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Abstract:

Zinc and nickel incorporated CoFe,O4 materials have been synthesized via a wet
chemical method. Characterization of these cobalt ferrite based catalysts was undertaken
using scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, and thermal gravimetric
analysis (TGA). The catalytic activity of these materials was evaluated by monitoring the
direct cracking of methane for the production of hydrogen and carbon. The XRD and
SEM results indicated that Ni incorporation preserves the inverse spinel structure of
CoFe,04, whilst Zn incorporation changes its microstructure. The Co 2p, Fe 2p and O 1s
XP spectra confirm the expected oxidation states of the elements in the near surface
region of the catalysts. Raman spectra indicate cation redistribution between tetrahedral
and octahedral sites upon Ni and Zn incorporation into CoFe,O4. BET surface area
analysis revealed Ni incorporation is more effective in increasing the surface area of
CoFe,0,4 compared to Zn incorporation. Indeed, catalytic activity evaluation showed that
Ni incorporation into CoFe,O4 improved methane conversion and correspondingly the
hydrogen formation rate. In contrast, Zn incorporation led to very low catalytic activity.



The spent catalysts were further characterized and the results are strongly correlated with
catalytic activity.

Keywords: Ni and Zn incorporation cobalt ferrite, hydrogen production, methane
cracking, carbon nanostructures.

1. Introduction

Global warming is argued to be a serious threat to the natural environment [1-5].
Methane emissions have been observed mostly from oil, gas and agricultural related
sources with other sources contributing. The Climate and Clean Air Coalition (CCAC),
United Nations Environment Programme (UNEP) published the latest global methane
assessment report in 2021 [6]. The report detailed the deleterious effect of methane upon
human health. It was reported that methane emissions are contributing more severe
damage to the environment than previously understood. It is stated that methane emission
apparently causes thousands of deaths per annum due to air pollution and simultaneously
leads to a rapid increase in average global temperature. Methane emissions can be
mitigated in a number of ways, however catalytic cracking of methane to produce
hydrogen offers not only a reduction in methane concentration but also clean fuel

generation in the form of hydrogen.

The process of the direct cracking of methane results two valuable products, hydrogen
and nano-structured carbon. The direct cracking of methane reaction can be described by

equation (1):
CHy, — 2H,+C AH°98« = 75 kJ/mol (1)

Hydrogen can be considered a promising clean fuel for use, for example, in fuel cell
technologies. In addition, pure hydrogen can be used in many petrochemical processes.

The second product of the methane cracking reaction, carbon, is also considered an added
value material since it has distinctive physical properties, for example mechanical
strength, high specific surface area and high resistance to strong acid and base solutions,
making it potentially beneficial in many applications such as a H, storage material and as
a catalyst support [7]. Many metals have been applied as catalysts for the catalytic
cracking of methane. Pd, Pt, Fe, Co and Ni are considered as effective catalysts especially



when supported on metal oxides such as SiO,, Al,O;, TiO, and MgO. Ni, Fe and Co have
been widely investigated because of their lower price and relative abundance compared to
noble metals. Regardless of the noble metals, the activity of Ni is the highest, followed by
Co, and then Fe. In general, these transition metals have high activity for methane
cracking reaction due to the presence of partially filled 3d orbitals facilitating the
dissociation of the hydrocarbon molecules by interaction between the transition metal and
hydrocarbon molecule. This interaction transferers the electrons by a back-donation
process between the metal orbital and the orbitals of the hydrocarbon molecule and vice
versa. Therefore, the electronic structure of the adsorbed molecule (CH,4) will change and

thus, the molecule undergoes dissociation [8-12].

Methane is particularly stable amongst the hydrocarbons and is thermally stable up to
1030 °C [9] with temperatures around 1200 — 1300 °C being required to efficiently crack
methane in the gas phase. However, the application of catalysts reduces the activation
energy of this process by contributing reaction pathways of lower activation energy.
Generally, catalytic methane cracking has been carried out in the temperature range of
500 to 900° C. High thermal stability is a prerequisite for a catalyst to be considered for

methane cracking to produce hydrogen.

Cobalt ferrite (CoFe,O,4) has been documented to possess high thermal stability even up
to 1000 °C [13, 14]. The high thermal stability associated with CoFe,O,4 enables it to be a
potential candidate for methane cracking to produce hydrogen. CoFe,Oy is a well-known
material with a variety of properties and applications like its magnetization,
electrochemical properties, thermochemical properties, application in sensors, recording
device applications, drug delivery applications, biomedical applications, and use in
biotechnology [15]. In a previous study [16], the performance of pure CoFe,O,4 and Cu
and Mg doped CoFe,O, for methane cracking at 800 °C was investigated. It was observed
that the incorporation of Mg improved the performance of CoFe,O4 and improved the
methane conversion up to 40 % and a maximum hydrogen formation rate of 13.2 x 10°°
mol H, g s™!, while the incorporation of Cu led to poor catalytic performance compared
to pure CoFe,04. To optimize CoFe,O4 for methane cracking, greater understanding of

the role of doping metal as promoter is necessary. The appropriate choice of the promoter



type/quantity can improve catalyst performance and stability by enhancing the textural properties

and controlling the oxidation state of the catalyst.

The current study partially addresses this requirement with an investigation of Zn** and
Ni** doped CoFe,0, synthesized using a wet chemical method. Nickle is known to have
high catalytic efficacy for methane decomposition [17, 18] and Zinc metal, which is one of
group 12 elements in the periodic table, has been used as promoter for the catalysts; for instance,
in Ni-Cu—Zn/Al,05 and Zn-Ni/Al,O; catalysts for methane decomposition [19, 20], Zn-
Co/ZrO, catalyst for dry reforming of methane [21] and M (Fe, Co, Ni, Cu, Zn)-Ce
bimetal catalysts for steam reforming of hydrocarbon fuels [22]. Further, Zinc is a cheap
metal, non-toxic and environmentally friendly in industrial application scale [23]. So far,
to our knowledge, there were no reported studies on the effect of incorporation Zn** and
Ni** promoters on the catalytic activity of CoFe,0, which is attempted in this work. The
effects of doped Zn*" and Ni*" ions have been thoroughly investigated by application of a
range of techniques and in terms of performance for methane cracking using a fixed bed
reactor. The physicochemical properties of the spent catalysts have been determined and

the results correlated with catalytic performance.

2. Materials and experiments

2.1. Synthesis of metal ferrite materials

Loba Chemie Pvt. Ltd. provided analytical grade chemicals, which were used without
any additional purification. A wet chemical method was used to make the parent cobalt
ferrite material [24]. In a typical technique, 200 mL-distilled water was used to produce
0.1 M cobalt nitrate and 0.2 M ferric nitrate. The solution was heated to 85 °C. Aqueous
ammonia was added dropwise to raise the pH of the solution to 10. The solution was
stirred for two hours before being dried in an oven at 110 °C. Using nitrate salts of the
relevant metals, the same approach was used to incorporate Zn*" and Ni*" ions in the
parent CoFe;0,. Such incorporated CoFe,O4 catalysts were formulated as
Zny,CopsFe,04 and Nig,CogsFe,0, catalysts. The dried materials were crushed into

powder and calcined in air at 500 °C for 4 hours in a muffle furnace.



2.2.  Characterization techniques

Different approaches were used to characterize fresh and spent materials. An X-ray
diffractometer (Rigaku International) operating using Cu K, radiation (of wavelength
=1.5406 A) scanning over a 26 range from 10° to 80° was applied for crystalline phase
identification. The surface morphology of the catalysts was examined using a field-
emission scanning electron microscope (FESEM) (QUANTA 250 FEI; USA). X-ray
photoelectron spectroscopy (XPS) was used to investigate the near-surface chemical
composition and oxidation states of materials. A Thermo K Alpha spectrometer with a
spot size of 400 microns and charge correction employing Al K alpha X-rays (1486.6 eV)
was employed. In addition, as an internal standard, all binding energy estimates were
calibrated to C 1s = 284.5 eV. Raman spectra were collected with a Micro Raman
(SENTERRA I, Brucker) spectrometer operating at a wavelength of 532 nm, a spectral
resolution 5 cm™, and a laser spot size and power of 2um and 6.5 mW, respectively.
Thermogravimetric analyses were carried out in air with a temperature range of 25 to
1000 °C applying heating ramp rate of 10 °C/min. The TGA analysis was undertaken
with a Netzsch proteus 70 instrument. The surface area and pore size of the catalysts were
measured using N, physisorption isotherms determined at liquid nitrogen temperature
using a Quantachrome Autosorb 1Q model ASIQA3V600000-6 instrument.

2.3, Catalytic activity experiment

A 50 cm long fixed-bed quartz reactor tube with a 1.5 cm internal diameter was
employed for the determination of the activity of cobalt ferrite materials. In the center of
the reaction tube, 0.5 g of unreduced material was inserted and held in place with ceramic
fiber plugs. The materials did not undergo reduction treatment prior to reaction. The
current study used an AHG-supplied feed gas ratio of 25% nitrogen and 75% methane.
The nitrogen component gas was employed as an internal standard to correct for the
molar expansion which occurs upon reaction. A feed gas flow rate of 20 mL/min and a
reaction temperature of 800 °C were used. On-line gas chromatography (using an Agilent
GC Model 7890B equipped with 19043 Restek Micropacked GC Columns, Shin carbon



ST 80/100 2 M, 0.53 mm, and a thermal conductivity detector) was used to detect and
quantify the gas-phase reaction products. Only nitrogen, methane, and hydrogen gases

were detected.

3. Results and discussion

3.1. Characterization of the as prepared materials
3.1.1. SEM analysis of the fresh materials

Fig. 1 presents the SEM images of the as prepared Zn-CoFe,O4 and Ni-CoFe,04
materials. The fresh Zn-CoFe,O, material (Fig.1 (a)) has the form of solidified magma
with tiny grooves, meanwhile, the Ni-CoFe,O4 material (Fig.1 (b)) resembles bulky-
microstructures fractured into small chunks with tiny pores and grooves. It can be seen
that, the type of incorporating ion affects the morphology and microstructure of the
sponge-like shape CoFe,O4 material, which was reported in a previous study [16]. The
presence of the porous-tiny groves structure is potentially advantageous in catalytic
application as it can offer a large amount of accessible active sites and enhance reactant
diffusion [25].

Fig. 1. SEM images of as prepared (a) Zn-CoFe,0, and (b) Ni-CoFe,0,4, materials.



3.1.2. Measurement of textural properties

Fig. 2 displays the N, adsorption-desorption isotherms of the fresh Zn-CoFe,O,4 and Ni-
CoFe,0,4 materials measured at 77 K. The hysteresis loop of Ni-CoFe,O4 material covers
a wide range of p/p°®~ 0.52 - 0.95 in comparison to p/p° ~ 0.58 to 0.95 of Zn-CoFe,0,
material, implying that the Ni-CoFe,O, material contains wide range of mesoporous size
pores. The resulting hysteresis loop in these samples could be ascribed to factors such as
pore shape, weak adsorbate-absorbent interaction potentials [26, 27]. Further, the
capillary condensation occurs at relative high pressures, confirms that the mesopores in

the samples were irregular.
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Fig. 2. Njadsorption isotherms of the fresh (a) Zn-CoFe,O4 and (b) Ni-CoFe,04
materials.

Table 1 presents the BET surface areas of fresh Zn-CoFe,O, and Ni-CoFe,O4. The
addition of Zn®* into the fresh CoFe,O, catalyst did not significantly affect its surface area
[16]. For the fresh Ni-CoFe,O, catalyst, it seems that the addition of Ni** enhanced the
surface area of CoFe,O4, which increased from 25 to 45 m*/g. This is consistent with the
smaller size of the fresh Ni-CoFe,O, particles in comparison to those for Zn-CoFe,0y, as

can be seen in the SEM images in Fig.1.



Table 1 Textural properties of the materials. Specific surface area, pore volume and
pore radius.

Pore

Catalyst Sun;;cz(jg?rea Volume Pore(AR\(;s)ldius Ref.
(cc/g)
CoFe;04 25 0.12 88 [16]
Zn-CoFe,0y4 26 0.12 17
Ni-CoFe,O4 45 0.14 61

3.1.3. XRD patterns

Fig. 3 (A) presents the X-ray diffraction patterns of the fresh Zn-CoFe,O, and Ni-
CoFe,0,4 materials. The XRD pattern of CoFe,O, is plotted for comparison [16]. As
evident, Zn-CoFe,O, and Ni-CoFe,0, materials displayed reflections that coincide with
that of CoFe,O4 implying the presence of CoFe,O, related phases. For instance, one can
observe the (111), (220), (311), (400), (422), (511), (440) and (533) reflections, at 18.36°;
30.19% 35.54°% 43.19% 53.62°% 57.1°% 62.67° and 74.12° 2@ respectively. No reflections
corresponding to segregated Zn and Ni containing phases were observed, which is

consistent with high dispersion of Zn*" and Ni*".
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Fig. 3. (a) XRD patterns of fresh materials and (b) Zoomed view of the (311) reflection
for (a) Zn-CoFe,0, and (b) Ni-CoFe,Oy,



The XRD patterns indicate that the inclusion of Zn*" and Ni*" dopants doesn’t alter the
CoFe,04 spinel phase [16], although the intensity of the reflections is remarkably
decreased in comparison to undoped CoFe,O,4. The decrease in peak intensity of CoFe,0,
indicates loss of crystallinity. Fig. 3 (B) shows an expanded view of the most intense
peak (the (311) reflection), it is clear that the peak position is shifted to larger 26 angles
upon Zn*" and Ni*" addition. The change of the peak position can be attributed to the
incorporation of the dopants into the lattice. The Co*", Zn** and Ni*" ionic radii are 0.745,
0.74 and 0.69 A, respectively [28]. Therefore, the replacement of Co*" ions with Zn*" and
Ni*" ions would affect the lattice parameter of CoFe,O,. The lattice parameter “a” and
crystallite size for the samples were calculated using the (311) reflection, and are
summarized in Table 2. The calculated lattice parameters, “a”, are 8.325 and 8.307 A for
Zn-CoFe,0, and Ni-CoFe,O4, respectively. The reduced lattice parameter “a” of
CoFe,04 upon Zn*" and Ni*" incorporated, potentially suggests variation in the catalyst
microstructure, as well as redistribution of cations among octahedral and tetrahedral sites
in cubic spinel structure [29] in conjunction with the Raman spectra discussed below.
Fig. 3(B) shows also, that the (311) peak broadening increases in Zn-CoFe,O4 and Ni-
CoFe,04 in comparison to that in CoFe,Q,, suggesting — if broadening can be solely
attributed to coherent diffraction domain size - that the crystallite size of CoFe,O4 > Zn-
CoFe;04 > Ni-CoFe, 04,

Table 2 The calculated crystal size and lattice parameters of the
examined materials.

Crystal size d spacing a
Sample (nm) A) A) Ref.
CoFe;04 19.7 2.52 8.357 [13]
Zn-CoFe,0y4 18.4 2.51 8.33

Ni-CoFe;O4 17.8 2.50 8.307




3.1.4. Raman spectroscopy

Raman features of ferrites in cubic structures are highly specific, i.e. they depend on
cation distribution, stoichiometry, defects, as well as the experimental conditions. Group
theory analysis predicts 5 Raman modes namely 'Tag, Eg, *T2g, T2 and Ayq to be exist in
ferrites possessing the spinel (Fd3m) structure. However, additional modes (up to 10

modes) might appear in the vibrational spectra due to local distortions of the ferrite lattice

[18].
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Fig.4. Raman spectra of fresh (a) Zn-CoFe,0O,4 and (b) Ni-CoFe,O, materials.

The Raman spectra of Zn-CoFe,O,4 and Ni-CoFe,04 correspond to CoFe,04, [16] as they
possess 6 vibration modes, which are characteristic of ferrites with a spinel (Fd3m)
structure: 'Agg, *Agg , “Tag, “Tag, Eg and 'Tog at 671 cm™, 603 cm™, 545 cm™, 461 cm™
296 cm” and 187 cm’, respectively [30,31]. The A1y mode represents symmetric
stretching of Fe** and O* ions in a tetrahedral site (A site), whilst the low frequency

modes E4 and Toq are due to the symmetric and antisymmetric bending of oxygen species



in M-O bonds at octahedral sites (B sites) [32,33], where M refers to either Co® and Fe*"
ions. The presence of the 2Alg mode is a typical feature of inverse-mixed spinel’s [34].
The Ay mode contains a mixture of Co™, Fe’™ ions; 'A;q corresponds to Fe’™ and *Ayg
assigned to the Co®* cations located at the tetrahedral site. Hence, the *Aqq / 'Ayq ratio
indicates the Co”"/Fe’" tetrahedral site ratio. Furthermore, since the A;q and *T,q modes
occur due to vibration of oxygen associated with tetrahedral and octahedral cation sites,
respectively, then the ratio *Toy/'Asq indicates the cation distributions in octahedral to
tetrahedral sites [34]. From Fig.4 (a, b), it can be seen that the peak intensity, positions
and shape are slightly changed in comparison with those of CoFe,0O,4, suggesting a
redistribution of cations in the spinel lattice. As known, there is a strong correlation of the
frequencies of the modes with the ionic radius/mass of the incorporated ions. For
example, the Ay mode in the Raman spectrum of Zn-CoFe,O, is getting broadening over
Zn** incorporating in CoFe,O,. Moreover, the Zng peak intensity of Zn-CoFe,O4
increases in comparison to that of CoFe,04. The T/ Ay, ratio for Zn-CoFe,0, is 1.03,
which is greater than the 0.888 for the CoFe,O4 parent [16]. Higher szgllAlg ratios
indicate a reduction in the inversion degree [35, 36] i.e. confirming cation redistribution
and that more Zn”*" ions preferably migrate to the tetrahedral sites. Incorporating Zn**
forces Fe** cations to migrate from tetrahedral sites to occupy octahedral sites resulting in
increasing Zng peak intensity and thereby, reducing the inverse spinel system structure.
The presence of different cations (Zn*, Co*", and Fe’") which vibrate at different
characteristic frequencies gives rise to broad-shouldered peaks as seen for A;g mode in
Fig. 4 (b).

On the other hand, the 'A;y and *A;q modes in Ni-CoFe,O, are shifted to the higher
wavenumbers (blue shift); owing to the slightly lower atomic mass of Ni*" (58.69) as
compared to Co*" (58.933) [28]. Furthermore, the symmetry of the 1Alg mode in Fig. (c)
suggests that Ni** (0.69 A) ions replaced Co*" (0.58 A) ions in tetrahedral sites, hence
changing the energy of their bending. The calculated *Tay 'Ayq ratio for Ni-CoFe, O, is
0.742, while it was 0.888 for CoFe,O, [16], i.e. Ni*" incorporation into CoFe,O, led to

cation redistribution.



3.1.5. X-Ray photoelectron spectroscopy (XPS)
Fig.5 shows the XPS survey spectra of the fresh Zn*"and Ni*" incorporated CoFe,0,.

The measurements were performed in flooding mode in the binding energy (BE) range of
10 to 1360 eV. The examined spectra show sharp peaks of BE at ca. 530.9, 710 and 779.9
eV assigned to oxygen (O1s), iron (Fe 2p) and cobalt (Co 2p), respectively, characteristic
of CoFe,0,4. Additional peaks at ca. 1051 eV and 856.5 eV can be assigned to zinc (Zn
2p) and nickel (Ni 2p), respectively for the doped materials. The broad peaks in the 830
930 eV region in all samples are assigned to the Fe LMM Auger transitions [37]. In
addition, a very small peak can be observed at ca. 285 eV corresponding to carbon (C 1s)
in all samples. The near surface elemental analysis is summarized in Table 3. The XPS
results confirm the chemical compositions of the examined catalysts. As one can see, the
percentage of Fe 2p and Co 2p are varied upon the incorporation of Zn*" and Ni*" ions
with respect to pure CoFe,O4 [16]. This is an indication of the cation redistribution
occurs upon Zn** and Ni*" incorporated CoFe,O, catalyst. This observation agrees well

with Raman results and predicts the variation of the examined catalyst performance.
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Fig.5. XPS survey spectra of fresh Zn-CoFe,0, and Ni-CoFe,O4 materials.



Table 3 The elemental analysis of the examined materials from XPS survey spectra.

Catalyst Fe2p% Co2p% O1s% Cls% Ni2p% Zn2p%  Ref.
CoFe,0, 19 14 51 15 e [13]
Zn-CoFe,O, 23 9 49 16 - 2
Ni-CoFe O, 19 11 52 16 |

To identify the various near surface cations in the examined catalysts, high-resolution
Co 2p, Fe 2p and O 1s XP spectra were measured and are shown in Fig.6 (a-f). The Co 2p
spectrum of Zn-CoFe,0, exhibits two doublets - Co 2p;, and Co 2p;,, - and satellites at
higher BE side of Co 2p;, and Co 2p;,; as seen in Fig.6 (a). The Co 2ps, peak can be
resolved into three sup-peaks; 779.50 eV corresponds to Co bonded to oxygen species
(Co-0) or Co** in octahedral sites, 781.8 eV can be assigned the Co** in the tetrahedral
site and 783.8 eV represents Co>*—OH on the catalyst surface [39]. Similarly, the Co 2p
Y peak can be de-convolved into peaks at 794.4 eV and 796.6 eV. The satellite peaks (Co
2p_sat.) at binding energies of 785 and 805 eV demonstrates the presence of cobalt in
oxide form. The Co 2p peaks of Ni-CoFe,0, (Fig. 6 (d)) have an absence of sub-peak at
783.8 eV that represents Co>*—OH, suggesting less near surface oxygen/hydroxyl. The
high-resolution Fe 2p spectrum from Zn-CoFe,O4 shown in Fig. 6 (b) reveals two
doublets characteristic of Fe 2p;/, and Fe 2p;, and satellites at higher energies [38]. The
Fe 2ps, peak can be fitted by three sup-peaks; at 710.0 eV corresponding to Fe** cations
located at octahedral (B) sites, at 712.6 eV attributed to tetrahedral (A) sites, and a peak
at ca. 714 eV probably assigned to Fe’* bound to OH or COO species on the catalyst
surface [39]. The Fe 2p,,, spectrum from Zn-CoFe,0,4 can be decomposed into two peaks
at 723 eV and at 726.2 eV corresponding to Fe** in B and A sites, respectively. Again,
the Fe2p spectra of Ni-CoFe,O4 (Fig.6 (€)) shows the absence of the peak at 714 eV
(Fe™-OH) related to adsorbed OH on the catalyst surface. The O 1s spectrum shown in
Fig. 6 (c, f), is comprised of 3 peaks; a peak at 529.2 eV (Oj4) attributed to lattice
oxygen (Co—O and Fe—0), a peak at 530.8 eV associated with oxygen vacancies and a
peak at 532.1 eV (Oagsorbates) attributed to adsorbed H,O on the surface of CoFe,04
catalyst [28]. The Co 2p, Fe 2p and O 1s for Zn*" and Ni*" incorporated CoFe,O, peaks



are different in shape and intensity, compared to fresh CoFe,O4 [16], suggesting
redistribution of the cations between the A and B sites. Furthermore, the oxygen vacancy
component (Ovacancy) Of the O 1s spectrum of Ni-CoFe,O, (Fig.6 (f)) is relatively
increased in comparison to that of Zn-CoFe,O,. The increase of oxygen vacancy

component improves the conductivity and implies enhancement of surface redox reaction

processes.
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Fig. 6. High resolution spectra of Co 2p, Fe 2p and O 1s for fresh (a, b, ¢) Zn- CoFe,04
and (d, e, f) Ni-CoFe,0,.

4. Catalyst activity studies

The catalytic activity of Zn-CoFe,O, and Ni-CoFe,O, ¢ for direct cracking of methane
was investigated in terms of percentage of methane conversion and hydrogen formation
rate as a function of time on stream (TOS) as shown in Fig. 7 (a, b). Surprisingly, the Zn-
CoFe,0, catalyst showed very poor activity compared to other catalysts. The maximum

methane conversion and hydrogen formation rate were ~3 % and 0.11 x 10 mol H, g"*



s, respectively. In contrast, the catalytic activity of Ni-CoFe,O, was very significant,
where the maximum methane conversion was ~50 % and hydrogen formation rate of 16.8
x 10° mol H, g ™' s™". This result is higher than that previously observed [16] for CoFe,O,
and Mg-CoFe,O,4 derived catalysts, under comparable reaction conditions, as they
exhibited methane conversion of 31.6% and 40.0 %, respectively. In addition, it was
noted that the incorporation of Ni** in CoFe,O, reduced the induction period from 180 to
150 min. Further, the methane cracking profile of Ni-CoFe,O, is different from that of
Ni-Co/AC and Ni-Fe/AC catalysts [40], as methane conversion decreased from 80% to
15% within about 100 min at a reaction temperature of 850 °C. Moreover, the methane
conversion achieved for Ni/Al,0s3, Ni-Co/Al,O3, Ni-Cu/Al,05 and Ni-Fe/Al,O; catalysts
at 650 °C did not exceed 40% at the beginning of the reaction and decreased sharply after
40 min of time on stream [41]. This is probably due to the physiochemical properties of
Ni-CoFe,O, catalyst as well as to the reaction conditions that were applied. In contrast,
deactivation of the Ni-CoFe,O, derived catalyst was not observed during the testing
period that lasted for 300 minutes. The shown hydrogen production value is the total
hydrogen production over the whole reaction time. Hence, the total amount of hydrogen
produced is ca. 600000 x 10°® mol H, g for Ni-CoFe,O,, which is higher than ca.
400000 x 10° mol H, g' s for CoFe,O4 [16]. Methane decomposition experiments

were conducted twice, and results are averaged.
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It was reported that the size, composition, shape and surface features of catalysts are
key factors affecting catalytic activity for catalytic decomposition of methane [42]. The
low activity of Zn-CoFe,O,4 is probably due to its physicochemical properties. For
instance, the Raman results of Zn-CoFe,0, sample confirm cation redistribution and the
change of the original nature of CoFe,QO4, possessing the inverse spinel system structure
towards the normal spinel structure. From the XPS results, more iron Fe and less Co are
present in the near surface region of the Zn-CoFe,O, material compared to the other
materials. Moreover, the O 1s XPS spectrum shown in Fig.6 (c), comprises a high-peak
intensity of Oagsorbates iNdicative of a large amount of adsorbed oxygen. In addition, SEM
imaging of Zn-CoFe,O, (Fig. 1 (a)) showed that its morphology looks similar to sintered

magma corresponding to low dispersion.

Some previous studies have shown that Zn metal is inactive for methane decomposition,
for example, Urdiana et al [43] studied the catalytic decomposition of methane over
different transition metal such as Ni, Cu, Co, Mn, Fe, Zn, and W supported on SBA-15 as
catalysts to produce hydrogen and carbon nanomaterials. They found that the Zn/SBA-15
catalyst showed poor conversion of methane. Ogihara and co-workers [44], investigated
the catalytic activity of Pd/Al,O; and Pd-M/Al,O; catalysts (where M = Fe, Co, Ni, Cu,
Zn, Ga, In, Sn, Au, Pb and Bi) for methane decomposition. They reported that Pd-
Zn/Al,O5 hardly decomposed methane. In contrast, Ni-CoFe,O4 showed the highest
activity compared to other materials. Nickel is an active metal for -catalytic
decomposition of methane in its different forms such as a monometallic catalyst, a
bimetallic catalyst, and a component of mixed metallic catalysts [41]. Hence, it is clear
that the addition of Ni*" into CoFe,O4 improved catalytic performance. In addition, the
BET surface area analysis showed Ni-CoFe,0,4 to have a reasonably large surface area,
which could play a role in enhancement of catalytic activity. The O 1s XS spectrum
shown in Fig.6 (f), exhibited a low-intensity Oagsorbates feature. Also, the Co 2p and Fe 2p
XP spectra (Fig. 6 (d, e)) showed the absence of sub-peaks at 783.8 eV and 714 eV which
correspond to Co**-OH and Fe™-OH, respectively. This suggests that the Ni-CoFe,O,
catalyst has less oxygen/hydroxyl component, which can facilitate the reduction process

of Ni-CoFe,Qy i.e. leading to more rapid development and high catalyst activity.



5. Spent catalyst characterization

5.1. SEM analyses of spent catalysts

Fig. 8 shows the SEM images of the spent Zn-CoFe,0, and Ni-CoFe,O,4 derived catalysts.
It could be seen that the Zn-CoFe,0O, derived material (Fig.8 a) is less dispersed and the
original agglomerate morphology is preserved, which can be related to its low catalytic
activity. In contrast, the SEM of spent Ni-CoFe,O,4 derived catalyst shows a uniform
spherical-like shape, high dispersion and small particle size, suggesting a higher external
surface area. Interestingly, the spent Ni-CoFe,O4 material is covered with filamentous
carbon structures as a by-product of the methane cracking process, whilst the spent Zn-
CoFe,0O4 material was without carbon deposited over the surface. The SEM images of
spent catalysts are consistent with the catalytic performance shown in Fig. 7.
Hydrocarbon cracking over metal particles results in carbon dissolution in the metal and
then outward diffusion forming a filament with/without a naked metal particle at its tip
[45]. This mechanism plays a role in keeping the catalyst active for long periods.
Therefore, it suggests that the formation of filamentous carbon over the Ni-CoFe,0O4
derived catalyst did not block the active sites on the catalyst surface, and hence it did not

undergo deactivation during the time on stream, as seen in Fig. 7.
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Fig. 8. SEM images of spent (a) Zn-CoFe,04, (b) Ni-CoFe,04 catalysts.



5.2 XRD studies

The spent catalysts obtained after methane cracking were further characterized by XRD
and results are displayed in Fig. 9. It clear that, the spent catalyst lost their original spinel
structure, irrespective of the catalyst component. The prevailing peaks in all spent
catalysts are (110) and (200) reflections of o-Fe at 20 44.8° and 65.8° respectively. A
peak at 20 = 26.6°, assigned to the graphite (003) reflection, can be seen in the XRD
pattern of the spent Ni-CoFe,O, catalyst, while it was absent in that of spent Zn-CoFe,04
catalyst. The observation of the graphite in the Ni-CoFe,O,4 spent catalyst agree well with
its SEM image (Fig. 8 (b)), and corresponds to the cracking of methane and carbon
formation. Meanwhile its absence in the XRD pattern of the spent Zn-CoFe,O, material
is consistent with its deficient activity. Fig. 9 indicates that the spent Ni-CoFe,O, catalyst
is completely reduced, corresponding its high catalytic activity and in contrast the XRD
pattern of the spent Zn-CoFe,O, catalyst was not completely reduced as the cobalt
remained in its oxidized state as also can be seen in Fig. 9. Incomplete reduction
potentially a further reason that explains the very low catalytic activity of the Zn-

CoFe,0, catalyst.
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Fig. 9. XRD patterns of spent (a) Zn-CoFe,O4and (b) Ni-CoFe,O, catalysts.



5.3 Raman spectroscopy

Fig. 10. shows the Raman spectra of the spent catalysts. The Raman spectrum of the
spent Zn-CoFe,0y, catalyst, Fig. 10 (a), contains a very weak D band at 1326 cm™, and
some bands assigned to zinc and cobalt oxides, which is consistent with the XRD result
(Fig.9 (a)). Meanwhile, the Raman spectrum of the spent Ni-CoFe,O, catalyst
comprises sharp Raman bands at 1340, 1578 and 2542 cm™, corresponding to D, G and
2D graphite bands, respectively [28]. Fig.10 (b) confirms the effectiveness of Ni-
CoFe,04 as a redox catalyst for methane cracking and is consistent with XRD and SEM
results in terms of carbon formation. The D band represents the sp® disordered carbon
mode, while the G band represent well-ordered sp® carbon mode. The intensity ratio of
the D band and G band (Ip/lg) is generally utilized for characterizing the defect volume
in the structure of graphitic materials [46]. A higher Ip/lg ratio means that there is a
large defect in the graphitic structure. Alternatively, a higher Ip/lg ratio means that more
sp” bonds are broken and converted to sp® nanostructures. The Ip/lg ratio for spent Ni-
CoFe,0, catalyst is 0.26, which is smaller than that for pure CoFe,O, catalyst [16]
suggesting that the carbon deposited on spent Ni-CoFe,O4 material is less defects than
that deposited on spent CoFe,O,.
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Fig. 10. Raman Spectra of spent (a) Zn- CoFe,O4and (b) Ni- CoFe,O4 catalysts.



5.4. TGA studies
Fig. 11 (a, b) shows the TGA and DTG analyses of the spent Zn-CoFe,O4 and Ni-

CoFe,04 catalysts undertaken in air environment. Irrespective of the catalyst type, the
TGA profile revealed a slight increase in weight until ~ 550 °C, beyond which the
catalysts behave differently. The TGA of spent Zn-CoFe,0, catalyst shows a rapid
weight increase in the range 550-1000 °C, meanwhile, the TGA of spent Ni-CoFe,0,
undergo sudden drop in weight in the temperature range 550-680 °C, beyond which the
residual catalysts weight was constant in the temperature range 680-1000 "C. The initial
increase of catalysts weight attributed to the oxidation of the spent catalyst metals in air.
The weight loss in the temperature range 550-680 °C resulted from the combustion of
deposited carbon. The deposited carbon amount over Ni-CoFe,0, catalyst is 37.35 wt%,
which is larger than that (22.1 wt %) deposited over spent CoFe,O, run under comparable
conditions [16]. This is not surprising as Ni-CoFe,O, showed higher methane conversion
compared to CoFe,O,. For the spent Zn-CoFe,0, catalyst, the increases of weight beyond
temperature 550 °C suggested that carbon was not deposited on the Zn-CoFe,O, catalyst
during the methane cracking process. Rather the spent Zn-CoFe phases undergoes
continuous oxidation during the TGA analysis. These observations are consistent with
XRD and SEM results of the spent catalysts. To investigate the type of the deposited
carbon, DTG profiles for the spent catalysts have been plotted and are shown in Fig.
11(b). There is one peak in the carbon combustion region for the spent Ni—CoFe,04
catalysts at 615 °C. As reported, carbon deposited over CoFe,O4 had a maximum
combustion rate at 630 °C [16]. It seems the presence of nickel in the CoFe,0, catalyst

may affect the deposited carbon type.
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Fig. 11. (a) TGA oxidation and (b) DTG profiles for the spent Zn-CoFe,O, and Ni-
CoFe,0, catalysts.

4. Conclusion

In this work, Zn-CoFe,O4 and Ni-CoFe,O4 were successfully synthesized using a wet
chemical method. The incorporation of Ni and Zn dopants in CoFe,O,4 have different
effects on the CoFe,0,4 characteristics as well as its catalytic performance. From the XRD
results, the incorporation of Zn*" and Ni*" into CoFe,O, did not alter its overall spinel
based structure, yet, peak intensity/position changed. The XPS and Raman spectra
indicated that Zn and Ni incorporation in CoFe,O, led to Co*" and Fe®" redistribution
between the tetrahedral and octahedral sites as well as increases the content of the
adsorbed oxygen and oxygen vacancies in Zn-CoFe,0,4 and Ni-CoFe,0,, respectively. As
a result, Ni-CoFe,O4 shows better methane cracking activity in comparison to Zn-
CoFe,0, catalysts. The SEM and Raman results of the spent materials have confirmed

the deposition carbon nanostructures on the surface of the spent Ni-CoFe,O, catalyst.
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