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Abstract Nanosized cobalt aluminate (CoAl,O,) was
prepared by thermolysis of heteronuclear coordination
compound, namely [Al,Co(C,04)4(OH,)s]. The synthe-
sized precursor was characterized by chemical analysis,
vibrational spectra and thermal analysis. The cobalt alu-
minate obtained after a heating treatment of the precursor
at 700 °C was characterized by IR, XRD, TEM coupled
with SAED measurements. Two types of carbon-based
electrodes, glassy carbon and boron-doped diamond elec-
trodes were decorated with the obtained cobalt aluminate in
order to enhance the electroanalytical performance for the
tetracycline (TC) detection in the aqueous solutions. Cyclic
voltammetry technique was used to determine the effect of
the nanosized CoAl,O, on the electrochemical oxidation of
TC and as consequence, for TC detection at both carbon-
based electrodes. The obtained cobalt aluminate exhibited
the electrocatalytic activity toward TC detection in direct
relation with the type of the carbon substrate, which
allowed enhancing the electroanalytical parameters of TC
detection in the aqueous solution.
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Introduction

The spinel-type oxides, due to their chemical, thermal
stability and high mechanical resistance, represent a new
class of materials with a wide range of applications, such
as: magnetic devices, ceramics, thin films, catalysis and
adsorbent materials [1-6]. Among this class of materials,
cobalt aluminate (CoAl,O,) received a lot of attention due
to its scientific properties being used as: electrochemical
sensor [7]; ceramic pigment [8, 9]; thin films [10]; and
catalyst [11]. From these reasons, a lot of researchers
focused to find the best method of the spinel obtaining,
which could be processed at lower temperatures and to
control homogeneity, purity, size and shape of the product.
Deraz et al. [7] tried to obtain CoAl,O4 nano-composite via
glycine-assisted combustion method. They controlled the
size of CoAl,O4 nano-crystals by tuning the molar ratio of
CoO to Al,O;. In general, besides CoAl,Oy, the obtained
product contains also, CoO particles. Ummartyotin et al.
[12] used the metal complex method in order to prepare
CoAl,O, spinel. The metal complex method was used also
in order to prepare CoAl,Oy spinel [12]. Using this method
the spinel was obtained through the calcination of the Co—
AI-TEA in propan-1-ol complex at high temperatures of
800-1200 °C. Another method reported in the literature for
the spinel obtaining is based on a chemical route in the
Pechini method which also involved calcination at 1000 °C
[13]. CoAl,O4 spinel as a single-phase was obtained
through thermal decomposition at 1000 °C of polynuclear
multimetallic compounds containing tartarate and glu-
conate anions as ligands, respectively [14]. Nanosized

@ Springer


http://dx.doi.org/10.1007/s10973-016-6045-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-016-6045-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-016-6045-y&amp;domain=pdf

1306

R. Dumitru et al.

cobalt aluminate spinel powders were prepared by the sol—
gel and sol-gel-hydrothermal methods using aluminum
secbutoxide, cobalt salts and nitric acid as oxides precur-
sors to form sols and gels [15]. The temperature for
obtaining the blue CoAl,O4 was about 1000 and 250 °C by
using the sol-gel and respective, sol-gel-hydrothermal
methods.

Various cobalt-based nanostructures have been proved
as promising materials for the electrochemical detection of
various compounds [16-18]. In general, in comparison
with the macroelectrodes, nanoparticles-modified elec-
trodes exhibit several advantages, e.g., catalytic activity,
high effective surface area and enhancement of mass
control [19, 20]. The carbon-based electrodes are widely
used in electroanalysis due to their good mechanical
resistance, high reproducibility and stability, good electri-
cal conductivity [18], and they are suitable for modification
with nanoparticles as chemically modified electrodes
(CMEs). Glassy carbon and boron-doped diamond elec-
trodes have been reported for many applications in elec-
troanalysis without any modifications [21] and also
modified with nanoparticles [17, 22].

The aim of this study was obtaining and testing nano-
sized cobalt aluminate in sensing applications. The pre-
cursor of the cobalt aluminate was obtained by a new
unconventional method, through the reaction of 1,2-
ethanediol with Al(NOs3)5-9H,0O and Co(NO3),-6H,O in
the presence of nitric acid. The electrocatalytic activity of
cobalt aluminate nanoparticles was tested toward tetracy-
cline oxidation envisaging their sensing applications.
Tetracycline, as model of the antibiotics class, was chosen
as target analyte for the detection testing using nanosized
cobalt aluminate-modified glassy carbon (Co—Al-GC) and
boron-doped diamond (Co—Al-BDD) electrodes.

Experimental
Materials and methods

All chemicals of analytical reagent grade from Merck,
Germany were used for the synthesis of coordination
compound, i.e., Al(NO3);-9H,0, Co(NO;),-6H,O, 1,2-
ethanediol and 2 M HNOj; solution were used.

The IR spectra (KBr pellets) of the compound and of the
decomposition products were recorded on a Jasco FTIR
spectrophotometer, in the range of 4000-400 cm™'. The
thermal behavior of the sample was studied using a
NETZSCH-STA 449C instrument, in the range of
25-1000 °C with a heating rate of 10 K min~', using
alumina crucibles. The experiments were carried out in
artificial air, at a flow rate of 20 mL min_l; the mass of the
sample was about 16 mg.
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The oxides were characterized by X-ray diffraction
(XRD) analysis. The powder X-ray diffraction patterns of
the decomposition products were recorded at room tem-
perature with a XRD using a Rigaku Ultima IV diffrac-
tometer, using Cu K, radiation (1 = 1.5418 A). For the
determination of the average crystallite size it has been
used Scherrer formula: D = [0.914/(BcosB)] x 57.32,
where D is the crystallite size, A the wavelength (Cu K,), 8
the corrected half-width obtained using o quartz as refer-
ence and the Waren formula and 6 is the diffraction angle
of the most intense diffraction peak.

In order to analyze the powders morphology and crys-
tallinity degree, and to check its chemical composition and
purity, TEM and HRTEM coupled with SAED (surface
area electron diffraction) investigations were performed
using a high-resolution transmission electron TECNAI F30
S-Twin microscope.

Synthesis of the coordination compound

An aqueous solution containing ethanediol, aluminum
nitrate, cobalt nitrate and nitric acid (2 M) in a molar ratio
x:2:1:y where x > 3 and y > 2 is heated in a water bath.
The reaction is completed when no more gas evolving is
observed. The obtained solid reaction product is purified by
washing with acetone and maintained in air until constant
mass. The reaction yield is nearly quantitative (>90%). The
metal content was determined by the atomic absorption
spectrophotometry (VARIAN Spectra 110 spectropho-
tometer). Carbon and hydrogen were analyzed using a
Carlo Erba 1108 elemental analyzer. Al,CoCgO,H;»
calcd./found Al%: 9.42/9.55; Co%: 10.28/10.43; C%:
16.76/16.93; H%: 2.09/2.23.

Identification of oxalate anion. The solid oxalic acid
(H,C,04-2H,0) obtained after the treatment of the com-
pounds solutions with R-H cationite (Purolite C-100) for
metallic cations retention and the evaporation of the
remained solution was subjected to the following identifi-
cation procedures: (1) elemental analysis, (2) FTIR spec-
troscopy: the spectrum is similar with the one reported by
the literature for the oxalic acid [23] (Electronic Supple-
mentary Material) and (3) specific reactions [24].

Testing in sensing application

The electrochemical measurements were carried out using
an Autolab potentiostat/galvanostat PGSTAT 302 (Eco
Chemie, The Netherlands) controlled with GPES 4.9 soft-
ware and a three-electrode cell, with a saturated calomel
electrode as reference electrode, platinum contraelectrode
and the cobalt aluminate-decorated carbon-based working
electrode. Commerical glassy carbon (GC) and boron-
doped diamond (BDD) electrodes were decorated with the
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obtained cobalt aluminate by simple immersion within an
aqueous suspension (10 mg mL™") and decorated elec-
trodes were obtained, i.e., cobalt aluminate-decorated GC
(Co—AI-GC) and cobalt aluminate-decorated boron-doped
diamond (Co-Al-BDD). The electrocatalytic activity of
cobalt aluminate was tested for the detection of tetracycline
(TC) in aqueous solution using cyclic voltammetry (CV)
technique. Sensitivity for TC detection is determined as the
slope of a linear dependence between the current corre-
sponding to the TC oxidation peak and the TC concentra-
tion based on the calibration plots. Tetracycline (TC) was
provided by Antibiotice lasi, Romania. The stock solution
was prepared using ethanol (PAM Corporation, Romania)
and 0.1 M NaOH solution (Merck, Germany) in a volume
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Fig. 1 IR vibrational spectrum of [Al,Co(C,04)4(OH;)¢] compound
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ratio of 1:1 to obtain 0.1 mM TC solution. The supporting
electrolyte was 0.1 M Na,SO, solution, prepared using
Na,SO, of analytical purity (Merck, Germany) with dis-
tilled water.

Results and discussion

Synthesis and characterization of the coordination
compound precursor

The method for the synthesis of coordination compound
precursor is based on the redox reaction between 1,2-

ethanediol and nitrate ion, in the presence of nitric acid
(2 M):

12C2H4(OH)2—|—6< [A1(0H2)6]3++3NO3‘>

+3 ( [cO(OHz)éfuzNo;) +8(H" + NO;3)
— 3A12C0(C204)4-6H20(S) + 32N0(g> + 76H20(g)

The role of 2 M HNOj solution was to reduce as much
as possible the hydrolysis of [AI(OH,)g]**, the formation
of hydroxo-oxalate.

The IR spectrum of the coordination compound (Fig. 1
and Table S1 Electronic Supplementary Material) shows an
intense and broad band with the maximum at 3423 cm™"
assigned to vibration v(OH) which confirms the presence of
water in the coordination compound [25, 26].

The splitting of the carboxylate vibrations denotes two
different coordination modes of the C,03~ ligand: as
tetradentate bridge [vysym (OCO) 1683 cm ™ Vsym (OCO)
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1400-1300 cm™'; §(OCO) 899 cm™'], and as chelate,
bidentate [Vasym (O=C-0O) 1707 cm ™ Vsym (0O=C-0O)
1286 cm™']. The weak absorption bands in the range
500-400 cm™' are characteristic for vibrations v(AI-O)
and v(Co-0). All the results are in good agreement with
those from the literature [27].

Nonisothermal behavior of the coordination
compound precursor

The thermal decomposition of the investigated coordination
compound occurs in the temperature range of 25-1000 °C
(Fig. 2) and confirms the formation as end decomposition
product a compound with molecular formula of CoAl,O4
(mass loss calcd./found (%): 69.12/69.00).

The first decomposition stage of the [Al,Co(C,y04)4
(OH,)g] compound is attributed to the dehydration process.
In the temperature range of 25-222 °C, the six water
molecules coordinated were removed (mass loss found/-
caled. (%): 18.80/18.85). The second decomposition step
(222-456 °C) associated with an exothermic effect (mass
loss found/calcd. (%): 49.10/48.99) is assigned to the
degradation of the oxalate anion coordinated with the for-
mation of the oxides mixture, Co30, and Al,Os. In the
third decomposition step (456-800 °C) the reduction of
Co>" to Co*" occurred in the presence of residual carbon,
and CoAl,O, was obtained (mass loss found/calcd. (%):
1.10/1.28).

Based on the above presented results, this study pro-
posed the following mechanism for the thermal
decomposition:

3A12C0(C204)4 (OH2)6L>3A12C0(C204)4+ 6H20

3A12C0(C204)4£C03O4 + 3A1203 + 35/2C02
+ 13/2C

Co304 + 1/2C <I—I>I 3Co0 + 1/2CO,
CoO + Al,O3 — CoAl,Oq4

Oxides characterization

Figure 3 presents IR spectra of the products obtained after
independent calcinations for 1 h in the temperature range
of 500-1000 °C, with a heating rate of 10 °C min~!, in
static air atmosphere.

From the IR spectra (Fig. 3) it is observed that for the
samples decomposed at 500 and 600 °C appeared the
specific bands for Co3O4 spinel at 669 and 563 cm ™! [28].
Starting with the samples obtained at 700 °C are evidenced
the bands characteristic for CoAl,O4 spinel (502, 542 and
670 cm ™) [29].
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Fig. 3 IR vibrational spectra of products obtained after the calcina-
tions of the coordination compound at various temperatures
(500-1000 °C)
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Fig. 4 XRD patterns of products obtained after the calcinations of
the coordination compound at various temperatures (500-1000 °C)

The formation of pure CoAl,O, after the calcination at
700 °C for 1 h of the coordination compound is also evi-
denced by XRD patterns presented in Fig. 4. The diffrac-
tion lines are in accordance with JCPDS 01-082-2249 file.
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As it can be seen, the cobalt aluminate is relatively well
crystallized. The formed cobalt aluminate (700 °C) is
characterized by a lattice parameter of 8.109 A, close with
the one reported by the literature [30, 31] and an average
crystallites size of 16 nm.

TEM image (Fig. 5a) performed on the CoAl,O4
(700 °C) indicates the formation of small particles, almost
homogeneous as shape and size, with a pronounced
agglomeration tendency.

The values of the particles sizes obtained by TEM image
were in good agreement with the particles size calculated using
XRD data, demonstrating the single crystal nature of these
particles. The high crystallinity degree is pointed out by the
ordered fringes corresponding to the crystalline planes of the
spinel structure, as resulted from the HRTEM image presented
in Fig. 5b. SAED image revealed the presence of the pure
cobalt aluminate and the crystallinity of the particles (Fig. 5c).

Nanosized CoAl,O4 (700 °C) in sensing
application—tetracycline (TC) detection
in the aqueous solution

In order to test the suitability for the sensing application,
nanosized CoAl,O4-decorated GC and BDD electrodes
were applied for the electrochemical detection of TC in
0.1 M Na,SO, supporting electrolyte. To assess the elec-
trocatalytic effect of CoAl,O4, the comparative experi-
ments were performed for GC and BDD without any
modification of the electrode surface.

The most important aspects regarding the electrocat-
alytic activity in the detection applications are to shift the
detection potential to less positive value and a considerable
increase in sensitivity.

Figure 6a, ¢ shows the comparative results for GC and
Co—-Al-GC electrodes as cyclic voltammetric series

ACoAY

Fig. 5 a TEM image, b HRTEM image, ¢ SAED pattern of the cobalt aluminate obtained after the calcination at 700 °C
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Fig. 6 Cyclic voltammograms recorded in 0.1 M Na,SO, support-
ing electrolyte (curve 1) and in the presence of 10-100 pM TC
(curves 2—11) at a potential scan rate of 0.05 V s 'ina potential
range from O to 1.25V/SCE using: GC electrode (a), and Co-Al-

recorded in the presence of various TC concentrations
ranged from 1 to 10 pM.

The oxidation peak corresponding to TC oxidation is
noticed at the potential value of +1.05 V/SCE for GC
electrode (Fig. 6a), and the oxidation peak currents
increased linearly with TC concentration (Fig. 6b). The
presence of CoAl,O4 on the GC surface was not evidenced
by CV shape in the presence of 0.1 M Na,SO, supporting
electrolyte (curve 1, Fig. 6¢), probably due to the small
amount of CoAl,O4. However, the oxidation peak current
increased in the presence of CoAl,0O4 and the detection
potential is shifted to less positive value in comparison
with their absence (1.00 vs. 1.05 V/SCE).

A similar behavior is found for BDD electrode in the
presence of TC (Fig. 7).

The presence of CoAl,0,4 on the BDD surface led to more
evidenced oxidation peak corresponding to TC oxidation at
its same concentration. Also, no oxidation/reduction peaks
corresponding to redox process for Co forms were evidence
in 0.1 M Na,SO, supporting electrolyte due to low amount
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TC concentration/uM

GC (c); Calibration plots for the linear dependence of the oxidation
peak current recorded at E = 41.05 V/SCE versus TC concentra-
tions for GC electrode (a), and Co—Al-GC (b)

of cobalt, which are in according to the results reported for
Ni-BDD [22]. However, the oxidation potential and as
consequence, the detection potential for TC found in our
study is less positive in comparison with one reported
(1.00 Vvs. 1.4 V/SCE), which could be explained in relation
with BDD surface history. Moreover, the CV shape of Co—
Al-BDD in the presence of TC is changed in comparison
with BDD. The oxidation process of TC started at less pos-
itive potential for Co—Al-BDD that represents a character-
istic of the electrocatalytic peculiarity.

The comparative results are gathered in Table 1, and it
can be easily concluded that for both electrodes the pres-
ence of CoAl,O, exhibited the electrocatalytic effects
toward TC oxidation and detection.

However, the catalytic effect is higher using BDD
substrate. The presence of CoAl,O4 increased the sensi-
tivity for TC detection by about four times for BDD and
almost double for GC, which should be explained by the
morphology of the substrate and the CoAl,O, distribution
within the electrode surface.
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Fig. 7 Cyclic voltammograms recorded in 0.1 M Na,SO, support-
ing electrolyte (curve 1) and in the presence of 1-10 uM TC
(curves 2—11) at a potential scan rate of 0.05 V s"'ina potential
range from O to 1.25V/SCE using: BDD electrode (a), and Co—Al-

Table 1 Detection characteristics determined for TC detection using
CV technique

Electrode Detection Sensitivity/ Correlation
potential/V/SCE pA pM! coefficient/R*

GC 1.05 0.924 0.948

Co-Al-GC 1.00 1.610 0.972

BDD 1.00 0.533 0.943

Co-Al-BDD 1.00 2.175 0.987

Conclusions

Nanosized cobalt aluminate (CoAl,O4) was obtained
through a new method, based on the thermal conversion of
oxalate coordination compound at 700 °C. The oxide was
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BDD (c); Calibration plots for the linear dependence of the
oxidation peak current recorded at E = 4+0.95 V/SCE versus TC
concentrations for BDD electrode (a), and Co—Al-BDD (b)

identified by IR, XRD and TEM investigations. TEM/
HRTEM images indicate the formation of small particles,
almost homogeneous as shape and size, with a pronounced
agglomeration tendency.

The nanosized CoAl,O4 (700 °C) exhibited the electro-
catalytic activity toward TC oxidation and as consequence,
for TC detection for both GC and BDD substrate. The pres-
ence of CoAl,O, increased the sensitivity for TC detection by
about four times for BDD and almost double for GC. This
behavior should be explained by better homogeneity of BDD
substrate in comparison with GC, which influenced the
CoAl,O, distribution within the electrode surface.
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