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Abstract Cobalt oxide nanoparticles, Co3O4 (1) and Co3O4

(2), have been synthesized by thermal decomposition of
[CoII(bqbenzo)] and [CoII(bqb)], respectively. The morpholo-
gy of these oxides is influenced by the difference in the struc-
ture of bqbenzo2− {3,4-bis(2-quinolinecarboxamido) benzo-
phenone and, bqb2− {bis(2-quinolinecarboxamido)-1,2-
benzen}, only differing in a benzoyl substituent. The products
were characterized by XRD, FE-SEM, and FT-IR spectrosco-
py. The catalytic activity of the oxides was examined in oxy-
gen evolution reaction (OER) by cyclic voltammetry (CV)
and linear sweep voltammetry (LSV). The Co3O4 oxides (1
and 2) exhibited higher catalytic activity compared to 10 wt%
Pt/C in terms of obtained current density at 0.8 V; ∼23.3 ver-
sus 6.1 mA cm−2, respectively. However, the aging tests of the
two oxides in OER revealed that Co3O4 (1) is more stable than
Co3O4 (2). These results demonstrated that the Co3O4 (1) has
a superior performance which can be employed in the alkaline
water electrolyzer anode.
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Introduction

Electrocatalytic transformation of water to H2 and O2 has
attracted increasing attention for producing clean energy and
efficient energy storage [1–3]. The oxygen evolution reaction
(OER, 4H+/4e─), which requires a large overpotential, is one
of the major scientific challenges in this transformation [4–6].
Although, the oxides of some noble metals such as Ru and Ir
exhibit excellent activity towards OER [7–9], it is highly de-
sired to search for efficient and low-cost OER catalysts to
reduce the overpotential and enhance the current density.

In recent years, tremendous efforts have been dedicated to
searching for inexpensive OER electrocatalyts. Amongst the
most promising materials that have displayed a combination
of desired stability, relatively low overpotential, and viable
cost are various transition metals and metal oxides, including
cobalt oxides [10–12] and nickel oxides prepared by different
methods [13–15]. To get a better performance however, cobalt
oxide nanoparticles have been used to fabricate metal oxide-
based electrodes. These nanoparticles are prepared by a vari-
ety of synthetic methods using different precursors, including
thermal decomposition of suitable cobalt coordination com-
pounds [16]. In this context, several cobalt complexes such as
Co(C6H5COO)2(N2H4)2 [17] and [(NH3)5Co(O2)
Co(NH3)5](NO3)4 [18] have been used for the synthesis of
Co3O4 NPs by thermal decomposition. However, more con-
venient and benign synthesis of the precursors from readily
available reagents is highly desirable.

Pyridine carboxamide ligands and their metal com-
plexes are amongst the well distinguished and available
compounds that are very attractive to inorganic chemists
due to their diverse applications. These compounds have
exhibited extraordinary properties and have been
exploited in a great variety of catalytic and biological
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process [19–25]. One factor that makes carboxamides at-
tractive for different applications is the simplicity of the
structural modification of these ligands by a modular ap-
proach. The steric and electronic properties can conve-
niently be modified by altering the pyridine carboxylic
acid or the diamine backbone via introducing suitable
substituents to the rings [26–30]. These modifications will
presumably fine-tune the structures and properties of their
metal complexes that may serve as precursors for the syn-
thesis of metal oxide nanoparticles.

In this context, herein, we report the synthesis of
H2bqbenzo and H2bqb ligands by a benign and efficient meth-
od that we have recently developed in our laboratory for the
synthesis of carboxamide derivatives [28–31]. The synthesis
of the corresponding cobalt(II) complexes, [CoII(bqbenzo)]
and [CoII(bqb)], and preparation of Co3O4 nanoparticles 1
and 2 by thermal decomposition of these precursors are also
presented. The effect of benzoyl substituent on the final mor-
phology of Co3O4 nanoparticles and the application of these
NPs for electrocatalytic water oxidation are also reported and
discussed.

Experimental

Materials and Methods

All solvents and chemicals were of commercial reagent
grade and used as received from Aldrich and Merck.
Elemental analyses were performed using a Perkin–
Elmer 2400II CHNS-O elemental analyzer. UV-Vis spec-
tra were recorded on a JASCO V-570 spectrophotometer.
Infrared spectra (KBr pellets) were obtained on a FT-IR
JASCO 680 plus spectrophotometer. The 1 H NMR spec-
tra of the ligands were obtained on a BRUKER AVANCE
DR (500 MHz) and BRUKER AVANCE III (400 MHz)
spectrometer. Proton chemical shifts are reported in parts
per million (ppm) relative to an internal standard of
Me4Si. Thermogravimetric analyses (TGA) were carried
out using a thermogravimetric analysis instrument
(BAHR STA-503) in a i r and a heat ing ra te of
10 °C min−1. The XRD patterns were recorded by a
Philips X-pert MPD X-ray diffractometer using Ni-
filtered Cu Kα radiation with voltage of 40 kV in the
range of 20–80° for 2 theta (2 ). Scanning electron mi-
croscopy (SEM) images were obtained using a MIRA3
TESCAN device.

Electrochemical measurements were carried out using a
potentiostat/galvanostat (SAMA 500). A commercial glassy
carbon GC electrode was used as a working electrode with π
mm2 surface area. An Ag/AgCl (sat’d KCl) and Pt plate were
used as the reference and the counter electrodes, respectively.

Synthesis of the Asymmetric Carboxamid Ligand,
H2bqbenzo (L1)

A mixture of 3.1 g (10 mmol) triphenylphosphite (TPP),
1.61 g (5 mmol) tetrabutylammonium bromide (TBAB),
1.73 g (10 mmol) quinaldic acid, and 1.06 g (5 mmol) 3,4-
diaminobanzophenon in a 25-mL round bottom flask was
placed in an oil bath (Scheme 1). The reaction mixture was
heated until a homogeneous solution was formed. The solu-
tionwas stirred for 55min at 120 °C. The viscous solutionwas
cooled to room temperature and then treated with 20 mL cold
methanol. The resulting light cream solid was filtered-off and
washed with cold methanol. Yield (64%). Anal. Calcd. for
C33H22N4O3 (522.55 g mol−1): C, 75.85; H, 4.24; N, 10.72.
Found: C, 74.72; H, 4.22; N, 10.73%. FT-IR (KBr, cm−1)
νmax: 3330 (s, N–H), 1696 (s, C = Oamidic), 1647 (s,
C = Obenzo), 1588 (s, C = C), 1529 (s, C–N). 1H NMR
(400 MHz, CDCl3, 298 K): δ (ppm) = 7.54–8.53 (20H,
ArH), 10.56 (S, 1H, NH), 11.07 (S, 1H, NH).

Synthesis of the Symmetric Carboxamide Ligand H2bqb
(L2)

This ligand was prepared according to the procedure used for
H2bqbbenzo except that o-phenylenediamine was used in-
stead of 3,4-diaminobanzophenon (Scheme 1). The resulting
light cream solid was filtered-off and washed with cold meth-
anol. Yield (90%). Anal. Calcd. for C26H18N4O2

(418.45 g mol−1): C, 74.63; H, 4.34; N, 13.39. Found: C,
74.45; H, 4.34; N, 13.37%. FT-IR (KBr, cm−1): νmax = 3320
(s, NH), 1690 (s, C = Oamidic),1590 (s, C = C), 1530 (s, C–N);
1H NMR (500 MHz, CDCl3, 298 K): δ(ppm) = 7.37–8.54
(12H, ArH), 10.61 (s, 1H, NH).

Synthesis of [CoII(bqbenzo)]

A solution of 1.57 g (0.003 mol) of H2bqbenzo in 50 mL
chloroform was added dropwise to a solution of 0.747 g
(0.003 mol) of cobalt(II) acetate tetrahydrate in 50 mL meth-
anol. The resulting red solution was left undisturbed at room
temperature for 4 days to give red crystals of CoII(bqbenzo).
The crystals were isolated by filtration, washed with cold
methanol, and dried in vacuum. Yield: 91%. Anal. Calcd.
for C33H20CoN4O3 (579.47 g mol−1): C, 68.40; H, 3.48; N,
9.67. Found: C, 67.73; H, 3.42; N, 9.56%. FT-IR (KBr, cm−1):
νmax = 1650 (s, C = Oamidic), 1617 (s, C = Obenzo), 1594 (s,
C = C), 1568 (s, C–N).

Synthesis of [CoII(Bqb)]

A solution of 1.26 g (0.003 mol) of H2bqb in 50 mL
chloroform was added dropwise to a solution of 0.747 g
(0.003 mol) of cobalt(II) acetate tetrahydrate in 50 mL
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methanol. The resulting red orange solution was left un-
disturbed at room temperature for 4 days to give red or-
ange crystals of CoII(bqb). The crystals were isolated by
filtration, washed with cold methanol, and dried in vacu-
um. Yield: 91%. Anal. Calcd. for C26H16CoN4O2

(475.36 g mol−1): C, 65.69; H, 3.39; N, 11.79. Found:
C, 65.83; H, 3.42; N, 11.66%. FT-IR (KBr, cm−1):
νmax = 1665 (s, C = Oamidic), 1590 (s, C = C), 1540 (s,
C–N).

Synthesis of Co3O4 Nanoparticles

The Co3O4 nanoparticles (1) and (2) were synthesized by
thermal decomposition of [CoII(bqbenzo)] or [CoII(bqb)],
respectively. The calcination temperature for each com-
plex was determined based on TG-DTA results (vide
infra). Each cobalt complex was grinded and placed in
a pre-dried ceramic crucible. The crucible was heated in
a furnace set at 500 °C for 2 h in the presence of air. The
sample was then cooled to room temperature and the
black Co3O4 nanocrystals were collected and character-
ized by FT-IR, XRD, and FE-SEM.

Electrochemical Measurements

The experiments were carried out in solutions containing
1 M KOH at room temperature. The catalytic activity of
the catalysts were tested using cyclic voltammetry (CV)
at a scan rate of 50 mV s−1 and linear sweep voltamm-
etry (LSV) at a scan rate of 5 mV s−1. The working
electrode was prepared by the following steps: (i) the
catalyst (2 mg) was dispersed in isopropanol-H2O (v/
v = 80:20, 300 μL) solution containing a small amount
of 2 wt%. Nafion solution to form a homogeneous mix-
ture under sonication, and (ii) 1 μL of the ink solution
was transferred onto the surface of the GC by micro
pipette. After drying the electrode at 60 °C in an oven,
the catalyst loading of oxides was 0.2 mg cm−2. In the
case of Pt/C, metal loading of the electrode was 0.2 mgPt
cm−2.

Results and Discussion

Infrared Spectroscopic Analysis

Figure 1a shows the FT-IR spectrum of [CoII(bqbenzo)]. This
complex exhibits four vibrational bands at 1650, 1617, 1594,
1568 cm−1, characteristic of ν(C = Oamidic), ν(C = Obenzo),
ν(C = C), ν(C–N), respectively. Figure 1c shows the FT-IR
spectrum of [Co(bqb)]. This complex exhibits three vibration-
al bands at 1665, 1590, and 1540 cm−1 and characteristic of
ν(C = Oamidic), ν(C = C), ν(C–N) respectively. In the FT-IR
spectra of the calcination products, presented in Fig. 1b, d, no
relevant peaks indicating the presence of organic ligands or
fragments are observed. However, the appearance of two
strong bands in the FT-IR spectra of the thermal decomposi-
tion products of both precursor complexes, (at 664 and

Fig. 1 FT-IR spectra of (a) [CoII(bqbenzo)], (b) Co3O4(1), (c)
[CoII(bqb)], (d) Co3O4(2)
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571 cm−1 for 1, and 679 and 562 cm−1 for 2) confirms the
spinel structure of Co3O4 as the decomposition product.

The peak appearing at 664 cm−1 in Fig. 1b and at 679 cm−1

in Fig. 1d is attributed to the M–O bond stretching mode, in
which M is Co2+ and is tetrahedrally coordinated. The band at
571 cm−1 in Fig. 1b and at 562 cm−1 in Fig. 1d can be assigned
to the M–O stretching vibration, with M as the octahedrally

coordinated Co3+ [32, 33]. The broad band at about
3450 cm−1 is assigned to the adsorbed water.

Thermogravimetric Analysis

Figure 2a shows the thermogram of [CoII(bqbenzo)] precursor
indicating that the compound is relatively stable until it

Fig. 2 a TGA, DTG, and DTA thermograms of precursor [CoII(bqbenzo)] in air atmosphere. b TGA, DTG, and DTA thermograms of precursor
[CoII(bqb)] in air atmosphere
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reaches the temperature of 420 °Cwhere decomposition of the
ligand starts. A significant mass change (found 82.5%, cacl.
86.1%) occurs in the range of 420 to 560 °C (peak centered at
434 °C) corresponding to the decomposition of the ligand, and
the cobalt oxide Co3O4 (1) is finally produced.

Figure 2b shows the thermogram of [CoII(bqb)] pre-
cursor indicating the decomposition of the ligand in two
steps. Complete decomposition of the ligand with a sig-
nificant change in the mass (found 81.5%, cacl. 83.1%)
occurs in the temperature range of 450 to 560 °C (peak
centered at 462 °C), and cobalt oxide Co3O4 (2) is
finally produced. The structure of Co3O4 is confirmed
by FT-IR and XRD.

X-ray Diffraction Analysis

The XRD pattern of Co3O4(1) obtained from the thermal
decomposition of the [CoII(bqbenzo)] complex at 500 °C
for 2 h is shown in Fig. 3a The well-defined diffraction
pattern indicates that the sample is crystalline. The XRD
pattern shows diffraction peaks with 2θ values of 31.48,
37.04, 38.78, 45.04, 55.88, 59.57, 65.47, and 77.57° that
are assigned to the (220), (311), (222), (400), (422), (511),
(440), and (533) crystal planes of the crystalline Co3O4

phase, respectively and are in good agreement with the

JCPDS file of the cubic spinel-type Co3O4 phase (JCPDS
Card No. 74-1656). The XRD pattern of Co3O4 (2) obtained
from thermal decomposition of [CoII(bqb)] precursor (Fig. 3b)
exhibits diffraction peaks with 2θ values of 31.31, 36.88, 38.55,
44.77, 55.73, 59.55, 65.26, 68.77, 77.39, and 78.55° that are
assigned to the (220), (311), (222), (400), (422), (511), (400),
(531), (533), and (622) crystal planes of the crystalline Co3O4

phase, respectively. All the diffraction peaks are in good agree-
ment with the JCPDS file of the cubic spinel-type Co3O4 phase
(JCPDS Card No. 42-1467). These results confirm that the
complex is decomposed completely into the Co3O4 phase at
500 °C, in good agreement with the TG-DTA and FT-IR results.

The crystallite size of the as synthesized product, Dc, was
calculated from the average of the major diffraction peaks
using the Scherrer formula (Eq.(1)) [34] :

Dc ¼ Kλ
βcosθ

ð1Þ

where K is a constant (ca. 0.9); λ is the X-ray wavelength used
in XRD (1.5418 Å); θ the Bragg angle; β is the pure diffrac-
tion broadening of a peak at half-height, i.e., the broadening
due to the crystallite dimensions. The size of nanoparticles
calculated by the Scherrer formula from Fig. 3a, b are 30
and 33 nm, respectively.

Fig. 3 XRD pattern of Co3O4

showing peak indices and 2θ
positions, a for 1 and b for 2

Electrocatalysis



FE-SEM Morphological Analysis of Co3O4 Nanoparticles

The morphology of cobalt oxide nanoparticles was ex-
amined by FE-SEM (Fig. 4). Figure 4a, b is the low
and high magnification pictures of Co3O4 nanoparticles
o b t a i n e d f r o m t h e r m a l d e c om p o s i t i o n o f
[CoII(bqbenzo)]. These nanoparticles are agglomerated
and polymorphic, with a nonuniform distribution of
sizes and shape. The Co3O4 nanoparticles obtained
from thermal decomposition of [CoII(bqb)] precursor,
however, are mostly crystalline with a narrow shape
and size distribution forming chains of well ordered
nanoparticles (Fig. 4 c, d). The FE-SEM image shows
that the mean particle size of Co3O4 nanoparticles ob-
tained from [CoII(bqb)] is below 45 nm. These nano-
particles show remarkable electrocatalytic activity in
oxygen evolution reaction (OER) (vide infra).

Electrochemical Evaluation in OER

Figure 5 shows the CVof Co3O4 (1) and Co3O4 (2) catalysts in
1MKOHat room temperature. The observed single anodic peak
and corresponding cathodic peak in the potential window of
500–550 mV are due to Co(IV)/Co(III) redox reaction (1) [35,
36]:

The surface of the oxide film changes partially to the hy-
drated CoOOH phase according to the following reaction (2)
[37].

As evident from Fig. 5, the Co3O4 (2) has more intense
anodic and cathodic redox peaks which can be related to the

Fig. 4 The FE-SEM images of
Co3O4 nanoparticles, 1 and 2,
obtained from thermal decompo-
sition of [CoII(bqbenzo)] (a, b)
and [CoII(bqb)] (c, d),
respectively
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higher activity of Co3O4 (2) in OER as compared to Co3O4 (1)
(inset in Fig. 5). These results are consistent with those obtained
from morphological investigation.

The stability of the Co3O4 (1) and Co3O4 (2) electrodes
were checked by taking consecutive cyclic voltammo-
grams in 1 M KOH and the results are presented in
Fig. 6a, b. The resulting data after 500 cycles indicate that
Co3O4 (1) has a notable stability during catalyst aging
process in OER (Fig. 6a), compared to Co3O4 (2) with
48% current loss at 0.8 V. The higher stability of Co3O4

(1) is presumably due to the more robust polymorphic
structure of 1, relative to 2.

The catalytic activity of Co3O4 (1) and Co3O4 (2) was
also studied by LSV and Tafel plot in 1 M KOH at room
temperature. As shown in Fig. 7a, Co3O4 (1) and Co3O4

(2) have higher catalytic activity comparing to 10 wt%
Pt/C and show lower onset potential and higher obtained
current densities at 0.8 V. Moreover, the Tafel slope for
Co3O4 (1) is lower than Co3O4 (2), i.e., 78 versus
84 mV dec−1, respectively. These results indicate that
the oxides surface enhances the OER remarkably, which
is consistent with the obtained results in the literatures [38
, 39]. Therefore, it could be concluded that Co3O4 (1) is a
promising candidate anode catalyst for alkaline water
electrolyzer.

Fig. 6 LSVof a Co3O4 (1) and b
Co3O4 (2) electrodes in 1MKOH
at 1 and, after 500 CV scans
between 0.2 and 0.9 V, with the
scan rate of 50 mV s−1
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Fig. 5 CV of (a) Co3O4 (1) and (b) Co3O4 (2) recorded at room
temperature in 1 M KOH with a sweep rate 50 mV/s. The inset image
shows details at a high magnification
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Conclusion

Co3O4 nanoparticles have been synthesized by the thermal
decomposition of [CoII(bqbenzo)] and [CoII(bqb)]. The pro-
posed method for the synthesis of Co3O4 nanoparticles is sim-
ple, mild, and inexpensive, making it promising and suitable
for large scale synthesis of nanostructured cobalt oxide.
Furthermore, the effect of benzoyl substituent on the morphol-
ogy and nanoparticle size has been investigated by XRD and
FE-SEM. While the Co3O4(1) nanoparticles obtained from ther-
mal decomposition of [CoII(bqbenzo)] are agglomerated and
polymorphic, the Co3O4 (2) nanoparticles obtained from thermal
decomposition of [CoII(bqb)] precursor are mostly crystalline
with a narrow shape and size distribution forming chains of
well-ordered nanoparticles. The FE-SEM image shows that the
mean particle size of Co3O4 (2) nanoparticles obtained from
[CoII(bqb)] are below 45 nm. The electrocatalytic activity of both
oxides has been investigated by CV and LSV in an alkaline
medium. Compared to the conventional Pt/C 10 wt% catalyst,

both cobalt oxides 1 and 2 exhibit pronounced activities in OER
in alkaline medium. The aging test results of both oxides reveal
that Co3O4 (1) has an acceptable activity and stability during
OER. Overall, the Co3O4 (1) shows a remarkable performance
which can be considered as a promising catalyst for OER in
alkaline water electrolysis.
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