CrossMark

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Ceramics International 40 (2014) 2267-2274

CERAMICS
INTERNATIONAL

www.elsevier.com/locate/ceramint

Nanocrystalline indium-based oxides by tartarate precursor route

Dana Gingasu, Ioana Mindru®, Luminita Patron, Gabriela Marinescu, Silviu Preda,
Jose Maria Calderon-Moreno, Nicolae Stanica, Cristian Andronescu

Ilie Murgulescu Institute of Physical Chemistry of the Romanian Academy, Splaiul Independentei 202, Bucharest 060021, Romania

Received 1 July 2013; received in revised form 30 July 2013; accepted 30 July 2013
Available online 7 August 2013

Abstract

Cu,In,Os with orthorhombic structure and CdIn,O,4 spinel oxide have been synthesized by the precursor method via the tartarate route.
The complex precursors, (NHy);2[CusIny(C4O6H4)2(C4O6H3)6] - 6H,O(I) and (NHy)4[CdIny(C4O6Hy4)4(OH)4(H,0),] (ID), have been character-
ized by infrared spectroscopy (IR), ultraviolet—visible spectroscopy (UV—Vis), luminescence spectroscopy, magnetic measurements and thermal
analysis. Indium-based oxides have been investigated and characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), UV—
vis spectroscopy and magnetic measurements. Both indates are nanocrystalline powders. The average crystallite size is around 40-60 nm.

© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Transparent conducting oxides (TCOs) are materials of both
fundamental interest and technological importance. In the last
decade, n - type TCOs with different structures have been used
in photovoltaic cells, transparent electronic devices and other
optical displays due to their improved optical, electrical,
thermal and magnetic properties [1-4]. Transparent conducting
oxides like: MglIn,O,4 [1,2,5], CdIn,O4 [6,7], ZnGa,04 [8],
CdGa,0,4 [9], ZniIn,O53 44 [10] and Cu,In,Os [11] have been
studied. At the same time, CdIn,O, has been extensively
investigated and used for gas detection due to of its sensitivity
to different gaseous species like ethanol, acetone [4], formal-
dehyde [12], chlorine [13], hydrocarbons [14] and H,S [15].

Synthesis routes have played a crucial role in obtaining
these mixed oxides and influencing their properties. Transpar-
ent mixed oxides have been synthesized through various
methods such as the conventional solid state method involving
the mechanical mixing of metal oxides followed by calcination
at high temperatures (> 1000 °C) for long periods varying
from 4 hours to 2 days [10,16,17], the co-precipitation method
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[18], the aqueous/nonaqueous sol-gel procedure [4,12,19,20]
and the self-template reaction [21].

As far as we know, there are only few studies regarding the
preparation of these oxides by the precursor method (also known
as the complexation method) which consists in the thermal
decomposition of multimetallic complex compounds [22].

The main goal of this research is the preparation of
nanocrystalline Cu,In,O5 and CdIn,O4 by the precursor method
through the tartarate precursor route. The precursors are
polynuclear tartarate multimetallic compounds. Both precursors
and indium based oxides are characterized.

2. Experimental
2.1. Reagents

All chemicals: Cu(NOs),-3H,0, InCl;, Cd(NO3);3-4H,0,
tartaric acid (C4OgHg) are of reagent quality (Merck).

2.2. Cu,In,0s preparation from tartarate precursor (I)
To obtain the Cu,In,Os tartarate precursor, the following system

was studied: copper(I) nitrate—indium(III) chloride-tartaric acid. Cu
(NO3), - 3H,0 and InCl; were dissolved in minimum amount of
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distilled water and mixed with an aqueous solution of tartarate
acid in a 2:2:8 M ratio under continuous stirring. Ethanol was
added to the final solution until a blue precipitate was formed.
The pH was raised to 6 by adding NH4OH:ethanol (1:1). After
24 h at 4 °C, the precipitate was filtered and dried over P4Oy,.

Elemental analysis was consistent with the formula:

(NHy)12[Cu,Iny(C406H4)2(C4O6H3)6] - 6H,O (I): Anal.: Caled.:
In%: 12.35; Cu%: 6.93; C%: 20.66; N%: 9.03; H%: 4.62; found:
In%: 12.65; Cu%: 7.21; C%: 20.39; N%: 8.43; H%: 5.3.

In order to prepare well-crystallized Cu,In,Os, this com-
pound was calcined for 12 h at 950 °C.

2.3. CdIn,0, preparation from tartarate precursor (II)

The CdIn,O, tartarate precursor was obtained from the
system: cadmium(Il) nitrate—indium(III) chloride-tartaric acid.
Cd(NO3); - 4H,0 and InCl; were dissolved in minimum amount
of distilled water. An aqueous solution of tartaric acid was then
added such that the molar ratio of metal ions and tartaric acid
was 1:2:4. A white precipitate was formed by adding ethanol. A
solution of NH,OH:C,HsOH (1:1) was added until the pH rose
to ~6. After 24 h at 4 °C, the white compound was filtered,
washed with ethanol and dried over P4Oy.

Elemental analysis was consistent with the formula:

(NH4)4[CdIl’l2(C4O6H4)4(OH)4(H20)2] (II) Anal.: Calcd.:
In%: 20.68; Cd%: 10.12; C%: 18.22; N%: 4.68; H%: 3.42,
found: In%: 20.40; Cd%: 9.89; C%: 17.99; N%: 5.04; H%: 3.60.

Calcination of this precursor, (NHy)4[CdIny(C4O6H4)4(OH),
(H,O),] (), at 900 °C for 10h resulted in the formation of
well-crystallized CdInyOy.

2.4. Characterization techniques

The metal content of the complex compounds was deter-
mined by atomic absorption spectroscopy with an SAAIl
instrument and by gravimetric techniques; the C, N and H
values were obtained using a Carlo Erba Model 1108 CHNSO
elemental analyzer.

The IR spectra of tartarate precursors and indates were
recorded on KBr pellets with a JASCO FTIR 4100 spectro-
photometer in the 4000400 cm ™' range. Absorption spectra
were made with a JASCO V-670 spectrophotometer.

The photoluminescence spectrum of the cadmium indium
tartarate precursor was examined using a JASCO FP 6500
spectrofluorimeter.

The thermal measurements (TG, DTG and DTA) were
performed using Mettler Toledo TGA-SDTA 851 equipment
in an air static atmosphere. The measurements were carried out
in the range of 25-1000 °C with 10 °C min~"' heating rate.

X-ray diffraction data were collected using parallel beam
geometry on Rigaku's Ultima IV X-ray powder diffractometer,
with Cu Ka radiation (A=1.54 A), CBO optics, operating at
40 kV and 30 mA, 0.02 ° step size and 5 °/min scan speed.
Phase identification and Rietveld analysis were performed
using Rigaku's PDXL software, with Whole Pattern Fitting
(WPF) module, connected to ICDD PDF-2 database.

Scanning Electron Microscopy (SEM) was used to examine
the surface morphology, using a Zeiss EVO LS10 environ-
mental SEM at an operating voltage of 30 kV and a FEI 3D
FEG SEM microscope, equipped with an energy dispersive
X-ray spectroscopy (EDS) detector.

The magnetic measurements of both copper—indium tartarate
complex compound and copper—indium oxide were performed
with VSM Lake Shore equipment.

3. Results and discussion
3.1. Characterization of the tartarate precursors

In(II) coordination compounds containing carboxylate anions
as ligands have been well known for more than 30 years
[23,24]. Numerous example of 1D, 2D, 3D indium carboxylate
extended structures have been investigated [25-30].

Tartaric acid has been selected as building block for 1D, 2D,
3D frameworks due to the diversity of the binding modes of
carboxyl and hydroxyl groups. A survey of the literature shows
the main types of tartarate complex compounds [31-33].

The hydrothermal synthesis of indium tartarate polymer
compounds [In(L-TAR) H,0]-0.5H,O containing tartarate tri-
anions (TAR) with a 2D structure and [In(OH)(D/L)-TAR]-
2H,0 with a 3D framework has been reported recently [34].

Jian and co.[35] obtained a novel two-dimensional coordi-
nate polymer containing a porous framework: {[Cu,(C4H4Og),
(H,0),] - 4H,0} , using the reaction between fresh Cu(OH),
and tartaric acid in hydrothermal conditions.

Due to its multiple functions, the tartaric acid has also been
used as ligand in the synthesis of heteropolynuclear coordina-
tion compounds [22,36-39].

Our aim was to synthesize two heteropolynuclear complex
compounds containing In** and M*T (where M*T=Cu’*,
Cd2+) as precursors for Cu,In,O5 and CdIn,O,, respectively.
The  (NH4)12[Cuplny(C4O06 Hy)o(C4O6 H3) ] - 6H,O  (I)  and
(NH,)4[CdIn,(C40¢H4)4(OH)4(H,0),] (II) compounds have been
investigated by IR, UV-vis, luminescence spectroscopy and
magnetic measurements.

The IR spectra of the compounds I and II were recorded in
the 4004000 cm™' range and were compared to those of
tartaric acid and sodium tartarate, respectively. The IR spectrum
of tartaric acid showed a band at 1740 cm ™" assigned to v(CO)
vibration. After the formation of coordination compounds, this
band disappeared and was replaced in the IR spectra of these
compounds by two intense bands v,s,,(OCO) (1594 cm ! for I
and 1600 cm™" for II) and vy,,(OCO) (1396 cm™ ' for I and
1398 cm ™" for II) (Fig.1).

The magnitude of the separation AvV=V,m—Vsym IS a
spectroscopic criterion indicative of the coordination mode of
carboxylate anions. The Av values in the range 190-210 cm
observed in these spectra are smaller than the Av value of the
ionic compound (Av(Na,L)=240 cm ™ l) and suggest a biden-
tate coordination for the carboxylate groups of tartarate anions.

At the same time, the analysis of the spectra within the
1000-1150 cm " range reveals a difference between the
spectrum of the free acid and the spectra of the tartarate
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Fig. 1. IR spectra of (a) (NHy)12[CusIny(C4O6H4)2(C4O6H3)6] - 6H0, (b)
(NH4)4[CdIn,(C406H4)4(OH)4(H0),].

compounds: the peak assigned to the C—O stretching vibration
of the secondary OH groups appearing in the spectrum of the
free acid (1100-1130 cm™ ") is splitted in two components in
the IR spectra of the tartarate compounds (1060-1130 cm ™ 1).
The splitting can be explained by a dissimilar bonding of the
secondary OH groups to two different metal ions.

Both tartarate compounds exhibit a broad and intense band
in the range 2800-3400 cm ™~ '. This band can be assigned to
the vibration of water molecules or/and the formation of
hydrogen bonds between water and/or hydroxyl groups. The
presence on this band of a distinct shoulder at ~3200 cm ™'
can be assigned to v3(NH;") stretching vibration. The band can
be correlated with another one between 1390 and 1480 cm ™'
due to v4(NH, ) deformation, this band being however over-
lapped by the vgy,(OCO) [40].

The absorption spectrum of the compound I is presented in
Fig. 2. The band located at ~252 nm is most probably the
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Fig. 2. Absorption spectrum of (NHy4)12[Cu,Iny(C4O6H,)2(C4O6H3)6] - 6HL0.

ligand's own band. The broad band appearing in the range
700-1100 nm can be attributed to d—d transitions characteristic
of copper(Il) (d°) with distorted square pyramidal stereochem-
istry [41].

The (NH4)12[Cu,Iny(C406 Hy)2(C406H3)6] - 6H,0 compound is
paramagnetic. The value of the magnetic moment ~2.39 BM
(xeexp=0.8 x 107° emu/g at T=296 K) is very close to the one
calculated for a dinuclear Cu(Il) compound (¢=2.44 BM). This
behavior is consistent with the absence of interaction between these
two Cu(Il) ions.

The emission spectrum in solid state was measured for the
compound II at room temperature. Excited with 320 nm, the
compound exhibits a strong emission band centered at 409 nm
(Fig. 3), while the free ligand shows an emission band at about
405 nm. The fluorescent emission of the compound originates
from the ligand transitions.

The thermal behavior of these compounds was investigated
to establish the decomposition steps and the optimal conditions
for the conversion of tartarate compounds into Cu,In,O5 and
CdIn,0,, (Fig. 4).

The thermal decomposition of (NHy);2[CusIny(C4O6Hy)o
(C406H3)6] - 6H,O (I) occurs in three steps (Fig. 4a). The
weight loss (~5.18%) associated with an endothermic DTA
peak below 150 °C corresponds to the loss of water molecules
from the lattice (first step). The other two exothermic peaks on
the DTA curve, accompanied by a very large weight loss
(~70.69%) on the TG curve, are caused by the decomposition
of tartarate ligands. This decomposition taking place in
consecutive and/or overlapping steps (better observed on the
DTG curve) is a pyrolytic process. It is accompanied by the
evolution of large amount of gases (such as CO, CO,, water
and vapor). Thermal analysis of the precursor showed that the
decomposition is complete at a temperature below 550 °C.

The thermal decomposition of (NHy)4[CdIny(C4OgHy)4
(OH)4(H,0),] (II), (Fig. 4b) occurs in four steps. The weight
loss (~11.4%) associated with an endothermic DTA peak in
the temperature range 25-200 °C corresponds to the loss of
four water molecules and four ammonia molecules. The next
two steps on the TG curve, between 200 °C and 470 °C,
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correspond to a weight loss ~45.16% and are caused by the
decomposition of tartarate ligands. This process is accompa-
nied by a sharp, strong exotermic process on the DTA curve.
The last decomposition step on the TG curve, between 470 and
900 °C, accompanied by an exothermic peak on the DTA
curve, corresponds most probably to the decomposition of an
oxocarbonate intermediate, CdIn,O,(COj3), (weight loss
~6.52%). The IR spectrum of CdIn,O,(COj3), recorded in
the 400-4000 cm ™' range exhibits bands assigned to vibra-
tional frequencies of CO%_: v ~1080 cm™ ! v3~ 1492 cem !
and v4,~700 cm ™', The thermal decomposition is complete at
about 900 °C.

Thermal analysis showed that the decomposition of these
tartarate precursors is quite different. For the first compound,
the decomposition finished at a temperature below 550 °C,
while for the second compound the process finished at around
900 °C. This is due to the difference in the composition of
these compounds. The existence of more tartarate anions and
NH," cations in compound I induces a pyrolitic combustion
process similar to self-propagating combustion, leading to a
significant decrease in the final temperature.

3.2. Characterization of CuyIn,Os

It is well known that Cu,In,Os crystallizes in two phases: an
orthorhombic crystal structure and a monoclinic one [42-44].

The final product obtained after the thermal decomposition
of the complex compound (NH,);>[Cu,In,(C4O06 Hy)o(CyOg
H3)e] - 6H,O (I) was calcined at 950 °C for 12 h. The X-ray
diffraction pattern confirmed the formation of ultrafine orthor-
hombic Cu,In,Os with space group P2, nb (33) (Fig. 5). The
lattice constants are a=12.297, b=10.536 and ¢=3.276 A
(ICDD PDF 01-070-1082). The average crystallite size is
found to be ~40 nm. Some reflections of In,O; (ICDD PDF.
00-006-0416) and CuO (ICDD PDF 01-089-2529) were
present as well.

SEM micrographs and the EDS spectrum of the Cu,In,Os5
powder prepared as described above are shown in Fig. 6. The
particles observed in SEM are faceted, with uniform particle
size (Fig. 6a, b). According to the crystalline size measured
from XRD results, the faceted particles observed in SEM must
be formed of several primary nanocrystallites. EDS measure-
ments detected the presence of Cu, Cd and O in the oxide
powder, quantitative analysis gave a Cu:In atomic ratio of 2:2
(£ 0.03) in all analyzed regions.

Magnetic susceptibility was measured in the temperature
range 80-300 K (Fig. 7). The y(T) curve in this temperature
range follows the Curie-Weiss law y = C/(T+0).

The experimental value of the effective magnetic moment,
Herr=1.76 BM, is in agreement with the theoretical value of
1.98 BM (derived for S=1\2, with g=2.28) [42,45,46] and
confirms the existence of Cu®™ state in Cu,In,0s.

The absorption spectrum of Cu,In,O5 recorded in the 200—
1800 nm, exhibits two bands around ~400 nm and ~700 nm
which can be assigned to the transitions to the components of
the E level (in T,) in D,y symmetry (Fig. 8) [41].
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3.3. Characterization of CdIn,0y

The final compound was treated for 10 h at 900 °C to obtain the
CdIn,O,4 spinel oxide through the decomposition of the tartarate
complex (NH4)4[CdlIny(C4O6H4)4(OH)s(H,0),] (D). The phase
composition was established by X-ray diffraction patterns
(Fig. 9). The compound showed well-developed diffraction
lines of the CdIn,O, spinel phase ICDD PDF 074-0841). The
reflections were indexed to the CdIn,O,4 space group Fd3m
(227), a=9.163 A. The average crystallite size was found to
be ~60 nm. Some reflections of In,O3 were present as well.

The SEM micrograph of the CdIn,O, powder is shown in
Fig. 10. Uniform particles with size between 100 and 200 nm
are observed (Fig. 10a, b). CdIn,O4 powders obtained by the
hydrothermal route or the chemical coprecipitation method
generally present the formation of large micron-sized agglom-
erated particles [12]. This phenomenon is not observed in our
case. Compared to other methods, the precursor route results in
a more uniform particle size and prevents the formation of
large agglomerates. EDS measurements (Fig. 10c) detected the
presence of Cd, In and O in the oxide powder, quantitative
analysis gave a Cd:In atomic ratio of 1:2 (4 0.04) in all
analyzed regions.

4. Conclusions

Cu,In,O5 with orthorhombic structure and CdIn,O, spinel
oxide have been synthesized by the precursor method via the
tartarate route. Heating treatment at 950 °C/12 h and 900 °C/
10h was required to obtain well crystallized Cu,In,Os and
CdIn,O,, respectively.

Indium-based oxides have been investigated and characterized
by XRD, SEM, UV-vis spectroscopy and magnetic measure-
ments. The average crystallite size was found to be 40-60 nm.

These results proved that it is possible to obtain nanopar-
ticles indium-based oxides with varied structures by the
precursor method via the tartarate route.
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