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The gas-phase and solid products formed during the thermal reduction of ferrocene in a hydrogen flow in the
temperature range of 373—1073 K were investigated. The identified gas-phase products include methane, ethane,
propane, butane, n-pentane, n-hexane, and cyclopentadiene, while the solid products consist of nanosized particles
of iron and carbon. The temperature dependences of the concentrations of the detected gas-phase products were
obtained. It was shown that the formation of iron nanoparticles during the thermal decomposition of ferrocene in a
hydrogen atmosphere proceeds with the simultaneous formation of metallic iron, iron carbide, and amorphous
carbon. Their relative contents in the solid residue strongly depend on the reaction conditions. The nucleation
process under hydrogen atmospheres occurs with the formation of smaller nuclei, which promotes a more intense
formation and growth of nanoparticles. The composition of the solid residues can be controlled by varying the
experimental parameters, such as reaction time, temperature, and iron precursor concentration. The magnetic
properties of the resulting solid products may also be tuned through modulation of particle structure and phase

composition.
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Introduction

Since its discovery in the 1950s [1, 2], the metallocene
ferrocene (Fe(Cp):) has become a widely studied
compound due to its unique properties [3, 4]. This classic
sandwich complex, in which two cyclopentadienyl ligands
are attached to a central iron core, is characterized by a
relatively high vapor pressure at moderate temperatures, it
is non-toxic and stable in air at room temperature and,
therefore, is an easy-to-handle precursor for the synthesis
of functional materials [5, 6]. In particular, the application
of ferrocene in the preparation of iron-containing thin
films for optoelectronic devices [7, 8] or iron thin films in
an oxidizing atmosphere [9] has been successfully
established. Thermal decomposition of Fe(Cp), can form
iron nanoparticles (NPs), which can be used as functional
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nanomaterials for energy conversion and storage systems
[10, 11]. The iron released during the decomposition of
ferrocene can be deposited as nanoparticles, which can be
used as catalysts for chemical reactions or as components
for magnetic nanomaterials. At sufficiently high
temperatures and under suitable conditions, the released
iron can act as a catalyst for the formation of carbon
nanomaterials such as carbon nanotubes or carbon
nanoparticles [12, 13]. Iron from ferrocene catalyzes the
decomposition of hydrocarbons to release pure carbon,
which is then deposited on the iron surface as nanotubes
or particles [14]. Iron nanoparticles have been of great
interest to researchers over the past few decades due to
their wide range of applications including data storage,
environmental remediation, catalysis, and disease
diagnosis and therapy. Among them, iron oxides and


mailto:sevinj.nasib.osmanli.26@gmail.com

Impact of Thermal Reduction in an H» Stream on the Composition of Ferrocene Degradation Products

metallic iron have been widely studied [15, 16]. Although
iron oxides are non—toxic and stable in air/biological
environments, their magnetization is low, especially at the
nanoscale. Iron nanoparticles are easily oxidized to form
Fe;O;. By passivating the surface of iron nanoparticles,
core/shell structures are created and thus stabilize these
nanoparticles [17, 18].

Ferrocene decomposition in an oxidative, reductive
and inert gas atmosphere occurs at a temperature of 673-
1073 K [19-21]. Pyrolysis of ferrocene begins to
decompose with the release of hydrocarbon molecules,
solid carbon and iron particles. In the presence of
hydrogen, these hydrocarbons and solid carbon can
additionally react to form products such as methane,
ethane, or other low-molecular hydrocarbons [22, 23].

This paper presents the results of a study of the
thermal reduction of ferrocene in a hydrogen stream in the
range of 373-1073 K, gas-phase reaction products using
on-line gas chromatography and microreactor coupled to
a mass spectrometer, and solid reaction products using X-
ray diffractometry and ferromagnetic resonance.

I. Experimental part

The reduction process was carried out under the
conditions described below: 0.3 g of pre-prepared, highly
dispersed ferrocene was poured into a reactor tube placed
in a thermostatic furnace equipped with an electric heater
between two layers of quartz grains, and the reaction was
carried out in a continuous mode. To determine the
reaction temperature, a thermocouple was placed in the
center of the catalyst layer, and the temperature was
controlled by a Micromax microelectronic controller. The
reduction process in the temperature range of 373-—
1073 K, H; at a rate of 15 ml/min was carried out at a
volume rate. The reaction products were analyzed online
using an Agilent 7820A GC gas chromatograph equipped
with a ZB-624 capillary column 30 m long and 0.53 mm

internal diameter with an FID detector. The schematic
diagram of the experimental laboratory setup used for the
ferrocene reduction reaction is shown in Figure 1.

The parameters of analysis performed on the gas
chromatograph with flame ionization detector Agilent
7820A are set as follows: Helium flow rate — 15 ml/min;
Air flow rate — 300 ml/min; Hydrogen flow rate —
30 ml/min; Detector temperature — 573 K, Inlet
temperature — 523 K; Inlet pressure — 1.2606 psi; Furnace
temperature — 313-453K; ZB-624 capillary cable length —
30 m; diameter 0.53 mm; Helium pressure in the capillary
tube — 1.2606 psi.

Integrated microreactor-mass-spectrometer system
made by Hiden Analytical, UK and installed in April 2022
at the Institute of Catalysis and Inorganic Chemistry is
used for determination of its pyrolysis. This system
allowed to carry out the on line measurements up to
1173 K, to identify the gas-phase reaction products - Ha,
N, CH4, CoHa4, C2Hg, C3Hs, C3Hs, CoHo.

The formation of the above gas-phase and solid
products was confirmed by X-ray diffraction methods
using a diffractometer XRD D2 EPRnmiko Spectrometer
from Bruker, Germany, a mass spectrometer coupled to a
microreactor Catlab, Hiden Analytical, UK and a
chromatograph GC 7280 from Agilent.

II. Results and discussion

Table 1 shows the results of chromatographic and
mass-spectrometric analysis of gas-phase products of
thermal decomposition of ferrocene in a hydrogen flow in
the range of 773-1073 K.

The thermodynamics of ferrocene decomposition and
hydrogenolysis were analyzed using the method described
in [25-27], based on temperature dependences of the
standard Gibbs free energy AG°r and the equilibrium
constant K. Thermodynamic parameters of all stable
species were taken from [28]. Since reliable data for
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Fig. 1. Schematic diagram of the experimental laboratory setup used to carry out the ferrocene reduction reaction.
Here: 1 — Helium cylinder; 2 — Air cylinder; 3 — Hydrogen cylinder; 4 — Columns for hydrogen gas purification; 5a,
5b and 5¢ — Two-chamber reducer; 6a, 6b and 6¢ — Low pressure regulator; 7 — Sensitive gas control valve;

8 — Capillary rheometer; 9 — Thermostate; 10 — Microsyringe pump; 11a and 11b — Valve; 12 — Sampling loop;
13a and 13b — Six-way valves; 14 — Reactor; 15 — Electric furnace; 16 — Chromatographic gas preparation unit;
17 — Reaction product collector; 18 — Chromatograph; 19 — Three-way control line for feeding gaseous hydrogen
and feed mixture into the system.



Fig. 2. a, b General view (a) and schematic diagram (b) of the Catlab complex from Hiden Analytical Ltd., UK, which
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is a microreactor coupled with a mass spectrometer [24].

773-1073K (Reaction conditions: V(Hz) = 15 ml/min, m(ferrocene) = 0.3g)

Table 1.
Relative content of gas-phase products of the reaction of thermal decomposition of ferrocene in a hydrogen flow at

SN T K Relative content, %
’ Methane Ethane n-Propane | n-Butane | n-Pentane n-Hexane dep*
L. 773 5.5 2.5 3.2 4.3 43.3 38.1 3.1
2. 873 12.8 6.3 4.9 4.3 42.6 28.0 1.1
3. 973 41.9 32.8 13.1 8.8 1.9 1.2 0.3
4 1073 58.6 24.6 12.9 2.2 0.9 0.6 <0.2

*dcp — dicyclopenthadien
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gaseous dicyclopentadienyl (CjoHjo,g) are absent in the
literature, its properties were estimated from the
thermodynamic parameters of cyclopentadiene and the C—
H bond dissociation and C—C bond formation energies
[29]. The resulting values are:

AHggg(CmHm,g): 734 kJ/mol;

Sé’gg(CloHlo,g): 235]/ mol'K;

Cg‘zgg(CmHm,g): 201 J/ mol K.

For the overall pyrolysis reaction of ferrocene:

(CsHs)aFe(g) — Fe (s)+ CHa(g) + CoHa(g) +
CoH (g) + 5C (5)

The calculated temperature dependences of AG°t and
InK, show that decomposition into iron, carbon and light
hydrocarbons is thermodynamically more favorable. The
formation of CioHjo as an intermediate is characterized by
positive AG°r over a wide temperature range, so the
mechanism via dicyclopentadienyl is unlikely. Thus,
ferrocene pyrolysis proceeds predominantly through
direct decomposition to Fe, C and small hydrocarbons,
rather than via a dicyclopentadienyl stage.

Comparison of the Gibbs free energies for reactions
describing hydrogen-assisted decomposition indicates that
increasing the hydrogen content promotes almost
complete reduction of ferrocene. The reaction of ferrocene
with hydrogen, leading to iron and cyclopentadiene,
involves a solid—gas phase transition and is endothermic
(AH > 0) with a decrease in entropy (AS < 0). Under
standard conditions AG is positive, so the reaction is not
spontaneous and requires external energy input. As
temperature increases, “TAS becomes more significant,
AG°t decreases and K, increases, but at moderate
temperatures the equilibrium still remains shifted towards
the initial ferrocene-containing state.

Using the calculated values of AH and AS, the critical
temperature at which AG°t = 0 for the decomposition of
ferrocene in a hydrogen stream is about 893 K. Above this
temperature AG°t becomes negative and the reaction is
thermodynamically  favorable. Therefore, efficient
thermal decomposition and reduction of ferrocene to iron
and volatile hydrocarbons require elevated temperatures
(T > 893 K), while at lower temperatures the process is
thermodynamically hindered and proceeds only upon
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sufficient external heating.

Figure 3, a, b show the X-ray diffraction pattern (a)
and the FMR spectrum (b) of the solid product of thermal
decomposition of ferrocene.

The presented X-ray diffraction pattern and FMR
spectrum are characteristic of samples containing iron-
carbon nanoparticles [30-32]. These peaks correspond to
the characteristic reflections of the metallic iron phase
(PDF #06-0696 (bcc structure)) and the iron carbide phase
Fe;C (PDF #35-0772 (orthorhombic structure)). In the
sample obtained as a result of processing, the peak at 44.7°
corresponds to the reflection (110) of bee iron with a grain
size of 11 nm (calculated using the Scherrer equation),
while the intense peak at 43.4° with a grain size of 8§ nm
may correspond to the reflection (210) of FesC. The results
indicate the existence of individual Fe and Fe-C
nanoparticles in the sample. It should be noted that the Fe—
C phases are metastable phases and can decompose into
Fe and C residues at high temperature. The diffraction
pattern shows peaks with the Miller indices: for iron (Fe):
(110), 26~44.7°; (200), 26~65.0°; (211), 20~82.5° and
iron carbide (Fe;C): (021), 26=37.8°; (210), 26~43.4°;
(002), 26=~78.5°. Refined analysis using the Williamson—
Hall method shows that the crystallite sizes of the Fe and
FesC phases are 10.95 nm and 8.49 nm, respectively,
while the corresponding microstrain values amount to
2.03 x 10~* for Fe and 1.11 x 1073 for Fe;C (details of the
calculations are provided in Appendix 1).

In addition to X-ray diffraction studies, solid products
of thermal decomposition of ferrocene were also studied
using the ferromagnetic resonance (FMR) method. The
FMR spectrum obtained at room temperature and shown
in Fig. 6b is a superposition of FMR signals from iron
nanoparticles, iron carbide Fe;C, and amorphous carbon.
Using the Landau-Lifshitz-Gilbert equation, the spectra
were calculated depending on the composition of the
sample and the size of the iron nanoparticles, iron carbide,
and amorphous carbon. By comparison, the calculated
FMR spectra were adjusted to the experimental one [33].

Thermal decomposition of ferrocene: As the
temperature increases, ferrocene Fe(CsHs), begins to
decompose, releasing iron atoms and hydrocarbon
radicals. This decomposition occurs at temperatures above
400-500 °C and can be described by the following

— FMR Spectrum
=== Fe Resonance Field
--- Fe3C Resonance Field

o 0.2 03 0.4 0.5 0.6
Magnetic Field (T}
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Fig. 3, a, b. X-ray diffraction pattern (a), and the FMR spectrum (b) of the solid product of thermal decomposition of

ferrocene. In (a) blue dashed lines: peak positions for Fe, red dashed lines: peak positions for Fe;C and green shaded

area: contribution from amorphous carbon; in (b) blue dashed lines: Fe nanoparticles resonance field and red dashed
lines: Fe3C nanoparticles resonance field.
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reaction: Fe(CsHs), — Fe+2CsHs'. Ferrocene molecules
lose stability at high temperatures, and the bonds between
the iron atom and the cyclopentadienyl rings (CsHs) are
broken. As a result of decomposition, iron atoms (mainly
in the form of atomic or cluster iron) and hydrocarbon
radicals CsHs" are formed. The released iron atoms are
highly active and easily aggregate at high temperatures,
forming clusters. This process includes a nucleation stage:

at a certain concentration of iron atoms in the gas phase,
they begin to spontaneously combine into nuclei (small
clusters). When nuclei collide with iron atoms, the clusters
begin to increase in size. This process involves both iron
atoms and small iron clusters, which combine to form
larger aggregates. These stages can be described as
follows:

Featom+Featom—Fez(formation of small clusters) Fen+Fearon— Fen+1(cluster growth).

The cluster growth process continues until
nanoparticles of a certain size are stabilized. The particle
size is determined by parameters such as temperature,
pressure in the reaction chamber, and concentration of iron
atoms in the gas phase. As the clusters reach a certain size,
they become more stable and less susceptible to merging.
At this stage, the nanoparticles are cooled. As the
temperature decreases or the nanoparticles are removed
from the reaction zone, their kinetic energy decreases,
which prevents further particle merging. Under certain
conditions, the surface of the nanoparticles can be
stabilized by adsorption of hydrocarbon residues formed
during the decomposition of ferrocene. These carbon
residues can create a protective shell that prevents the
aggregation of the nanoparticles. As a result, iron
nanoparticles with a carbon shell are obtained at the
output, which can serve as a passivation layer preventing
oxidation and adhesion of the particles. This carbon layer
can be amorphous carbon or a graphite-like structure,
depending on the synthesis conditions.

Thermal decomposition of ferrocene can also produce
by-products such as: carbon nanostructures (e.g.
amorphous carbon or graphite) due to polymerization and
pyrolysis of hydrocarbon radicals CsHs', and iron oxide
nanoparticles (if the process occurs in the presence of
oxygen or when exposed to atmospheric air).

The final mechanism can be represented by the
following stages:

1. Destruction of the ferrocene molecule under the
influence of high temperature with the release of iron
atoms and hydrocarbon radicals.

2. Condensation of iron atoms with the formation of
clusters and their growth to nanosized particles.

3. Stabilization of nanoparticles with the possible
formation of a carbon shell around them. Thus, thermal
decomposition of ferrocene is a convenient method for
synthesizing iron nanoparticles, since it allows you to
obtain particles of the desired size with a carbon shell that
protects them from oxidation.

The formation of iron nanoparticles during the
thermal decomposition of ferrocene can be described by a
sequence of kinetically and thermodynamically coupled
stages: (1) dissociation of ferrocene molecules, (2)
condensation (nucleation and growth) of iron atoms, and
(3) growth of stable clusters into nanoparticles.

1. Dissociation of ferrocene

Assume that ferrocene decomposes according to
Fe(CsHs), — Fe + 2CsHs.

The decomposition of ferrocene is treated as a first-
order process:
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d[Fe(CsHs),]/dt = —kq[Fe(CsHs)],

where [Fe(CsHs),] is the concentration of ferrocene and kg
is the decomposition rate constant at a given temperature.
The solution to this differential equation gives:
[Fe(CsHs)2](t) Z[Fe(C5H5)2]oefkdt, where [Fe(CsHs)aJo -
initial concentration of ferrocene.
The rate of formation of iron atoms is proportional to
the decomposition rate:

d[Fe]/dt=kq[Fe(CsHs):]

2. Condensation, nucleation and growth of iron
clusters.

The iron atoms produced then condense to form
clusters. This process is described in terms of nucleation
and subsequent growth. The nucleation rate 1y is
determined as follows:

17 = A-exp(-AG*/kgT).

where: A is the pre-exponential factor (depends on the
concentration and kinetics of atoms), AG# is the free
activation energy of nucleation (depends on the surface
energy of the cluster), kg is the Boltzmann constant, T is
the temperature.

The free activation energy of nucleation AG* can be
approximately expressed through the surface energy vy of
the cluster and its critical radius rx:

AG*=16my3/3(AGy),

where: v is the surface energy of the cluster, AGy is the
change in free energy per unit volume during
condensation.

Cluster growth occurs via attachment of iron atoms.
Let a cluster contain n iron atoms. Its growth rate can be
written as:

dn/dt=k.[Fe]

where: k; is the cluster growth rate constant, [Fe] is the
concentration of iron atoms. Then the mass of a cluster M
containing n iron atoms is determined as: M=n-mg., where
mre 1S the mass of one iron atom.

To relate the concentration of iron atoms and clusters,
consider the balance of atoms in the system. Let N be the
concentration of clusters, then the change in the
concentration of iron atoms will be determined by the



Impact of Thermal Reduction in an H» Stream on the Composition of Ferrocene Degradation Products

relationship:
d[Fe]/dt = —kg[Fe]-N—k4[Fe(CsHs)2],

where: - kg[Fe]-N — the rate of consumption of iron atoms
for cluster growth, -kqFe(CsHs).] the rate of
decomposition of ferrocene molecules.

As the clusters grow, they reach a certain size at which
they become stable nanoparticles. The average radius of
nanoparticles R can be estimated based on the total
number of iron atoms and the concentration of clusters.
The average radius of nanoparticles is defined as:

R= (3M/4mpN)!3,

where: M is the total mass of iron in the system, p is the
density of iron, N is the concentration of clusters.

Thus, to model the process of condensation and
growth of iron nanoparticles, the following differential
equations can be used:

For the decomposition of ferrocene:

d[Fe(CsHs),]/dt=—kq[Fe(CsHs),]
To concentrate iron atoms:
d[Fe]/dt=kq[Fe(CsHs):]-kg[Fe]-N
For cluster (nanoparticle) growth:
dn/dt=k,[Fe]
For the number of clusters:
dN/dt= 1y — kg[Fe]-N.

Below are the results of the numerical solution for
determining the concentration of iron atoms and cluster
growth over time.

Fig. 4 shows how the concentrations of ferrocene, iron
atoms, and clusters change over time, as well as the
evolution of cluster size during the condensation of iron
produced by ferrocene decomposition.

[

~—— Ferrocene (Fe(CSHS12) Concentration
- Fe Atom Cancentration

— Cluster Cancentration

— Cluster Size (atoms)

M w = w

‘Concentration / Size {arbitrary units)

-

N

0 1000 2000

Time (s)

3000 4000 5000

Fig. 4. Evolution of the concentrations of ferrocene
molecules, iron atoms and clusters over time, as well as
the size of the clusters (the number of atoms in each
cluster) during the condensation of iron atoms formed as
a result of the thermal decomposition of ferrocene.
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Thus, the given figure allows us to establish the
following:

1. Over time, the concentration of ferrocene (blue
line) decreases exponentially as it degrades at a constant
rate.

2. As ferrocene degrades, the concentration of iron
atoms (orange line) increases rapidly but then reaches
saturation. This is because iron atoms are used for cluster
growth.

3. Nucleation and cluster growth (green line) occurs
slowly as the cluster concentration remains low due to the
limited growth rate and consumption of iron atoms.

4. Average cluster size (in terms of number of atoms)
(red line): increases continuously as iron atoms are added
to the clusters, causing them to continuously increase in
size.

This result demonstrates the dynamic behavior of the
iron nanoparticle formation process, starting from the
decomposition of ferrocene molecules and ending with the
growth of clusters to nanoscale sizes.

Fig. 5a,b shows the time evolution of cluster (particle)
size, expressed as the number of atoms per cluster, in a)
linear and b) nonlinear (exponential) forms.”

The numerical solution procedure for this system of
differential equations consisted of: We set the initial
concentrations and rate parameters for the simulation: The
rate constant of ferrocene decay (kq) is the rate at which
ferrocene molecules decompose into iron atoms. The rate
constant of cluster growth (k,) determines the rate at
which iron atoms attach to clusters. The nucleation rate (ry)
determines the initial concentration of clusters
(nucleation).

The system of differential equations below describes
the kinetics of the process of formation and growth of iron
clusters:

Decomposition of ferrocene:

d[Fe(CsHs)2]/dt=—ka[Fe(CsHs):]
Concentration of iron atoms:
d[Fe]/dt=kq4[Fe(CsHs)2]—kg[Fe]-[clusters]
Concentration of clusters:
d[clusters]/dt=r; —kg[Fe]-[clusters]
Cluster size (number of atoms in a cluster):
dn/dt=kg[Fe]

For the numerical solution, the initial conditions are
set for each wvariable: [Fe(CsHs)Jo is the initial
concentration of ferrocene molecules. [Fe]o=0 is the initial
concentration of iron atoms (there are no atoms before the
decay of ferrocene), [clusters]og=0 is the initial
concentration of clusters, no=1 1is the initial cluster size
(the minimum number of atoms). The Runge-Kutta
method was used to numerically solve the system of
differential equations. The solution specifies the time
range and steps for integration. The code for the numerical
solution is given in Appendix 2. This code was used to plot
the graphs shown in Fig. 5.
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Fig. §, a, b. Dynamics of the cluster (particle) size over time, represented by the number of atoms in each cluster in: a)

linear, b) nonlinear (exponential) versions.

The graph above shows the dynamics of the cluster
(particle) size over time, represented by the number of
atoms in each cluster.

As can be seen from Fig. 5,a, the cluster size increases
linearly with time, indicating continuous growth as more
and more iron atoms are combined into clusters. This
steady growth suggests that iron atoms are readily
available for cluster growth, and the aggregation rate
remains relatively stable during the observed period.
However, this linear growth trend will eventually slow
down under real conditions as the concentration of iron
atoms decreases or if additional stabilizing factors begin
to affect the system.

It should be noted that cluster growth can be
nonlinear. The nonlinearity of growth is usually associated
with various factors affecting the condensation and
aggregation process of atoms. In Figure 5b shows the
exponential growth of the iron cluster radius (in
nanometers) as a function of time. The cluster radius
grows exponentially with time, which is typical for cases
where the conditions favor a constant acceleration of
growth. This can occur, for example, at high
supersaturation, when the concentration of iron atoms
remains high and does not limit growth. Such exponential
growth is rarely observed in real conditions, since limiting
factors such as a decrease in the atomic concentration and
diffusion limitations usually come into play over time.
Thus, cluster growth is often nonlinear due to a
combination of factors such as changes in atomic
concentration, diffusion limitations, coalescence, surface
passivation, and energy barriers. Linear growth is
observed only under limited conditions, when external
factors have little effect on the process, or at the initial
stages of growth, when the atomic concentration is still
quite high, and diffusion and passivation limitations do not
play a significant role.

Below is a mathematical description of the
dependence of the critical nucleus radius on the free
energy of the system. Consider a spherical droplet of
radius r, which is formed from a supersaturated vapor or
solution. The free energy of the nucleus G(r) consists of
two main contributions: The critical radius of the nucleus
is the minimum size of the cluster at which it becomes
thermodynamically stable and can continue to grow.
Nuclei smaller than the critical radius tend to disintegrate,
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while those larger than the critical radius tend to grow
further. The critical radius depends on the free energy of
the system and can be determined based on the ratio of the
surface and volume free energies of the nucleus. Since
condensation reduces the free energy of the system, the
volume free energy AG, is negative. The surface energy y
is positive, since the formation of a new surface requires
energy. The free energy of the nucleus G(r) can be written
as the sum of the volume and surface energies:

G(r)= (4/3)n’ AG,+4mr2y,

where: AG, is the change in free energy per unit volume
(usually negative), v is the surface energy per unit area
(positive value), r is the cluster radius.

To determine the critical radius r*, it is necessary to
determine the radius at which the free energy G(r) reaches
its maximum. To do this, we differentiate G(r) with
respect to r and equate the derivative to zero:

dG(r)/dr = 4n® AG,+8nry =0.

Solving this equation for r, we obtain: r* = —2yAG,,
where: r* is the critical radius, v is the surface energy, AGy
is the change in free energy per unit volume (usually
negative during condensation). Since AG, is negative, r*
will be positive. If the radius of the nucleus r<r*, then its
free energy G(r) increases, and such nuclei tend to
disintegrate. If the radius of the nucleus r>r*, then the free
energy G(r) decreases with increasing radius, and the
nucleus will grow, since the process becomes
energetically favorable. The volumetric free energy AG,
depends on the degree of supersaturation S in the system.
The greater the supersaturation, the stronger the driving
force for the formation of nuclei, and the smaller r* will
be. In the case of vapors or solutions, the degree of
supersaturation can be related to the concentration or
pressure of the system. AG,=—kgTInS. Then the critical
radius can be rewritten as: r*=2ykgTInS, where: kg is the
Boltzmann constant, T is the temperature, S is the degree
of supersaturation (the ratio of the current concentration to
the equilibrium concentration). Thus, it can be concluded
that the critical radius r* is inversely proportional to the
supersaturation S and directly proportional to the surface
energy y. At high supersaturation S, the critical radius
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decreases, which facilitates the formation of stable nuclei.

In an inert atmosphere, the surface energy of iron is
usually about Yinerr = 2 J/m?. In a hydrogen atmosphere, y
can change due to hydrogen adsorption on the surface,
which reduces the surface energy. For an estimate, we can
take the value y(Hz)=1.5 J/m?. The change in volumetric
free energy per unit volume can be expressed as:
AG,=kgTInS, where: kg is the Boltzmann constant

(1.38x1072 J/K), T is the temperature in kelvins, and S is
the degree of supersaturation. For an estimate, we choose
a temperature of about T=1000 K, which is typical for the
thermal decomposition of ferrocene, and a degree of
supersaturation S=10 (which corresponds to moderate
supersaturation).

For inert gas:

AG,=kgpTInS=—(1.38x10"2%)x1000xIn(10)=—3.18x1072! J

Tinert™="2%2 J/m?-3.18x1072! J=1.26x10° m=1.26 nm

For hydrogen:

-

™=

Thus, it can be concluded that in an inert atmosphere,
the critical radius of the nucleus for iron particles is
approximately riner* =1.26 nm. In a hydrogen atmosphere,
the critical radius decreases and is r(H2)*~ 0.94 nm. In a
hydrogen atmosphere, the critical radius is smaller than in
an inert atmosphere. This is due to the fact that hydrogen
is adsorbed on the surface of iron particles, reducing the
surface energy y, which facilitates the formation of stable
nuclei of smaller size. Thus, the formation of iron
nanoparticles during thermal decomposition of ferrocene
will occur with smaller sizes of nuclei in a hydrogen
atmosphere, which can contribute to more intense
formation and growth of nanoparticles.

Conclusion

Ferrocene is currently one of the most widely used
precursors in the synthesis of carbon nanotubes (CNTs),
iron-containing catalysts with a controlled size of the
active component. To control the composition of the
products, it is necessary to understand the mechanism of
ferrocene  decomposition under various reaction
conditions. Intermediate compounds act either as a
stimulator of CNT growth, serve as carbon raw materials,
or as a harmful impurity, reducing the growth rate due to
the formation of undesirable volatile and polyaromatic
hydrocarbons that deactivate iron particles acting as a
catalyst. When decomposing ferrocene in a hydrogen
atmosphere, it is important to maintain a constant
temperature and hydrogen feed rate to control the degree
of hydrogenation of the thermal decomposition products
and thereby control the size and structure of the resulting
nanomaterials. To build a mechanism for the thermal
decomposition of ferrocene in a hydrogen stream, the key
reaction stages and experimental methods that can be used
to confirm the formation of products are considered. This
process can be used to obtain various nanomaterials and
catalytic systems based on iron and carbon. Depending on
the composition of the phase formed, different growth
modes of Fe nanoparticles arise under the influence of
hydrocarbons. Our results show that the composition of
the gas-phase and solid products of thermal reduction of
ferrocene depends significantly on the conditions of the
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thermal decomposition reaction and in this context the
chemistry of thermal decomposition of ferrocene requires
the involvement, first of all, in situ combination of
chromato-mass-spectrometry  methods with  X-ray
structural, optical and magnetic resonance spectroscopy.
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Appendix 1. Calculations details of the crystallite size
and microstrain values.

The crystallite size and microstrain values were
calculated using the Williamson-Hall equation:

B-cos(0) = (K-A/D) + 4-e-sin(0),

where

B is the peak half-width (FWHM) in radians, 0 is the
Bragg angle in radians,

K is the shape factor (usually taken to be 0.9 for
spherical particles)

A is the X-ray wavelength (for CuK, is 0.15406 nm),

D is the crystallite size,

€ is the microstrain.

Calculation steps

Step 1. Determine the peak half-width () and Bragg
angles (0).

Initial data for the iron phase:

201(Fe)=44.7°, 20,=65.0°, 20;=82.5%

Half-widths: 1=0.8°, »=0.9°, B3=1.0°

Converting them to radians

B(rad) = Bx(w/180)

O(rad) = (26/2)xn/180)

Step 2. Plot a graph of $-cos(8) versus sin(0).

Step 3. Perform a linear regression using the equation:
y=kx+b

Where:

y=p-cos(),

x=sin(0),
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The slope (k) gives 4e,

The y-intercept (b) is used to estimate the crystallite
size

Step 4. Calculate the microstrain: € = (k/4).

Step 5. Calculate the crystallite size (D) from the b-
intercept: D =K-M/ b

Calculation example

For the first line:

B1=10.8°=0.01396 rad, 61=22.350=0.3899 rad.
Calculate:
Bi-cos(01)=0.01396-c0s(0.3899)=0.0130
sin(0;)=sin(0.3899)~0.3800

After performing linear regression on all data, we get:

k=0.000812, which gives € = (0.000812/4)
=2.03x10-4,
Intercept  b=0.0140, which corresponds to

D=0.9%x0.154060.0140~10.95 nm

Appendix 2. Code for numerical calculations and
plotting of graphs in Fig. 5.

python

import numpy as np

from scipy.integrate import solve ivp

import matplotlib.pyplot as plt

# Constants

ks = 0.01 # Dissociation rate constant of ferrocene
(s*-1)

kg =0.001 # Growth rate constant of clusters (s"-1)

J=1e-5 # Nucleation rate (clusters/s)

# Initial conditions

initial FeCsHs = 1.0 # Initial concentration of
ferrocene (arbitrary units)

initial Fe = 0.0 # Initial concentration of Fe atoms
(arbitrary units)

initial_clusters 0.0 # Initial concentration of
clusters (arbitrary units)

initial n = 1.0 # Initial number of atoms in a cluster
(small seed)

# Define the system of differential equations
def system(t, y):
FeCsHs, Fe, clusters, n=y
d FeCsHs dt = -k d * FeCsHs # Dissociation of
ferrocene
d Fe dt =k d * FeCsHs - k_g * Fe * clusters #

Change in Fe concentration
d clusters dt=J-k
clusters (number of clusters)
d n dt=k g* Fe # Growth of cluster size (atoms
in a cluster)
return [d_FeCsHs_dt,
d n_dt]

* Fe * clusters # Growth of

d Fe dt, d clusters dt,

# Time span for the simulation

time_span = (0, 5000) # Simulation time in seconds

initial _conditions [initial FeCsHs, initial Fe,
initial_clusters, initial n]

# Solve the system of differential equations

solution solve_ivp(system, time_span,
initial_conditions, method='RK45', t eval=np.linspace(0,
5000, 1000))

# Extract results

t = solution.t

FeCsHs_concentration = solution.y[0]
Fe concentration = solution.y[1]
clusters_concentration = solution.y[2]
cluster_size = solution.y[3]

# Plotting results

plt.figure(figsize=(12, 8))

plt.plot(t, FeCsHs_concentration, label="Ferrocene
(Fe(CsHs),) Concentration”, color="blue")

plt.plot(t, Fe concentration, label="Fe
Concentration", color="orange')

plt.plot(t, clusters_concentration,
Concentration", color='green')

plt.plot(t, cluster_size, label="Cluster Size (atoms)",
color="red")

plt.xlabel("Time (s)")

plt.ylabel("Concentration / Size (arbitrary units)")

plt.title("Time Evolution of Iron Atom Concentration
and Cluster Growth")

plt.legend()

plt.grid(True)

plt.show()

Atom

label="Cluster
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BruiuB TepmMivHOro BigHOBJIeHHs Y moToui Hz HA CkiIax NPOAYKTIB PO3KJIaLy
¢eppoueny
! [ncmumym kamanizy ma neopeaniuynoi ximii, m. Baky, Azepbaiioscan;

2 A3epbatiosrcancokuil Oeparcagnull yHisepcumem Hagpmu ma npomuciroeocmi, M. baxy, Azepbaiioxcan,
3 Vuieepcumem Xazap, m. baky, Aszepbaiiosican, sevinj.nasib.osmanli.26(@gmail.com

HocmimxeHo rasodasni ta TBepaodasHi HPOAYKTH, LIO YTBOPIOIOTHCS MiJ Yac TEPMIYHOTO BiTHOBICHHS
(eppolieHy B OTOLI BOAHIO B iHTepBaii Temmepatyp 373—1073 K. o inenTudikoBaHux ra3odasHuX MpOIYKTiB
HaJIeXaTh METaH, eTaH, NIPoIaH, OyTaH, n-IICHTaH, 7-TeKCaH Ta IUKIONEHTAalieH, TOI K TBepao(ha3Hi MPOIYKTH
MPE/ICTaBICHI HAaHOPO3MIPHUMH YaCTHHKAMH 3aji3a Ta Byrielo. OTpUMaHO TeMIepaTypHi 3aleXHOCTI BMiCTy
BUSIBJICHHX ra30oda3zHux npoaykris. [Toka3aHo, 110 yTBOPEHHs HAHOYACTHHOK 3aJ1i3a i/ 9aC TEPMIiYHOTO PO3KIIALY
¢deppoueny B aTmocdepi BOJHIO CYNpPOBOKYETHCS (OPMYyBaHHSIM METAJCBOTO 3aji3a, KapOigy 3aiiza Ta
aMOp(HOTO BYTJIENIO, MPUUOMY iXHIH BMICT y TBEpAMX 3alMIIKaX ICTOTHO 3aJIKUTh BiJl YMOB peEaKiii.
Bcranosneno, mo B aTMocdepi BOJIHIO IPOLEC 3apOIXKEHHS BiJOYBAETHCS 3 YTBOPSHHSM SJIEp MEHIIIOTO PO3MIpY,
110 CIpHsi€ IHTEHCUBHIIIOMY (YOPMYBaHHIO Ta POCTY HAHOYACTHHOK. CKIIaJl TBEpANX 3AJIHIIKIB peaKLii TepMigHOTO
posknany GeppolieHy Moxe OyTH KepOBaHO 3MiHEHHUH LIIIXOM BapirOBaHHs €KCIIEPHMEHTAIBHHX YMOB — 4acy
peakiii, TemnepaTypy Ta KOHIEHTpaLll 3aJ1i30BMiCHOTO NMpeKypcopy. MarHiTHI BIacTUBOCTI TBEPAHUX NPOIYKTIB
peaxii TakoXK MOXKYTh MOJYJTFOBATHCS 3aJI€XKHO BiJl CTPYKTYpPH Ta (pa30BOTO CKIIaTy YaCTHHOK.

Kurouosi cioBa: deppolieH, TepMidHe BiJHOBICHHS, ra3odasHi MpoayKTH, TBepAo(a3Hi MPOIYKTH, 3al1i30,
HAHOYACTHHKH Kap0iay 3aii3a, peHTreHoCTpyKTypHHui ananiz (XRD), dbepomarnitauii pesonanc (FMR).
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