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Abstract. The transition metal (Zn2?)-doped Co3O4nanoparticle was tailored through thermal decomposition of pre-
 cursor synthesized by simple co-precipitation which is an experimentally and economically comfortable method. The
 precursor was characterized using EDS, FTIR and thermogravimetric analysis. Also, the nano-sized metal oxide syn-
 thesized from its precursor was investigated by powder X-ray diffraction, X-ray photoelectron spectroscopy, high-
 resolution transmission electron microscopy, scanning electron microscopy. The specific surface area was scrutinized
 through Bruner–Emmet–Teller (BET) adsorption. The ferromagnetic property of the nanoparticle was detected using
 vibrating sample magnetometer. The photocatalytic degradation performance of nano ZnCo2O4 was evaluated using
 methyl orange (MO), rhodamine B (RhB) and Congo red (CR) dyes under sunlight. The nanoparticle demonstrated good
 photocatalytic activity towards azo dyes (MO and CR) rather than rhodamine (RhB)-based dye. The degradation of
 organic dyes was found to follow first-order kinetics.


Keywords. Transition metal; co-precipitation; ferromagnetic; photocatalytic activity.


1. Introduction


Today, environmental pollution and water scarcity have
 become a major threat to social and economic growth in
 developing countries. Modernization and industrializa-
 tion have also led to the discharge of different types of
 toxic dye wastes, which cannot be removed by tradi-
 tional sewage treatment [1–5]. Methyl orange (MO),
 Congo red (CR) and rhodamine B (RhB) dyes are
 commonly used in textile, food, paint, leather and cos-
 metic industries. These hazardous dye wastes from the
 industries can produce toxic by-products which cause
 severe health risks for humankind, animals and aquatic
 life [6,7].


There are numerous types of physical and chemical
 methods available for treating coloured wastewater.


However, it is difficult to degrade toxic dyes by choosing
 feasible techniques [8,9]. Currently, the role of semicon-
 ductor photocatalysts in the degradation of organic dyes
 has attracted more attention due to their simple prepara-
 tion, non-toxicity and photostability [10–12]. The
 heterogeneous transition metal oxides with general spinel
 structure AB2O4 (where A and B can be bivalent and
 trivalent, respectively) were reported that they were able
 to manage the effluent waste effectively due to their
 unique physical, chemical and optical properties. The


transition metal dopants can create oxygen vacancies
 which are also delaying the e–/h? pair recombination
 process [13–15]. Different transition metals, such as Co,
 Zn, Fe, Cu, Ni and Ag-doped semiconductor photocata-
 lysts were reported for their enhanced photocatalytic
 efficiencies for the degradation of organic and inorganic
 pollutants [16–21]. However, the comparative analysis on
 the degradation of different dyes in the presence of
 ZnCo2O4 catalyst synthesized by simple co-precipitation
 has not been reported.


We report the structural, textural, magnetic, optical
properties and photocatalytic efficiency of the nano
ZnCo2O4 catalyst. In the present study, nano ZnCo2O4
was synthesized by a simple coprecipitation–calcination
route by employing [Zn0.75Co2.25(PhOAc)2(N2H4)2] as a
cobalt precursor. The decomposition of hydrazine content
present in the precursor liberates energy in the form of
heat which produces voluminous ultrafine metal oxides at
relatively lower temperatures [22–25]. We observed the
simple formation of nano ZnCo2O4 from the cobaltous
phenoxyacetate hydrazinate precursor, but the formation
of oxides synthesized from unhydrazinated precursor,
needs rigorous temperature [26,27]. It has been reported
that the hydrazinated metal carboxylates and mixed metal
carboxylates yield spinels with a high surface area which
must be attributed to the smaller size effect of the
https://doi.org/10.1007/s12034-021-02453-y



(2)nanoparticles. Hence, these precursors are important in
 the preparation of nanosized materials which can have
 remarkable magnetic, biological and catalytic applications
 [28–31].


2. Experimental


2.1 Materials and reagents


The reagents used in this study have been purchased from a
 local vendor and used without further purification.


Phenoxyacetic acid (PhOAc), cobalt nitrate hexahydrate,
 zinc nitrate hexahydrate, hydrazine hydrate (99%), ethanol,
 diethyl ether, carbon tetrachloride concentrated hydrochlo-
 ric acid, CR, RhB and MO dyes were purchased from
 Sigma Aldrich and Himedia.


2.2 Preparation of precursor
 [Zn0.75Co2.25(PhOAc)2(N2H4)2]


The precursor [Zn0.75Co2.25(PhOAc)2(N2H4)2] was synthe-
 sized by a simple co-precipitation method. In a typical
 synthesis route, the precursor solution was prepared by
 dissolving cobalt nitrate hexahydrate (2.25 g, 0.0077 mol)
 in 50 ml of distilled water. To accomplish transition metal
 doping, an appropriate amount of zinc nitrate hexahydrate
 (0.75 g, 0.0025 mol), was added to the precursor solution
 with constant stirring. The aqueous solution (50 ml) of
 hydrazine hydrate (2.0 ml, 0.0399 mol) and phenoxyacetic
 acid (2 g, 0.0131 mol) was added to the aqueous mixture
 with constant stirring. The obtained mixture was kept aside
 for 3 h to achieve complete precipitation. The pink pre-
 cipitate is filtered and washed many times with water,
 alcohol followed by diethyl ether to remove adsorbed
 impurities and then, the pink cake is dried at room tem-
 perature. The precursor was analysed by EDS, FTIR and
 TG/DTA analysis.


2.3 Preparation of nano ZnCo2O4


Nano ZnCo2O4, obtained from thermal decomposition
 of its precursor [ZnCo(PhOAc)2(N2H4)2] was done by
 transferring the desiccated precursor to the silica
 crucible and calcined in a muffle furnace at 400°C for
 3 h. The fine black cobaltite crystals were allowed to


cool to room temperature and stored in airtight
 containers.


Zn0:75Co2:25ðC6H5OCH2COOÞ2ðN2H4Þ2þ41O2400!


C


ZnCo2O4


þ16CO2þ2N2þ11H2O:


This final product was characterized by EDS, FTIR,
 XRD, SEM, UV-DRS, XPS, PL, BET, TEM and VSM
 techniques. Synthesis of nano ZnCo2O4 is illustrated in
 figure1.


2.4 Characterization


Elemental analysis was done on the Bruker nano GmbH
 EDS analyzer. The FTIR spectrum of the powdered
 sample has been recorded from 4000 to 400 cm–1 by
 Shimadzu with pressed KBR pellets.TG/DTA trace was
 performed on Perkin Elmer STA 6000 thermal analyzer
 with a heat rating of 20°C min–1 at temperature range of
 room temperature (RT)–700°C. Bruker AXS D8 advance
 analyzer has been utilized to derive a powder XRD
 (PXRD) pattern with an angle range of 10–90°. UV–VIS–


NIR (Varion Cary 5000) has been carried out to record
 absorption data. PL spectrum in the range of 200–800 nm
 at an excitation wavelength of 380 nm was done by
 Floromax-4 spectrometer. The surface chemical state of
 the sample was studied by the PHI VersaProbe II XPS
 analyzer. TEM micrograph and SAED pattern were found
 by JEOL/JEM 2100 HRTEM analyzer. The morphologi-
 cal and compositional observations were recorded by
 JOEL JSM-6390LV and OXFORD XMX N. Quan-
 tachrome gas sorption system was exploited to find BET
 surface area. The magnetic measurements of metal oxide
 were performed by a vibrating sample magnetometer
 (Lakeshore VSM 7410) at RT. The photodegradation
 study was carried out using Shimadzu UV-2550 UV–Vis
 spectrophotometer.


2.5 Dye degradation study


The catalytic performance of the sample was detected by
 catalytic degradation of MO, CR and RhB dyes. Stock
 solution (500 mg l–1) was prepared by dissolving 0.5 g dye
 in 1000 ml deionized water. Before the irradiation process,
 the dye solutions were constantly stirred for about 30 min to
 0:75Zn NOð 3Þ26H2Oþ2:25Co NOð 3Þ26H2Oþ2N2H4H2Oþ2C6H5OCH2COOH


#


Zn0:75Co2:25ðC6H5OCH2COOÞ2ðN2H4Þ2


 


þ2HNO3:
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(3)attain adsorption equilibrium between the dye molecules
 and catalyst surface. Then, the suspension is irradiated in
 the presence of sunlight at regular time intervals and the
 degradation process was recorded by UV–Vis spectropho-
 tometer at 464, 497 and 550 nm for MO, CR and RhB,
 respectively.


3. Results and discussion


3.1 Characterization of precursor


The hydrazine content in the precursor was determined by
 using standard 0.025 M KIO3 as titrant under Andrew’s
 conditions [32]. Molar ratio of 2:2 was maintained for the
 aqueous mixture of phenoxy acetate and hydrazine hydrate
 Figure 1. Synthesis of nano ZnCo2O4by co-precipitation method.


Figure 2. EDS spectrum of the precursor.


Figure 3. FTIR spectrum of the precursor.



(4)in the preparation of the precursor. The analytical data of
 the precursor was found to be in good agreement with the
 composition of [Zn0.75Co2.25(PhOAc)2(N2H4)2]. The pres-
 ence of elements was identified from EDS analysis as
 shown in figure 2.


Figure 3 shows the FTIR spectrum of the precursor
 [Zn0.75Co2.25(PhOAc)2(N2H4)2]. The bands in the region of
 3204–3328 cm–1, are due to the N–H stretching frequency
 of hydrazine moiety. The N–N stretching frequency
 observed at 952 cm–1, proved the bidentate bridging nature
 of hydrazine. The frequency separation of 262 cm–1shows
 the difference between asymmetric and symmetric carbonyl
 stretchings (Dt = tasym – tsym) which confirms the mon-
 odentate coordination of the carboxylate group in the phe-
 noxyacetic acid to the central metal atom [33].


The thermal decomposition of the hydrazine precursor
 can be determined by TG/DTA trace. As shown in figure4,
 four endothermic processes were observed. Weak
 endothermic peaks observed from 120 to 175°C are attrib-
 uted to the removal of hydrazine molecules in the precursor
 [34,35]. The strong endothermic peaks observed at 286.36
 and 373.79°C were accompanied by the elimination of two
 carboxylate groups. No other endothermic peaks were
 detected, indicating that the organic matter of the precursor
 has been completely degraded. The thermal analysis result
 shows the decomposition temperature of ZnCo2O4
 nanoparticles formed at 400°C.


3.2 Characterization of nano ZnCo2O4


3.2a Structural studies: The crystalline nature of the as-
 prepared sample was precisely resolved by XRD analysis, is
 shown in figure 5. The diffraction peaks at (220), (311),
 (222), (400), (331), (422), (511), (440) and (531) are in
 good agreement with spinel cubic ZnCo2O4 structure
 (JCPDS #23-1390) [36], suggesting no secondary phases.


The well-ordered peaks of nanoparticles proposed the good


crystallinity of the sample [37]. The average particle size
 was determined by using the Scherrer formula, d¼
 0:9k=bcosh; where d, k, b and h denote particle size,
 wavelength of X-ray (1.504 A˚ ), the half-width of highest
 intensity reflection in radian and angle of reflection. The
 average crystallite size was found to be 17 nm. The cal-
 culated value of the lattice parameter,a= 8.096 A˚ of nano
 ZnCo2O4is close to the reported value. The FTIR spectra of
 as-prepared nanoparticle show two absorption bands at 671
 and 565 cm-1, indicating stretching vibration of M–O bond
 in spinel Co3O4metal oxide. The band found at 565 cm-1is
 ascribed to the vibrations of bond evolved by Co3? ion
 present in the octahedral holes of the crystal lattice. Another
 band found at 671 cm-1is attributed to Co2?ion which is
 present in tetrahedral holes of the lattice [38,39]. Figure 6
 shows the FTIR transmission spectrum of nano ZnCo2O4
 nanoparticle and the spectral details are in good agreement


Figure 4. TG/DTG curve of the precursor.


Figure 5. PXRD pattern of nano ZnCo2O4.


Figure 6. FTIR spectrum of nano ZnCo2O4.
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(5)with the PXRD results. The SEM micrographs have
 demonstrated the agglomerated microcrystalline grains with
 few overgrown particles. To confirm the presence of ele-
 ments, the EDS analysis was performed and is shown in
 figure7.


Figure 8a–d shows the HRTEM images of nano
 ZnCo2O4 synthesized by thermal decomposition of
 [ZnCo(PhoAc)2(N2H4)2] precursor at 400°C. Correspond-
 ing SAED pattern substantiated the polycrystalline nature of
 the sample. Figure 8b shows SAED rings which are well-
 matched with spinel ZnCo2O4 lattice. HRTEM image of
 nano ZnCo2O4 shows lattice spacing of 0.4 and 0.24 nm
 agreed with (111) and (311) planes (figure8c). The particle
 size distribution of nanoparticles is shown in figure8d and it
 acquires a narrow size distribution of 14–22 nm. The
 average particle size derived from the TEM image using
 Image J software is very close to the average particle size
 determined from the Scherrer formula.


Figure9shows N2adsorption–desorption isotherm of the
 prepared sample. According to the IUPAC classification,
 the shape of nano ZnCo2O4isotherm corresponding to type
 IV and H3 hysteresis loop with specific surface area
 calculated at about 29 m2g–1. The relative pressure ranges


from 0.3 to 1, suggesting that the fabricated material is
 mesoporous [40]. Pore size distribution, demonstrated by
 the BJH method, is displayed in the inset (figure9). Fine-
 sized pores of a radius of about 10.5 nm with a pore volume
 of 0.078 cm3g–1is observed clearly from figure9.


The surface chemical state of the as-obtained material
 was studied by XPS analysis. The survey spectrum of
 nano ZnCo2O4 confirms the presence of Zn 2p, Co 2p
 and O 1s atoms only (figure 10a). Figure 10b shows the
 XPS spectrum of Zn 2p of Zn3/2 and Zn1/2 peaks, located
 at 1021.1 and 1044.4 eV, confirms the presence of Zn (II)
 oxidation state [41]. The doublet positioned at 779.20 and
 780.23 eV are ascribed to Co 2p3/2, whilst the doublet
 peaked at 796.03 and 794.75 eV are associated with Co
 2p1/2 (figure 10c). Peaks at 780.23 and 796.03 eV are
 characteristic of Co2?, while peaks at 779.20 and 794.75
 eV are indexed to Co3? ions. Also, the satellite peaks
 pointed at 803.31 and 786.37 eV, confirms the formation
 of cobalt (Co2? and Co3?) species [42,43]. Figure 10d
 shows the O 1s spectrum of ZnCo2O4 and the contribu-
 tion at 529.56 eV is related to M–O bonding and the
 peak at 531.08 eV is attributed to defects in subsurface
 [44].


Figure 7. SEM–EDS picture of nano ZnCo2O4.



(6)3.2b Magnetic studies: Figure 11 shows the room-
 temperature ferromagnetic (RTFM) nature of the
 prepared material with saturation magnetization (Ms) of


49.928 9 10–3 emu g–1, remanent magnetization (Mr) of
 0.0121 emu g–1and coercivity (Hc) of 400 Oe. The magnetic
 properties of the nanoparticle were supposed to derive from
 shape, crystallinity, direction of magnetization and so on. The
 inset (figure11) shows that the ferromagnetic nano ZnCo2O4
 can be recovered and recycled for application studies.


3.2c Optical studies: The optical absorption spectrum of
 nano ZnCo2O4is shown in figure12a (inset). The diffuse
 reflectance UV–visible spectrum of ZnCo2O4 shows two
 absorption bands owing to the ligand to metal charge
 transfer referred as (O-2?Co2?) and (O-2?Co3?). The
 band gap energy of the prepared nanoparticle was deter-
 mined from the Kubelka–Munk function. According to the
 transformed Kubelka–Munk relation [45]:


F Rð Þ ¼K


S ¼ð1RÞ2
 2R :


FðRÞ, Kubelka–Munk function, which is directly propor-
 tional to the absorption coefficient K, whereas K¼


1R


ð Þ2and inversely proportional to the scattering factor
 S,S= 2RwhereRis the diffused reflectance of the material
 R¼R%100. (F(R)hm)2vs. hmplot gives optical band gap energy
 Figure 8. (a) HRTEM image, (b) SAED pattern, (c) image of interplanar spacing and (d) particle size distribution


of nano ZnCo2O4.


Figure 9. N2adsorption–desorption isotherm and BJH pore size
 distribution curve (inset) of nano ZnCo2O4.
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(7)of bimetal oxides. The obtained multiple band gaps of nano
 ZnCo2O4 are due to the degeneracy of valence band [46]


(figure 12a). The photoluminescence spectrum provides
 information on the band gap and recombination effects. The
 band observed near 408 nm is due to near band edge
 emission and the band near blue emission is ascribed to
 oxygen vacancy (figure 12b).


4. Photocatalytic performance and photodegradation
 kinetics of nano ZnCo2O4


4.1 Catalyst loading


The as-prepared catalyst is used to degrade MO, CR
 and RhB dyes under similar experimental conditions in
 the presence of sunlight. Working solutions of the
 desired concentration were prepared by successive
 dilution of the stock solution. To find the optimal
 catalyst loading, different amounts of the catalyst (20,
 40, 60 and 80 mg) were taken for the photocatalytic
 experiment. The increase in catalyst dosage up to 80
 mg, increased the degradation efficiency. Hence, 80 mg
 of catalyst is found to be optimal for degrading the dye
 solution.


4.2 Effect of catalyst


To explore the catalytic performance, the comparative
 experiments with different dyes and degradation kinetics
 were inspected. The degradation efficiency was determined
 by the following equation:


Photodegradation %¼C0C
 C0


:
 Figure 10. XPS spectra of nano ZnCo2O4. (a) Survey, (b) Zn 2p, (c) Co 2p and (d) O 1s.


Figure 11. VSM hysteresis loop, magnetic separation (inset) of
nano ZnCo2O4.



(8)The catalyst shows different efficiencies for different
 dyes. The results suggest that the nano catalyst shows better
 catalytic efficiency for azo dyes than RhB dye. The
 degradation percentage of azo dyes, such as MO (85%) and
 CR (61%) were higher than RhB (38%) dye (figure 13a).


During dye degradation process, azo dyes formed inorganic
 anion SO42- with hydroxyl radical (OH*). An additional
 fact is that this process takes place faster and increases the
 rate of cleavage of the chromophore in azo dyes. Compared
 to RhB, azo dyes experienced higher degradation which
 Figure 12. (a) KM plot, UV–DRS spectrum (inset) and (b) PL spectrum of nano ZnCo2O4.


Figure 13. (a) Degradation performance of catalyst on RhB, MO and CR dyes, (b) change in dye concentration with
 respect to time, (c) kinetic plot for photodegradation and (d) recyclability of nano ZnCo2O4on degradation of MO
 dye.
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(9)specifies the absence of anchoring group SO42- in rho-
 damine B-based dyes to enhance the photocatalytic degra-
 dation [47–50]. In the case of azo dyes, MO (mono azo)
 encountered faster degradation than CR (diazo) dye.


Degradation of these dyes were instigated by the elec-
 trophilic cleavage of chromophoric azo (-N=N-) bond in
 the naphthalene ring. Thus, the dye that contains more azo
 bonds in its structure, will take a longer time to get
 degraded [51,52]. These observations validate the proposed
 direct relationship between degradation efficiency and the
 number of chromophoric azo bonds (-N=N-) attached.


Figure13b depicts theC/C0relation which describes the
 catalytic efficiency of the sample, where C0 is the initial
 concentration of dye and C is the concentration of a pol-
 lutant at timet. The kinetics of photocatalytic reactions can
 be expressed in terms of the Langmuir–Hinshelwood (L–H)
 model [53].


lnðCjC0Þ ¼kappt;


where kapp is the apparent pseudo-first-order reaction rate
 constant andtthe reaction time. The pseudo-first-order rate
 constant is derived from the slope of the plot between ln(C/


C0) and irradiation time is shown in figure 13c. Nano
 ZnCo2O4catalyst degrades azo dyes MO (1.67910-2) and
 CR (8.1 910-3) and RhB (3.2910-3) at different rates.


The catalyst has the highest rate constant of 0.0167 min-1,
 which proves as a model catalyst in this study.


4.3 Stability and recycle of nano ZnCo2O4


To understand the chemical stability of nano ZnCo2O4, the
 recycling process of the catalyst for MO dye was carried out
 by repeating four consecutive experiments for a total
 duration of 8 h. The magnetization curve exhibits that the
 nano ZnCo2O4is ferromagnetic and it can be recovered by
 the external magnet (figure 11). After the recovery, the
 sample was filtered and dried for degradation of MO dye
 recycling process. Based on the results (figure 13d), the
 nano ZnCo2O4 photocatalyst exhibits high chemical sta-
 bility and recycling ability.


5. Conclusion


In summary, nano ZnCo2O4has been synthesized by co-
 precipitation and followed by thermal decomposition of the
 precursor at 400°C to explore the structural, textural, opti-
 cal, magnetic and chemical state properties. XRD pattern of
 prepared metal oxide was indexed to cubic spinel structure
 and predominantly oriented in (311) plane with a crystalline
 size of 17 nm and the findings were further acknowledged
 by SEM, HRTEM and SAED pattern. Nano ZnCo2O4with
 smaller size and high specific surface area degrades MO,
 CR and RhB dyes to 85, 61 and 38%, respectively. Based on
 the findings, it has been concluded that the synthesized


catalyst was found to degrade azo dye faster than RhB
 under similar reaction conditions due to the anchoring sul-
 phonic group on the catalyst surface. Degradation of mono
 azo dye faster than diazo dye indicates the number of
 chromophoric azo bonds present in the azo dye which
 determined the degradation rate.
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