalysts with different contents of ZrO2 in it. Mahesh et
al. [41] reported the effect of promoter on the catalyst irresp-
ective of the metallic or active component in it. The decrease
in surface area of alumina support allowed for easy dispersion
of the metal up to 3 wt.% and there after caused the agglo-
meration of the Ni which was evident from the H2-TPR results
(Fig. 2). The high metallic surface area as obtained by H2 chemi-
sorption also shows the effect of increased loading on the
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dispersion as there was a downfall of the surface area with
increase in the ZrO2 loading above 3 wt.%. The better activity
of the catalyst depends on the availability of the active compo-
nent [42].

The presence of Ni as NiO in calcined sample and the Ni0

in the reduced catalyst as observed by XRD data shows the
involvement of metallic Ni for CH4 activity. At 550 ºC and
atmospheric pressure 20Ni/3 wt.% ZrO2-Al2O3, showed high
H2 yields of 476 mol H2/mol Ni while 10 wt.% ZrO2 showed
low yields of H2 (165 mol H2/mol Ni). The better activity of
20 wt.%Ni/3 wt.% ZrO2-Al2O3 catalyst can be explained by the
high dispersion of Ni as evident from H2 chemisorption data
(Table-1). The used or spent catalyst showed a high degree of
graphitization with the best catalyst and low ID/IG ratio. The
carbon in the form of CNT is deposited over the catalyst and
recovered after reaction. The increase in the weight of the used
catalyst is another indication of better activity of the catalyst
(20Ni/3 wt.% ZrO2-Al2O3). When observed by microscopic
techniques, it was observed that carbon was in the form of
long tubes with Ni being at the tip. As the morphology suggests
that the mechanism of the CNT formation is tip growth (Fig. 4).

Conclusion

In conclusion, the catalytic cracking of CH4 was carried
out on an Al2O3 support modified with ZrO2, with a constant
Ni loading. The Ni metal surface of ZrO2 modified Al2O3 deter-
mines hydrogen yields. Compared to other catalysts, the 20Ni/
3 wt.% ZrO2-Al2O3 showed better methane cracking activity.
The XRD and TEM analyses of deactivated catalysts indicated
the filamentous carbon formed to exhibit graphitic character.
The similarity in size between the Ni particle and the carbon
nanofiber was observed. Raman and XRD spectra of the deacti-
vated catalysts were used to identify the characteristics of ordered
and disordered carbons. The findings of the H2 pulse chemi-
sorption showed that high Ni metal surface area on 20Ni/3 wt.%
ZrO2-Al2O3 showed higher hydrogen yields, which is explained
by the type of carbon that was deposited. The greater hydrogen
yields eventually obtained by 20Ni/3 wt.% ZrO2-Al2O3 are
characterized by well-dispersed Ni particles, a high Ni metal
surface area and a build-up of well-ordered carbon.
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