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Abstract
Iron, cobalt and Fe-Co catalysts were prepared by conventional precipitation (coprecipitation for Fe-Co) method for the synthesis of nano-particles, using CO2 as the carbon
precursor by catalytic chemical vapor deposition. Synthesis was done in a thermo gravimetric
analyzer at different temperatures ranging from 450 oC to 1000 oC particularly for Fe-Co nano
particles. Products were then evaluated using the FESEM, TEM, XRD and EDS analyses.
Nano-particles of pebble-like shapes with some of conjoined shapes were observed at different
temperatures for Fe, Co and Fe-Co. It was also observed that increase in temperature not only
enhanced the size of the nanoparticles but it also led to a greater sphericity and crystallinity of
the nanoparticles. For Fe-Co alloy, the dimensions of nanoparticles were found using FESEM
to be 51±1 nm, 54±1 nm, 72±1 nm and 165±1 nm at 500, 600, 700, and 800°C, respectively.
TEM also shows similar results to that of FESEM. XRD results show that at lower temperature
(500 oC), products are amorphous in nature but at higher temperature (800 oC), the peaks
became much longer and sharper indicating the crystalline nature of Fe-Co nanoparticles. CO
disproportionation reaction was discussed and equations for equilibrium constant and mole
fraction ( 𝑦𝐶𝑂 and 𝑦𝐶𝑂2 ) were developed. It was observed that CO decomposition is
thermodynamically limited from 520 to 800 oC which led to carbon deposition on the catalyst
as observed by the carbon presence in EDS, XRD and TEM images i.e. the encapsulation of
thin layer of carbon on the Fe-Co particles.
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1. Introduction
The study on nano-particles has become a very important field of research particularly in
materials science. Metal nano-particles often show exciting electronic, magnetic, optical, and
chemical properties, which depend on their size, shape, surface composition, and surface
atomic arrangement [1-7]. Among all magnetic materials such as metals and their oxides, cobalt
and iron are well-known for their excellent magnetism. In addition, cobalt has been found to
improve the coercivity of material (higher coercivity of Fe–Co alloys) as compared to pure iron
[8]. The produced alloy (Fe–Co) can be used in various engineering applications due to its
good, soft magnetic properties [9]. This nano-composite material is expected to have superior
magnetic properties under high frequency and temperature operation, in contrast to usual
ferrite.
Due to the high vulnerable surface area of metal nano-particles, they are easily oxidized in
air atmosphere. Also in biomedical applications the metallic core has to be protected from the
biological environment by a biocompatible and chemically stable coating [10]. Thus, to make
these metal nano-particles practically applicable, it is necessary to coat them with air-stable
materials like carbon. Carbon-encapsulation provides an in-expansive way to protect the
nanoparticles from oxidation [11]. Carbon-encapsulated metal nano-particles consist of
composite material with a metallic core and carbon shell structure on the nano-scale. The
nanostructures of these carbon-encapsulated metal nano-particles regularly reveal unique
phase, size and shape, which significantly influence their physical and chemical properties [12].
Physical properties of carbon-encapsulated metal nano-particle such as the saturation
magnetization and the coercivity are considerably affected by the alloy formation and the
microstructure. Therefore, control over the microstructure in terms of the internal strain, crystal
structure and grain size (or particle size) is required to considerably improve the magnetic
properties during the fabrication of nano-structured materials [13]. Due to aforementioned
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properties, it has been used widely in different array of applications such as energy conversion
and storage [14-16], batteries [17,18], hyperthermia [19], bio-imaging [20], water remediation
[21], oxygen reduction reaction [22], microwave absorption [23], catalysis [24-26], MRI
contrast agent [27], magnetorheology and magnetic data storage [28-30] and pollutant removal
[31-33].
Several physical, chemical and mechanical methods exist for the synthesis of nano-particles
such as electric arc discharge [34], laser ablation [35], chemical vapour deposition (CVD) [23,
36-39], detonation [40], solvothermal [41], pyrolysis [42-44] and ultrasonication [45]. The
chemical synthesis of nano-particles has rapidly grown with a great potential in the preparation
of high quality nano-particles at relatively low cost because of using moderate temperature
(less than 1000 oC). As CVD technique is well established, gives high yield, and has the ability
to scale-up, so these additional merits make CVD method more advantageous compared to the
rest of the methods [36, 39, 46-48]. In the CVD method, the flowing gas can be a carbon-rich
source (e.g. C2H2, CH4, C2H5OH, CO2 etc.) in the presence of a metal catalyst at elevated
operating temperature. Under these conditions, the gaseous carbon molecules decompose, and
subsequently converted into carbon coating [49, 50]. Since Fe–Co nano-particles are used in
the computer read/write heads and microelectromechanical systems as magnetic recording
write head and microactutors [51, 52] and in the electronic bearings and power generators of
aircraft engines [53, 54] so there is interest in the preparation of Fe–Co nanoparticles. For this
purpose, in the present study, CCVD method was applied to synthesize carbon coated metallic
nano-particles particularly Fe-Co alloys by varying different operating temperatures under
carbon dioxide environment in TGA reactor. Carbon dioxide was selected as the carbon source
due to its low price, availability and low toxicity in producing and coating of nano-particles.
Firstly Fe, Co and Fe-Co metal catalysts were prepared by precipitation (co-precipitation)
method and later carbon coated nanoparticles were synthesized by the reduction of CO2 using
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CVD process at different temperatures. Effect of temperature on the carbon encapsulated
nanoparticle’s growth, dimension and nature of Fe, Co and Fe-Co was studied under carbon
dioxide environment in TGA reactor. Thermodynamic study of CO2 reduction (the CO
disproportionation (carbon deposition by CO2 reduction)) was also the part of this work for
which the equilibrium constant and mole fraction relations were developed and studied with
respect to temperature. The use of inexpensive carbon precursor in a very simple and cheap
setup for the synthesis of carbon coated nanoparticles at different temperatures leads to the
novelty of this work. The produced nanoparticles were characterized by means of scanning and
transmission electron microscopies (SEM, TEM), x-ray diffraction (XRD) as well as Energydispersive X-ray spectroscopy (EDS).
2. Experimental
2.1. Materials
The chemicals (Fe(NO3)3·9H2O, Co(NO3)2·6H2O and ammonia) were all of analytical
reagent grade and used without any further treatment. Carbon dioxide with high purity (99.5)
was used as the carbon source. The deionized water of resistivity >18MΩ was used for making
all solutions.
2.2. Catalyst preparation
The catalysts were prepared via the precipitation method with iron (Fe) and cobalt (Co) as
the metallic materials. In the precipitation method, 20 g of Fe(NO3)3·9H2O was dissolved in
50 ml of water and ammonia solution of 0.1 M was added into the solution at atmospheric
condition until pH reading of 8 was reached. The mixture was left for 2 hours; and then filtered.
The solids from the filter were dried in the oven at 110°C overnight and calcined at 450°C in
the air for 3 hours. The same method was used to prepare cobalt catalyst. In the preparation of
Fe–Co co-precipitation method was used. For that purpose, 20 g of each Fe(NO3)3·9H2O and
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Co(NO3)2·6H2O were dissolved in 100 ml of water. The subsequent steps were the same as
those for the preparation of both Fe and Co catalysts, with the exception that the solids obtained
from the filter were dried at 90°C overnight.
2.3. Synthesis of nano-particles
For the synthesis of nano-particles, the catalyst (Fe, Co or Fe–Co) of about 84 mg was
placed in a thermo gravimetric analysis (TGA/SDTA851e Ultramicro Balance of Mettler
Toledo) reactor. At the beginning, the sample was heated in the presence of nitrogen to drive
out the air. Then, carbon dioxide was introduced with a flow rate of 50 ml/min as temperature
was increased gradually from 450 to 1000 °C to evaluate the effect of synthesis temperature on
the structure of nano-particle. The heating rate was set at 10 K/min and the sample was
remained at final temperature for about 2 hours. Afterwards, the system was cooled down to
room temperature in nitrogen atmosphere. The mass change in catalyst was also recorded.
2.4. Characterization of nano-particles
Field Emission Scanning Electron Microscopy (FESEM) analysis was performed by means
of a Auriga-39-22 FESEM with an accelerating voltage used between 1 and 10 kV equipped
with an EDAM III energy dispersive X-ray (EDS) analysis unit. FESEM images were used to
observe the surface morphology of particles formed at different reaction temperatures. The
chemical compositions of particles were investigated by the EDS analyses. For the observation,
the samples were analyzed in a vacuum system between 9.85×10-7 mbar and 6.59×10-3 mbar.
High-resolution transmission electron microscopy (HRTEM) was performed using a FEI
Tecnai F 30 TEM with field emission gun at 300 kV. A Miniflex X-ray diffractometer (XRD)
with Cu Ka radiation was used at room temperature to identify the crystal structure. The
powders were first dispersed in ethanol and inserted in ultrasonic bath for 30 min and then the
suspension was dispersed drop wise onto a glassy carbon slide to make a thick film.
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3. Results and discussion
3.1. Characterization studies
3.1.1. Thermo-gravimetric (TG / DTG) studies
TG and DTG profile vs reaction time and reaction temperature over Fe-Co catalyst at 500
o

C is shown in figure 1. The TG profile (black line) reflects the mass loss percent vs temperature

during the synthesis process of nano particles upto 500 oC. TG profile (red line) reflects the
mass loss percent vs time for the whole process (isothermal and non-isothermal). As
temperature increased, a steady mass loss was observed with sharp decrease in mass as
temperature approached 500 °C. The sample then continued at its steady mass loss, as the
temperature was fixed at 500°C until the reaction time (2 hrs) was over. At the end of reaction
time, the release of volatile molecules was still taking place which shows that longer reaction
time is required to determine when it will stop. In addition, there was no gain of weight
observed indicating no oxidation process occurred. DTG curve (blue line) gives the idea about
the mass loss variation from the sample while heating during the synthesis process [55]. The
peaks of mass loss at 100 -150 oC is related to water loss, which is approximately 33.92 % with
respect to overall loss of the sample. This water loss occurs in two steps, dehydration and
adsorbed water molecules [26, 56]. The peaks at 300 - 400 oC reflect mass loss either due to
volatile matter removal from the sample or may be due to decomposition of carbon layers as
reported by Sankar et al. [57]. This percentage loss is about 15.70% with respect to the total
loss of sample. At higher temperatures, the changes occur in DTG curve indicates phase and
magnetic transitions [58]. These results validate the carbon coating on the Co-Fe alloy, which
is expected to give significant influence on the electrochemical performance. The same trends
(as reflected in figure 1) were observed for all samples related to the production of nanoparticles. The results of overall mass loss in TGA of the few samples are summarized in Table
1. Data in table show that higher mass loss takes place at high temperature. Sample 5 has the
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largest mass change as the reaction temperature was set the highest at 600°C; whereas sample
4 has the smallest mass change as the reaction temperature was lowest at 450°C. This table also
shows that at 500 oC almost same amount of mass loss occurs at all samples used. However,
the mass loss is relatively small in case of Co than the rest of the samples (Fe, Fe-Co) at the
same conditions.
3.1.2. Field Emission Scanning Electron Microscopic studies
Figures 2-4 are the FESEM images of the nano-particles produced under the synthesis
conditions at different temperatures. All images indicate the formation of nano structured
material after introducing carbon dioxide on the three catalysts (Co, Fe, Fe-Co). The images
show homogeneous, packed distribution of the nano-particles and this was well established that
all the three catalysts were active in the formation of carbon nano-particles, and the
morphologies exhibit pebble-like shapes, with some of conjoined shapes. Figure 2 is the
FESEM image of nano-particles on Co catalyst with average dimensions of 93±1 nm. This
shows almost all cobalt particles are homogeneous in shape and size and they have flaky
surface. However, there are very few particles of smaller dimension (47±1 nm) and a very few
of bigger dimensions (132±1 nm). In other words, these particles are in the range from 47±1 to
132±1 nm. Since the particles are uniformly distributed, the cobalt surface has homogeneous
properties. It is also visible in figure 2 that increase in final temperature causes an increase in
nanoparticle sizes and change in their shapes. At the final temperature of 450 oC (Figure 2a),
as mentioned earlier the average particle size is about 93±1 nm. However, by increasing the
final temperature to 500 °C, more homogeneity in the size and shape of nano-particles are
found in the produced samples. Growth of the smaller particles cause decrease in free spaces
between the nano-particles. Furthermore, shape of these nano-particles becomes more
spherical. Increasing the temperature to more than 500 °C (average particle size of 107±1 nm
i.e. Fig 2b) causes an increase in nano-particle size as well as particle size distribution.
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Adherence of the growing particles is visible in the final temperatures over 500 °C, which
makes an almost even surface of nano-particles without any space between them at temperature
of 650 °C (Fig. 2d) with an average particle size of 190±1 nm. This increase in size of
nanoparticles with the increase of temperature indicates the dominancy of the growth stage
over the nucleation stage as these two stages (nucleation and growth stages) are involved in
metal nano-particle formation. In other words, smaller particles are obtained when the
nucleation stage becomes predominant during the synthesis of the particle. On the other hand,
when the growth process becomes dominant, bigger particles are obtained. Figure 3(a) shows
nanoparticle on Fe catalyst nano particles with average dimensions of 44±1 nm. The Fe
particles are smaller in size with non-uniform size and distribution. In addition, they are also
irregular in shape. Hence, this gives much more heterogeneous surface properties. However,
size of these nano-particles are about half of cobalt ones. Similar to cobalt, increase in final
temperature causes an increase in size of growing nano-particles and therefore decreases in
spaces between them. At 450 oC, the average nanoparticle was found to be 44±1 nm (Fig. 3a),
however, at 500 oC (Fig. 3b), 600 oC (Fig. 3c) and 650 oC (Fig. 3d), the average particles were
found to be 49±1 nm, 54±1 nm and 67±1 nm, respectively. Shape of the produced nanoparticles at temperature of 600 °C is also spherical than the other iron samples. This sample
also shows narrower particle size distribution in its surface than the other samples.
Figures 4 shows the nano-particles produced using Fe-Co catalysts at wide range of
temperatures ranging from 450°C to 1000 oC. When the temperature was increased, the pebblelike structure showed greater sphericity and increased in sizes [59]. Heating the produced
samples under flow of CO2 until 450 °C (Fig. 4a) did not produce well-developed nanoparticles, which shows that the final temperature was not sufficient for the nano-particles to be
developed notably. However, as can be seen in Fig. 4b, increasing the temperature to 500 °C,
increases density of nano-particles on the surface of metal and their growth increases. Effect

9

of temperature on nano-particles of Fe-Co can be seen in Fig. 4 (b, c, d, and f) for the final
temperatures of 500 °C to 800 °C is similar to that of iron and cobalt samples. However, the
size of the produced nano-particles in Fe-Co samples are between those of iron and cobalt
samples i.e. 51±1 nm at 500 oC, 55±1 nm at 600 oC, 72±1 nm at 700 oC and 165±1 nm at 800
o

C. It shows that on the Fe-Co catalyst, the reaction temperature played an important role in the

synthesis process, as the size of nano-particles increases when temperature is increased. From
figure 4g of FESEM, it can also be seen that at very high temperature i.e. 1000 oC, not only
increased the size of the particles but also converted spherical particles into platelets of average
size of 682±1 nm. Additionally, it seems that platelets are in layer and diffused into one another
with no space between them as shown in Fig 4g and Fig 4g1. This may be due to the partial
sintering of the formed metallic phase at higher temperature compared to lower temperature
where the surface facilitates the diffusion of CO2 [59]. In terms of particle sizes, it can also be
said that addition of Fe in Co (Fe-Co) shows the dominant effect of Fe on Co as the size of the
produced nano particle are close to the Fe particle sizes. e.g. at 500 oC and 600 oC, the average
size of Fe nanoparticles are 49±1 nm and 54±1 nm and for the Fe-Co catalyst the average size
of nanoparticles are almost the same i.e. 51±1 nm and 55±1 nm respectively. This clearly shows
the dominancy of the Fe on Co nanoparticles during the synthesis process.
3.1.3. XRD, EDS and HRTEM studies
Diffraction peaks of XRD data correspond only to the Fe-Co alloy at two different
temperatures i.e. 500 oC and 800 oC are recorded and presented in figure 5. These temperatures
are selected based on the CO disproportionation reaction which is kinetically and
thermodynamically limited from 520 oC to 800 oC. From XRD, it was observed that at lower
temperature i.e. 500 oC, the peaks were broader with low intensities indicating amorphous
nature of the particles. However, with the increase of temperature i.e. 800 oC, the peaks became
sharper with high intensities compared to lower temperature indicating that intensity increases
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with the increase of temperature. The broadening of the peaks at lower temperature can also be
attributed to the small particle size and sharper peaks with high intensities at higher temperature
can be designated to the large particle size of the nanoparticles as reported in literature. This
increase of intensity with the increase of temperature has also been reported by number of
researchers [60 - 67]. Very recently, Amani-Beni and Nezamzadeh-Ejhieh, [65] presented
XRD data for NiO and they claimed that the intensity of the peaks were increased by increasing
the calcination temperature confirming the better crystallinity. They also claimed that peaks
were broadened at lower temperature and thereafter narrower peaks were obtained, confirming
the formation of smaller crystals at lower temperatures [62, 63, 68]. Senobari and NezamzadehEjhieh, [60] also recently reported that crystallinity of the photocatalyst (CuO-NiO) composite
increases with the increase of temperature and hence aggregated particles are produced of
which the peak width decreases with the increase of temperature [60, 65, 69]. These results
indicate that peak intensity has direct relation with particle size. Mandal et al. [70] presented
XRD patterns of different particle sizes of NiFe2O4 spinel ferrites nanoparticles and they
observed that peaks became sharper with the increase in particle size [71, 72]. In XRD, the
crystal planes at 110 and 200 correspond to the 2θ values of 44.81o and 65.29o belong to body
centered cubic (BCC) phase of the Fe-Co alloy nanoparticles. The same phase behavior has
been observed by many researchers [3, 13, 73-75]. Gurmen et al. [3] observed two main peaks
of BCC crystalline phase of Co-Fe at the diffraction angles of 45o and 65o. Kodama et al. [75]
synthesized Fe-Co nanoparticles using different metal ion concentrations and they observed
the same BCC crystalline phase of Co-Fe alloy. However, they reported that the peak width at
low concentration was comparatively broader than high concentration. In other words, bigger
particles are formed at higher metal ion concentration. Wang et al. [73] also observed BCC
crystalline phase however, they also observed face centered cubic (FCC) phase along with BCC
phase. They also claimed that crystalline nanoparticle phases are dependent on Co contents in
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Fe-Co alloy. They examined that the alloy contains less than 40wt% of Co, then have BCC
structure and if the Co content exceeds 40wt%, the reflection of FCC can be distinguished. Wu
et al. [76] fabricated the carbon encapsulated Fe-Co alloy nanoparticle using melamine as a
carbon precursor. They also observed BCC structure, however they noted that the peak
intensity of BCC Fe-Co decreases with increase of Co/Fe ratio. However, no sign of FCC phase
structure is observed in our sample indicating that Co loading in our sample is less than 40wt%.
EDS results in figure 6(c) also confirm that Co loading is less than 40% in Fe-Co alloy i.e.
35.83%.
In addition, at 800 oC, a very tiny peak at the 2θ value of 25.97o is observed which may
correspond to the crystal plane of carbon as shown in Fig 5. Sankar et al. [57] also observed
the broad diffraction peak of carbon in the carbon coated CoFe2O4 at 2θ of 20 - 30o. Wu et al.
[73] reported the carbon peaks C (002) at the 2θ value of 25.97o at different molar ratio of FeCo (1:1) to the carbon nanotubes and they noticed that relative intensity ratio of Fe-Co (110)
peak to C (002) peak is increased with the increase of Fe-Co to carbon molar ratio. This peak
at 800 oC may be appeared due to the reduction of CO2 on Fe-Co ferrite nanoparticles.
However, there was no obvious peak noticed at 500 oC. As CO disproportionation is more
favorable at higher temperature as a result a carbon peak is observed at higher temperature
rather than lower temperature. Tamaura and Tahata, [77] reported the complete reduction of
CO2 to C at 290 oC using bivalent metal oxides (ferrites) such as Fe, Ni, Co, Cu, Zn, Mg, and
Mn etc. However, they used oxygen deficient ferrites represented by the general formula
MxFe3-xO4-δ. The following reaction (1) for the CO2 reduction on ferrite may occur as proposed
by Tamaura and Tahata, [77].
𝑀𝑥 𝐹𝑒3−𝑥 𝑂4−𝛿 + 𝛿⁄2 𝐶𝑂2 → 𝑀𝑥 𝐹𝑒3−𝑥 𝑂4 + 𝛿⁄2 𝐶(𝑠)

(1)

where M is the bivalent metal as mentioned above and δ is the reduction degree of ferrite.
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In above reaction (1), O2 in the CO2 is transferred in the form of O2- to the oxygen deficient
MxFe3-xO4-δ. The C in the CO2 is reduced to C by the addition of an electron donated from
MxFe3-xO4-δ so as to maintain electrical neutrality during the transfer of O2- to MxFe3-xO4-δ.[77,
57]. Zheng et al. [78] reported the reduction of scCO2 as a carbon source and the alkali metals
(Na, Li) as the reductants to synthesize CNTs under reaction temperature of 600 – 750 oC.
Hwang and Wang, [79] found that CO2 reduction is mainly dependent on the compositions of
the metal oxides and they claimed that Mn-Zn ferrites were much better than Mn-Ni ferrites.
Lou et al. [80] used CO2 as a carbon precursor for the synthesis of carbon nano materials (nano
tubes) at the temperature and pressure values more than the supercritical state of CO2 (critical
point, 31 oC, 73 atm). In addition to it, they used longer reaction time about 10 hrs and they
were able to synthesize carbon nano-tubes in an autoclave. However, they used Li as the
reductant and the main products produced were carbon and Li2CO3 after reaction at 550 oC for
10 hrs. Xu and Huang, [81] successfully used CO2 as carbon source for the synthesis of carbon
nanotubes by CVD over Fe/CaO catalyst at a ratio of 1:10 using 45 minutes of reaction time at
the temperature range from 790 to 810°C. They observed that nano tubes were formed at the
temperature above 790 oC. Further increase in temperature, led to a branching structure of nano
materials (main product) and at temperature above than 810 oC, no nano tubes were produced.
In CVD process, the growth mechanism for the production of nano materials is generally
related to the dissociation of carbon precursors in to carbon atoms, dissolution and saturation
of these atoms in the catalyst metal particles and further precipitation into tubular carbon
deposits as suggested by Xu and Huang, [81]. In the present process, nano-particles were
successfully produced with smaller dimension at a relatively low temperature of 450°C and
bigger dimension particles at high temperature of 800 oC, as the catalysts were packed loosely
for efficient contact with the CO2. However, during this process nanotubes were not formed
which might indicate that cobalt oxide was acted as a support. As reported by Xu and Huang,
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[81] that carbon nano tubes were not formed when normal catalysts supports such as MgO,
SiO2 and Al2O3 etc. were used. They also suggested that catalyst support is an important factor
in the process of CO2 decomposition and it will enhance absorption of CO2 on the catalyst
surface. So for the synthesis of nano particle, cobalt would enhance the absorption of CO2 and
would accelerate the decomposition of CO2. On the other hand, the role of iron would be to
catalyze the nanoparticle growth in the reaction process. Based on the data the typical
characteristic peaks at 2θ values of 25.97o, 44.81o and 65.29o in XRD data of the sample shown
in figure 5 have good agreement with the literature as well.
The EDS results presented in Fig. 6 also indicate the formation of carbon on all metal oxide
samples used. The presence of carbon peaks indicates the effective CO disproportionation
reaction because of which carbon peaks are appeared. The percent of carbon presence seems
to be less in case of cobalt (1.22 wt%, figure 6a) than iron (1.94 wt%) and Fe-Co catalysts (4.52
wt%) as shown in the figures 6b and 6c, respectively. EDS analysis also indicate that mole ratio
percents of C with respect to each metal is higher in Fe-Co catalyst than iron and cobalt
catalysts. Mole ratio percents of C/Co, C/Fe and C/Co-Fe catalysts were found to be 7.4%,
13.67% and 27.36%, respectively. In addition, no impurity observed in the chemical
composition shown in the tables embedded in the figure 6 (a,b,c) of the particles caused by
other reaction products. However, it was observed that the weight percent of cobalt and iron
are not same for Fe-Co catalyst i.e. weight percent of Fe is higher than Co. HRTEM analysis
was also performed for cobalt, iron and Fe-Co catalysts at 600 oC as shown in figure 7 (a, b,
c). This temperature is selected because of the CO disproportionation reaction which is
kinetically and thermodynamically limited from 520 oC to 800 oC (Fig. 8). The resolution of
the HRTEM image is not up to the mark indicating that the materials under study are magnetic
i.e. particles are carbon coated [10]. The size of the particles are almost same as that found by
the FESEM analysis. The average size of Co-Fe catalyst is found to be c.a. 55 nm. From the
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HRTEM images of Co-Fe catalyst, thin layer is encapsulated over the surface of catalyst having
thickness of about 2-3 nm. This layer is most probably carbon deposition [10] which is formed
due to CO disproportionation reaction. El-Gendy et al. [10] found the Fe and Co spherical
nanoparticles encapsulated with C. They observed the thickness of the carbon layer
encapsulating the core particles amounts to 3–7 nm. In the case of Co, the carbon shells are
rather similar to Fe but the core size distribution is slightly different. However, for the synthesis
of the carbon coated Fe and Co nanoparticles, they used ferrocene and cobaltocene as
precursors, respectively by using high pressure CVD process.
3.1.4. CO disproportionation process and its thermodynamic study (equilibrium constant and
mole fraction relation)
Carbon dioxide reduction reactions for the CVD technique in which either a classical
catalyst with supports or a floating catalyst is used as follows in reaction (2) as suggested by
Simate et al. [59]:
2CO2 (g) → 2CO (g) + O2 (g)

(2)

The produced carbon monoxide has a simple disproportionation reaction as given below in
equation 3, making it an ideal precursor for nano material synthesis:
2CO (g) → C (s) + CO2 (g)

(3)

This later reaction is an exothermic reaction as that of negative heat of reaction (ΔH = -171
kJ/mol) and hence it proceeds toward the initial product at high temperatures.
Thermodynamic study on the disproportionation reaction of CO for the Gibbs free energy
with temperature is shown in figure 8. This data lead to the thermodynamic equilibrium
constant relation as given below:
175.76∗𝑇−171410

𝐾 = 𝑒𝑥𝑝 (

𝑅∗𝑇
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)

(4)

where, T is in K for a range of temperature from 350 oC to 1000 oC and R is the universal gas
constant and its value is 8.314 J/mol.K. The intercept value (-171410) in the equation (4) is
given as heat of reaction in J/mol. The temperature dependence of equilibrium mole fractions
of CO and CO2 at atmospheric pressure over the Fe-Co catalyst is also shown in figure 8. For
the CO disproportionation reaction, delta G was found to be negative at all low temperatures
(up to about 700 oC) and positive at all high temperature values. Gibbs energy was calculated
from the following relation (equation 5) as given by Simth et al. [82]:
∆𝐺 𝑜
𝑅𝑇

=

∆𝐺0𝑜 −∆𝐻0𝑜
𝑅𝑇0

+

∆𝐻0𝑜
𝑅𝑇

1

𝑇 ∆𝐶𝑃𝑜

+ ∫𝑇
𝑇

𝑅

0

𝑇 ∆𝐶𝑃𝑜 𝑑𝑇

𝑑𝑇 − ∫𝑇

0

𝑅

(5)

𝑇

Where ∆𝐺0𝑜 and ∆𝐻0𝑜 are Gibbs energy and enthalpy of formations at standard state and 298.15
K temperature, ∆𝐶𝑃𝑜 and ∆𝐺 𝑜 are the specific heat capacity and Gibbs energy at standard state
and 𝑇0 is the reference temperature i.e. 298.15 K. Values of the Cp constants i.e. A, B, C and
D and standard state Gibbs energy and enthalpy of formations at 298.15 K are taken from Smith
et al. [82] as shown in table 2. Other thermodynamic property such as entropy change at
standard state (∆𝑆0𝑜 ) was calculated by using the following equation (6) [82].
∆𝐺0𝑜 = ∆𝐻0𝑜 − 𝑇∆𝑆0𝑜

(6)

Based on the equation (4), the equilibrium constant values were found to be decreased with the
increase of temperature (at all temperature ranges) as expected. However relation found not to
be linear. At lower temperatures, it decreases sharply upto about 650 oC and afterwards it
decreases slowly because of the change in Gibbs energy from negative to positive. The
temperature dependence of equilibrium mole fractions of CO and CO2 at atmospheric pressure
over the Fe-Co catalyst were also calculated by assuming CO disproportionation reaction as a
gaseous reaction. In addition, the activity of the graphite carbon (𝑎𝐶 ) was also assumed to be
1. The equilibrium constant in terms of activities i.e. equation (7) comes out to be as follows:

𝐾=

𝑎𝐶 𝑎𝐶𝑂2
𝑎𝐶𝑂 2

=

𝑝𝐶𝑂2

(7)

𝑝𝐶𝑂
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Writing above equation (7) in terms of mole fraction as follows:

𝐾 = (𝑦

𝑦𝐶𝑂2
𝐶𝑂 )

2 ×𝑃

=

𝑦𝐶𝑂2 ,0 +𝑋𝐴 𝑦𝐶𝑂,0

2

(𝑦𝐶𝑂,0 −2𝑋𝐴 𝑦𝐶𝑂,0 ) ×𝑃

(8)

where a, y, p and P are the activity, mole fraction, partial pressure and total pressure,
respectively. Mole fractions of 𝑦𝐶𝑂 and 𝑦𝐶𝑂2 were obtained by equating equation (8) and
equation (4) at respective temperature using solver in excel. It is observed that the kinetic and
thermodynamic factors limit this particular reaction in the particular temperature range at
atmospheric pressure as observed by Moisala et al. [83]. However, this range is undesirable for
the dissolution of carbon and the subsequent precipitation step on the metal particles. Moisala
et al. [83] observed the kinetic and thermodynamic factors limitation for the effective CO
disproportionation reaction and found out that it happened for a temperature range of 520 –
800 oC at normal pressure. However, they claimed that this temperature range may not be
optimal for carbon dissolution and precipitation from the metal particle.
Conclusions
Carbon coated nano-particles exhibiting pebble-like shapes, with some of conjoined
shapes, or nano-beads were successfully produced under CO2 environment using CCVD
process in TGA. The reaction temperature was found to be an important parameter in
determining the nature (amorphous or crystalline), and controlling the growth (size and shape)
of the nano-particles. In FESEM, on Fe, Co and Fe-Co catalysts, increasing temperature will
lead to greater particle size, sphericity and crystallinity. On the other hand, at low temperature,
particles were found to be small and amorphous in nature. Among all produced nanoparticles
(Fe, Co, Fe-Co), the size of Fe nanoparticles were found to be the smallest at all temperatures.
Compared to FESEM, XRD shows similar results as that of FESEM. In XRD, it was observed
that at lower temperature i.e. 500 oC, the peaks were broader with low intensities indicating
amorphous nature and small particle size of the particles. However, with the increase of
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temperature i.e. 800 oC, the peaks became sharper with high intensities compared to lower
temperature indicating crystalline nature and larger particle size of the nanoparticles. It also
reflects that intensity increases with the increase of temperature. The crystal planes observed
were belong to BCC phase of the Fe-Co nanoparticles, however, no FCC phase was observed.
This indicates the dominant effect of Fe on Co in Fe-Co ferrite catalyst. In addition, the size of
the Fe-Co nano-particles is close to Fe which also reflects dominancy of Fe in Fe-Co catalysts.
This dominant effect of Fe may be due to high weight percent of Fe than Co in the sample as
noticed in EDS analysis. A very tiny peak of carbon at 2 theta value of 25.97o was also observed
at 800 oC which may be appeared due to the reduction of CO2 on Fe-Co ferrite nanoparticles.
However, no obvious peak could be noticed at 500 oC indicating that CO disproportionation
reaction is more favorable at higher temperature. Carbon deposition was also observed on FeCo ferrite at 600 oC by HRTEM and EDS analyses. In EDS, the percent of carbon presence
seems to be highest in case of Fe-Co ferrite (4.52 wt%) than iron (1.94 wt%) and cobalt (1.22
wt%). Using TEM, particle sizes of the Fe, Co and Fe-Co ferrite nanoparticles were found to
be approximately same as that of FESEM. In addition, carbon thin layer of thickness c.a. 2-3
nm was also noticed in HRTEM image of Co-Fe catalyst. Equations for equilibrium constant,
Gibbs free energy and mole fractions ( 𝑦𝐶𝑂 and 𝑦𝐶𝑂2 ) were developed and CO
disproportionation reaction for carbon deposition was studied for a wide temperature range.
The equilibrium constant values were found to be decreased with the increase of temperature.
However, Gibbs free energy were observed to be changed from negative to positive with the
increase of temperature. It was noticed that CO decomposition is thermodynamically limited
from 520 to 800 oC which led to carbon deposition on the catalyst as observed by the carbon
presence in EDS, XRD and HRTEM images i.e. the encapsulation of thin layer of carbon on
the Fe-Co particles.
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Figure captions
Figure 1. TG-DTG curves for the production of nano-particles over Fe-Co catalyst at reaction
temperature of 500°C
Figure 2. FESEM images (20 kx & 80 kx) of the carbon-encapsulated cobalt nano-particles
synthesized under CO2 environment at (a) 450 °C (b) 500 °C (c) 600 °C (d) 650 °C
Figure 3. FESEM images (20 kx & 80 kx) of the carbon-encapsulated iron nano-particles
synthesized under CO2 environment at (a) 450 °C (b) 500 °C (c) 600 °C (d) 650 °C
Figure 4. FESEM images (20 kx & 80 kx) of the carbon-encapsulated Fe-Co nano-particles
synthesized under CO2 environment at (a) 450 °C (b) 500 °C (c) 600 °C (d) 700 °C
(e) 750 °C (f) 800 °C (g) 1000 °C
Figure 5. XRD patterns of carbon encapsulated Fe-Co alloy nanoparticles at 500 and 800 oC
temperatures
Figure 6. EDS patterns of carbon-encapsulated (a) cobalt (b) iron and (c) Fe-Co nano-particles.
Figure 7. TEM images of carbon encapsulated (a) cobalt, (b) iron and (c) Fe-Co nano-particles
at 600 oC
Figure 8. Equilibrium concentration of CO disproportionation reaction for the carbon
deposition along with Gibbs energy and equilibrium constant

25

List of Tables
Table 1. Summary of the mass changes of the catalysts
Table 2. All Cp constants, Gibbs energy and Enthalpy of formations at standard state and
298.15 K.

26

0

Mass loss (%)

84.1

20

40

60

80

160
-0.0020

84.0

-0.0018

83.9

100

120

140

-0.0016

DTG
Mass loss
vs. Time

83.8

Mass loss
vs. Temprature

-0.0014

83.7

-0.0012

83.6

-0.0010

83.5

-0.0008

83.4
0

100

200

300

400

Temperature (oC)

Figure 1

27

500

-0.0006

DTG (mg/oC)

Time (min)

Figure 2

28

Figure 3

29

30

Figure 4

31

Intensity (a.u.)

800 oC
500 oC
Fe-Co(110) @ 44.81o
Fe-Co(200) @ 65.29o
C(002) @ 25.97o

20

30

40

50

60

2 Theta (degree)

Figure 5

32

70

80

Figure 6

33

34

Figure 7

35

150000
120000

0.8

K
90000

0.6

Delta G

60000
30000

0.4

0
-30000

0.2

mole fraction
0.0
600

-60000
-90000

800

1000

Temperature (K)

Figure 8

36

1200

1400

Delta G (J/mol), K

CO2 mole fraction (-) CO

1.0

Table 1

Catalyst
Fe (Sample 1)
Co (Sample 2)
Fe-Co (Sample 3)
Fe-Co (Sample 4)
Fe-Co (Sample 5)

Final
Temperature
(oC)
500
500
500
450
600
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Over all
Mass Loss
(mg)
0.6530
0.6179
0.6450
0.3958
0.6979

Table 2

Components
CO
CO2
C

A
3.376
5.457
1.771

∆Cp constants
B×103 C×106 D×10-5
0.557
0
-0.031
1.045
0
-1.157
0.771
0
-0.867
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∆𝑯𝒐𝟎
(J/mol)
-110525
-393509
0

∆𝑮𝒐𝟎
(J/mol)
-137169
-394359
0

∆𝑺𝒐𝟎
(J/mol.K)
89.364
2.851
0

