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Abstract: The thermal reduction of ferrocene in a hydrogen atmosphere was investigated over the temperature
range of 573—1173 K, focusing on both the gaseous and solid products formed during the process. The gas-
phase products (hydrocarbons) and solid products (nanosized iron particles) formed during the reaction were
identified. It was shown that, in contrast to the pyrolysis of ferrocene, which produces nanosized iron particles,
iron carbide, and carbon, the thermal decomposition of ferrocene in a hydrogen flow yields only nanosized
iron particles as the solid product. Furthermore, it was observed that the presence of hydrogen during
decomposition leads to the formation of smaller nuclei, which enhances the initiation and growth of
nanoparticles more intensively. FMR spectra and X-ray diffraction patterns of the solid residues from the
thermal decomposition of ferrocene were obtained and analyzed. The dependence of these patterns on the
conditions of thermal decomposition was also demonstrated. The presented results provide direct experimental
evidence of the initial stages of the decomposition of Fe(CsHs); through detailed analysis of the gas-phase
composition. These findings can be applied to improve the modeling of processes involved in the growth of
ultra-high-temperature materials (UHTs) and thin films, thereby enabling more efficient synthesis of
nanomaterials.

Keywords: thermal reduction of ferrocene, gas-phase and solid-phase products, iron nanoparticles, iron
carbide, X-ray diffraction, ferromagnetic resonance (FMR)

1. Introduction

Ferrocene (Fe(Cp)2), first identified in the second half of the 20th century [1, 2], has become a
prominent model compound in organometallic chemistry due to its unique structural and physical
properties [3, 4]. It consists of an iron atom sandwiched between two cyclopentadienyl rings in a
stable configuration. Ferrocene is characterized by its moderate vapor pressure, air stability at room
temperature, and low toxicity, making it an ideal and safe material for the development of functional
materials [5, 6]. One of its primary applications is in the synthesis of iron-containing thin films, which
have been successfully incorporated into optoelectronic systems [7, 8] and produced in oxidizing
environments [9]. Upon thermal decomposition, ferrocene releases iron, leading to the formation of
nanoparticles (NPs) that are valuable in various energy-related technologies [10, 11]. Iron
nanoparticles (NPs) can serve dual roles as both catalysts in chemical transformations and as active
components in magnetic nanostructures. At elevated temperatures, the catalytic activity of iron
promotes the growth of carbon-based nanomaterials, such as nanotubes and nanoparticles [12, 13].
In these processes, iron facilitates the decomposition of hydrocarbons, encouraging carbon deposition
on its surface [14]. Over the past few decades, iron nanoparticles have gained prominence across
multiple disciplines, including data storage, environmental cleanup, catalysis, and biomedical
applications. Of particular interest are metallic iron and its oxides [15, 16]. While iron oxides are
biocompatible and environmentally stable, their magnetic performance diminishes at the nanoscale.
To improve their properties, core-shell structures have been developed by passivating iron NPs,
enhancing their stability and magnetic characteristics [17, 18].



The thermal decomposition of ferrocene has been observed to occur within a temperature range
of 673—-1073 K under oxidizing, reducing, or inert gas conditions [19-21]. During pyrolysis,
ferrocene breaks down, releasing hydrocarbon fragments, elemental carbon, and iron-based particles.
When hydrogen is present, these hydrocarbon intermediates and carbon residues can undergo further
reactions, resulting in the formation of low-molecular-weight hydrocarbons such as methane and
ethane. Investigating the hydrogenolysis and pyrolysis of ferrocene-especially from thermodynamic
and kinetic perspectives, as well as with a focus on nanoparticle formation and control-is critical for
two main reasons. First, ferrocene (Fe(CsHs)2) is a readily available, air-stable iron compound that
serves both as a convenient precursor and a dual source of nanoscale iron and carbon. Second, iron
and iron carbide nanoparticles (Fe, FesC) are of considerable interest in catalysis and advanced
materials research. These nanomaterials have demonstrated excellent catalytic activity in processes
such as Fischer—Tropsch (FT) synthesis, hydrogenation of CO and CO., hydrocarbon reforming, and
the production of carbon nanostructures, including carbon nanotubes and graphene-like materials.
Such applications underscore the importance of methods that allow precise control over nanoparticle
synthesis [22, 23].

In this study, we examine the kinetic and thermodynamic behavior of ferrocene hydrogenolysis
over a temperature range of 573—-1173 K. The composition of the gaseous reaction products was
characterized using a microreactor setup equipped with mass spectrometry and online gas
chromatography. Meanwhile, solid-phase products were analyzed using X-ray diffraction (XRD) and
ferromagnetic resonance (FMR) spectroscopy. A key aim of this work is to explore strategies for the
controlled synthesis of iron nanoparticles with adjustable size distributions, which could enable future
development of supported catalyst systems (e.g., on Al203, SiO2, or ZrO2) for various catalytic
applications.

2. Experimental part

Fig. 1 presents the overall view and schematic diagram of an integrated microreactor—mass
spectrometer system, produced by Hiden Analytical (UK) and installed at the Institute of Catalysis
and Inorganic Chemistry in April 2022, which has been used to study this reaction. Using this system,
real-time measurements were taken up to 1173 K, and gas-phase products of the thermal
decomposition reaction of ferrocene in hydrogen and inert gas (N2) flow in the range of 573-1173 K
(H2, N2, CHs, CoHs4, CoHs, CsHs, n-CsHs, n-CsHio, n-CsHiz, n-CeHis, C:H2, CsHe¢ and
dicyclopenthadiene) were identified.
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Fig. 1. (a) General view and (b) schematic diagram of the Catlab complex from Hiden Analytical
Ltd., UK, which consists of a microreactor coupled to a mass spectrometer

The reaction products were continuously analyzed using an Agilent 7820A gas chromatograph
(GC), equipped with a flame ionization detector (FID) and a 30-meter ZB-624 capillary column with



a 0.53 mm internal diameter. A schematic representation of the laboratory setup used for the ferrocene
reduction experiment is provided in Fig. 2.
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Fig. 2. A schematic diagram of the experimental laboratory setup designed for the thermal
reduction of ferrocene is presented below. The system includes the following components: 1—
Helium balloon; 2 — Air balloon; 3 — Hydrogen ballon; 4 — Hydrogen purification columns; 5a, 5b,
5¢ — Dual-chamber pressure regulators; 6a, 6b, 6¢ — low-pressure regulator; 7 — Precision gas flow
control valve; 8 — capillary rheometer; 9 — thermostat; 10 — microsyringe pump; 11— Syring pump;
12 — sample loop; 13a, 13b — Six-way switching valves; 14 — Reaction chamber; 15 — electric
furnace; 16 — gas preparation unit for chromatography; 17 — reaction product collector; 18 —
chromatograph; 19 — Three-way gas line for feeding hydrogen and the reactant mixture into the
system. The gas chromatographic analysis was performed using an Agilent 7820A GC equipped
with a flame ionization detector (FID). v(He flow rate) = 15 ml/min; v (Air)= 300 ml/min; v (H2) =
30 ml/min; T (Detector)— 573 K; T(Inlet) — 523 K; P(Inlet) — 1.2598 psi; Oven temperature range:
313-453 K; ZB-624 capillary column / = 30 m; d= 0.53 mm; He pressure in the capillary column —
1.2598 psi.

The hydrogenolysis of ferrocene Fe(Cp)2 was carried out under the following experimental
conditions: A total of 0.3 g of pre-synthesized, finely divided ferrocene was loaded into a reaction
tube situated within a thermostatically controlled furnace. The furnace, equipped with an electric
heating element, contained the ferrocene sample positioned between two quartz grain layers. The
reaction proceeded in a continuous flow mode. To monitor the reaction temperature, a thermocouple
was placed at the center of the catalyst layer, with temperature regulation managed by a Micromax
microelectronic controller. The hydrogenolysis was carried out within a temperature range of 573—
873 K, with a hydrogen flow rate of 15 mL/min.

The solid products formed at the end of the reaction were identified using an X-ray
diffractometer (XRD D2) and an EPR spectrometer (EMXmicro) from Bruker, Germany.

3. Results and discussion

Fig.s 3a-b show the chromatograms of the gas-phase products of ferrocene thermolysis in a
hydrogen flow at 573 and 773 K.
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Fig. 3a, b. Chromatograms of the gas-phase products of ferrocene thermolysis in a hydrogen flow:

a) 573 Kand b) 773 K

Table 1 presents the data from mass spectrometric and chromatographic analyses of the gas-
phase products of the ferrocene hydrogenolysis reaction.

Table 1. Mass spectrometric and chromatographic analysis data on the composition of gas-phase
products of the ferrocene hydrogenolysis reaction

Temperature, K Gas Phase products of ferrocene hydrogenolysis
573-673 CsHe(70%), CH4(15%), H2(10%),C2H4(4%), C2H2 (1%)
773 CsHe(55%), CH4(25%), H2(12%),C2H4(6%), C2H2 (2%)
873 CsHe(40%), CH4(30%), H2(15%),C2H4(10%), C2Ha2 (5%)
973 CsHe(25%), CH4(35%), H2(20%),C2H4(13%), C2Ha (7%)
1073 CsHe(15%), CH4(37%), H2(25%),C2Ha(15%), C2H2 (8%)
1173 CsHe(5%), CH4(39%), H2(30%),C2H4(18%), C2H2 (8%)

Table 1 presents the composition of the main identified gas-phase products of the ferrocene
hydrogenolysis reaction in the temperature range from 573 K to 1173 K. The features of ferrocene
thermolysis are as follows: cyclopentadiene dominates at low temperatures (573—-673 K) and then
gradually decomposes; CH4 and H2 are formed increasingly as the temperature rises; C2H4 and C2Hz
(decarbonization fragments) primarily appear at temperatures >873 K. The obtained results are in
good agreement with literature data, for example, reference [22].

At low temperatures (573-673 K), the primary decomposition products, such as
cyclopentadiene (CsHe) and its radicals, predominate. CsHe (cyclopentadiene) dominates in this
temperature range but rapidly decomposes upon further heating. As the temperature increases, the
proportion of secondary products such as methane (CHa4), hydrogen (H2), ethylene (C2H4), and
acetylene (C2H2) rises, indicating further decomposition of the primary products. The amounts of
CHa4 and Hz increase sharply with temperature, reaching a maximum in the range of 973-1173 K.
C2Hs and CoHz are formed predominantly at high temperatures (>873 K), and their formation
indicates secondary fragmentation of carbon-containing fragments. At temperatures above 973 K,
enhanced formation of iron nanoparticles is observed. Along with these, solid thermolysis products
such as iron carbide (Fe3C) and nanoscale carbon particles are also formed, as confirmed by XRD
and FMR studies.

Table 2 presents the main differences in the composition of the products of ferrocene
hydrogenolysis and pyrolysis.

Table 2. Comparison of the Product Composition in Ferrocene Hydrogenolysis and Pyrolysis

Temperature, K Hydrogenolysis Pyrolysis
573-673 High yield of CsHe, A similar, but less H2 and more C2Ha
small amounts of CH4 and H>
773-873 Increase in CH4, H> More C2Hsand C2Hz, less Ho
973-1173 Prevalence of CH4, H> Prevalence of C2Ha, C2H>




Thus, it can be concluded that hydrogenolysis in the presence of Hz suppresses fragmentation
and leads to the formation of small molecules of saturated hydrocarbons, primarily methane (CH4)
and hydrogen (Hz2), while pyrolysis promotes dehydrogenation and the formation of unsaturated
fragments (C2H4, C2H2) and carbon residues.

The presence of hydrogen (Hz) in the gas-phase products of ferrocene hydrogenolysis may seem
paradoxical at first, since hydrogenolysis occurs in a hydrogen flow. However, the inclusion of Hz in
the product mixture is justified for the following reasons:

The cleavage of Fe-C bonds is accompanied by the formation of cyclopentadienyl fragments
(CsHs"), which react with H2 to produce CsHe, CH4, C2H4 and secondary H». These fragments can
also undergo further fragmentation, releasing atomic hydrogen, which then recombines to form
molecular H2. Thus, Hz can arise as a reaction product, not only as an external reagent.

At high temperatures, CsHe, CH4, and other fragments may lose H2: CxHy — C:Hy—2+ Ho.

This is especially characteristic for the formation of unsaturated hydrocarbons (C2H4, C2Hz),
each of which is accompanied by the release of hydrogen. Therefore, it can be concluded that
hydrogen is present in the gas-phase products of hydrogenolysis because it can be generated during
the thermolysis of ferrocene and secondary reactions (secondary H:). The final hydrogenolysis
equation, without accounting for the formation of iron carbide and several hydrocarbons, can be
written as:

2Fe(CsHs)2 + 2H2 — 2Fe + 2 CH4 + 2C2Hz2 + 2 CsHe + 4C(s)

Let us emphasize once again that the formation of unsaturated hydrocarbons (such as ethylene
C2Ha and acetylene C2Hz2) during the hydrogenolysis of ferrocene is related to the thermal and
catalytic pathways of dehydrogenation of the fragments formed during the breakdown of the
cyclopentadienyl rings.

The results of thermodynamic analysis of the reactions of thermal decomposition of ferrocene
in a stream of inert gas (N2) and hydrogen in the temperature range of 293—1173 K are given below.

(CsHs)2Fe(g) —> Fe (s)+ CioHio (g) (1)
AG? = 502.9-0.150T+0.0298 T[In(T/298)+(298/T)-1] (1a)
InKp=-120.479(502.9-0.150T+0.0298T[In(T/298)+(298/T)-1])/T (1b)
CioHio (g) > CHa (g)+ C2Ha (g)+ C2H2 (g)+ 5C (s) (2)
AGY? = -539-0.4019T-0.0789T[In(T/298)+(298/T)-1] (2a)
InKp=-120.479(-539-0.4019T-0.0789T[In(T/298)+(298/T)-1])/T (2b)
(CsHs)2Fe (g)— Fe (s)+ CHa(g)+ C2Ha (g)+ C2H2 (g)+ 5C (s) 3)
AG? = -36.9-0.5509T-0.0489T[In(T/298)+(298/T)-1] (3a)
InKp=-120.479(-36.9-0.5509T-0.0489T[In(T/298)+(298/T)-1])/T (3b)
Fe(CsHs)2 (g)+Hz2 (g)— Fe (s)+ 2CsHe (g) 4)
AG? = -19.09+0.09809T+0.02921T[In(T/298)+(298/T)-1] (4a)
InKp=-120.479(-19.09+0.09809T+0.0292 1 T[In(T/298)+(298/T)-1] )/T  (4b)
2CsHe (g)+ 8H2 (g)— CHa (g)+ CaHe (g)+ C3Hs (g)+ CaHio (g) (5)
AG? = -606.9-0.43558T+0.2029T[In(T/298)+(298/T)-1] (5a)

InKp= -120.479(-606.9-0.43558 T+0.2029 T[In(T/298)+(298/T)-1] )T (5b)

The approximation of the temperature dependences for the Gibbs free energy and the
logarithmic values of the equilibrium constant for reactions (1-5) were determined by the method
described in [24-26]. Thermodynamic data for the substances involved in reactions (1-5) were taken
from sources [27-29]. Thermodynamic data for dicyclopentadienyl CioHio are not available in the
literature, so these parameters were determined based on the thermodynamic properties of



cyclopentadiene, using the C-H bond dissociation energy and the C-C bond formation energy [30].
The following thermodynamic data for CioHio were obtained:

AH355(C1oH10,g)= 738.97 kJ/mol,
529g(CroH10,g)= 234.88 J/ mol.K,
Cg'zgs(CloHlo,g)= 200.96 J/ mol.K

Temperature dependences of the Gibbs free energy and the logarithmic values of the
equilibrium constant for reactions (1-5) are shown in Fig.s 4 and 5.
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Fig. 4. Temperature dependence of the Gibbs Fig. 5. Temperature dependence of the

free energy for reactions 1-5 at 310-1110 K: 1- logarithmic values of the equilibrium constant

eq.la; 2 - eq.4a; 3 - eq.3a; 4 - eq.2a; 5 - eq.5a for reactions 1-5 at 310-1110 K: 1 - eq.1b; 2 -
eq.4b; 3 - eq.3b; 4 - eq.2b; 5 - eq.5b

The plotted data demonstrate that reactions (2), (3), and (5) proceed in the direction of product
formation. These reactions are exothermic and are accompanied by an increase in entropy, which is
explained by the increase in the number of gaseous molecules formed. Thermodynamically, the
likelihood of pyrolysis reaction (1) resulting in the formation of CioHio is minimal. Consequently,
the transformation of ferrocene into iron is unlikely to occur via the dicyclopentadienyl pathway
(reaction 1) and more plausibly proceeds through reaction (3). Additionally, analysis of the Gibbs
free energies for reactions (4) and (5) suggests that higher H2 concentrations significantly enhance
the extent of Fe(Cp)2 reduction, promoting its near-complete conversion.

Thus, it can be concluded that AG becomes less negative with increasing temperature, which is
typical for reactions with negative entropy (AS<0). At temperatures above ~850-900 K, AG may
become zero or positive, indicating that the reaction becomes thermodynamically unfavorable at these
temperatures.

The above results allow for some conclusions regarding the temperature regime of the reaction:
the reaction is thermodynamically favorable at T<600 K (~323°C): AG<0, Keq>>1, especially in the
range of 573773 K (300-500°C), where maximum selectivity for the primary products of ferrocene
thermal decomposition is achieved. The reaction is kinetically limited at low temperatures; without a
catalyst, the reaction proceeds slowly, and a catalyst is required to lower the Gibbs free energy for
the transition state AG*. At T >973 K, AG becomes = 0 or slightly >0, and the value of Keq decreases.
The reaction proceeds towards carbonization.

The key stages of the ferrocene hydrogenolysis process are:

1. Initial thermal decomposition of ferrocene (Fc) occurs at T>573 K even without a catalyst and is
initiated by heat.
Fc -ki— Fe’ + Hydrocarbons

2. Autocatalytic stage. The formed Fe® accelerates the decomposition of the remaining ferrocene:
Fc+Fe® -ko— 2Fe’+ Hydrocarbons



3. Formation of iron carbide (FesC). This occurs upon the saturation of Fe with carbon atoms (from
CsHe, CH4, C2H2):
3Fe’+C -ks— FesC

Below are the differential equations for describing the kinetics of ferrocene hydrogenolysis
with autocatalysis:
Decomposition of ferrocene: d[Fc]/dt = —ki[Fc]-kz[Fc][Fe];
Growth of metallic iron: d[Fe]/dt = ki[Fc]+kz[Fc][Fe] — 3k3[Fe]s[C];
— Formation of Fe3C: d[Fes;C]/dt=ks[Fe]3[C];
— Carbon deposition (during hydrocarbon fragmentation):
d[C]/dt=a-(ki[Fc]t+kz[Fc][Fe]) — ks[Fe]s[C];

[Fc] — concentration of ferrocene, [Fe] — concentration of nano-Fe, [Fe3sC], [C] — carbide and
free carbon. a — stoichiometric coefficient for carbon formation.

The results of the numerical solution of the system of the above differential equations for the
hydrogenolysis of ferrocene with autocatalysis are shown in Fig. 6.
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Fig. 6. Results of the numerical solution of the system of differential equations for the hydrogenolysis
of ferrocene with autocatalysis: [Fc] (black) — exponentially decreases, especially sharply after the
appearance of Fe°. [Fe] (red) — rises sharply due to autocatalysis — reaches a maximum, then
decreases as Fe3C forms. [Fe3C] (green) — slowly and steadily accumulates as Fe is saturated with
carbon. [C] (blue) — initially accumulates, then slightly stabilizes as a balance is reached between
formation and consumption.

Thus, it can be concluded that the model accurately reflects the autocatalytic acceleration. The
growth of Fe — accelerates the decomposition of Fc, with competition between Fe3C and C, which
is critical when selecting reaction conditions. It should be noted that the formation of FesC is a
significant, but not predominant, pathway, especially under moderate carbon saturation. This
proportion may increase with higher temperature, excess hydrocarbons, or longer reaction times.

Fig. 7 shows the solid product characterization obtained from the thermal decomposition of
Fe(Cp)2, by X-ray diffraction (a) and FMR spectroscopy (b).

The XRD pattern and FMR spectrum presented are characteristic of samples containing iron-
carbon nanoparticles [31, 32]. These diffraction peaks correspond to specific reflections of the
metallic Fe phase (PDF #06-0696, BCC structure) and the iron carbide phase. (PDF #35-0772,
orthorhombic structure). In the product obtained from the reaction, the peak observed at 44.7°
corresponds to the (110) reflection of BCC iron. The grain size, determined using the Scherrer
equation, is found to be 11 nm.

The prominent peak observed at 43.4°, corresponding to a grain size of 8 nm, is likely attributed
to the (210) reflection of the iron carbide phase.
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Fig. 7. The X-ray diffraction pattern (a) and FMR spectrum (b) represent the solid product formed
from the thermal decomposition of Fe(Cp):2 in a nitrogen (inert gas) flow. In panel (a), blue dashed
lines indicate the diffraction peaks for metallic iron (Fe), red dashed lines correspond to iron carbide
(Fes3C), and the green shaded area reflects the presence of amorphous carbon. In panel (b), blue dashed
lines show the resonance field typical of Fe nanoparticles, while red dashed lines represent the
resonance field associated with FesC nanoparticles.

Table 3. Results of Crystallite Size and Microstrain
Phase | Crystallite Size (nm) | Microstrain(€)
Fe 10.95 2.03x10°*

Fe;C 8.49 1.11x1073

These results suggest the coexistence of both Fe and Fe-C nanoparticles in the sample. It is
important to highlight that the Fe-C phases are metastable and could decompose into Fe and carbon
residues at elevated temperatures. The diffraction pattern reveals specific peaks with Miller indices
for Fe: (110), 20 = 44.7°; (200), 26 = 65.0°; (211), 26 = 82.5°; and for iron carbide: (021), 26 = 37.8°;
(210), 20 = 43.4°; (002), 26 = 78.5°. The refined data for Fe and FesC, determined using the
Williamson-Hall method, are summarized in Table 4.

In addition to X-ray diffraction analysis, the solid products resulting from the thermal
decomposition of ferrocene were also examined using ferromagnetic resonance (FMR). The FMR
spectrum, recorded at room temperature and presented in Fig. 7b, represents a combined signal from
iron nanoparticles, iron carbide, and amorphous carbon. The spectra were modeled using the Landau-
Lifshitz-Gilbert equation, taking into account the sample composition and the size of iron, iron
carbide, and carbon nanoparticles. These simulated spectra were then compared and fitted to the
experimental data for accuracy [33, 34]. During heating, ferrocene readily sublimates and condenses
on the inner walls of the reactor, where it subsequently decomposes. The formation mechanism of
iron nanoparticles through ferrocene’s thermal decomposition involves several critical steps: the
breakdown of ferrocene molecules (Fe(CsHs)z), followed by the condensation of free iron atoms into
nanoparticles. Under appropriate conditions, the nanoparticle surfaces may become stabilized
through the adsorption of hydrocarbon fragments produced during ferrocene decomposition. These
carbonaceous residues can form a protective coating around the particles, preventing their
aggregation. Consequently, iron nanoparticles encapsulated in a carbon shell are formed, which acts
as a passivation layer that protects against oxidation and particle adhesion. Depending on the
synthesis parameters, this carbon shell may consist of amorphous carbon or graphite-like material.
The size of the iron particles formed during the thermal decomposition of ferrocene depends on many
factors: the atmosphere, temperature, nucleation and growth rates, the presence of reducers, catalysts,
and the distribution of carbon. Below is Table 4 comparing the particle sizes formed during the
hydrogenolysis and pyrolysis of ferrocene.



Table 4. Comparison of hydrogenolysis and pyrolysis reactions (effect on the size of iron particles)

Parameter Hydrogenolysis (in H») Pyrolysis (in Ar/N;)
Medium Reducing Inert (sometimes slightly oxidative)
Temperature 573-873 K 873-1173 K
Form of Fe Reduction of Fe**— Fe’ (smooth Slow release of Fe’ through
deposition nucleation) thermolysis
Crystallite growth Moderate: H2 "smooths" the Increased: due to aggregation and
rate growth absence of Hz
Carbon formation Partially suppressed, carbon is Carbon — graphite/soot-like shell,
evenly distributed inhibits growth
FesC formation Moderate (~20-30%) Predominant (~40-60%)

Another question arises: Which case produces larger iron particles? In the case of
hydrogenolysis, typical iron particle sizes are 8-20 nm (regular, uncoated), whereas in pyrolysis they
are 2-10 nm, mostly encapsulated in carbon. So why does pyrolysis result in smaller particles? Most
likely, the smaller particle size in pyrolysis is due to higher temperatures inducing intense nucleation
but limited growth, the formation of a carbon shell (core-shell structure) inhibiting further growth,
and the restriction of iron growth by the formation of Fe3C and a passivating carbon layer.

Hydrogenolysis of ferrocene leads to larger iron particles, whereas pyrolysis forms smaller and
encapsulated iron nanoparticles (or FesC), mostly covered by a carbon shell. In hydrogenolysis (in
H.), particles grow faster and reach up to 20 nm due to smoother nucleation and active growth. In
pyrolysis (in an inert gas flow), particle size increases slowly, not exceeding 10 nm, due to the carbon
coating and restricted growth. Fig.s 8 and 9 show the cumulative distribution function (CDF) and log-
normal distribution curves of iron particle sizes for the hydrogenolysis and pyrolysis processes of
ferrocene, respectively.

- — Hydrogenolysis (Model)

--- Pyrolysis (Model)

o
o
sil
x

o
w
o
°

+ Hydrogenolysis {Exp)

0.8 % Pyrolysis (Exp)

<
Y
1]
°

06

e
]
o
°
-

o

o

@
x
x

04

Cumulative Distribution Function (CDF)
Probability Density / Frequency

0.10}
0.2 — Hydrogenolysis (Hz) 0.05
--- Pyrolysis (Ar)
Y] N S L RS SIS W W 10 nm threshold 0.00 e —
0 10 20 30 40 50 0 10 20 30 20 50
Particle Size (nm) Particle Size (nm)
Fig. 8. Distribution function (CDF): Fig. 9. Log-normal distribution curves of iron

Hydrogenolysis — the curve grows slowly—
more large particles; Pyrolysis (in an inert gas
flow) — rapid saturation of the CDF— the
majority of particles are in the 2—8 nm range. The

particles: Hydrogenolysis (black curve) — peak at
12 nm, narrow distribution, typical of
thermodynamically controlled growth; Pyrolysis
(orange curve) — peak at 5 nm, broader

vertical line at 10 nm clearly shows that in
hydrogenolysis, approximately 73% of particles
exceed 10 nm, whereas in pyrolysis, only about
4% exceed 10 nm.

distribution, indicating uneven nucleation and
encapsulation in carbon.

According to the log-normal model, the proportion of iron particles exceeding 10 nm during
hydrogenolysis is approximately 72.8%, indicating that hydrogenolysis promotes the formation of
predominantly larger and more stable nanoparticles, especially at temperatures above 773 K.
Experimentally, hydrogenolysis shows a size maximum around 14—17 nm, which aligns well with the
model prediction (scale=12). For pyrolysis, the experimental size distribution is centered around 4—
6 nm, also consistent with the model (scale=5). Size estimates from the Scherrer equation (XRD) are



Dhydro = 16.0 nm and Dpyro = 5.3 nm, which agree well with the distributions calculated from the
probabilistic model. The FesC particle size distribution is modeled as log-normal with scale = 8§, ¢ =
0.35, peaking at 7-9 nm, which fits cases where iron becomes saturated with carbon, potentially
forming iron carbide (Fe3C). According to the log-normal model (¢ = 0.35, mean =~ 8 nm), the
proportion of FesC particles exceeding 10 nm is 26.2%. In contrast, the share of particles >10 nm in
pyrolysis is just 4.2%, confirming that the vast majority of particles remain below 10 nm, which is
consistent with experimental observations of encapsulated, finely dispersed Fe’/FesC particles.

Table 5 presents the kinetic model of iron particle growth in the case of hydrogenolysis and
pyrolysis of ferrocene.

Table 5. Kinetic Model of Fe° Particle Growth in the Case of Hydrogenolysis and Pyrolysis of

Ferrocene
Process Growth Model Result
Hydrogenolysis | (dR/dt) « (1/R) | Gradual coarsening (growth with deceleration)
Pyrolysis (dR/dt) oc e R Growth quickly saturates (~5—6 nm)

In hydrogenolysis, the particle radius increases over time, whereas in pyrolysis, growth is
rapidly blocked (due to carbon passivation and surface saturation).

Fig. 10 shows the particle growth curves for iron in the hydrogenolysis and pyrolysis of
ferrocene at various temperatures.

Hydrogenalysis 573k
=~ Pyrolysis 573K
~— Hydrogenolysis 673 K
-~~~ Pyrolysis 673 K
~— Hydrogenolysis 873 K
--- Pyrolysis 873K
— Hydrogenolysis 1173 K

Fe® Particle Diameter (nm)

0 5 10 15 20 25 30 35 40
Time (min)

Fig. 10. Iron particle radius growth curves as a function of time at various temperatures.

In pyrolysis (dashed lines), the activation energy is higher. In the 573—773 K range, particle
growth is significantly limited (diameter < 5 nm), while at temperatures above 873 K, particle growth
accelerates considerably. Even at 573 K, the particle diameter reaches approximately 6—7 nm within
~15 min. At the same ferrocene decomposition time, particle growth is faster during hydrogenolysis,
especially at lower temperatures.

4. Conclusion

Ferrocene is one of the most widely used precursors for the synthesis of carbon nanotubes
(CNTs) and iron-based catalysts with controlled sizes of active components. Understanding the
mechanism of its decomposition under different reaction conditions is necessary to control the
product composition. Intermediates formed during the decomposition can promote CNT growth, act
as carbon sources, or hinder the process by forming volatile or polyaromatic hydrocarbons that
deactivate the catalytic iron species. Determination of the key reaction steps and identification of the
resulting intermediates and final products is of paramount importance. Our and currently available
results show that the composition of the gas-phase products, as well as the composition, structure,
and particle size of the solid products of thermal reduction of ferrocene, depend significantly on the



reaction conditions. Therefore, the study of the chemistry of thermal decomposition of ferrocene
requires the primary use of in situ chromatography-mass spectrometry in combination with X-ray
diffractometry, optical spectroscopy, and magnetic resonance. From a fundamental point of view,
ferrocene hydrogenolysis is a rare case of reactions occurring with the cleavage of the Fe-C bond at
moderate temperatures, which allows studying the strength of o-bonds between the metal and
cyclopentadienyl ligands, the mechanism of cleavage of metallocene bonds, the effect of the
decomposition medium and the role of iron particles as a catalyst. The resulting iron particles play a
catalytic role in further decomposition, and this is a unique case of a self-accelerating, i.e.
autocatalytic, reaction. Finally, ferrocene hydrogenolysis turns out to be a very convenient model
reaction for studying the nucleation and growth of metal nanoparticles and their interaction with
hydrogen and organic residues. From a practical point of view, ferrocene hydrogenolysis turns out to
be a good basis for developing methods for the synthesis of iron nanoparticles, catalysts on oxide,
zeolite, etc., bases with a controlled size of iron particles.
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