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Abstract
The microwave-assisted combustion process (MCP) was adapted to prepared Zinc doped Co3O4 spinel nanoparticles. Scan-
ning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), diffuse reflectance spectroscopy (DRS), 
energy dispersive X-ray analysis (EDX), X-ray diffraction (XRD), and vibrating sample magnetometer (VSM) techniques 
were used to investigate the structural, optical, morphological, magnetic, and catalytic properties. The cubic spinel structure 
was obtained without impurities in the X-ray diffraction (XRD) patterns of undoped Co3O4 and Zn2+ doped Co3O4 (x = 0.1 
and 0.3) respectively. However, as the Zn2+ concentration increased, at x = 0.5, a new hexagonal phase appeared in addi-
tion to the cubic phase, with mean crystallite size of the cubic spinel structure extending from 48.6 to 25.5 nm. It is found 
that Zn2+ doping in Co3O4 matrix can induce a negative shift in the flat-band potential (VFB) and increases the isoelectric 
point. The Co–O stretching mode of the cubic spinel Co3O4 structure is responsible for the occurrence of FT-IR bands at 
about 662 and 573 cm−1. Kubelka–Munk (K–M) method is utilized to deduce the direct band gap and decline in the band 
gap values (1.87–1.72 eV) observed with rise in Zn2+ content. TG–DTA analysis confirms the weight loss and exothermic 
transitions. Scanning and transmission electron microscopy were used to study the morphology and the images depicted 
with intragranular pores, fused grains with different grain boundaries and homogeneous distributions. The transition from 
paramagnetic to super-paramagnetic behavior was most likely caused by the exchange of Zn and Co ions, as well as the phase 
composition of ZnO (hexagonal phase) and Co3O4 (cubic phase). The as-fabricated Zn2+ doped Co3O4 nanoparticles were 
evaluated for the catalytic activity tests carried out in a batch reactor operating under atmospheric conditions. The high dop-
ing concentration (about, x = 0.5) sample exhibited excellent catalytic activity and it exhibited better conversion efficiency 
and selectivity of 97.3% and 95.3%, respectively.

Keywords  Co1-xZnxO4 spinel nanoparticles · Microwave combustion synthesis · Optical properties · Magnetic properties · 
Catalytic properties

Introduction

Nanostructure materials and spinel nanoparticles have 
been widely studied in the past decades due to its attractive 
structural, electrical and magnetic characteristics. Magnetic 
nanoparticles are highly polarized with an electronic spin, 
resulting in 80% of high magneto-resistance at room tem-
perature [1, 2]. Currently, the synthesis of electrochemical, 
magnetic, catalytic, optical, mechanical, and thermal proper-
ties of cobalt oxide formed excessive concentration due to its 
various technological applications, such as contain magnet-
ism, solid-state sensors, lithium-ion batteries, heterogeneous 
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catalysts, gas sensors, energy storage, solar energy absorb-
ers, particularly in super capacitors, because of its higher 
surface area, and electrochemical devices [3–5].

Co3O4 is a widely used magnetic material that has piqued 
the interest of researchers in electrolysis, which is shown 
to exhibit remarkable photo-electrochemical properties due 
to an excellent stability (in alkaline media) during oxygen 
redox processes and provides promising redox potential 
abilities [6–8]. Co3O4 and/or Co-based nano-composite 
materials an enhancement agent for magnetic resonance 
imaging or correspondingly offers stimulating benefits on 
several engineering and medicine (drug delivery application) 
[6, 8]. Co3O4 is a transition (binary) metal oxide with cubic 
normal spinel crystal structure and one of the important and 
attractive p-type semiconductors with anti-ferromagnetic 
material with Neel temperature (TN) of ∼30 K [3, 9, 10]. 
The anti-ferromagnetic ordering of CO3O4 is caused by 
super-transfer interactions, which may occur via two posi-
tive path ways, for example (i) Co2+–O–Co3+–O–Co2+, (ii) 
Co2+–O–Co2+[3]. The cobalt oxide has an essential narrow 
band gap of 0.74 eV, which is far narrower than the com-
monly agreed band gap values ranging from 1.5 to 2.5 eV, 
and this band gap value is derived from a simple dipole pro-
hibited d–d transition between tetrahedral-site Co2+cations 
[7, 11]. Cobalt oxides are formed in a variety of oxidation 
states, which makes the materials attractive. The composite 
might occur in the form of the rock salt structure of cobalt 
(II) oxide (CoO), Alternatively, spinel cobalt (II, III) oxide 
(Co2O3 and Co3O4), fabricated by a process of mixed oxida-
tion (Co2+ and Co3+) state [8]. It is well known that magnetic 
Co2+ ions occupy the tetrahedral sites as Co3O4 crystallizes 
in the cubic natural spinel form, while the non-magnetic 
Co3+ ions occupy the octahedral sites [5]. Cobalt oxide 
nanoparticles as one of the fascinating magnetic properties, 
it has greater attention owing to its uses in supercapacitor 
[12], lithium-ion battery [13], gas sensor [14], heterogene-
ous catalyst [15], and so on. This has been widely analyzed 
as steady catalysts for oxygen reduction reaction (ORR) and 
oxygen evolution reaction (OER) because of its lower price 
[16]. The oxides are common in nature, and only CoO and 
Co3O4 are stable, with Co3O4 having the greatest steadiness 
of all of the cobalt oxides.

Various methods have been used to create magnetic 
cobalt oxide nanoparticles such as sol–gel [17], chemical 
vapor deposition [18], sonochemical [19], spin coating [20], 
spray pyrolysis [21], solid-state thermal decomposition 
method [22], mechano-chemical reaction [23], precipitation 
[24], hydrothermal [25] are some of the general synthesizes 
methods used for CO3O4. These methods, however, either 
take time or require costly instruments. In such situations, 
the synthetic route with microwave assisted is an appropriate 
approach; the narrow size distribution and high purity are 
the additional advantages [10].

However, there are few studies on the synthesis of ZnO 
and Co3O4 using MCP. This work emphases on the prepara-
tion of Zn2+ doped Co3O4 using MCP. The outcome of Zn2+ 
doping on Co3O4using microwave effect for secondary (ZnO 
at x = 0.5) appearance is explored. Zn2+ is doped with Co3O4 
nanoparticles owing to its good conductivity, thermo chemi-
cal stability and low manufacture price. ZnO is an inherently 
n-type semiconductor with a 3.37 eV optical band gap and a 
high exciton binding energy of 60 meV [9].

The present work aims to exploit the preparation method-
ology of Co3O4 and doping Zn2+ in CO3O4 nanoparticles and 
various physical characterization techniques are employed 
to study the structural, optical, thermal, surface morphology 
and magnetic characteristics are studied in detail and elabo-
rated in the subsequent sections. The as-prepared undoped 
cobalt oxide and zinc doped cobalt oxide nanoparticles have 
also been assessed for the glycerol oxidation to discover their 
possible catalytic application.

Experimental

Materials

The chemicals such as cobalt nitrate, zinc nitrate and L-ala-
nine of analytical grade (99.9%), obtained from SD Fine- 
chemicals, India. The chemicals were used directly without 
performing any extra purification. Double distilled water is 
utilized during the process of sample preparation.

Synthesis of Zn2+ Doped Co3O4 Nanoparticles

Appropriate amounts of cobalt nitrate, zinc nitrate (precur-
sors-oxidizers), and L-alanine (fuel) were utilized in the 
microwave combustion technique to create spinel nanoparti-
cles. The fuel-to-oxidizer (F/O) ratio retained at 1 as per the 
principle of propellant chemistry [2]. The standard proce-
dure, extracted homogeneous solution (precursors), was dis-
solved in de-ionized water and stirred for 45 min at 300 K. 
In a microwave (800 W), which operates at 2.45 GHz, the 
homogeneous solution was introduced for a short period of 
15 min. The precursor solution was dehydrated and com-
busted after reaching the threshold temperature and the black 
fluffy powder as obtained was calculated at 550 °C for 2.5 h. 
The attained samples were processed at a stoichiometric 
concentration, Co1-xZnxO4 with x = 0, 0.1, 0.3 and 0.5 were 
labeled as (a), (b), (c) and (d), respectively.

Characterizations

The thermogravimetric behavior of the as-prepared pow-
ders was examined using an Exstar TG/DTA 7200 instru-
ment from SII Nanotech at a heating rate of 5 °C min−1 in 
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a nitrogen atmosphere. X-ray diffraction (Rigaku Model 
Smartlab 3 kW X-ray diffractometer) in 2θ scale 10–80° 
fitted with Cu K radiation = 1.5406 Å was used to define the 
structural properties of the as-prepared powders. Thermo 
Scientific make NICOLET iS10 is utilized to perform 
FTIR studies and to determine function classes. In order 
to study optical characteristics Evolution 300 UV–visible 
spectrophotometer of Thermo Scientific make is used at RT. 
HITACHI S4800 equipped with EDS of HORIBA EMAX 
make was employed to perform morphological studies and 
to confirm elemental composition. A PMC Micro Mag 3900 
type VSM equipped with a 1 T magnet is used to study mag-
netization curves at RT.

Catalytic Activity

The catalytic conversion of glycerol was carried out in a 
batch reactor operating under atmospheric conditions using 
a two-necked round bottom flask (250 ml) equipped with 
reflux condenser and temperature controller. The start-
ing mixture containing zinc doped cobalt oxide catalysts 
(50 mg), glycerol (C3H8O3) as reactant (0.05 mol), hydro-
gen peroxide (H2O2) as oxidant (0.05 mol) and dimethyl 
sulfoxide (DMSO) as solvent, was placed in a two necked 
round bottom flask equipped with a water condenser. The 
temperature was maintained at 80 ºC for 390 min (6.5 h) and 
then cooled down to 304 Kelvin. The oxidized products were 
analyzed by gas chromatography (GC) with flame ionization 
detector, using a MAYURA 1100. The main by-products 
were confirmed by gas chromatography mass spectrometer 
(GC–MS) using Agilent Technologies Model 7890A.

Results and Discussion

Structural Analysis

The development of X-ray diffraction (XRD) patterns as a 
result of Zn2+ doping material is seen in Fig. S1. Pure Co3O4 
and Zn0.1Co0.9O4, Zn0.3Co0.7O4 samples show typical peaks 
of a single phase with a cubic structure and a space group 

Fd3m , in accordance with JCPDS card No: 43-1003). No 
other peaks have been noticed; this implies that microwave 
combustion method, followed by 2.5-h calcination at 550 °C, 
is adequate to prepare a single phase Co3O4 nanoparticles. 
The characteristics peaks at about 2θ values 19.0°, 31.2°, 
36.8°, 38.5°, 44.8°, 59.3°, 65.2° are (111), (220), (311), 
(222), (400), (511), and (440) crystallographic planes, cor-
respondingly. However, with increase in Zn2+concentration 
x = 0.5, the new secondary ZnO phase (space group P63mc) 
with hexagonal structure (the characteristics peaks at 2θ ≈ 
32.1° (100), 34.8° (002), 36.6° (101), 57.0° (110), 63.3° 
(103), 68.2° (112)) looks, in accordance with JCPDS No. 
75–1526. It was found that higher doping concentration 
x = 0.5 (Zn0.5Co0.5O4), a new secondary ZnO hexagonal 
process occurs. As Co2+ ions are replaced by Zn2+ ions, 
two phase-systems with cubic (Co3O4) and hexagonal (ZnO) 
structures form, suggesting the forming of a composite. The 
amplitude of the peak corresponding to the hexagonal step is 
observed to decrease as Zn2+ concentration increases.

The Debye–Scherrer formula was used to calculate the 
average crystallite size (D) of Zn2+ doped Co3O4 [26].

where, λ is the wavelength of an X-ray, β is the full width 
at half maximum (FWHM) and θ is the Bragg diffraction 
angle. The reported results show that the average crystal-
lite size of undoped cobalt oxide is 48.6 nm, while for Zn2+ 
doped samples it has been detected slightly smaller range 
42.9–25.5 nm as shown in Table 1. Increased substitutions 
of Zn2+ concentrations resulted in a haphazard decrease in 
the crystallite size of Co3O4 nanoparticles.

The XRD patterns were used to quantify the lattice 
parameters of a Zn.2+ doped Co3O4 method using Eq. (2)

where h, k, and l are the miller indices, a is the lattice 
parameter, and d is the inter-atomic spacing. Table 1 depicts 
the cubic phase's lattice parameter and unit cell number. 

(1)D =
0.89�

� cos �
,

(2)1

d2
=

h2 + k2 + l2

a2
,

Table 1   Structural parameters and energy gap of Zn2+ doped Co3O4 nanoparticles

Sample Code 2θ (°) FWHM, β (Å) Average 
Crystal-
lite
size D 
(nm)

Lattice
Parameter, a 
(Å)

Cell
volume (Å3)

Micro-stain, 
e (Å)

Lattice 
strain, ε 
(× 10–14)
(lin−2 m−4)

Dislocation 
density, δ 
(× 103) (lin 
m−2)

Energy gap
(eV)

(a) 37.04 0.170 48.6 8.0515 521.96 7.282 7.047 26.998 1.87
(b) 36.99 0.193 42.9 8.0566 522.95 8.269 7.988 34.649 1.82
(c) 36.97 0.242 34.2 8.0600 523.60 10.369 10.018 36.367 1.78
(d) 36.93 0.324 25.5 8.0632 524.23 13.910 13.425 97.946 1.72
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However, lattice constant an increases with increasing x 
value. The diffraction peaks (311) shift toward a lower angle 
as the concentration of Zn2+ increases. The shift in peak 
position between the samples with a Zn2+ doping level from 
x = 0 to 0.5 is Δθ = 0.11°, indicating that the lattice constant 
increased from 8.0515 to 8.0632 Å. This variation can be 
attributed to the greater ionic radius Zn2+ (rZn2+  = 0.074 nm 
at tetrahedral coordination) ions strengthened the lattice 
parameter compared to the comparatively smaller ionic 
radius Co2+ (rCo2+  = 0.072 nm at tetrahedral coordination) 
ions [27].

In addition, the micro-strain (e), lattice strain (ε) and dis-
location density (δ) are also calculated using Eqs. (3), (4) 
and (5) respectively. [28]

Table 1 summarizes the comprehensive structural param-
eters for the (311) peak, demonstrating that as doping con-
centration increases, the crystallite size decreases while the 
micro-strain, lattice strain, and dislocation density increase, 
owing to doping greater ionic radius (Zn) into lesser ionic 
radius (Co).

Zeta Potential

Zeta potential measurements were used to investigate the 
surface changes of the materials. Figure 1 depicts the vari-
ation of zeta potential with pH in aqueous suspensions. The 
zeta potential results show that the particle surface charge 
of undoped and Zn2+ doped Co3O4 nanoparticles in ethanol 
medium ranged from + 19 to + 25 mV and − 16 to − 21 mV, 
respectively. These findings showed that the as-prepared 
nanoparticles were relatively stable in an aqueous suspen-
sion. Because of the high zeta potential, the undoped and 
Zn2+ doped Co3O4 material suspensions were more stable in 
alkaline medium. In general, nanoparticles with zeta poten-
tials around 30 mV (− ve or + ve) demonstrated excellent 
colloidal stability. In contrast, the isoelectric point of the 
pure and Zn2+ doped Co3O4 nanoparticles increases from 
5.3 to 6.1, preferring glycerol oxidation [29–31].

(3)e =
�

4 tan �

(4)� =
� cos �

4

(5)� =
15� cos �

4aD

Optical Properties

The UV-DRS study is performed on the zinc doped cobalt 
oxide samples to determine the optical characteristics in 
the wavelength range of 200–800 nm. In the evaluation of 
the optical energy band gap the diffuse reflection research 
plays a major role. It is extracted utilizing the modified 
Tau’c relation [32] as given by Eq. (6):

where n = 1/2 and 2 for direct and indirect transitions, 
respectively, as a result, direct and indirect band gaps are 
created. The Kubelka–Munk (K–M) function [F(R)] is com-
monly used to transform diffuse reflectance into the cor-
responding absorption coefficient, as seen in Eq. (7), and is 
primarily utilized for investigating powder samples:

A graph is drawn between [F(R)hv]2 and h, and the lin-
ear regions of these graphs are extrapolated to [F(R)h]2 = 0 
to yield the direct band difference values as shown in Fig. 
S2. The estimated band gap values of Zn2+ doped structure 
is noted to be 1.87, 1.82, 1.78, and 1.72 eV (Table 1) for 
x = 0, 0.1, 0.3, and 0.5 respectively. However, increasing 
the Zn2+ doping causes a decline in the band gap value; 
i.e., 1.87–1.72 eV for un-doped to 50% Zn2+ addition. The 
contraction in band gap with doping of Zn2+ ions is seen 
owing to the creation of sub-bands amid the energy band 
gap. Further, combination of these sub bands with the con-
duction band results in the formation of continuous band, 
thereby lowering the band gap value [33].

(6)F(R)h� = A(h� − Eg)
n,

(7)� = F(R) =
(1 − R)2

2R
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Fig. 1   The pH-dependent zeta-potential of the pure and Zn2+ doped 
Co3O4 nanoparticles
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FTIR Analysis

Fig. S3 depicts the FTIR spectra of zinc doped cobalt oxide 
logged in the 4000–400 cm−1 region. The FT-IR spectral 
analysis was carried out to observe the development of nano-
structure and the existence of surface functional groups. The 
bands associated with higher wavenumbers are mapped with 
H, O, and C bonds. Wide band at 3444 cm−1 is linked to 
the O–H longitudinal stretching vibration of adsorbed water 
molecules. The band at 2914 cm −1 are aligned with the 
C–H symmetric and asymmetric stretching sensations. Fur-
ther, existence of a band at 1624 cm−1 confirms the occur-
rence of (H–O–H) bond vibration. Consequently, owing to 
the adopted combustion path of material synthesis, a weak 
band is seen at 1380 cm−1, which corresponds to the remain-
ing nitrogen groups. The symmetric stretching of CO3

2− ion 
is allotted to the weak band at 1040 cm−1. The fingerprint 
stretching vibrational modes of Co–O bonds is confirmed 
by observation by two distinct, sharp bands at 662 and 
573 cm−1, which ensures the formation of the cubic Co3O4 
nanoparticles [34]. However, the increasing Zn2+ doping 
content at x = 0.5, the presence of band at 479 cm−1 corre-
sponds to the stretching vibrational mode of hexagonal ZnO 
bond [35], which proved the high crystallinity of the sample 
as evidenced from XRD (x = 0.5) analysis.

TG/DTA Analysis

Thermogravimetric analysis was performed on the zinc 
doped cobalt oxide nanoparticles. The TG/DTA curves of 
the zinc doped system of the samples are given in Fig. S4. 
The initial stage of weight loss was noted to be 0.3, 0.1, 0.15 
and 0.3% (0 ≤ x ≤ 0.5) between 50 and 218 °C, and further 
dehydration of H2O molecules which is present on the parti-
cle surface is observed due to the existence an endothermic 
peak in the DTA thermogram. The next stage of weight loss 
was observed to be 0.12, 0.1, 0.4 and 0.31% (0 ≤ x ≤ 0.5) 
occurring between 242 and 400 °C is due to the decay of the 
organic compound, removal of hydroxyl group and volatile 
components existing in the prepared sample. No weight loss 
was noticed after 400 °C, this may be due to institutional 
reorganization. As a result, calcination has been carried out 
at the temperature above 400 °C, which indicates the thermal 
stability of zinc doped cobalt oxide nanoparticles [36, 37].

SEM Study

The surface morphology of the as prepared Zn2+ doped 
cobalt oxide is depicted in Fig. S5, combustion route entails 
the outflow of water molecules and volatile gases (O2, N2, 
and Co2), resulting in the development of a simple nano-
structure with varying degrees of porosity. Upon visual 
inspection the obtained images confirmed the formation of 

the porous nanosized crystallized grains. Further the pres-
ence of fused grains with discrete grain boundaries served as 
origin point for pore walls and several small-sized isolated 
grains with pores. Energy dispersive X-ray (Fig. S6) analysis 
has been used to determine the elemental conformation of 
the Zn2+ doped Co3O4nanoparticles and the existence of Co/
Zn and O elements were verified, and the respective frac-
tion of elemental composition is shown in the inset table of 
Fig. S6.

TEM Study

Figure 2a, b illustrates transmission electron microscopy 
(TEM) images of undoped and Zn2+ (x = 0.3) doped Co3O4 
nanoparticles, respectively. The as-prepared nanoparticles 
possess spherical morphology with some degrees of agglom-
eration. The average grain size particles in the Zn2+ (x = 0.3) 
doped Co3O4 nanoparticles clearly decreases when com-
pared to the pure Co3O4 nanoparticles (51 to 36 nm), which 
is consistent with the size estimated from the Debye–Scher-
rer equation from XRD. Figure 2c is selected area diffraction 
(SAD) pattern from the particles confirming the presence of 
the Zn2+ doped Co3O4 nanoparticles. The rings are broad-
ened considerably, indicating the nano-crystalline nature of 
the particles.

Magnetic Properties

The magnetization (M) vs field (H) hysteresis plot for zinc 
doped cobalt oxide system is shown in Fig. 3 it shows para 
and super-paramagnetic behavior (Table 2) at room tempera-
ture. Under the impact of magnetic field, the magnetization 
of the materials begins to saturate, and para to super-para-
magnetic activity becomes dominant. The cobalt oxide nano-
particles were normal spinel structure, as cobalt (II) divalent 
and cobalt (III) trivalent metal ions occupy the tetrahedral 
and octahedral sites, respectively. The undoped Co3O4 
exhibited paramagnetic behavior at room temperature, and 
it undergoes the weak exchange interaction between anti-
ferromagnetism and ferromagnetism for surface effect below 
the Neel temperature at approximately 40 K. The interaction 
of antiferromagnetic strength is weak, that employed in unit 
cell all the spin-up Co2+ ion has tetrahedral coordination 
with nearest neighbor atom Co2+ ion with the spin down 
configuration [38, 39]. The corresponding undoped Co3O4 
spinal nanoparticle is observed the saturation magnetiza-
tion values (Ms) 5.8079 memu g−1. Although bulk cobalt 
oxide material is anti-ferromagnetic behavior, this change 
in magnetic property due to the finite size effects [40]. As 
increasing Zn2+ ion concentration from x = 0.1 to 0.5 are 
exhibited only super-paramagnetic behavior. These sam-
ples are found to non-saturate the magnetization event at 
the maximum applied field of 15 kOe. The undoped Co3O4 
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belong to paramagnetic materials and Zn2+ doped Co3O4 
samples present weak ferromagnetic property as shown in 
Table 2 [41–43]. These samples corresponding to the satu-
ration magnetization values (Ms) 99.695 to 1.8562 memu 
g−1. The coercivity (Hc) and remanence magnetization (Mr) 

was observed that it varies with increasing Zn2+ concentra-
tion, which ranges from 52.871 to 135.49 Oe and 53.299 
to 1395.8 μemu g−1 (Table 2). These values remained to 
be dependent on crystallite size and shape of undoped and 
doped cobalt oxide nanoparticles [44].

Fig. 2   a, b TEM images of pure 
and Zn (x = 0.3) doped Co3O4 
nanoparticles, respectively. c 
SAD pattern of Zn (x = 0.3) 
doped Co3O4 nanoparticles
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Fig. 3   Magnetic hysteresis curves of theZn2+ doped Co3O4 nanoparticles
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Catalytic Activity

Effect of Sample Composition

Zinc doped cobalt oxide nanoparticles have been used for 
the oxidation of glycerol in liquid phase batch reactor at 
atmospheric conditions. Increasing Zn2+ concentration (x = 0 
to 0.5), the catalytic conversion of glycerol increased from 
77.9% to 97.3% and selectivity of formic acid increased (as 
observed for GC–MS results shown in Fig. S7) from 68.8% 
to 95.3% respectively. This catalyst (x = 0.5) exhibits high-
est catalytic activity for the conversion of glycerol to formic 
acid as shown in Fig. 4. Thus, zinc (x = 0.5) doped cobalt 
oxide catalyst alone was selected for further studies.

Effect of Catalyst Loading

Figure 5 display the effect of catalyst loading on the conversion 
of glycerol and product selectivity using zinc (x = 0.5) doped 
cobalt oxide catalyst at 80 ºC for 6.5 h and the optimum reac-
tion condition which maximized the production of formic acid 
from glycerol. The conversion and the selectivity’s of formic 
acid was the highest (97.3% and 95.3%) for 50 mg of catalyst 
loading. At high amount of catalyst, the conversion and the 

selectivity’s decrease (92.6% and 90.2%) which is due to the 
blocking of the pore on the catalyst surface, which in turn leads 
to drop in the reactive surface available to head the reaction 
[45].

Recycling Performance

The recyclability and recoverability of x = 0.5 sample of the 
nanoparticles were examined over five runs recycling test of 
glycerol oxidation as shown in Fig. S8. After the first reaction, 
the catalyst was filtered and cleaned with distilled water quite 
a few times, consequently it was dried at 180 ℃ in hot air oven 
for about 2 h and then it was examined for four successive runs 
under the same conditions. The catalytic transition of glycerol 
and selectivity of formic acid decreased from 97.3% to 77.7% 
and 95.3% to 74.9%, respectively. This may be due to the mass 
loss which has occurred during the catalyst washing and recov-
ery procedures [46, 47].

Reaction Pathway

Scheme 1 shows the probable reaction mechanism for the cata-
lytic oxidation of glycerol to formic acid. In the initial stage 
glycerol is oxidized to form either glyceraldehyde or dihy-
droxyacetone. On further losing an electron, glyceraldehyde 
forms glyceric and tartronic acid. Subsequently the glyceric 
acid experiences rapid C–C bond cleavage to form glycolic 
acid and formaldehyde, which on further oxidation to forms 
the formic acid [48, 49].

Table 2   Magnetic properties of Zn2+ doped Co3O4 nanoparticles

* dWeak ferromagnetic behavior

Sample 
Code

Magnetic
behavior

Coercivity
Hc (Oe)

Remanence
Mr, (μemu/g)

Saturation 
Magnetization 
Ms,
(memu/g)

(a) Para 73.653 49.043 5.8079
(b) Ferro* 52.871 1395.8 99.695
(c) Ferro* 102.84 53.299 2.1720
(d) Ferro* 135.49 87.110 1.8562
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Fig. 5   Effect of composite loading on the conversion of glycerol over 
Zn2+ (x = 0.5) doped Co3O4 catalyst
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Conclusion

Microwave assisted combustion technique was used to suc-
cessfully synthesize Zn2+ doped Co3O4 spinel nanoparticles. 
Undoped cobalt oxide and zinc doped cobalt oxide (x = 0.1 
and 0.2) all exhibited a single-phase spinel with a cubic 
structure. Increase in doping (x ≥ 0.5), a new hexagonal 
phase was occurred with addition of cubic structure. Zn2+ 
doping into Co3O4 is observed to induce a negative shift 
in the flat-band potential and increase the isoelectric point. 
FT-IR study further confirms the bands at 662 and 573 cm−1, 
spinel cubic and hexagonal stretching modes, respectively. It 
is noted that with the increase of Zn2+ concentration, results 
in reduced band gap value. HR-TEM and SEM observa-
tions reveal that, the homogeneous distribution of Zn2+ in 
Co3O4 with high-quality lattice fringes. The existence of 
Zn, Co, and O was verified by EDX analysis. Depending 
on Zn2+ doping concentration, para-to-super-paramagnetic 
behavior is observed, combined with a significant differ-
ence in the magnetic parameters. Zn2+ doped Co3O4 spinel 

nanoparticles act as a suitable compound for the selective 
liquid phase conversion of glycerol to formic acid, exhibiting 
high conversion and selectivity more than 95%.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10876-​022-​02369-5.
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