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ARTICLE INFO ABSTRACT

Keywords: While conventional cleaning to remove the coating from plasma chamber walls becomes essential to reproduce
Metal oxide the desired materials on the target substrate for widespread applications, an attention towards wall-deposited
Plasma materials is scarce. Recycling those waste materials to value-added product is of great importance for sustainable
Waste management progress of our modern society. Herein, we investigated the materials deposited on the wall of plasma chamber,
E::focrt;agneﬁc explored their promising features and compared them with conventionally grown materials. A mixture of ZnO and

a-Fe, 05 (ZF) exposed to high energy plasma was collected from the wall (ZF-W) and also from the substrate (ZF-
S) to check the feasibility of providing same quality products. With same lattice constant of hematite, magnetite
and zinc ferrites, ZF-W differs from ZF-S in coercivity, saturation magnetization, ferromagnetic stoichiometry
and defects. In addition, degradation of Methyl Blue (MB) dye in ZF-W without use of any external light sources
are comparable, more stable and durable in comparison to ZF-S. The slight differences obtained in the property-
performances between ZF-W and ZF-S are attributed to the cationic arrangement and the oxygen vacancy defects
present in the structure. The study reflects the potentiality of ZF-W as a promising active material for wastewater
treatment just as one can use ZF-S. These findings clearly depict that the unused products with altered intrinsic
properties obtained after plasma treatment has similar or even better potential to its actual targeted product and
thus can be utilized properly thereby saving cost and time and, hence generates an unexplored direction for the
materials science community.

Wastewater treatment

Introduction For instant, a high throughput nanowire and nanoparticles production

are obtained in gas phase using a microwave plasma jet reactor [6]. In

Advances in materials have accelerated the development of today’s
technology and hence enhanced the modern lifestyle of human be-
ings [1,2]. In this context, the technology of deposition methodology
becomes indispensable for engineering the advanced materials. Thin-
film deposition technique is one of the most popular among them to
grow materials with tuneable geometry and structural properties. In the
methodology of thin film deposition, mostly substrates are used to grow
a desired nanostructure. Amongst, plasma-based deposition technique
is well known to synthesize the nanostructures with tuneable geometry
and the synthesis can be done at low temperature and faster rate [3-5].

* Corresponding authors.

this method, metal powders are poured directly into the plasma cav-
ity and allowed to flow down and the resulting powders are collected
either in quartz flask or filter bag at the bottom. However, it is well-
known to the material scientists that the coating of the materials on
the wall of deposition units are unavoidable during the desired material
synthesis. In most of the cases, deposition units get cleaned routinely by
conventional approaches to get uniform and reproducible structures on
the substrate. For example, oxygen plasma cleaning is the most popular
strategy for the nanocarbons growth in plasma chemical vapour depo-
sitions [7]. These wall cleaning procedures reflect that the coatings on
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the deposition wall never receives an attention either by academic or by
the industrial community. Moreover, the use of discarded materials is
cost-effective, time saving, sustainable and also increases the resource
recovery. The quest of our present research to be addressed here is the
capability of those unused materials for potential applications? If they
are useful, how they compete with the properties-performances of the
materials conventionally grown on the substrates?

In the context of potential applications of advanced materials, envi-
ronmental pollution is one of the biggest concerns in the current cen-
tury. Amidst, wastewater treatment is highly essential to get rid of the
organic pollutants and dyes from the textile industry, pharmaceutical
industry etc. In this regards, plasma assisted reactors have been shown
to be very effective in wastewater treatment [8]. Catalyst and plasma
reactor is one such reactor where a catalyst and a non thermal plasma
are used to remove pollutants from the water bodies [8]. Wang et al.
[9] reported a gas phase surface discharge plasma system with the help
of activated carbon to treat contamination in water. Also, plasma as-
sisted Fe based metal-organic framework synthesis has been shown to
be successful and effective in high adsorption of dye pollutants in water
[10]. In this perspective, metal oxide-based materials are found to be
promising candidates [11,12,13]. ZnO is well-known photocatalyst un-
der UV irradiation alone whereas spinel ferrites are superb photocatalyst
under both visible and UV irradiation. More importantly, spinel ferrite
possesses superior magnetic properties, simple composition, abundance,
high adsorption and high surface to volume ratio [14]. In order to obtain
synergistic effect, metal oxide composites have been prepared and found
to exhibit superior properties than its individual counterpart. For exam-
ple, the degradation of malachite green in ternary spinel composites
Fe,03/ZnFe,0,4/Zn0 (99%) is found to be more effective than a-Fe,04
(81%) in visible light due to the formation of hetero-nanostructure with
cascading electron transfer which gives high surface area, reduced band
gap and ease of generation of electron-hole pair [15]. Hence, ZnO and
a-Fe, 03 are chosen to synthesis the metal oxide composite in this study.
Although degradation of organic dyes under light irradiation with the
metal oxides and spinel ferrites have been discussed frequently, artificial
UV and visible light source are expensive and not reliable under certain
circumstances [16]. Also, UV light component from the sunlight is rela-
tively very low. Thus, a more easy and feasible way to degrade organic
dyes is highly desirable without using any light source and external com-
ponents which is another important focus of the present study.

Herein, we presented an adoptable strategy to prepare mixed metal
oxide by mixing ZnO and a-Fe, O3 with 1:1 molar ratio homogeneously
and exposing it to high-density DC thermal plasma torch at the pres-
sure of 1073 mbar. The samples after exposing to the plasma were un-
avoidably deposited on the wall of the plasma chamber (labelled as
ZF-W) and collected to use as an active material for wastewater treat-
ment. Crystallographic, structural, optical and magnetic properties of
ZF-W are thoroughly investigated and the results are compared with
the reference sample (labelled as ZF-S). The reference sample, ZF-S, is
directly deposited on the substrate surface. Advantage of implementing
this method is to procure products which have the same or better level
of effectiveness with the products from the targeted region. In this way,
a huge amount of samples can be procured with little effort without the
need of extra time which can be utilized in the industrial level. Thus,
the variant form of the products with the same composition were inves-
tigated in degradation of anionic dye for wastewater treatment.

Experimental
Materials

ZnO was purchased from Oxford Lab Fine Chem Llp, a-Fe,O3; was
purchased from Sigma-Aldrich, Methyl Blue (MB) and Benzoic acid was
purchased from Himedia Pvt. Ltd. All reagents were of analytical grade
and were used without further purification. Double Distilled water was
used throughout the experiment.
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Synthesis of ZnO/Fe,03zcomposite using plasma treatment

A DC thermal plasma torch which is capable of producing highly
dense, stable and homogeneous plasma jets was used for synthesizing
the composites as shown in Fig. 1 [17]. The torch consists of a tungsten
cathode and a stack of copper ring segment separated by Teflon gaskets
and a copper anode, all of which were intensely water-cooled during
the experiment. The power source used was a DC thyristor-controlled
power supply (200 V/400 A) with a high-frequency igniter. The reactant
injection chamber is situated downstream to the plasma torch and the
converging nozzle.

Prior to the deposition, the sample collection chamber was pumped
down with a rotary vacuum pump to 10~ mbar pressure. The mixture
of ZnO and a-Fe, 05 with a molar ratio of 1:1 respectively was homoge-
nously mixed using wet ball milling for 1 h. The ball-milled mixture of
ZnO and a-Fe, 05 was dried at 373 K for 4 h and then subjected to plasma
using a powder feeder under Argon gas (99.99% purity and feeding rate
of 15 Ipm). As-deposited samples were collected from the chamber wall
and named as ZF-W. To compare the properties and performances of
ZF-W, the samples deposited on the stainless-steel substrate (ZF-S) were
also collected and similar systematic investigations were carried out. To
ensure the purity of the samples from contamination and reproducibil-
ity, the wall and substrate was polished with acetone and alcohol, then
followed by SiC sheet rubbing and then again by acetone and alcohol
before initiating the synthesis process.

Sample characterization and measurements

Morphology and structural characterization of the powder were car-
ried out using JEOL Transmission Electron Microscope (TEM) (JEM-
2100) with a 0.19 nm point to point resolution operated at 200 keV.
Phase and crystallographic information of the plasma-treated powders
were evaluated using X-ray diffraction (XRD) (Bruker-D8 advance-USA)
with Cu K, radiation of wavelength 1.54056 A. Fourier transform in-
frared spectrometer (FTIR) (Perkin Elmer-USA) and micro-Raman spec-
trometer (in-Via Renishaw-UK) were employed to investigate the vibra-
tional properties of the composites. The IR spectra were recorded us-
ing a KBr beam splitter. For obtaining the Raman spectra, the samples
were excited using a 785 nm solid state laser with 20 x objective lens
recorded using a cooled CCD detector. The laser power was kept be-
low 1 mW to avoid over-heating of the sample. The Photoluminescence
(PL) emission spectra of composites were recorded using HITACHI F-
7000 Fluorescence spectrophotometer with a Xe source at an excitation
wavelength of 280 nm at room temperature.

The magnetic measurements were carried out using vibrating sample
magnetometer (VSM) upto maximum field of + 50 kOe at 300 K. Fe
[57] Mossbauer spectroscopy was utilized in transmission mode with
an initial activity of 25 mCi (Wissel, Germany).

Degradation of methyl blue dye

The degradation of methyl blue (MB) was recorded using UV-
Vis spectrometer (Shimadzu-1800-Japan) under continuous scan. The
amount of degradation of MB due to the catalyst is calculated using the
relation:
%degradation = (1 — g) x 100 [€)]

G

where C, is the initial concentration of the methyl blue, C is the MB
concentration at certain time t. In the catalytic degradation, 1 mg of
catalyst was added to 4 ml MB solution in Quartz curvette with the initial
concentration of 50 ppm at room temperature 296 K. The experiment
was performed under static condition with continuous scan for every
50 s in dark condition without exposure to any light source. The initial
pH of the MB aqueous solution was found to be 7.0 and there is no
change in the observed pH after adding the catalyst. The pseudo second
order kinetic model was calculated by using the relation:
1 1

— - — =Kt 2
e ®

Where K is the rate constant in L mg'min~! and t is the time in min.
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Fig. 1. Schematic diagram of the DC plasma torch.
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Fig. 2. TEM images of (a) ZF-W, (b) rod shaped ZF-W showing the presence of ZnO, inset inverse FFT image of ZnO at (200), a-Fe,O5 at (104) & Cubic spinel at
(220) planes (c) SAED pattern of the rod shaped ZF-W, (d) ZF-W at non rod shaped area and (e) ZF-W (at higher magnification 2 nm) showing the presence of ZnO,

a-Fe,04 and Cubic spinel morphologies; inverse FFT image of the selected planes.

Results and discussion
Fundamental analysis

The effect of plasma on the morphology and composition of the com-
posites was of interest. HRTEM images of ZF-W is shown in Fig. 2. Rod
shaped structure along with other agglomerated particles were observed
Fig. 2(a—d). The high-resolution image (Fig. 2(b)) shows two different
contrast region with dark portion at the center of the rod. The inverse

FFT of the selected regions, the corresponding planes obtained from the
central portion of the nanorod structure are found to be (102), (104)
and (220) of ZnO while the edges represents a-Fe,05 and cubic spinel
ferrites. The SAED obtained on the rods can be marked to (100), (002),
(102), (110) and (112) planes of ZnO. From the TEM image, the forma-
tion of core-shell structure is depicted. Further, the inverse FFT image
highlighted in inset Fig. 2(b) and (e) also gives insight to the distor-
tion in lattice planes which is believe to be caused by the dislocation
or defects present in the sample. The impact of defects on the optical
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Fig. 3. XRD patterns of ZF-S and ZF-W. The PCPDF patterns of the compo-
nent materials are provided for comparison. (Assigned) + — ZnO, * — a-Fe,03,
# — cubic spinel (ZnFe,0,/Fe;0,).

and magnetic properties shall be discussed in details from PL, Raman
spectroscopy, Magnetization and Mossbauer spectroscopy.

To check the integrity of the structural and phase transformation,
the structure and phase of plasma-treated metal oxide composites are
identified from the X-ray diffractograms. As seen in Fig. 3, the presence
of ZnO phase and spinel ferrites (hematite, magnetite and zinc ferrite)
are confirmed in both ZF-W and ZF-S. There are no major changes ob-
served in the obtained lattice parameters (Table S1 of Supplementary
Information). However, there is slight variation observed in the lattice
constants of ZF-S which might have resulted from the intrinsic point
defects develop during the synthesis process. The quantification of each
component in both samples was estimated using Match software through
Rietveld refinement analysis (Fig. S1 of Supplementary Information). It
shows that ZF-W consists of 24% ZnO, 30% a-Fe,O3 and 46% cubic
spinel ferrites, while ZF-S consist of 37% ZnO, 33% a-Fe,03 and cu-
bic spinel ferrites of 30%. The formation of cubic spinel ferrites (Fe30,
and ZnFe,0,4) may be attributed to the cationic inter-diffusion of Zn
and Fe in the matrix and the induced defect during the plasma treat-
ment. In other words, plasma exposure of mixed metal oxides at high
temperature and low pressure generates oxygen vacancies and cationic
migration in the matrix. The concept of defect formation and cationic
diffusion is clarified from optical and magnetic studies below.

A close inspection of the sample diffractograms in the range of 30—
40° shows a broad background representing the presence of amorphous
phase in both composites. This amorphous state is found to be much
higher in the case of ZF-S than in ZF-W. In fact, the variation in the
quantification of XRD data of ZF-S and ZF-W may have been because of
this amorphous state that is observed in both the samples. The higher
amorphous state in ZF-S may be understood as due to the continuation
of cationic migration and reduction of the oxides initiated when exposed
to the very high temperature in plasma since the temperature of the sub-
strate is ~973 K. The migration tends to reorganized the lattice resulting
to defects whereas in the case of ZF-W, the structural modification and
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the atomic states during the exposure to the plasma get freeze as the
system get quenched on the wall of the chamber at 278 K. The powder
was exposed to the plasma for fraction of seconds and therefore the en-
tire volume of the particle may not be able to achieve the equilibrium
temperature and the core of the particles remains unaltered.

As seen in Fig. 4(a) and 4 (b) the PL emission spectra of the both sam-
ples comprise of two regions: (i) near band edge emission (NBE) due to
excitonic transitions in the UV region (330-410 nm) and (ii) deep-level
emission (DLE) arising out of intrinsic defects and extrinsic impurities
(410-520 nm) [18,19]. The emission spectra obtained here primarily
belong to Zn-site defects and characteristics of the composite since a-
Fe, 05 shows fluorescence only in the nano-regime (size less than 20 nm)
due to self-trapped states [20]. The observed luminescence profile were
deconvulated using Lorentzian line shapes to acquire the peak positions
(Fig. 4(a,b)) and the data were extracted in Table S2. A schematic for
the PL transition in NBE and DLE are shown in Fig. 4(c). The three emis-
sion bands observed at 345 nm (3.59 eV), 383 nm (3.23 eV) and 396 nm
(3.13 eV) for ZF-W show resemblance with the previously reported near
band edge emission of ZnO (UV region) which is quite close to the band
gap energy of ZnO (3.37 eV) [21]. The near band edge emission (NBE)
spectra of ZnO is due to free excitonic transitions i.e., the recombination
of electrons from the lower edge of the conduction band with the hole
present in the highest edge of the valence band. The other region of the
emission spectra is contributed by the deep-level emissions which arises
due to defects related transitions viz. Zn; (Zinc interstitial), O; (Oxygen
interstitial), V, (Zinc vacancy) and V, (oxygen vacancy) (see Fig. 4(a)
and 4(b). The violet emission spectra observed at 417 nm (2.97 eV) have
certain possible transitions to be considered such as Zn; states trapped at
the grain boundary, V;, vacancy defects, recombination of electrons at
Zn; with the holes of the valence band and transitions related to zinc and
Oxygen vacancy defects [18]. Considering the present oxygen-deficient
synthesis (i.e. synthesis under inert gas environment), a transition of
V., and V, defects seems to be the more plausible reason. The vio-
let emission however may also be due to the transition from ligand to
metal charge transfer (LMCT) which is a direct transition [20]. The blue
emission spectra in the range 436-453 nm (2.84-2.73 eV) is due to the
electronic transitions from Zn; to valence band and also due to transi-
tions from conduction band to misplaced oxygen defects [22]. The blue
emission peak at 468 nm (2.65 eV) is by virtue of the electronic tran-
sition from Zn; to Vz, levels [19]. The green emission band at 492 nm
(2.52 eV) in the visible region is because of the combined effect of elec-
tronic transition from V, level and Zn; to the valence band [22]. PL
characteristics similar to ZF-W are observed for ZF-S also. However, a
redshift is evidenced in the emission spectra of ZF-S compared to ZF-W.
This is due to lower concentration of defect states in the case of ZF-W
which may have affected the optical properties of the sample.

The PL peaks were conserved in NBE emission (~ 345, 383 and
396 nm), violet emission (~ 417 nm), blue emission (~ 436, 453, and
468 nm) and green emission (~ 492 nm). These peaks show signature
of broadening which is probably due to the structural inhomogeneity
present in the both samples (ZF-W and ZF-S) indicating high defect en-
riched product [23]. Moreover, it is clear from the previous discussions
that the contribution of surface oxygen vacancy and defects in ZF-W is
less in comparison to ZF-S. An excitonic transition arises due to the pres-
ence of oxygen vacancies or defect states. Doping of material can greatly
affect the intensity and response range of the PL spectra since it influ-
ences the surface oxygen vacancy and defects [24]. The low intensity
blue-shifted peak observed at 345 nm for ZF-W as compared to 353 nm
for ZF-S is probably due to the excitonic transitions. Higher intensity in
ZF-S is because of larger content of surface oxygen vacancies and de-
fects due to the inhibiting effect of Zn?* on the sample. The stronger
PL intensity indicates higher probability of exciton occurrence which is
provided by the presence of higher surface oxygen vacancies and defects
i.e. more oxygen vacancies can bind the electron to form more excitons
[25]. However, a stronger PL intensity is observed at 417 nm for ZF-W
against 415 nm for ZF-S with a red shift. These are probably transitions
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Fig. 4. Photoluminescence emission spectra of (a) ZF-W and (b) ZF-S at room temperature, (c) Schematic diagram of the Photoluminescence transitions in ZF-W and
ZF-S and (d) Raman Spectra of ZF-W (blue circles) and ZF-S (red circles). (+ — ZnO, * — a-Fe, 0, # — Cubic Spinel).

from V, and V, as mention earlier. Accordingly, stronger PL intensity
means higher content of V,, and V, however it is discussed earlier that
ZF-S shows more dominance over V,. Hence, the only plausible reason
for showing strong PL spectra in that region is because the V;, content
in ZF-W dominates against that of ZF-S. Thus, the presence of defects
states have been confirmed and overall ZF-W has less defect states than
ZF-S from the analysis of PL spectra.

Raman Spectroscopy is considered to be a powerful technique to de-
tect crystalline quality, structural defects and disorder in the host lat-
tice [26]. To understand this phenomena, Raman spectra in the range
of 190-1000 cm™! is studied. Fig. 4(d) shows the Raman spectra of ZF-
W and ZF-S with the corresponding modes assign in Table 1. The Raman
spectra were fitted with Lorentzian line shape (Fig. S2 and Table S3).
Let us discuss optical phonon mode of a-Fe,O3, ZnFe,0,4, Fe;0, and
ZnO individually.

The optical phonon modes of a-Fe,05 at the Brillouin zone cen-
ter belong to irreducible representations: Iy, = 2A1, + 2A;, + 3Ay,
+ 2A,, + SE, + 4E, [27] Out of these, 2A1g and SE; are Raman ac-
tive modes. 220 cm ™ (A1,(1)), 288 cm™! (E,(1)), 403 cm™! (E,(2)) and
603 cm™! (Eg(3)) are observed for a-Fe,O5; phase of ZF-W. However,
it is found that 225 cm™ (A;,(1)), 288 cm™ (E,4(1)), 401 cm™ (E,(2))
and 606 cm™! (Eg(S)) belongs to a-Fe,O5; phase of ZF-S. Majority of
the modes obtained in Raman spectra are of a-Fe,O3 phase which cor-
roborates with the XRD where Fe content is high. Also Raman scat-
tering cross-section is high for a-Fe,05. Thereafter, we could have
two possible contributions for the cubic spinel phase i.e. single phase
modes from either ZnFe,0,4 or Fe;0, and the multiphase modes from

the combination of the two. The latter one is more justified for our
samples.

The optical phonon modes of ZnFe,0O, at r point of the Brillouin
zone is represented by I'y,, = Ajg + 5E; + Fig + 3Fy + 2A, +
2E, + 4Fy, + 2Fy,. [27]. Of which, Ay, E, and 3F,, are the Ra-
man active modes in ZnFe,0,. Similarly, the irreducible represen-
tation of phonon modes of Fe;O, at the zone center is given by
Topt = Agg + Eg + Tyg + 3Ty, + 2Ay, + 2E, + 5Ty, + 2Ty, [28] of
which Alg, Eg and 3ng are the Raman active modes. 220 cm™! (Fzg(l)),
494 cm1! (F24(2)) and 663 cm™! (A14(2)) are the modes emerges from
ZF-W while 225 cm™! (Fag(1)), 481 cm™! (Fag) and 657 cm™! (Ar(2)
modes were observed for ZF-S. The modes above 600 cm™! are treated
as motion of oxygen atoms in tetrahedral AO, group [27,29]. The A,
modes (663/657 cm™!) which is associated with the vibration of oxy-
gen in the tetrahedral site could also very well be from the Fe;0, phase.
The above vibrational modes are also found for ZnFe, 0,4 which indicates
that overlapping of these vibrational modes are possible [30]. It has been
reported that if there are disorders of Zn and Fe cations in the tetrahe-
dral and octahedral sites in the sample, the vibrations related to them
will show two separated first-order Raman peaks and modes with very
close vibrational frequencies will show overlapped broad peaks with
their average value [30]. Likewise, 663/657 cm~! could also be assigned
to ZnO E;(LO+TA) multi-phonon modes originated due to disordered
modes from the incorporation of other dopant species [31]. However,
the contribution from ZnFe,0, and Fe;0, seems to be more credible as
ZnO modes around this is usually weak. This also explains why 220/225
cm™! modes are assigned for both a-Fe,05 and ZnFe,0,. These are very
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well possible as the prepared samples exist in multiphase as observed
from the XRD.

Finally, the optical phonon modes of ZnO is given by
Tope = Ay + 2By + E; + 2E;.. A; and E; modes are both Raman
& IR active whereas E, is only Raman active. E,(low) modes are
associated with the non-polar vibration of Zn sub-lattice while E,(high)
modes involves the vibration of lighter oxygen atom [38,39]. Fig. 4(d)
depicts the modes of ZnO and the corresponding modes at 327
cm~1(E,M8h.E,loW) 434 ecm~! (E, high) and 603 cm™!(E,(LO)) are
found in ZF-W while 326 cm~!(E,Nigh-E,loW), 432 cm~1 (E, high) and
606 cm™! (E;(LO)) are observed in the case of ZF-S. Here also 603/606
cm~! are assigned to both a-Fe,O; and ZnO similar to earlier case
where overlapping of two closed vibrational frequencies giving broad
peaks. Surprisingly, E,(high) mode of ZnO which is usually found to be
an intense mode at around 434 cm~! has reduced to a large extent in the
case of ZF-W and ZF-S. This may be because of the high content of Fe in
the prepared samples ZF-W and ZF-S. It is already reported that higher
Fe doping concentration in ZnO matrix leads to decrease in the intensity
of E,(high) modes [26,27,39]. Since E,(high) mode is associated with
the vibration of lighter oxygen atom, diminishing of this peaks suggest
that there is lot of oxygen vacant sites due to the reduction at high
temperature and low pressure (~10~3 mbar). The oxygen atom in the
ZnO may have been knocked out due to above said reasons during the
plasma treatment which explains the diminishing of E,(high) mode in
the Raman spectra of prepared samples. It seems the local symmetry of
the samples (ZF-W and ZF-S) is different from the pure ZnO although
the crystal structure is the same which is observed from the XRD. The
incorporation of Fe into ZnO can breakdown the translational crystal
symmetry and result in disorder-induced suppression of this mode. Fur-
thermore, there is shifting of the vibrational modes in ZF-W and ZF-S.
This is attributed to the structural defects and local lattice dislocation
induced by the higher incorporation of Fe in the system. The A; modes
of ZnO are found to be vanishing from the Raman spectra. Similar
scenario had been reported by Sahai et al. [27] where 580 cm‘l(El)
and 621 cm~1(A;) modes disappeared for Fe doped ZnO samples while
it appears for the undoped ZnO. This phenomenon is explained as
due to alteration of pure ZnO to other phases with Fe incorporation.
Furthermore, a relatively higher intense peak at 803 cm~! is observed
in ZF-W compared to 817 cm~!. This peak is usually not observed
in the Raman spectra of defects-free hematite phase. Although this
peak is ignored in some of the reports [40,41], it could be assigned as
defected hematite phase [35,42,43] and signifies that the point defects
in a-Fe,O5 transformed the antiferromagnetic properties to weakly
ferrimagnet. Therefore, the peak at ~800 cm™! is understood as the
magnon mode of a-Fe,O; as it is also reported by Serreno et al. [37].
Considering the peak at 803 cm™! to be the defected hematite phase,
we conclude that the hematite in ZF-W and ZF-S are defected which
possesses weak ferromagnetism. Thus, the demarcation of multiphase
(ZnO, a-Fe,03, Fe30, and ZnFe,0,4) from (ZnO + a-Fe,03) which were
discussed in XRD and TEM is substantiated from Raman studies.

Since ZnO is diamagnetic and a-Fe,O5 is antiferromagnetic in na-
ture, an investigation on the magnetic properties of ZF-W can bring
insights on the structural characteristics. A magnetic hysteresis curve
was analyzed and it is found that the as-prepared ZF-W is ferromagnetic
as shown in Fig. 5(a). Similar observation is also confirmed for ZF-S.
Since ZF-W have lower content of ZnO and a-Fe,O5 than that of ZF-S
(see XRD result), one can expect relatively higher saturation magneti-
zation from ZF-W. Interestingly, the sample ZF-S in spite of having a
higher content of ZnO and a-Fe,053 shows a higher saturation magne-
tization of (51.78 emu/g) than that of the ZF-W (30.93 emu/g). This
can be possible if ZF-S composite contains a relatively higher amount of
stoichiometric Fe;O, (more accurately Fe,/Feg ~1/2) or due to defect
induced magnetization in ZnO and «a-Fe,O5. The defect-induced magne-
tization has been reported for both magnetic and non-magnetic metal
oxides [44]. For example, a missing oxygen atom between two adjacent
Fe3* atoms on octahedral sites leads to a parallel alignment of Fe mo-
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ments and therefore a larger magnetic moment per unit cell [45]. Thus,
quantifying Fe;O4-content in the composite is necessary to check the
possibility of the role of defects in the saturation magnetization of the
samples. Towards this, Mossbauer studies were conducted as below. In
addition to the saturation magnetization, the coercivity and remanence
value of ZF-S are also found to be higher (140.16 Oe and 5.42 emu/g)
than ZF-W counterpart (116.39 Oe and 2.94 emu/g) respectively as seen
from the inset of Fig. 5(a). These confirm that there is variation in cation
distributions in the samples ZF-W and ZF-S.

The clarification in the anomaly with respect to the composition and
the magnetization of the ZF-W and ZF-S were carried out using Moss-
bauer studies (Fig. 5(b)). The extracted parameters are listed in Table 2.
Mossbauer analysis of the spectra obtained at room temperature (298 K)
of ZF-W shows the presence of 27% a-Fe,03, 22% of octahedral sites
(Feg) of magnetite and 15% tetrahedral sites exhibiting high quadrupole
splitting which may be understood as the intermediate phase of a-Fe,03
and magnetite tending towards a-Fe,O5 and 36% of paramagnetic dou-
blet (D). In contrast, ZF-S shows the presence of 18% a-Fe, 053, 24% of
octahedral sites (Fep) & 12% of tetrahedral sites (Fe,) in Fe;04 and 46%
of paramagnetic doublet (D) while quantification from XRD was for the
crystalline phases only, Fe [57] Mossbauer spectroscopy identifies both
amorphous and crystalline Fe based compounds. Therefore, the devia-
tion in the Mossbauer and XRD data must be due to contribution from
the amorphous compounds observed in XRD as broad peaks consisting
of cubic spinel ferrites. This good agreement between the two results
indicates that the samples collected from the wall are more crystalline.

From Table 2, the average quadrupole splitting of Fe, and Fep (<A>)
for ZF-W (0.13 mm/s) is found to be higher than ZF-S (0.045 mm/s)
where Fe, and Fep represent iron in tetrahedral and octahedral posi-
tion in spinel ferrites, respectively. More closure <A> value of ZF-S to-
wards zero confirms that the conversion of a-Fe, O to cubic iron oxide.
Moreover, the ratio between Fe, and Fep of 1:2 is a measure of the stoi-
chiometry of ferrimagnetic Fe;0,4 [46,47]. The deviation of the ratio of
Fe content in the tetrahedral and octahedral sites from the ideal ratio
of 1:2 also gives us awareness of the presence of vacancies in the octa-
hedral arrangement of the specimens [48]. The ratio between Fe, and
Fep of ZF-W and ZF-S are found to be 1.36:2 and 1:2, respectively which
confirms the better stoichiometry in ZF-S. Owing to these two reasons,
comparatively lower saturation magnetization is observed in ZF-W than
ZF-S. The <A> of the paramagnetic doublet of ideal ZnFe,0, is ~(0.32—
0.39) mm/s [49-52]. However, <A> of the present doublet is 0.41and
0.53 mm/s for ZF-W and ZF-S respectively which is higher than the
ideal ZnFe,0,. The higher <A> indicates the presence of defects which
may be due to oxygen vacancies and cationic disordered arrangement.
The Mossbauer spectra of the Fe substituted ZnO is reported to consist
of two doublet with <A> of ~0.73 and ~1.53 mm/s [50]. Therefore,
in the present sample (ZF-W and ZF-S), Fe doped ZnO is plausibly co-
existed along with ZnFe,O,4. The content of Fe doped ZnO is higher in
the case of ZF-S as the area and <A> of the doublet increases to 46 and
0.53 mm/s respectively.

Our next step is to probe further insights on the oxygen vacancy de-
fect of ZF-W and ZF-S. While looking back on the synthesis methodology,
it is realized that ZF-W is grown at low temperature (277 K) since the
wall of the deposition chamber is surrounded by circulated chill water
whereas ZF-S (973 K) is grown at high substrate temperature although
the main precursors pass through under same plasma environment just
before the deposition. To explore the effect of quenching during the
growth, the Mdssbauer spectra of ZF-S was conducted at the lowest
available temperature of 80 K in our set-up. The extracted parameters
are listed in Table 2. The reduction in the paramagnetic doublet (D) from
46 to 31% reveals the partial inversion (PI) state of ZnFe,O, where frac-
tions of Fe occupy the tetrahedral sites (Table 2). The Fe presence in the
tetrahedral sites increases the exchange interaction energy among the
tetrahedral to octahedral cations (J,p). Therefore, the Neel temperature
of the partially inversed ZnFe,0, is shifted above 80 K from 10 K for
normal spinel ferrites. Same trends are observed for ZF-W where the
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Fig. 5. (a) Magnetic hysteresis curve for the prepared samples. Inset represents a magnified scale of M-H curve to indicate the coercivity of as-grown materials (b)

Mossbauer spectra of ZF-W and ZF-S at 298 K (RT) and 80 K (LN).

Table 1
Assignment of Raman modes for ZF-S and ZF-W.

Mode wave- number (cm™1)

Phase and bands Assignment Ref.
ZF-W ZF-S
Zno 327 326 E, (high)-E, (low) [29,32,33]
(Multiphonon modes of ZnO)
434 432 E, high mode
(Vibration of Oxygen bond)
a-Fe,0, 288 288 E, mode vibration of Fe-O bonds [34,35]
403 401 E, mode vibration of oxygen atoms along Fe-O bonds
Cubic spinel 494 481 Aqg (Vibration of Oxygen atom) [30,36]
Overlapping 220 225 A mode of a-Fe,05 and F,; mode of ZnFe,0, involves vibration of Fe-O [34,35,30]
Vibrational modes 603 606 E, modes of a-Fe,0; and E;(LO) modes of ZnO [29,32,34,35]
663 657 Ayg (ZFO or Fe;0,), disorder-activated mode in ZnO (correspond to symmetric [30,32,33,36]
stretching of oxygen atoms along Fe-O bonds)
Magnon 803 817 Defected hematite phase. [37]

Table 2
RT Mossbauer data of ZF-S and ZF-W taken at 298 K and 80 K (where the symbols signifies D-Paramagnetic doublet, Fe,- Fe in Tetrahedral Site and Fe-Fe in
Octahedral Site).
Sample /Temperature  Isomer shift (6§ in mm/s)  Quadrople splitting (A in mm/s) ~ Mean hyperfine field (B,;in T)  Area (%)  Phase
ZF-W/[298 K 0.41(3) 0.41(0) - 36 D
0.37(2) 0.32(5) 51.1(0) 27 Fe, 05
0.42(3) 0.26(8) 50.02(4) 15 Fe,
0.54(4) 0.009(7) 44.2(3) 22 Fey
ZF-5/298 K 0.35(3) 0.53(0) - 46 D
0.39(2) 0.34(5) 51.7(2) 18 a-Fe,04
0.39(1) 0.05(0) 50.3(7) 12 Fe,
0.56(0) 0.04(0) 45.4(6) 24 Fey
ZF-W/80 K 0.28(5) 0.41(9) - 15 D
0.47(2) 0.13(0) 53.2(2) 31 Intermediate a-Fe,05 to Fe;0,
0.48(5) 0.11(9) 49.8(2) 54
ZF-S/80 K 0.43(3) 0.80(5) - 31 D
0.52(3) 0.22(7) 54.3(1) 29 a-Fe, 0,
0.37(8) 0.08(0) 51.8(8) 27 Fe,
0.92(4) 0.07(0) 48.9(5) 13 Fey

paramagnetic doublet got reduced from 36 to 15% when the temper-
ature of Mossbauer test is reduced from 300 K to 80 K (Table 2). The
quadrupole splitting of sextets for the cubic spinel in ZF-S 80 K is low.
So there will be a reduction of Fe3* cation to Fe?* cation with the loss
of oxygen. Here, judging from the quadrupole splitting value there is a
fractional transformation of hematite to magnetite phase, therefore, fur-
ther reduction occurred in ZF-S. Whereas the quadrupole splitting of the
sextet of ZF-W/80 K is very high from the expected value of cubic spinel.
Therefore, a transformation of a-Fe, 05 to Fe;0,4 phase could not occur
instead they form an intermediate phase of a-Fe,O5 and Fe;0,. Thus,
these facts validated that there is a lower amount of oxygen vacancy

defects in the case of the ZF-W. This may have been due to the variation
in temperature of the substrate and chiller as the sample collected from
the wall (ZF-W) is expected to be quenched. The metal oxides often get
reduced or create oxygen vacancies when heated at high temperature in
vacuum/[53]. In addition to the creation of oxygen vacancies, the cations
also migrated at high temperature[54]. The combinational effect of the
oxygen vacancies and the motion of cations modifies the structures. The
higher saturation magnetization can also be explained as due to the cre-
ation of more oxygen vacancy sites and diffusion of cations in the case
of ZF-S.
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Degradation of the methyl blue (MB) dye

Finally, ZF-W is implemented as an active material for dye-
adsorption. The degradation of MB dye under reaction with the cata-
lyst ZF-W is shown in Fig. 6(a) which confirms that the degradation
occurs very fast and within a very short interval of time. For the sake
of comparison, the MB degradation of ZF-S is also shown in Fig. 6(b).
The normalized MB degradation of ZF-W over time is estimated using
Eq. (1) and shown in Fig. 6(c). It is clear that the MB degradation of
ZF-W is comparable with ZF-S and found to be better than ZnO and «-
Fe,03. Pure ZnO acts as a good catalyst in the degradation of MB while
there is no significant degradation of MB in the case of a-Fe,O3 as con-
firmed from Fig. S3 (SI). The faster degradation of an anionic dye in ZnO
is already reported as due to the interfacial electron transfer that takes
place between donor states (oxygen vacancies and interstitial Zn sites)
and MB [55]. Since a-Fe, 05 does not contribute to MB degradation sig-
nificantly (Fig S3 in SI), the excellent performance of ZF-W and ZF-S
than the ZnO catalyst is attributed to the synergistic effect from both
oxides. Among the synthesized materials, relatively higher degradation
in ZF-S compared to ZF-W (Fig. 6¢) can be attributed to the improved
charge-transfer capability and surface defects (V, and V). The oxygen
vacancies provide active sites for the redox reaction and create localized
state below the conduction band which will lessen the gap between the
conduction band and the valence band thus facilitates faster redox re-
actions. It has been reported in catalytic activities, morphology, surface
defects and interface properties plays a crucial role as altering these pa-
rameters may affect the recombination rate of electron — hole pair [56].
Moreover, studies have shown that nanorod formation of ZnO with dif-
ferent aspect ratio could modify the rate of separation of these electron
and hole pair [57]. Thus, the higher degradation rate could also be con-
tributed by the morphology of the sample (ZF-W and ZF-S) which can
be related to the mixed nanorod shaped observed in the HRTEM. How-
ever, surface defects would be the main factor leading to degradation of

the MB dye in this case as the prepared samples content large amount
of surface defects as conferred earlier. The rate kinetics were also exam-
ined using the 2nd order kinetic model (Fig. S4 and Table S4) and it is
found that ZF-S and ZF-W have a rate constant of 0.0273 (Lmg~'min~1)
and 0.0222 (Lmg~'min~1) respectively which is expected as discussed
earlier.

Reusability of the adsorbent is necessary for practical utility and
hence further investigation is carried out. The recovered adsorbent were
washed thoroughly with distilled water, dried at 65 °C collected and
reused. It is shown in Fig. 6(d) that even after repeated cycles the re-
generative ability of the prepared sample ZF-W on the removal of MB is
quite astonishing. It is observed that the stability of ZF-W is better than
ZF-S. Since the samples are magnetic in nature it can be recollected very
easily using a magnet.

There are two possible mechanisms involved in the degradation of
MB dye in this case: (i) Reaction with the dye and the catalyst which gives
OH® radical. The chromophore groups and conjugated systems of an-
ionic dye are destroyed due to oxidation of dye which leads to decoloura-
tion;

(ii) Adsorption of dye due to the catalyst. Dye molecules can be ad-
sorbed by the metal ions group of the precipitate with the sulfonic group
causing decolouration.

To check the possibility of adsorption of MB dye on the surface of the
precipitates (ZF-W and ZF-S), the FTIR spectra of the precipitates were
taken after the degradation and pure MB (Fig. 7). Analysis of the FTIR
spectra shows no attachment of MB dye on the precipitates (ZF-W and
ZF-S) taken after the degradation. So, it can be assumed that the dis-
sociation of the dye is more dominant than the adsorption mechanism
in our system. The mechanism involved in this degradation process can
be explained in terms of oxygen vacancies presence in the sample. The
primary step is that the dissociation of water molecules takes place at
oxygen vacant sites. When the precipitates interact with water molecules
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(H,0), it splits into hydrogen (H*®) radical and hydroxyl (OH *) radical
due to the interaction with oxygen vacancies and oxygen atom at the
surface of the catalyst as shown in Eq. (3) [58]. The dissociated H® rad-
ical forms another OH® radical and oxygen (O*) radical with the surface
oxygen atom in Eq. (4). The new O° radical then interacts with other
H,0 molecules to form two more OH® radical shown in Eq. (5). These
OH® radical provides oxidation of the MB dye and thus the degrada-
tion occurs. The degradation of MB dye due to OH® radical generation
is already reported [59,60]. The generation of OH® radical was exam-
ined by using Benzoic acid which acts as a scavenger for OH® radical
Fig. S5(SI). It was found that the degradation rate of MB was suppressed
with the introduction of benzoic acid which confirm the involvement of
OH® radical This concludes that oxygen vacancies play an important
role in the degradation of anionic dye like MB and hence the superiority
of degradation in ZF-S than the other is related to the oxygen vacancies.

H,0 + Oygeancy = H' + OH' 3)
H +0, - OH" + O° @)
O® + H,0 — 20H" 5)
Dye + OH® — Degradation (6)
Conclusion

The “unused” materials coated on the wall of the deposition unit
(ZF-W) is demonstrated to be promising, useful in desired applications
and comparable with the standard sample prepared by conventional ap-
proach (ZF-S). The metal oxide composites of ZnO and «-Fe,05 with
different stoichiometry and oxygen defects are achieved by a very sim-
ple and cost-effective high-density DC thermal plasma process within a
short period of time in a single growth process. In spite of having al-
most similar lattice parameters, same constituents, similar optical and
magnetic properties and performances as active materials, ZF-W differs
in many aspects from ZF-S as

(i) ZF-W is more crystalline with a lower concentration of defects (oxy-
gen vacancy defect) compared to ZF-S.

(ii) Mossbauer spectra depicts the magnetite phase in the cubic spinel
with the possibility of small amounts of Fe doped ZnO residue in the
samples.

(iii) Better stoichiometry, higher conversion of a-Fe,O5; to Fe;O, and
hence relatively higher saturation magnetization, coercivity and re-
manence are evidenced from ZF-S.

Chemical Engineering Journal Advances 7 (2021) 100120

(iv) With almost similar MB adsorption capacity, ZF-W shows better cy-
cle stability than the ZF-S.

These anomalies are attributed to the variation in the composition
and cationic distributions of the as-prepared samples (ZF-W and ZF-S).
The variation in composition and cationic distributions is due to the dif-
ferent temperature during the deposition. This scalable and adaptable
strategy to prepare metal oxide composite with two different intrinsic
properties in the same production run is expected to offer practical fea-
sibility for wastewater treatment and energy applications.
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