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ABSTRACT: Recently, we have reported the influence of various (C.H),Fe FO.02RQ A2 [0 || me ) .
reaction atmospheres on the solid-state reaction kinetics of _ : (“’Fe‘o’);;

ferrocene, where oxalic acid dihydrate was used as a coprecursor. - Cre ¢

In this light, present study discusses on the nature of decomposed )

materials of the solid-state reactions of ferrocene in O,, air, and N, ,)01/"\" 0

atmospheres. The ambient and oxidative atmospheres caused the A @

decomposition to yield pure hematite nanomaterials, whereas FO-N2

cementite nanomaterials along with a-Fe were obtained in N, g TO

atmosphere. The obtained materials were mostly agglomerated.

Elemental composition of each material was estimated. Using the e

absorbance data, the. energy k.)and gap values were estimated z?nd (COOH),2H,0

the related electronic transitions from the observed absorption C

spectra were explored. Urbach energy was calculated for hematite,
which described the role of defects in the decomposed materials. The nanostructures exhibited photoluminescence due to self-
trapped states linked to their optical characteristics. Raman spectroscopy of hematite detected seven Raman modes, confirming the
rhombohedral structure, whereas the D and G bands were visible in the Raman spectra for cementite. Thus, the reaction atmosphere
significantly influenced the thermal decomposition of ferrocene and controls the type of nanomaterials obtained. Plausible reactions
of the undergoing solid-state decomposition have been proposed.

1. INTRODUCTION the nanometric range is a complex as well as challenging part of
research because of the delicate balance among the various

Over the last few decades, iron-based nanomaterials have been :
phases of the dominant components.

drawing huge research due to their wide range applications,

including catalysis, data storage, environmental remediation, Organoiron compound ferrocene, (CsHs),Fe, has been used
disease diagnostics, and therapy.l_5 Among different known profusely either as a precursor or catalyst for synthesis of
iron oxides, hematite (a-Fe,0;) nanostructures are popular various iron-based nanostructures.'®7*”**73! Ferrocene, solid
due to their unique properties and uses in many different at room temperature with mp at ~450 K and bp at ~522 K,
sectors.”*°7'" Hematite, with its corundum rhombohedral undergoes complete sublimation.”” Above ~773 K, ferrocene
structure, is found to be the most stable iron oxide in an vapor decomposes to metallic iron along with several gaseous
ambient atmosphere. Additionally, it can serve as the starting products (e.g., CH,, Hz)-33 However, under inert and oxidative
material for the production of magnetite (Fe;0,) and atmospheres, the sublimation occurs below 500 K.**

maghemite (y-F e203).11 HematiFe with bandgap of around Remarkably, the presence of oxalic acid dihydrate (COOH),:
22 eV, acts as an n-type semiconductor and possesses a 2H,0 stops the sublimation of ferrocene and yields hematite

magnetic spin-flop transition at ~260 K."* Conversely, iron below 450 K in air.”” Notably, bare oxalic acid dihydrate
carbides have found useful applications in different fields,

particularly because of their magnetic, catalytic, and mechan-
ical properties.””'>'* Structurally, they are intermetallic
compounds consisting of iron and carbon that range in
composition from FeC to Fe,C. Among these different forms
of iron carbides, cementite (Fe;C) is the most popular, and it
possesses an orthorhombic crystal structure and huge
application potential.”'>~"” Study of iron carbide materials in
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Figure 1. Powder XRD patterns of the decomposed samples along with the Rietveld refinements: (a) FO-02, (b) FO-A2, and (c) FO-N2 samples.

decomposes completely when heated over 373 K.>* Con-
versely, ferrocene also plays a vital role in preparing Fe;C
nanostructures.”’”

As properties of nanoparticles are highly influenced by their
size, shape, surface area, and in-built crystalline defects which
provide opportunities for their uses,’® there are a variety of
techniques used for the synthesis of iron-based nanoparticles,
including sol—gel, coprecipitation, hydrothermal, green syn-
thesis, and thermal decomposition. We concentrate on the
thermal decomposition technique because it provides simple
control over the product’s purity, phase, composition,
microstructure, and other aspects of the process.'' This
technique has a number of benefits, such as quick reaction
time, relatively low temperature of formation, and possibility of
using innocuous compounds. The characteristics of the
products are affected by the reaction time, temperature,
environment, and chemical nature of the precursors utilized. It
was worthwhile to investigate the effect of different reaction
atmospheres on the solid-state reaction of ferrocene in the
presence of oxalic acid dihydrate, and in this light, recently, we
reported a reaction kinetic study.’”*® Extending our research
further, focus of the present paper is to explore on the nature
of materials obtained on the solid-state reaction of ferrocene in
the presence of oxalic acid dihydrate in O,, air, and N,
atmospheres. The synthesized materials were characterized
by powder XRD, FE-SEM, EDX, HR-TEM, UV—vis—NIR,
photoluminescence, and Raman spectroscopy. It was estab-
lished that the synthesized materials are in the nanometric
range and are hematite in O, and air atmospheres, but majorly
cementite under N, atmosphere. It is evident from the
observations that the reaction atmosphere has a significant
impact on the solid-state reaction of ferrocene in the presence
of oxalic acid dihydrate. The present study exemplifies the role
of reaction atmosphere on thermal decomposition leading to
various iron-based nanomaterials using the same precursor.

2. RESULTS AND DISCUSSION

2.1. Structure and Morphology Studies. Powder XRD
patterns of the as-grown samples obtained on thermal
decomposition of 1:1 mixture of ferrocene and oxalic acid
dihydrate in O,, air, and N, atmospheres did not show pure
crystalline phases, which when annealed in respective gaseous
environments at 500 °C for 2 h also did not exhibit pure
crystalline phases. This led to further annealing of these
samples for another 2 h at 750 °C, and the resulting materials
in O,, air, and N, atmospheres, i.e. FO-O2, FO-A2, and FO-
N2, exhibited perfect crystalline phases. Figure 1 presents the
room temperature XRD patterns of FO-O2, FO-A2, and FO-
N2 obtained in the 20° < 26 < 70° range along with the
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Rietveld refinement, where the dot and the line represent the
observed data and the calculated pattern while the vertical bars
indicate the Bragg diffraction positions. The curve at the
bottom panel shows the difference between the observed and
calculated patterns. These samples exhibit strong narrow sharp
peaks in the XRD patterns, confirming the high degree of
crystallinity. FullProf program was used to study the structure.
According to XRD analysis, FO-O2 and FO-A2 are found to be
pure hematite (a-Fe,0;) (COD-96—901—5066) with rhom-
bohedral symmetry (space group: R3c), while FO-N2 matches
to a mixture of Fe;C—cementite phase (COD-96—901—2189)
with orthorhombic structure (space group Pnma) and a-Fe
(COD-96—500—0218) with cubic structure (space group:
Im3m). In the XRD profile of FO-O2 and FO-A2, two
characteristic strong peaks at (104) and (110) and other peaks
at (012), (113), (024), (116), (214), and (300) corresponding
to hematite are observed. Conversely, the XRD profile of FO-
N2 shows five strong peaks corresponding to cementite (211),
(102), (220), (031), (112) and some other typical weak peaks
of cementite at (121), (002), (201), (301), (022), (221) along
with peaks corresponding to a-Fe (strong (110) peak with 26
= 44.679° and the (200) peak with 260 = 65.031°). Notably,
neither any trace of cementite or a-Fe was traced in FO-O2
and FO-A2 nor the presence of any iron oxide was evidenced
in FO-N2. Thus, from XRD analysis it is found that thermal
decomposition of a 1:1 mixture of ferrocene and oxalic acid
dihydrate in oxidative and air atmospheres produces 100%
hematite, whereas the same mixture when decomposed under a
N, atmosphere produces cementite (68%) and a-Fe (32%),
which convincingly indicates the impact of the gaseous
reaction atmosphere on the thermal conversion of ferrocene.
It is known that thermal decomposition of mixture of ferrocene
and oxalic acid dihydrate in air’® produced hematite
nanomaterials. On the other hand, the formation of Fe;C
from the pyrolysis of ferrocene or ferrocene/hydrocarbon
mixtures was reported.”* >

Scherrer formula is popularly employed to estimate the
crystallite size from the powder XRD patterns’”

KA

D=2
Py jycost (1a)

where K = 0.9, 1 = the wavelength of X-ray used, B, = the
full width at half-maximum of the diffraction peaks corrected
for instrumental broadening (in radian), and 6 = the angle of
diffraction. However, this formula only takes into account how
crystallite size affects the XRD peak profile but does not take
any consideration of the intrinsic strain that comes from the
grain boundary, point defect, and triple junction in nanocryst-
als, and as a result, this method generally provides smaller
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Table 1. Structural Parameters of FO-O2, FO-A2, and FO-N2 Obtained from Powder X-ray Diffraction Data Analysis

material identity Miller indices (hkl) 20 (deg) Sy (deg) diyy (A) D (nm) (eq la) lattice parameters (A) Vv (A%
FO-02 hematite (100%) 012 24.166 0.179 3.680 45.387 a =5.0323 301.2530
104 33.187 0.192 2.697 43.175 c = 13.7364
110 35.654 0.197 2.516 42.360
113 40.892 0.207 2.205 40.959
024 49.501 0.227 1.840 38.537
116 54.117 0.239 1.693 37.325
214 62.484 0.263 1.485 35.330
300 64.046 0.268 1.453 34.963
FO-A2 hematite (100%) 012 24.15 0.129 3.682 62.977 a = 5.0369 302.1819
104 33.16 0.134 2.699 61.858 ¢ = 137536
110 35.63 0.136 2.517 61.356
113 40.86 0.140 2.206 60.554
024 49.46 0.148 1.841 59.098
116 54.06 0.154 1.694 §7.912
214 62.43 0.165 1.486 56.297
300 63.99 0.167 1.453 56.091
FO-N2 cementite (68.2%) 121 37.659 0.358 2.387 23.425 a = 5.0854b = 6.7404 155.0928
002 39.814 0.353 2.262 23.960
201 40.669 0.350 2.217 24.190 ¢ = 4.5246
211 42915 0.344 2.106 24.848
102 43.761 0.341 2.067 25.119
220 44.605 0.338 2.030 25.402
031 45.013 0.337 2.012 25.543
112 45.884 0.334 1.976 25.858
022 48.422 0.324 1.878 26.875
221 49.156 0.321 1.852 27.201
122 51.848 0.309 1.762 28.542
202 54.227 0.298 1.690 29.961
212 56.051 0.288 1.639 31.240
301 58.059 0.276 1.587 32.897
311 59.806 0.265 1.545 34.613
222 61.309 0.254 1.511 36.357
321 64.877 0.224 1.436 42.012
113 66.029 0.213 1.414 44.544
240 66.514 0.208 1.408 45.762
a-Fe (31.8%) 110 44.679 0.332 2.027 25.871 a=0b=c=238661 23.5432
200 65.031 0.200 1.433 47.105

crystallite size values. XRD peak does not correspond to the
Lorentzian function or Gaussian function since the Gaussian
function can be well fitted only in the XRD peak region, while
the Lorentz function can be fitted well only with the tails. To
get rid of this problem and to represent the peak broadening
precisely, the Halder—Wagner (H—W) method™® assumes a
symmetric Voigt function—a convolution of Lorentzian and
Gaussian functions. So, following the H—W method, for Voigt
function, the full width at half-maximum of the XRD profile is
written as B> = BBy + B, where B and g are the full
width at half-maximum of the Lorentzian and Gaussian
functions. The advantage of this method is that it places
greater emphasis on the peaks at low and mid angle ranges
where there is very little overlap between the diffracting peaks.
According to the H-W method, the relation between the
crystallite size and lattice strain is given by,

ﬂ;;iz , 1 ﬂthl €\2
)V =——"7+%)
dhkl D dhkl 2 (lb)

where B, = By cos 0/4, diy, = 2sin 0/, A = X-ray wavelength
employed, Sy = the full width at half-maximum of the
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diffraction peaks, and @ = the angle of diffraction. The H-W
method offers significantly higher accuracy.*’ The average
strain (€qrn) Of the materials can be estimated using the
Wilson relation*”

'B hkl
4tanf (1¢)

Estrain —

whereas Williamson and Smallman’s formula*® can be used to
calculate the dislocation density (5) as follows

D’ (1d)

The estimated values of lattice parameters, Miller indices
(hkl) of the diffracting planes, line width S, and interplanar
distance (d;y) are presented in Table 1, whereas in Table 2 the
values of crystallite size D and microstrain &g,,;, estimated
using eqs la, 1b and egs 1b, 1, respectively are compared. As
expected, the D values estimated following the Scherrer
equation are lower than those observed from the H-W
equation. The strain values estimated following H—W and
Wilson relations are quite comparable and have inverse
relation with the crystallite size. For the estimation of
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Table 2. Estimated Values of Crystallite Size, Lattice Strain,
and Dislocation Density Obtained from Analysis of XRD
Data Using Different Methods®

D (nm) e (107%) 5 (10") (line/m?)
material  eq la eq 1b eq1b eq lc eq 1d
FO-02 3973 5443 (S4x4) 396 244 3.37
FO-A2  59.55 7189 (73 +4) 168 164 1.93
FO-N2 3044 2351 (31 +5) 291 18.09
Fe 36.49 24.55 2.45 16.59

“Values within parentheses are obtained from the FESEM study.

dislocation density 6 and following discussions, we considered
the results obtained using the H—W method only. A decrease
in the B}, values with increasing crystallite size has been noted,
which may be correlated to the strain-induced broadening due
to imperfections and the difference in the size of crystallites.
Thus, it is clear that starting with same sample thermal
decomposition under different gaseous conditions produced
various iron-based nanoparticles of varying type and size.
FE-SEM was utilized to estimate the particle size and surface
morphologies of the synthesized samples. Figure 2a—c displays
the selected FE-SEM images of FO-O2, FO-A2, and FO-N2.
FE-SEM images of FO-O2 and FO-A2 reveal that the
synthesized materials are clusters of large round-shaped
particles with an average diameter of approximately 54 + 4
nm for FO-O2 and 73 + 4 nm for FO-A2 obtained from
histogram (Figure 2d—f), whereas FO-N2 consists of
comparatively smaller particles with 31 + S nm particle size.
Completely different views of the particle morphology for FO-
N2 are evidenced here. The inserts in Figure 2a—c display the
enlarged view of such particles. The irregular surface of
particles is often a characteristic of powdery and porous
nanomaterials.** Large agglomerations in FO-O2 and FO-A2
may be caused by strong van der Waals interactions and
magnetic dipole—dipole attraction between the nanoparticles,

which is a common occurrence for magnetic nanoparticles."’
Additionally, elemental study was also performed to verify the
purity of the samples by EDX analysis (see inserts in Figure
2d—f). For the EDX spectrum of FO-O2 and FO-A2, the
strong peaks observed around 0.7, 6.4, and 7 keV are attributed
to the Fe binding energies,'” whereas the peak at 0.5 keV is
assigned to oxygen. The traceable carbon impurity seen is due
to carbon tape used in the sample holder. For FO-N2, the
presence of Fe and C can be perceived in the EDX spectra,
where the strong peak at 0.2 keV is due to C.*°

The selected TEM images of FO-O2, FO-A2, and FO-N2
are displayed in Figure 3a—c, where large agglomerations of
nanoparticles can be observed in the focused zone in the
images. Magnetic nanoparticles often exhibit large agglomer-
ation since strong chemical bonds or weak surface forces bind
them together. However, the edges of each particle are clearly
noticeable regardless of the agglomeration, which indicates that
the synthesized hematite nanoparticles FO-O2 and FO-A2
have hexagonal shapes, whereas FO-N2 have irregular shapes.
Image] software was used to evaluate the particle sizes of the
nanoparticles. Thus, obtained particle size distributions are
presented in Figure 3 d—f as histograms. The estimated
particle size for FO-O2 and FO-A2 ranges from 30 to 100 nm,
whereas that for FO-N2 lies between 15 and 55 nm. The
particle size distribution can be fitted with Lorentz distribution,
where their mean particle sizes are 56 + 4 nm, 75 + 4, and 30
+ S nm for FO-O2, FO-A2, and FO-N2, respectively, which
are close to those observed from XRD and SEM studies. Figure
3g—i displays the HRTEM images of the FO-O2, FO-A2, and
FO-N2 nanoparticles. The determined interplanar spacing
(dy) values for FO-O2 and FO-A2 are found to be 2.516 and
2.699 A, indicating the (110) and (104) planes, respectively.
However, for FO-N2 the interplanar spacing (dj) is not
clearly visible. Figure 3j—I shows the fast Fourier transform
(FFT) diffraction patterns of the FO-O2, FO-A2, and FO-N2
nanoparticles. The bright spot array observed for FO-O2 and
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Figure 2. (a-c) SEM images of FO-02, FO-A2, and FO-N2 with corresponding EDX spectrum as inserts; (d—f) particle size histograms of FO-02,

FO-A2, and FO-N2.
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Figure 4. (a) Absorption spectra of FO-O2 and FO-A2 samples; (b) Tauc’s plots for n = 2; (c) Tauc’s plots for n = 0.5.

FO-A2 indicates the vertical and horizontal alignment of
single-crystal-like hematite nanoparticles indexing the (110)
and (104) planes. For FO-N2, the circular alignment of bright
spot elucidates the polycrystalline nature, where the estimated
interplanar spacing (d,;) values are found to be 2.114 and
2.406 A, indicating the (211) and (121) planes, respectively.
These results are inconsistent with those obtained from the
XRD studies.

2.2, Spectroscopic Studies. Figure 4a shows the
absorption spectra obtained for FO-O2 and FO-A2 in the
wavelength range of 280—800 nm. The optical absorption
spectra of iron oxides are well-defined with the aid of crystal
field theory.”” In the hexagonal structure of the hematite
crystal, the Fe** cation forms an octahedral coordination with
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the O~ anions. The 3d® shell of the octahedrally coordinated
Fe®" ions undergo a variety of electronic transitions, like Fe®*
ligand field transitions (d—d transition), ligand-to-metal
charge-transfer transitions (LMCT), and pair excitations of
two magnetically connected adjacent Fe**centers, that cause
the optlcal absorption.”® According to the Tanabe Sugano
diagram,*” the 3d atomic orbitals of Fe split into two levels
(conventionally denoted as ty, and e ) Due to exchange
energy, these energy levels further split 1nto two sets (one for
majority spin and the other for minority spin) giving rise to
two sets of t, and e, orbitals. The ligand field transitions occur
from the ground state to various excited states having different
electronic configurations of the orbitals. In the observed
absorption spectra, the entire wavelength range can be divided

https://doi.org/10.1021/acsomega.3c10332
ACS Omega 2024, 9, 2260722618
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i |

into three regions corresponding to different electronic
transitions (LMCT, ligand field transitions and pair
excitations).49 Region-1 (280—400 nm) is assigned to LMCT
transitions and ligand field transitions A, (%S) to *T,(*P) at
290—310 nm, °A,(°S) to *E(*D) and *T,(*D) at 360—380
nm.*** Region-II (400—600 nm) corresponds to pair
excitation processes from °A,(5S) + °A,(°S) to “T,(*G) +
*T,(*G) between two magnetically coupled Fe**cations at
485—550 nm overlapping the ligand field transition from A,
(°S) to*E, *A, (*G) at 430 nm.”' These pair excitation
transitions are responsible for the strongest absorption band at
534 nm, which causes the red color of hematite.* Region-III
(600—750 nm) is corelated to ligand field transition from
A, (®S) to *“T,(*G) at 659 nm.”>**>* Another region in 750—
900 nm appeared due to transition from °A;(°S) to *T,(*G) at
900 nm, which is, however, beyond the wavelength region
studied presently.

At room temperature, molecules have many excited states
due to vibration and rotation. These states’ (rotation and
vibration) energy levels are overlaid on the electronic energy
levels because they are very closely spaced and have a much
smaller energy difference than the electronic energy levels.
Thus, an electronic energy level consists of several vibrational
and rotational energy levels. So, a molecule has the ability to
both absorb energy and experience vibrational—rotational and
electronic excitations simultaneously. The simultaneous
change in vibrational and rotational states that occurs when
an electron moves from one energy level to another leads to
transitions between different vibrational and rotational levels of
electronic states with varying energies. Therefore, the
absorption of many radiations at closely spaced frequencies
results in the production of a wide absorption band, as is seen
in the present study. The structure and size of the
nanoparticles considerably change these outcomes.>

The absorption edges (Aedge) and corresponding energy
band gaps for FO-O2 and Fe-A2 were determined using the
direct formula®*

g oo _he _ 1240
£

edge /Iedge (Za)

Table 3. Energy Band Gap (E,) Values Obtained from
Absorption Spectra and Tauc’s Plot, and Urbach Energy
(E,) for FO-02, FO-A2, and FO-N2 Samples

E, from eq 2a E, from eq 2b

direct direct indirect
Acgge band gap  band gap  band gap
material  (nm) (eV (eV (eV E, from eq 3 (eV)
FO-02 622 1.99 2.01 1.63 0.30
FO-A2 637 1.94 1.96 1.39 0.66
FO-N2 772 1.60 1.46 - -

and recorded in Table 3. However, Tauc’s plot is a well-known
technique to estimate the direct and indirect band gap
energy:'”

(ahv)" = A(hv-E,) (2b)

where a is the absorption coeflicient, A is a constant, hv is the
energy of photon, and n is a constant depending on the nature

of the electron transition (n = 2 and n = 1/2 for direct and
indirect band gaps, respectively). Figure 4b,c illustrates the
(ahv)? vs hv and (ahv)'/? vs h plots. The intersection of the
linear absorption edge component with the energy axis can be
used to determine the energy gap. Thus, estimated direct and
indirect energy band gap values for FO-O2 and FO-A2 are
listed in Table 3 which lie within the range of reported values
for hematite (i.e., for direct band gap 1.95—2.35 eV>> and for
indirect energy band gap 1.38—2.09 V). The determined
band gap energy values for FO-O2 and FO-A2 bear an inverse
relationship with the particle size, which is in agreement with
theoretical predictions for semiconductor nanoparticles.*®

Figure Sa elucidates the observed UV—vis spectra for FO-
N2. The energy band gap calculated using eq 2a is 1.6 €V,
whereas using Tauc’s plot (see Figure Sb) the calculated direct
band gap value for FO-N2 is 1.46 eV; but the indirect band gap
for FO-N2, if any, could not be estimated. Though there are
several reports on the synthesis and characterization of
cementite, optical absorption studies on cementite is rare.
Fresno et al.”” reported a UV—vis absorption spectrum for
Fe;C quite similar to the present one. For nitrogen-doped
Fe;C, Yang et al.>” estimated the direct band gap energy of
1.65 eV from UV—vis absorption spectra.

Hematite’s band gap contains localized defect states, which
are the cause for the band gap lowering in FO-O2 and FO-A2
samples. An absorption tail that extends deep into the
forbidden gap due to localized defect states is called an
Urbach tail, and the associated energy is called Urbach
energy.”” Urbach energy (E,), defined as the difference
between the maximum tailing in the valence band and
minimum tailing in the conduction band and physically
representing the minimum exciton energy (energy required
to separate the hole and electron), describes the role of defects
in the material. The electron transition between localized
states, whose density depends exponentially on the incident
photon energy, is thought to be the source of the band tails
width associated with the valence and conduction bands.”’ In
the low photon energy range, the UV—vis absorption data are
used to calculate the Urbach energy for semiconductors
following mathematical relation®

=a, —
E

u 3)
where a = absorption coefficient, @, = constant, and hv =
photon energy. Figure 6 illustrates the Ina vs hv plot, where
the reciprocal of the slope gives the E, value. The estimated
values of E, for FO-O2 and FO-A2 samples are 0.30 and 0.66
eV, respectively. An inverse relation between the energy band
gap and Urbach energy is noticed for FO-O2 and FO-A2
samples. Thus, a decrease in the optical energy band gap
corresponds to an increase of disorder.”’ The higher Urbach
energy for FO-A2 than FO-O2 indicates higher density of
defect states in FO-A2, an observation that is in agreement
with earlier reports.®"**

In bulk hematite, photoluminescence transitions are
prohibited as a result of the localized d—d transition, effective
magnetic relaxation, and resonant energy transfer between
cations.’® Hematite nanostructures, on the other hand, exhibit
photoluminescence due to self-trapped states linked to their
optical characteristics. In nanodomains, quantum confinement
plays an important role in luminescence. It significantly
influences the relaxation of the forbidden d—d transitions by
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Figure 6. Ina vs photon energy plots to determine the Urbach energy
for FO-O2 and FO-A2 samples.

delocalization of the electronic states and quantification of the
energy levels. Furthermore, the reduction in particle size affects
the long-range magnetic order, which eventually reduces the
magnetic interactions between the cations. As a result, long-
lived-excited states may emit light after photoexcitation.’>**
The room temperature PL spectrum for FO-O2 and FO-A2
samples excited with 532 nm radiation when deconvolved
using a Gaussian distribution resolves into two peaks (Figure
7). The deconvoluted spectra displayed broad emission bands
with centers at 753 nm (1.64 eV) and 896 nm (1.38 eV) for
FO-02, and 779 nm (1.59 eV) and 916 nm (1.35 eV) for FO-
A2. These are consistent with the absorption bands in the near-
infrared range for hematite.”> As seen in other semiconductor
nanoparticles, a substantial Stokes shift of the emission peak in
comparison to the excitation wavelength can be observed,

which can be related to bound-exciton emission.”” Addition-
ally, redshift of emission band can be observed in larger size
nanoparticles due to a decrease in nearby covalency as a result
of reduced Racah parameters compared to the small hematite
nanoparticles.””®> Conversely, the room temperature PL study
for the FO-N2 sample when excited with 532 nm radiation did
not show any luminescence in the working range of
wavelength.°° Thus, the room temperature PL spectrum for
this sample was obtained under excitation of 350 nm radiation,
and the deconvoluted spectrum displayed three emission bands
with centers at 421, 517, and 613 nm. The relatively less
intense and sharper peak at 421 nm may be assigned to the
near-band-edge emission, while the broader peaks can be
corelated to the surface defects. There are no reports on the PL
study on cementite found in the literature.

Apart from the band edge emission, the presence of
potential defect levels causes PL emission bands in the
prohibited energy region.”” As the nanoparticles have a high
surface-to-volume ratio and short-range ordering, the large
surface area often results in an abundance of surface dangling
bonds and thereby defect levels, and hence, the prohibited
energy gap below the conduction band is filled with donor
states. Thus, due to transitions of trapped electrons in various
defect states, nonradiative peaks appear in the nanomaterials.’®
Though assignment of the two defect levels corresponding to
1.59—1.64 and 1.35—1.38 eV for the synthesized hematite
nanomaterials (FO-O2, and FO-A2) can be easily visualized,
the same for FO-N2 will not be straightforward as it has few
components.

Raman spectra of iron oxides having several phases show
distinctive phonon modes, verifying the purity and type of the
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Figure 7. Room temperature photoluminescence (PL) spectra of (a) FO-02, (b) FO-A2, and (c) FO-N2 samples.
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Figure 8. Raman spectra of FO-02, FO-A2 (a), and FO-N2 (b).
phases.”” Based on hematite’s crystallographic properties, detected by the XRD analysis. In the Raman spectrum of
Raman active vibrational modes are represented by’ T'yemaite FO-N2, one overtone of D band was also seen at 2685 cm™.
= 2A,, + SE,, where seven Raman modes can be experimentally 2.3. Thermal Decomposition Reactions. Now, based on
observed.'” The rhombohedral structure of hematite can be literature, we attempt to propose the reactions that took place
demonstrated analyzing the Raman spectrum. The Raman during the thermal conversion of ferrocene in the presence of
spectra of hematite samples (FO-O2 and FO-A2) recorded at oxalic acid dihydrate carried out ;fgl Wdifferent reaction
room temperature in the range of 100 to 700 cm™' are atmospheres. As stated earlier”””””””’ solid ferrocene
illustrated in Figure 8. Significant bands can be seen in each thermally decomposes (sublimates) at 453.K.and above 773
spectrum where the bands appearing at 219 and 498 cm™" are K ferrocene vapor decomposes to metallic iron and some
assigned to A, alr;d bands at 234, 288, 294, 399, 598 cm™ are gaseous products
attrlbute_d1 to E,. ~ The strongest bands are found at 219 al’_lfl (C{H,),Fe — Fe + H,(g)+CH,(g)+C.H,(g) + ..
288 cm™, whereas the weakest band appears at 498 cm™".
Low-frequency modes (200—300 cm_l) have been assigned to whereas above 373 K bare oxalic acid dihydrate decomposes as
Fe atom vibrations, whereas O atom vibrations have been
responsible for the bands in the range 400—650 cm™. It is (COOH),2H,0 —~ CO,(g) + CO(g)+H,0(g)
believed that the A;; band at 219 em™ is caused by the Presently, the overall thermal reaction of ferrocene in the
migration of iron cations along the c-axis. The symmetric mode presence of oxalic acid dihydrate in O, and air atmospheres
of O atoms with respect to other cations in a plane may be assumed”’ as follows
perpendicular to the crystallographic c-axis and Fe—O
stretching Viblrations, are at7t1ributed to the Eg bands at 399 2[(C5H5)2Fe] + (COOH)Z-ZHZO
and 598 cm™, respectively.”” These findings further confirm
that the FO-O2 and FO-A2 samples are sure hematite. No = Fe,03(s)+C0,(g) + CO(g)+13H,(g) + 20C
additional iron oxide, such as magnetite or maghemite, was where metallic iron deoxidized the CO, and/or CO to produce
found, proving the high degree of purity of the products. There oxygen and carbon®’ and then reacted with the available
have been reports of similar outcomes for hematite nano- oxygen to form hematite (a-Fe,0;). As per literature,*"** a-
particles.12’72’73 Fe,0; under N, atmosphere may convert to cementite (Fe;C)
Less information is available in the literature on the Raman as follows:
study of pure iron carbide. The Raman spectrum of FO-N2 ©
(Figure 8) displays five prominent peaks at 213, 276, 1328, 3Fe,0; +5H, +2CH, =2Fe,C + 9H,0
1588, and 2685 cm™' along with two weak peaks at 384 and .
590 cm™". In general, bulk iron carbide is often Raman inactive 3Fe,0; +13H, +2C0O, =2Fe;C + 13H,0
because of its metallic nature.”*”’® The peaks observed Thus. i . . .
between 200 and 600 cm™ range in the spectrum of FO-N2 us, it may be 1nfe'rred. that_ during the.rmal d.ecomposmo.n
8 P f ferrocene and oxalic acid dihydrate mixture in O, and air
are similar to those reported for Fe;C-based nanostructures’> © . 4 o
] ey SR ) atmospheres, pure hematite was formed on oxidation of
and LiFePO,/C COIPIPOSIte’ and thus likewise the peaks m metallic iron in the presence of copious oxygen; however, in N,
the 200 and 600 cm™" range can be allotted to Fe;C present in atmosphere the oxygen available from the breaking of oxalic
FO-N2 representing the stretching modes between the iron acid dihydrate first led to the formation of hematite, which
and carbon atoms, confirming the formation of Fe;C subsequently was reduced to cementite. Further, it is known
nanoparticles. The formation of Fe;C was observed from the that when heated above 600 °C Fe;C transforms into a-Fe and
pyrolysis of ferrocene or ferrocene/hydrocarbon mixtures in C.5¥** Existence of amorphous C has been detected in a
previous studies.”>™>” The two prominent peaks observed at Raman study of FO-N2. Thus, it is plausible that during
1328 and 1588 cm™" for FO-N2 correspond to the so-called D second annealing of Fe-N1, Fe;C slowly starts the conversion
and G characteristic carbon peaks.”””>~"” This indicates that making Fe-N2 a mixture of Fe;C and a-Fe. This gives a clue to
FO-N2 contains amorphous carbon content possibly with prepare pure Fe;C from ferrocene and oxalic acid mixture in
graphitic and glassy nanostructures, which could not be N, atmosphere.
22614 https://doi.org/10.1021/acsomega.3¢10332
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Table 4. Different Conditions of Material Preparation

as grown 1st annealed 2nd annealed
reaction environment T (°C) time (min) sample name T (°C) time (h) sample name T (°C) time (h) sample name
0O, 500 ~SS§ FO-O 2 FO-0O1 750 2 FO-02
Air 300 ~30 FO-A 2 FO-Al 750 2 FO-A2
N, 300 ~30 FO-N 2 FO-N1 750 2 FO-N2

3. CONCLUSIONS

The present study demonstrates the solid-state synthesis of
hematite and cementite nanostructures through the thermal
decomposition of ferrocene in the presence of oxalic acid
dihydrate as a coprecursor as evident from XRD results.
Satisfactory crystallinity was obtained on repeated annealing at
750 °C. Physical techniques like Rietveld refinement of XRD
data, absorption, and Raman spectroscopy were employed to
identify the phase of the synthesized materials. The results
showed that hematite nanostructures were formed in oxidative
and ambient atmospheres, while mainly cementite was found
in an inert atmosphere. Particle size of the synthesized
materials was estimated using Scherer and Halder—Wagner
methods, which was in close agreement with those observed in
the particle size histogram obtained from FE-SEM and TEM
images. The elemental composition of each material was
revealed by EDX analysis. Optical band gaps of the powdery
materials were calculated using absorption band edge and
Tauc’s plot technique. For hematite materials, different
electronic transitions occurred between the 3d* shell of the
octahedrally coordinated Fe®* ions that caused the optical
absorption were identified. Urbach energy was estimated,
which described the role of defects in the synthesized hematite.
The nanomaterials exhibited photoluminescence as a result of
self-trapped states linked to their optical characteristics. For
hematite, seven Raman modes (24,, + SE,) could be
experimentally observed confirming the rhombohedral struc-
ture. On the other hand, for cementite the D and G bands were
clearly visible in the Raman spectra. A plausible analysis of the
undergoing solid-state reactions has been provided. Overall,
this study provides valuable insights into the role of reaction
atmosphere on the thermal decomposition of ferrocene in the
presence of oxalic acid dihydrate leading to hematite and
cementite nanomaterials.

4. EXPERIMENTAL AND ANALYTICAL METHODS

Ferrocene and oxalic acid dihydrate obtained from Sigma-
Aldrich and Merck, respectively, were employed without
additional purification. Using an agate mortar, a fine solid
mixture of ferrocene (precursor) and oxalic acid dihydrate
(coprecursor) was prepared in a 1:1 weight ratio. The solid-
state reaction of the mixture was performed using alumina
made crucibles (i) in an indigenous furnace in air atmosphere
and (ii) inside a thermogravimetric analyzer, TGA (model no.
STA 449 F3 Jupiter, Netzsch, Germany) in UHP (99.999%)
0, and UHP (99.999%) N, dynamic gas atmospheres.
Powder XRD patterns of the as-grown samples (FO-O, FO-
A, FO-N) collected just after the thermal decomposition were
analyzed with a Rigaku Smart Lab X-ray diffractometer with
Cu-K, (4 = 1.5405 nm); however, it was noticed from the
observed XRD patterns that those samples were not in
perfectly crystalline phase. Then the decomposed samples were
annealed in respective gaseous environments and at 500 °C for
2 h,; XRD study of the first annealed samples (FO-O1, FO-Al,

FO-N1) also did not exhibit perfect crystalline phases. So, this
led to further annealing of FO-Ol, FO-Al, and FO-N1
samples for another 2 h at 750 °C. The materials thus
obtained, FO-O2, FO-A2, and FO-N2, exhibited perfect
crystalline phases and were used for further characterization
studies. The sample preparation conditions are listed in Table
4. In comparison to the starting amount, the yield for FO-O2,
FO-A2, and FO-N2 are 5.8%, 4.2%, and 3.1%, respectively. FE-
SEM images were obtained using ZEISS Gemini instrument
with 30 kV accelerating voltage. Atomic percentage and
elemental information from EDX were collected using Octane
Elect EDS system with Silicon Drift Detector (SDD)
technology attached to the FE-SEM system and using analysis
APEX software. High-resolution transmission electron micro-
scope (HR-TEM) images were captured with the JEM-F200
F2Multipurpose Analytical S/TEM and TECNAI G2 TF20-
ST. A Cary-5000 UV—vis—NIR spectrometer was used to
collect the absorption spectra of these samples in diffused
reflectance spectra (DRS) mode. The photoluminescence (PL)
and Raman spectra were taken with the help of HORIBA
Scientific’s Confocal Raman Microscope (Lab RAM HR
Evolution).
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