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 Methane pyrolysis is a promising method for turquoise hydrogen production with reduced 
CO₂ emissions. This study investigates how drying of catalyst before pyrolysis influences cata-
lyst surface and its relation to hydrogen production. The Fe–Ni catalyst system was prepared 
by magnetron sputtering onto γ-Al₂O₃ support. Structure and surface chemistry were analysed 
using FTIR, Raman spectroscopy, XPS, SEM, and XRD. Pre-treatment was found to remove 
hydroxyl and organic residues, alter Fe/Ni oxidation states, and influence carbon morphology 
after pyrolysis. Pyrolysis produced mainly nanostructured carbon (CNT and graphene-like) 
materials, while vacuum drying improved metal dispersion and reduced surface oxygen. The 
results were compared to pyrolysis outcomes at higher temperatures, showing that optimized 
catalyst pre-treatment enhanced hydrogen yield and carbon quality. Results supported not only 
the development of efficient catalysts for turquoise hydrogen production but also procedure 
importance.

Keywords: Fe–Ni catalyst, methane pyrolysis, nanocarbon formation, pre-treatment, tur-
quoise hydrogen, γ-Al₂O₃ support.  

 



4

1. INTRODUCTION

The transition to a low-carbon economy 
places hydrogen energy at the core of future 
energy systems. The European Union has 
outlined hydrogen as a cornerstone of its 
Hydrogen Strategy for a Climate-Neutral 
Europe, aiming to scale production and con-
sumption across industrial sectors [1]–[3]. 
However, the cost and infrastructure chal-
lenges associated with renewable-based 
“green” hydrogen production via elec-
trolysis remain substantial. Steam methane 
reforming (SMR), currently the dominant 
industrial process, emits large amounts of 
CO₂. Although carbon capture and storage 
(CCS) can mitigate these emissions, it adds 
considerable cost and operational complex-
ity.

Methane pyrolysis has recently emerged 
as a promising alternative for turquoise 
hydrogen production, generating hydrogen 
and solid carbon without CO₂ emissions 
[4]–[6]. The process can operate with exist-
ing natural gas infrastructure while pro-
viding an additional revenue stream from 
valuable carbon nanomaterials. The main 
obstacle to industrial deployment is the lack 
of stable and efficient catalysts that can sus-
tain high methane conversion while resist-
ing deactivation by carbon deposition.

Bimetallic Fe–Ni catalysts supported on 
γ-Al₂O₃ have demonstrated strong activity 
in methane decomposition due to the syn-

ergistic interaction between the two metals. 
Nickel provides efficient methane dissocia-
tion, while iron enhances carbon diffusion 
and delays deactivation [7]–[9]. Catalyst 
pre-treatment – through drying, oxidation, 
or reduction – has a decisive influence on 
the metal oxidation state, particle disper-
sion, and overall activity [11]–[13]. Previ-
ous studies have shown that appropriate 
pre-treatment can promote the formation 
of active metallic sites and improve carbon 
morphology during methane cracking.

To simplify the pyrolysis process, 
robust catalysts should be used. Moreover, 
omission of classic reduction or pre-treat-
ment can decrease overall operational com-
plexity and costs. To that extent, the present 
study compares a sample drying effect on 
surface chemistry, oxidation state, and mor-
phology of Fe–Ni catalysts prior to methane 
pyrolysis at 700 °C. Characterisation was 
performed using Fourier-transform infrared 
spectroscopy (FTIR), Raman spectroscopy, 
X-ray photoelectron spectroscopy (XPS), 
X-ray diffraction (XRD), and scanning 
electron microscopy (SEM). The results 
provide insight into how surface condition-
ing influences catalyst activation and car-
bon nanostructure formation, contributing 
to the optimisation of Fe–Ni catalysts for 
turquoise hydrogen production [14], [15].

2. EXPERIMENTAL

2.1. Catalyst Preparation

Fe catalysts embedded with Ni nano-
clusters were synthesised by physical vapor 
deposition (PVD) using a dual-magnetron 
PVD 75 system (Kurt J. Lesker Co.). High-

purity Fe and Ni (99.99  %) targets were 
employed, while γ-Al₂O₃ powder (Test-
bourne, 99.99  %, 130 ± 20 m²/g) served 
as the substrate. The deposition chamber 
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was evacuated to a base pressure of 5 × 
10⁻⁷ mbar and subsequently filled with Ar 
gas to a working pressure of 6 × 10⁻³ mbar. 
Fe deposition was carried out at 0.8 A and 
380 V for 5 minutes. Ni nanoclusters were 
deposited at 0.3 A and approximately 360 
V for 18 seconds to promote discrete clus-

ter formation and prevent continuous film 
growth. To ensure uniform metal disper-
sion, a two-step deposition procedure was 
applied for both Fe and Ni, with intermedi-
ate manual mixing of the γ-Al₂O₃ powder 
between cycles. 

2.2. Catalyst Pre-treatment

To assess the influence of adsorbed 
water and gas species on the catalyst prop-
erties, a series of samples was subjected to 
controlled thermal and vacuum treatments. 
The preparation steps included drying and 
pyrolysis procedures designed to remove 

physisorbed moisture and volatile compo-
nents and examine the structural and sur-
face changes induced by these processes. 
The detailed pre-treatment and post-treat-
ment conditions for each sample are sum-
marised in Table 1.

Table 1. Summary of Catalyst Pre-treatment and Post-treatment Conditions

Sample code Description

7–1 As-prepared sample (no treatment)

7–2 7-1 dried at 120 °C for 1 h under constant vacuum (10⁻1 mbar).

7–3 Pyrolysed 7-1

7–4 7-3 dried at 120 °C for 1 h under constant vacuum (10⁻1 mbar).

7–5 Pyrolysed 7-2 

7–6 7-5 + dried at 120 °C for 1 h under constant vacuum (10⁻1 mbar).

 

2.3. Methane Pyrolysis

Methane pyrolysis was performed in a 
custom-built fixed-bed quartz reactor (inter-
nal volume 2042 cm³). The catalyst (1g) 
was placed in the reactor and purged with 
nitrogen (flow rate 1000 mL min⁻¹) to 
remove air. Methane (Linde, 99.9995 %) 
was introduced to a pressure of 0.5 bar, 
and the reactor was heated to a temperature 
of 700 °C at a rate of 5.83°C/min. The set 
temperature was held for 4 h, followed by 
natural cooling.

Gas-phase products were sampled into 
RESTEK stainless-steel bottles; gas sample 

was taken after cooling to room tempera-
ture and measured with mass spectrometer 
(RGA100 MS, Stanford Research Systems, 
Sunnyvale, CA, USA). 

Gas calibration procedure for MS 
analysis was done via standardized refer-
ence gases with additional calibration on 
CO content via purchased flask (Linde, 
99.96 %) to quantify mass spectra signal at 
various pressures for CO identification and 
quantification. Each sample was tested at 
least three times to diminish atmospheric 
contamination. 

2.4. Characterisation

The structural and surface properties 
of the catalysts were characterised using 

various analytical techniques. Fourier 
transform infrared (FTIR) spectra were col-
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lected using a Vertex 80v (Bruker) operat-
ing in the 10000 cm-1 to 10 cm-1 range at a 
resolution of 0.1 cm-1. Raman spectra were 
obtained using a TriVista CRS Confocal 
Raman Microscope (Spectroscopy & Imag-
ing GmbH) with a 532 nm excitation laser 
operating at a power of approximately 1.4 
mW at the sample surface. X-ray diffrac-
tion (XRD) measurements were performed 
on a MiniFlex 600 (RIGAKU) diffractom-
eter using Cu Kα radiation (λ = 1.5406 Å) 
at 40 kV and 15 mA, with a 2θ scan range 
of 20°–80° and a step size of 0.02°. X-ray 

photoelectron spectroscopy (XPS) was car-
ried out using an ESCALAB Xi system 
(Thermo Fisher Scientific) equipped with 
Al Kα radiation (hν = 1486.6 eV), and all 
binding energies were referenced to the C 
1s peak at 284.8 eV. Surface morphology 
was examined by scanning electron micros-
copy (SEM) using a Helios 5 UX instrument 
(Thermo Fisher Scientific) operated at an 
accelerating voltage of 5 kV and equipped 
with high-performance in-chamber electron 
and ion detectors.

2.5. Gas and Carbon Yield Analysis

The hydrogen yield and carbon mass 
gain were determined by correlating the 
detected gas composition with the catalyst 
mass before and after the reaction. The car-
bon yield was evaluated gravimetrically as 
the relative mass increase of the catalyst 
after pyrolysis, expressed in weight percent 
(wt%) with respect to the initial mass of 
catalyst, similarly as shown by Al-Fatesh 
et al. [20]. The hydrogen yield was calcu-

lated by normalizing converted hydrogen to 
1 mol of CH4. Calculations are taken from 
the measured hydrogen concentration in 
the gas phase, expressed in % of the total 
gas composition as ratio between final H2 
content and initial CH4 content, consider-
ing other carbon containing molecules. Gas 
content data is obtained from mass spectro-
metric analysis.

3. RESULTS AND DISCUSSION

3.1. FTIR and Raman

To investigate the surface-adsorbed spe-
cies, FTIR and Raman analyses were per-
formed on the catalyst samples. As shown 
in Fig. 1a, the as-prepared samples exhibit 
strong O–H stretching bands, along with 
C–H, C–C, and pronounced C–O vibra-
tions appearing slightly above 1500 cm⁻¹ 
and 1000 cm⁻¹, respectively, which can be 
attributed to surface carbon species. After 
pyrolysis, the samples without prior dry-
ing or N₂ purging show the disappearance 
of the O–H and other associated functional 
groups. In contrast, partially retained O–H 
vibrations are observed in the dried sam-

ples, indicated by bands between 3500 and 
3700 cm⁻¹. Broad Al–O modes are faintly 
visible in the 500–900 cm⁻¹ region.

Raman spectroscopy is a powerful tool 
for identifying carbon atom vibrations: the 
D band corresponds to in-plane vibrations 
of disordered graphite, while the G band is 
associated with sp² carbon vibrations in a 
hexagonal lattice. The intensity ratio of D 
to G bands (ID/IG) provides insights into the 
number of carbon layers and the degree of 
crystallinity, as described by Ferrari and 
Robertson [13]. 

Obtained Raman spectra reveal no dis-
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tinct carbon-related bands before pyrolysis, 
whereas pronounced D, G, and 2D modes 
appear after the reaction, indicating the for-
mation of nanostructured carbon such as 
carbon nanotubes (CNTs) and graphene-like 
materials. Similar findings were reported by 
Sun et al. [16], where tubular CNTs were syn-
thesized via methane pyrolysis. Comparing 

obtained Raman data with similar catalysts, 
such as in the study by Wang et al. [17], 
where the D band appeared at 1336 cm⁻¹ 
and the G band at 1570 cm⁻¹, reveals that 
the ID/IG ratio varies with Fe content and 
catalyst support. Notably, the highest Fe 
loading (60 wt%) resulted in the most crys-
talline CNTs.

Fig. 1. FTIR and Raman spectra of samples. a) FTIR of the samples shows variations of surface 
b) Raman spectra of samples, different results of nanostructured carbon on the surface of catalysts. 

Fig. 2. Raman D and G mode position changes. a) D mode position and FWHM changes, b) G mode position 
and FWHM changes, c) defect evaluation via intensity ID/IG and FWHM ratio, changes in defect and structure 

composition are expected.

Comparing the visible spectral shifts 
when drying, as well as the increase in the 
ID/IG ratio, indicates a higher degree of dis-
order that partially arises from adsorbed 
species. As observed in the changes 
between samples 3 and 4, drying seemingly 
increases the disorder/defects, though the 

effect is relatively small. On the other hand, 
pyrolysis significantly enlarges the disorder 
due to the presence of adsorbed species, 
while subsequent drying reduces it again. 
These observations suggest that catalyst 
handling can influence the type of carbon 
structures that form during pyrolysis.
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Similar results are reported in the litera-
ture for single and multi co-catalyst materi-
als, such as Fe/Al2O3, clearly showing lower 
disorder/defect with this ratio coming to 0.7 
[17]. Ni/Al₂O₃ exhibits a slightly higher 
ratio, just above 1; however, the NiFe/Al₂O₃ 
multi-catalyst system reduces the level of 

disorder, with the ratio slightly below 1 
[18]. A more complex catalyst composition 
containing Fe, such as Mo0.1Fe0.05Mg0.85Ox, 
shows a notably lower ID/IG ratio value of 
0.44 [19]. These findings highlight the role 
of Fe in modulating the structure and form 
of carbon materials during growth.

3.2. XRD 

Structural analysis using XRD reveals 
that the initial samples contain no detect-
able carbon, but exhibit the presence of Fe, 
as well as alumina. After pyrolysis, dis-
tinct carbon peaks appear along with the 
expected iron–carbon phases, while the 
intensity of iron oxide peaks decreases. As 
expected, drying prior to pyrolysis does not 
significantly affect the structure. However, 
drying after pyrolysis leads to a reduction 
in the C(004) peak, located just below 55° 

of 2 Theta.
This observation aligns with the XPS 

data shown in Fig. 3, where a decrease in 
carbon content is also evident. The corre-
lation suggests that it can be assumed that 
certain amount of carbon is volatile and 
may be lost during post-processing. This 
has implications for the stability and usabil-
ity of carbon material, particularly regard-
ing its potential detachment from the sam-
ple surface.

Fig. 3. XRD results of samples. Clear indication of carbon growth, as seen in samples after pyrolysis, via the 
appearance of the C(002) peak and the Fe3C peak. At the same time, vacuum drying decreased the C(004) peak 

intensity.
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3.3. XPS

To investigate the surface chemistry of 
the catalysts, XPS analysis was performed. 
The spectra revealed the presence of vari-
ous elements, with notable variations in 
carbon and oxygen content (Fig. 4) depend-
ing on whether the samples underwent 
pyrolysis with or without prior drying. It 
is assumed that as-prepared samples con-
tained adsorbed water, which could influ-
ence surface oxidation or promote the for-
mation of CO and CO₂ during the reaction, 
thereby reducing efficiency of the hydrogen 
production.

XPS measurements were conducted to 
compare the surface composition of air-
exposed, dried, and pyrolyzed samples. As 
shown in Fig. 4, mostly oxygen, carbon 
and aluminium were detected, where car-
bon content increased after pyrolysis, as 
expected. Notably, O is in two states, i.e., 
bound to support and adsorbed on the sur-
face. In addition, small amounts of Fe and 
Ni were detected, along with trace quanti-
ties of nitrogen, fluorine, and cobalt, even 
in the dried samples. 

Fig. 4. Evaluation of drying influence on the surface, the main elements are as expected O, C, Al.  
Since the concentrations of trace elements were negligible compared to the major components,  

they are not presented for clarity.

To evaluate the oxygen species, present 
on the surface (Fig. 5), the relative oxygen 
content was quantified. A slight increase in 
lattice oxygen was observed after drying, 
suggesting the removal of adsorbed water 
and CO₂, although the overall change was 
minor (approximately 3 %). The pyrolyzed 

samples exhibited lower lattice oxygen 
content than the dried ones, while addi-
tional drying of sample 5 resulted in a small 
increase in lattice oxygen, indicating partial 
re-adsorption or residual oxygen incorpora-
tion.
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Fig. 5. Evaluation of drying influence on the surface 
oxygen content among samples. 

3.4. Pyrolysis Reaction 

The production of turquoise hydrogen 
is being explored as a promising transi-
tional technology for cost-effective hydro-
gen generation. Catalysts play a key role in 
improving thermodynamic efficiency and 
reducing the reaction temperature, while 
also needing to remain robust and easy to 
handle. Wang et al. [17] reported catalyst 
deactivation within 60 minutes of methane 
pyrolysis, with the hydrogen yield decreas-
ing from below 20 % at the start to slightly 
above 10 % after 60 minutes at 700 °C. In 
their previous study, the performance of Ni 
catalysts supported on γ-Al₂O₃ and modi-
fied with additives such as Mn, Cu, and Fe 
was investigated. The as-prepared Ni cata-
lyst achieved a hydrogen yield of approxi-
mately 50 %, which increased to 5 3% with 
Fe addition and reached 78 % when Mn was 
introduced. However, all catalysts exhibited 
deactivation within 100 minutes, except for 
the Ni–Fe system, which maintained activ-
ity for about 200 minutes.

Zhang et al. [19] studied carbon mate-

rials produced by methane cracking at dif-
ferent temperatures and using various cata-
lysts. They observed that most catalysts 
achieved hydrogen conversion rates below 
50 %, except for CNO and CMB catalysts, 
which reached approximately 83  % and 
77.6 %, respectively.

As reported in the literature, hydrogen 
yields vary widely depending on catalyst 
composition and reaction conditions. In 
this study (Fig. 6), a substantial increase in 
hydrogen content was observed after dry-
ing the samples. To assess the influence 
of this simple pre-treatment step, cata-
lysts synthesized at 700, 800, and 900  °C 
were compared. SEM analysis was further 
employed to evaluate the resulting carbon 
morphologies. Interestingly, the dried 
sample at the lowest temperature (700 °C) 
demonstrated the highest overall efficiency, 
suggesting that appropriate catalyst pre-
treatment could enhance performance while 
potentially reducing operational costs.
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Fig. 6. Gas analysis results. Dried sample has higher hydrogen content compared  
to a pyrolyzed sample, even at higher temperature pyrolysis reactions. 

Wang et al. [18] investigated various 
catalysts supported on γ-Al₂O₃ for methane 
pyrolysis. In the case of Ni/Al₂O₃ with dif-
ferent additives, thick carbon filaments were 
observed to grow on the catalyst surface, 
with the morphology slightly dependent on 
the type of co-catalyst. In a more detailed 
analysis using high-resolution transmission 
electron microscopy of carbon materials 

formed during CH4 cracking, it was con-
cluded that Fe and Ni catalysts promoted 
the formation of carbon nanotubes via a 
root-growth mechanism with closed tips. 
Interestingly, when comparing individual 
catalysts, Fe produced thinner-walled CNTs 
(2–5 graphene layers) with smaller inner 
diameters than those obtained using Ni.
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3.5. SEM

In this study, highly fibrous carbon 
nanostructures (CNFs) were observed 
growing on the catalyst surface, consistent 
with the Raman spectroscopy results. The 
CNFs exhibited well-defined morphology 
with varying degrees of curvature, as shown 
in Fig. 7. When comparing catalyst mass 
gain, the dried samples showed a smaller 

increase compared to those pyrolyzed at 
higher temperatures (900 °C) or without 
drying. However, as indicated by both 
Raman and SEM analyses, the CNF/CNT 
structures formed under drying conditions 
appeared to possess higher structural qual-
ity and improved graphitic ordering.

    7-1, as prepared

    7-3, pyrolyzed 7-1 at 700 ℃

    Pyrolyzed 7-1 at 800 ℃



13

    Pyrolyzed 7-1 at 900 ℃

    Pyrolyzed 7-2, dried at 120 °C for 1 h under constant vacuum (10⁻1 mbar).

Fig. 7. 

3.6. Carbon yield

The carbon deposition dependence on 
pyrolysis temperature is shown in Fig. 8. 
The results indicate that both temperature 
and sample pre-treatment influence the 
amount of deposited carbon. The Ni–Fe/
Al₂O₃ catalyst demonstrated the highest 
carbon yield at 900 °C, reaching 180.6 %, 
while the sample pre-dried prior to pyrol-
ysis at 700  °C achieved a carbon yield of 
146.8 % with the highest hydrogen yield 
(70.2 %). These findings suggest mild dry-
ing enhances catalytic performance by 
improving surface activity and limiting 

oxygen-related inhibition.
A comparison of the obtained results 

with literature data is summarised in Table 
2. The carbon yields reported in this study 
are notably higher than those observed for 
other catalyst systems, such as Fe–Co or 
Ni/Al₂O₃ formulations [18]–[20]. More-
over, the hydrogen yield and catalyst sta-
bility achieved with the Ni–Fe/Al₂O₃ cata-
lysts are higher compared to the previously 
published results, confirming the effective-
ness of this bimetallic system for methane 
pyrolysis.
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Fig. 8. Carbon deposition dependence on the sample processing/pyrolysis temperature. 

Table 2. Summary of Carbon and Hydrogen Yields for Different Catalysts for Methane Pyrolysis

Catalyst Temp C yield, % Peak H2 yield, % Time, h Source
5 wt% Fe-60 wt% Ni/Al2O3 356,62 50 1/6 [18]
60 wt% Ni/Al2O3 98.41 53 1/6 [18]
Mo0.1Fe0.05Mg0.85Ox 800 175 40 15 [19]
Ni-Fe/Al2O3 700 179.1 62.5 4 This study 
Ni-Fe/Al2O3 800 118.8 59.2 4 This study 
Ni-Fe/Al2O3 900 180.6 63.4 4 This study 
Ni-Fe/Al2O3 dried 700 146.8 70.2 4 This study 
25Fe+75Co 800 30 24 5 [20]
50Fe+50Co 800 60 44 5 [20]
75Fe+25Co 800 40 33 5 [20]

4. CONCLUSIONS

This study investigated Fe–Ni catalysts 
supported on γ-Al₂O₃ for methane pyroly-
sis, comparing as-synthesized samples with 
those who overcame drying pre-treatment. 
Surface chemistry, structural properties, 
and reaction outcomes were analysed using 
XPS, FTIR, Raman spectroscopy, XRD, 
and mass spectrometry. 

The results indicated that catalyst dry-
ing altered surface and lattice oxygen states, 
as observed by XPS, which affected meth-
ane activation and the resulting hydrogen 
production efficiency. Structural analyses 

revealed variations in carbon defect density 
and crystallinity, with a noticeable increase 
in the carbon-related diffraction peaks in 
XRD and well-defined D and G bands in 
Raman spectra. The type and quality of 
deposited carbon were expected to influ-
ence its potential applications and value. 
Notably, dried catalysts exhibited a 6–8% 
higher hydrogen yield compared to as-syn-
thesized samples across all tested tempera-
tures, highlighting the importance of cata-
lyst pre-treatment in enhancing turquoise 
hydrogen production efficiency.
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