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Abstract:

This work is the first report of a very simple and fast one-pot synthesis of nickel oxide
(NiO) and hematite (a-Fe,03;) nanoparticles by thermal decomposition of transition metal
aqua complexes with camphor sulfonate anions. Obtained nanopowders were characterized
by X-ray powder diffraction, Fourier transform IR analysis, scanning electron microscopy,
and Energy-dispersive X-ray spectroscopy. X-ray powder diffraction confirmed the formation
of high purity NiO and a-Fe,0; crystal phases. In the case of a-Fe,0;, about five times larger
average crystallite size was obtained. Fourier transform IR spectra of synthesized materials
showed characteristic peaks for NiO and o-Fe,O; nanostructures. To visualize the
morphology and the chemical composition of the final products Scanning electron microscopy
and Energy-dispersive X-ray spectroscopy were performed. The thermogravimetric analysis
was done for a better understanding of the general thermal behavior of precursor compounds.
This easy-to-perform and fast preparation method opens a broad range of obtained materials’
usage, particularly due to its economic viability.
Keywords: Nanomaterials; Nickel oxide; Hematite;, camphor sulfonates; One-pot synthesis.

1. Introduction

There is a continuous scientific demand for cheap, simple, environmentally sound and
economically sustainable routes to develop, design and produce advanced functional
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nanomaterials. The modern technologies particularly require faster development of metal
oxide materials at the nanometric level, striving for cheaper precursors and new synthesis
methods of nanostructures with uniform physico-chemical properties [1-4].

Oxide nanomaterials based on iron and nickel have no competitors for their
electrochemical, adsorption, sensing and/or catalytic performances, as their high specific
surface areas lead to rich contact between the active materials and the electrolyte/pollutants
[5-19].

This type of materials can exhibit various size-, shape-, and morphology-dependent
properties by a slight change in the preparation procedure [12, 20-24]. Sintering appeared to
be one of the best processes for obtaining oxide materials and improving their physical and
chemical properties [25-30]. Although many synthetic approaches were developed [31-39],
emphasis should be pointed out to thermal decomposition of suitable precursors for the
preparation of functional oxide nanomaterials with tailored properties at mass scale [40].
Coordination compounds, such as metal carbonyls, metal acetylacetonates, and metal
carboxylates, have been profoundly investigated as precursors to fabricate nanostructured
metal oxides with desired morphology by thermal decomposition [40-47]. Organic solvents
are widely used in thermal decomposition methods, to lower reaction temperatures and
provide uniform and narrow size distribution of nanoparticles [40, 48]. However, extensive
use of such solvents is environmentally inexcusable. Stable, large single crystals of
isomorphous hexaaquametal(II) D-camphor-10-sulfonate might be potentially used as optical
filters and optical materials [49]. Despite their applications in optics, such compounds can be
recognized as precursors for the synthesis of oxide nanomaterials by thermal decomposition,
due to their high purity and easy, fast, and cheap production. It is expected that the presence
of organic anion in these compounds can enable the avoidance of additional organic solvents
in one-pot combustion syntheses, opening the way to an eco-friendly preparation method for
metal oxides. To the best of our knowledge, hexaaquametal(Il) D-camphor-10-sulfonates
have not been investigated in this manner.

Having all this in a mind, in this paper, an alternative approach for producing nano-
sized nickel oxide (NiO) and hematite (o-Fe,O;) powders at low cost by thermal
decomposition of appropriate camphor sulfonate precursors is presented.

2. Materials and Experimental Procedures

Synthesis procedures and crystal structure analyses of hexaaquanickel(Il) D-camphor-
10-sulfonate i.e. [Ni(H,O)¢](CSA), and hexaaquairon(Il) D-camphor-10-sulfonate i.e.
[Fe(H,0)6](CSA), (where CSA is D-camphor-10-sulfonate) have been previously reported
[49,50]. In this work previously reported synthetic procedure for [Ni(H,O)s](CSA), was
slightly modified, i.e. basic nickel carbonate was used instead of nickel bromide.

Briefly, D-camphor-10-sulfonic acid solution (35.0 g, 0.15 mol) in deionized water
(60 mL) was added to basic nickel carbonate (21.4 g, 0.18 mol). The reaction mixture was
refluxed for 48 h followed by filtration. After cooling in a refrigerator (2 weeks) crystals of
hexaaquanickel(Il) D-camphor-10-sulfonate were obtained (yield 63 %, 29.73 g).

D-Camphor-10-sulfonic acid monohydrate (35.0 g, 0.15 mol) was dissolved in
deionized water (60 mL). Iron chips (10.0 g, 0.18 mol) were added in D-camphor-10-sulfonic
acid solution. Than the reaction mixture was refluxed for 48 h and filtered off. The solution
has been cool down in a refrigerator until the orange crystals of hexaaquairon(Il) D-camphor-
10-sulfonate were obtained (yield 68 %, 31.95 g).

NiO and a-Fe,O; were synthesized by thermal decomposition of the solid camphor
sulfonate precursors (5 g), in an electrical furnace with a heating rate of 10°C/min
at T=1550 °C for 3 hours, followed by pulverization in an agate mortar.



X-ray powder diffraction (XRPD) patterns for the final products of thermal
degradation were collected using a Rigaku SmartLab automated powder X-ray diffractometer
with Cu Kal,2 (A= 1.54059 A) radiation (U=40kV, I=30mA) equipped with D/teX Ultra
250 stripped 1D detector in the XRF reduction mode. The diffraction angle range was 20—
120° 260 with a step of 0.01° at a scan speed of 2°/min. The structural and microstructural
investigation of the final products after thermal decomposition was conducted by the Rietveld
method.

The IR spectra were recorded on a Nicolet 6700 FT-IR instrument (Thermo
Scientific), in the ranges of 4000-400 and 700-240 cm ' using the ATR technique with a
Smart Orbit accessory (diamond crystal).

Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy
(EDS) analyses of the final products were performed with a JEOL JSM-6390LV scanning
electron microscope. EDS analyses were conducted in the area of 1 x 10* um” per sample.

A thermogravimetric analysis (TGA) of [Ni(H,O)c](CSA), and [Fe(H,O)c](CSA),
was performed by Thermogravimetric Analyser TGA Q500 (TA Instruments, New Castle, DE
USA). The samples’ weights were 10.6080 and 10.6820 mg for [Ni(H,O)s]J(CSA), and
[Fe(H,0)](CSA),, respectively. All TGA experiments were conducted in O, as the purge gas,
with purge flow 50 mL/min. While the heating rate was 10 °C/min, the applied temperature
was ranging from 25 to 800 °C. For all experiments, the Pt crucibles were used.

3. Results and Discussion

Thermal decomposition of hexaaquametal(Il) D-camphor-10-sulfonates was
performed at 550 °C in electrical furnace, without the addition of any organic compound. The
obtained powders were characterized by XRPD, IR spectroscopy, SEM and EDS analyses. In
the aim to better understand the degradation processes of precursors, TG and DTG analyses
are performed.

XRPD was performed to identify the composition and crystalline phase of the final
products. The obtained XRPD results were analyzed by the Rietveld method to gain deeper
insight into the structural and microstructural parameters, by the fundamental parameters
approach [51], as implemented in PDXL2 Rigaku software.

Figure 1 shows the XRPD patterns of the face-centered cubic phase of NiO (ICDD
PDF 47-1049) and the rhombohedral structure of a-Fe,O; (ICDD PDF 33-0664), respectively.
No other diffraction peaks corresponding to impurities were observed. The X-ray diffraction
patterns show broad peaks indicating the ultrafine nature and small crystallite size of the
particles.

Tab. I Unit cell parameters (A), volumes (A3) and microstructural parameters for the final
powders obtained by thermal decomposition of [Ni(H,0)s](CSA), and [Fe(H,O)s](CSA),.

Crystal phase NiO o-Fe, 03
Space group Fm3m R3c
Unit cell parameter, a (A) 4.1774(1) 5.03395(6)
Unit cell parameter, ¢ (A) - 13.7495(3)
V(A% 72.899(4) 603.485(4)
Crystallite Size (nm) 10.8(1) 58.5(4)

Microstrain (%) 0.099(6) 0.041(3)




The values of average crystallite size and microstrain obtained by the Rietveld
methods are listed in Table I. An average crystallite size in NiO was 10.8(1) nm, while
approximately 5 times larger average crystallite size was observed for a-Fe,O;. This result
can be explained by a higher rate of crystal growth in the rhombohedral crystal structure of a-
Fe,O; than in the face-centered cubic crystal lattice of NiO. It is a consequence of lower
energy (i.e. lower temperature) necessary for the growth of a-Fe,O; phase than in the case of
crystal growth of NiO phase. However, the preparation of single-phase nanocrystalline metal
oxides by thermal decomposition of solid camphor sulfonate precursors at relatively low
temperatures without using additional organic compounds should not be neglected.
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Fig. 1. XRPD patterns of final powders obtained by thermal decomposition of
[Ni(H,0)](CSA), and [Fe(H,0)6](CSA),.

The vibration modes are strongly influenced by the crystallite sizes. Thereby, the IR
spectrum is a fingerprint of nanocrystalline structure. The IR spectroscopy results confirmed
the formation of nanocrystalline NiO and a-Fe,O;. The IR spectrum of NiO shows a
characteristic peak at 457 cm', Figure 2, assigned to Ni—O stretching vibration as was
reported earlier by other researchers [34, 52]. The IR spectrum of a-Fe,O; shows two
characteristic bands at 441 and 521 cm ' of the Fe—O bond, resulting from the tetrahedral and
octahedral sites of hematite, respectively [53,54]. A broad peak approximately 3300 cm'
(~3400 cm ™ in the IR spectrum of hematite) arises due to the presence of water, Figure 2. A
band observed about 1650 cm™' in the spectra of both investigated samples can be attributed
to the bending vibration of water.

IR spectra of camphor sulfonate precursors contain a strong band at 3416 cm'
belonging to coordinated water molecules. Furthermore, two very strong bands at 1168 and
1045 cm™', corresponding to —SO5 group of camphor sulfonate anion, are present. The bands
assigned to the vibrations of the aliphatic alkyl groups at about 2950 cm ', as well as the band
of the carbonyl group at 1734 cm ' originate from camphor sulfonate moiety [49].



In summary, in the samples obtained by thermal decomposition of appropriate
camphor sulfonate precursors, bands characteristic for camphor sulfonate anion are not
detected in IR spectra, Figure 2.
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Fig. 2. FT-IR spectra of NiO and a-Fe,O; powders obtained by thermal decomposition of
appropriate camphor sulfonate precursors.

Bearing in mind that the nanocrystalline form of metal oxides strongly affects
material microstructure, SEM and EDS analyses were performed to visualize the morphology
and the chemical composition of the final products obtained by thermal decomposition of
appropriate camphor sulfonate precursors. From the obtained SEM results, Figure 3, it was
clear that the obtained powders were highly agglomerated, as a consequence of their
nanometric sizes. NiO sample is consisted of spherically shaped agglomerates, while in a-
Fe,O; powder two forms of aggregates, spherical and plate-like, are observed. The EDS
spectrum of NiO powder shows only Ni and O, indicating that material with high degree of
purity was obtained, Figure 4. A similar atomic percentage of Ni and O were observed by
EDS analysis of NiO, Table II. In the case of a-Fe,O;, only Fe and O are present in the EDS
spectrum, Figure 4. Furthermore, EDS analysis revealed the exact stoichiometric ratio of 2:3
was obtained, Table II.

Tab. II Weight and atomic percentage of elements in NiO and a-Fe,O; samples obtained by
EDS analyses.

NiO G-F6203
Element Wt % Atomic% Wt% Atomic %
Ni 75.09 46.66 - -
Fe --- --- 69.44 39.43
O 2491 53.34 30.56 60.57
Total 100.00 100.00  100.00  100.00




Fig. 3. SEM analysis of NiO and a-Fe,O; powders obtained by thermal decomposition of
appropriate camphor sulfonate precursors.
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Fig. 4. EDS spectra of NiO and a-Fe,O; powders.



The TG and DTG curves of [Ni(H,O)¢](CSA), and [Fe(H,0)¢](CSA), are shown in
Figure 5. General thermal behavior of these compounds, i.e. stability ranges and mass loss
data are listed in Table III.

The degradation of [Ni(H,0)s](CSA), and [Fe(H,O)s](CSA), in O, atmosphere occurs
in two main steps. Thermal analysis showed that the multi-step degradation of both
compounds begins at about 50 °C with the loss of six molecules of coordinated water.
Degradation continues in temperature range 282-532 °C for [Ni(H,0)](CSA),, and 203-440
°C for [Fe(H,0)s](CSA),. The second degradation step for both compounds contains several
successive degradation steps overlapped in this temperature range. However, this step can be
ascribed to the combustion of the organic groups-products of CSAs. In the case of
[Fe(H,0)s](CSA),, Fe(Il) has been oxidized to Fe(Ill) in the temperature range from 404-440
°C. Degradation residue of Ni(IT) compound at 532 °C corresponds to black NiO, whilst final
residue of [Fe(H,0)](CSA), degradation at 440 °C is red Fe,Os.
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Fig. 5. TG and DTG curves of [Ni(H,O)s](CSA), (up) and [Fe(H,0)s](CSA), (down).

Tab. III Decomposition temperature ranges and mass loss data for [Ni(H,O)e](CSA), and
[Fe(H,0)6](CSA),.

Decomposition Mass loss
Mass loss
Compound temperature range calculated / Fragment loss
°C) found / % %

58-178 107.80/17.13  108.06/17.17 6 H,0
. degradation
[Ni(H0)6l(CSA) 282-532 445.69/70.82 446.07/70.88  products of

CSAs

52-152 101.99/16.28 108.06/17.25 6 H,0
degradation
[Fe(H0)l(CSA) 203-440 441.73/70.51 438.59/70.01 products of

CSAs




4. Conclusion

The one-pot combustion syntheses of NiO and a-Fe,O3; powders at a nanoscale level
were conducted by thermal decomposition of appropriate hexaaquametal(Il) D-camphor-10-
sulfonate precursors since the chemical composition of these compounds allows the
avoidance of additional organic solvents. Furthermore, here described a new method for
preparation of NiO and a-Fe,O; was fully optimized at relatively low temperatures in a short
time and using inexpensive, carefully chosen, precursors. The obtained metal oxide
nanopowders are of high purity. Their microstructure indicates that such materials can be
highly exploited. Therefore, the further step of our investigations will encompass the study on
their electrochemical, sensing, and/or catalytic performances.
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Casicemax: Y osom pady je mnpsu nym oama 6eoma jeOHOCMAHA U Op3a cunmesd
Hanouecmuya Huka-okcuda (NiO) u xemamuma (o-Fey03) ussedena y jeoHom Kopaxy
MePMANHOM OEKOMNOZUYUJOM AKE8A KOMNIeKCa NPeld3sHux Memand yYuju je aujon Kamgop
cyagponam. [obujenu HaHO npaxosu cy OKAPAKMEPUCAHU PEHOSEHCKOM Ouppaxyujom Ha
npaxy, HML] cnexmpockonujom, ckenupajyhom enekmpoHCKOM MUKPOCKONUJOM U eHepUjcKu
OUCNep3uBHOM PeHO2eHCKOM — cnekmpockonujom. Penoeencka ougpaxyuja na npaxy
nomepouna je gopmuparee NiO u o-Fe,O; kpucmannux gasa eenuxe uucmohe. Ilpoceune
oumensuje kpucmanruma o-Fe,0; cy 6une oxo nem nyma eéehie y oonocy na xpucmanume NiO.
HI] cnexmpu cunmemucanux mamepujaia noKazyjy Kapaxmepucmuuxe mpaxe 3d
nanocmpyxkmype NiO u a-Fe,0;. 3a susyenusayujy mopgonoeuje u oopehusarse xemujckoe
cacmasa puHanHux npouzsooa Kopuuihere cy ckenupajvha eirekmpoHcKa MUKpoCKonuja u
eHepaujcku OUCnep3u6Ha penozencka cnekmpockonuja. Tepmocpasumempujcka ananusza je
omoeyhuna 0Oome pazymesarne mepMmuukoe nomawiarea npexypcopa. Oea 6p3a u 1axo
U3600/6U64 MemMOoOd CUHMe3e Omeapd WUPOK CHeKmap npumeHe O00OUjeHux mamepujaid,
Hapouumo 30602 ceoje eKOHOMCKe UCNIAMUBOCU.

Kwyune peuu: nanomamepujanu, HUKi-okcuo, Xxemamum, Kam@op cyigonamu, cunmesa y
JjeOHoM Kopaky.
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