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Zinc ferrite samples were prepared by a co-precipitation method in the’ presence and absence of a polymer
stabilizer (polyvinyl alcohol), followed by heat treatment at500, 700, and 900 °C. The structural phase and
morphological features of these samples were studied\by X-ray,phase analysis and electron microscopy. It was
found that polymer-doped zinc ferrite undergoes thermal reduction by the decomposition products of the
polymer, and is also capable of further electrochemigal reduction on a Cu cathode in an aqueous alkaline so-

lution. Zinc ferrite reduction products (ZnO, Fe%)exhibit electrocatalytic activity for the electrohydrogenation of

p-nitroaniline.

1. Introduction

Zinc (II) ferrite (ZnFe,04) belongs to the class of soft magnetic ma-
terials, which are characterized by properties such as chemical stability,
non-toxicity, mechanical hardness, excellent electromagnetic‘¢harac-
teristics, low coercivity and moderate saturation magnetization [1-3].

Various methods for zinc ferrite production aregreportedin)the
literature, including thermal methods, co-precipitation methods, solu-
tion combustion methods using different types of organic fuels, sol-gel
approaches, hydrothermal methods, and electrochemical synthesis,
among others [4-9]. Depending on the method andythe conditions, it is
possible to synthesize 1D, 2D, and 3D ganocrystals of ZnFe;O4 [10], as
well as more complex morphological forms; such as coral-like structures
[11], porous nanoparticles{hl2] and nanopafticles with a core-shell
composition [13].

The preparation of zincdferrite samples in the presence of polymers
(PVA, PVP and PEQG) to stabilize the)particles and prevent them from
agglomeration_has also'been desetibed [6,14-16]. In these reports, the
effect of polgmer stabilizets on the optical, magnetic, structural and
other propexties of zing) ferrite was studied. As a rule, the reaction
mixture compti§ing the /polymer with metal salts (or their hydroxides)
was subjected to.evap@ration prior to calcination.

Zinc ferrite is a'\eommercially important material. It can be used as
the anode in lithium-ion batteries, in sensors, as a sorbent for heavy
metal cations, in photocatalysis and catalysis of important chemical
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processes, in medicine, etc. [6,17-21]. Zinc ferrite is also an important
component of the dust from electric arc furnaces, which is formed as a
waste product of steel production. This dust contains large amounts of
zinc and iron and is a secondary raw material for their production. One
of the methods developed for extraction of the metals [22,23] is thermal
recovery of the dust in a stream of reducing gases (CO, CO, Hy). Ac-
cording to the reports [24-27], the reduction of ZnFe;O4 by CO-N5 and
CO-CO; gas mixtures in the temperature range 800-1100 °C is accom-
panied by the formation of ZnO, FeO, Fe304, Fe and Zn products.

In our recent study [28], it was found that thermally treated copper
(ID) ferrite synthesized without polymer stabilizers can be reduced in an
electrochemical system with the formation of one or two reduced
metals, depending on the temperature of heat treatment of the CuFe2O4
samples. CugsNigsFesO4 and NiFeoO4 ferrites exhibit this behaviour
only if they are doped with a polymer [29,30]. In this paper, the pos-
sibility of thermal and electrochemical reduction (ECR) of zinc ferrite
(ZnFe204) under the influence of a polymer additive (polyvinyl alcohol
(PVA)) is reported. The phase compositions of the resulting iron- and
zinc-containing products and their electrocatalytic activity for the
electrohydrogenation (EH) of p-nitroaniline (p-NA) as a model com-
pound are determined.

2. Experimental

The zinc ferrite was synthesized using a co-precipitation synthetic
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Fig. 1. XRD patterns of ZnFe,04 + PVA ((1) 500 °C, (2) 700 °G, (3) 900 °€) samples (a) after heat treatment and (b) after EH of p-NA.

route described elsewhere [28-30]. Briefly, Zn(NO3)2-6H20 (0,06 mol)
and Fe(NO3)3-9H,0 (0.12 mol) salts were dissolved in distilled water
and stirred with a magnetic stirrer at 40 °C for 30 min. A"28M NaOH
solution was added dropwise to the mixture with constant stirring to
obtain pH 12. A dark brown precipitate was gradually formed. The
precipitate was filtered and washed with distilled water, heated to 50 °C,
and dried at 80 °C to constant weight. The prepared powder was divided
into three equal parts and heat treatedgin elosed ‘ctucibles at 500 °C,
700 °C and 900 °C for 2 h.

To produce zinc ferrite doped with PVA polymer, the samples were
prepared using the above-described synthetie route but with dissolution
of the zinc and iron salts in 3% PVA seltition before adjusting the pH to
12. The resulting precipitatéywasteentrifuged, washed with distilled
water of room temperature andifiltered. After drying, the ZnFe;O4 +
PVA samples #erelalso subjected to heat treatment (HT).

The X-rdy diffraction (XRD) analysis of the zinc ferrite samples after
heat treatment afid electrochemical experiments was performed on a
DRON-2 diffractometer using Cu Ko radiation. Scanning electron mi-
croscopy (SEM) studies of the morphologies of the samples were con-
ducted with a TESCAN MIRA 3LMU microscope. The elemental
compositions of the samples were identified using X-ray spectral anal-
ysis (or energy dispersive spectroscopy (EDS)).

In the first stage of the electrochemical experiments, the reduction of
previously heat-treated ZnFe,O4 samples was carried out in a diaphragm
cell in an aqueous alkaline solution (the initial concentration was 2%
NaOH) using a current of 1.5 A and a temperature of 30 °C. A Pt gauze
served as an anode. The zinc ferrite powder (1 g) was deposited on a
horizontally located Cu cathode with a surface area of 0.05 dm?, which
fitted closely to the bottom of the cell. The ZnFe;O4 powders that have
magnetic properties could be held on the cathode surface by an external
magnet placed beneath the electrolyzer.

Electrocatalytic hydrogenation (ECH) of p-NA using the reduced
metal composites as catalysts (the second stage) was carried out after the
termination of hydrogen absorption in the first stage. The p-NA dis-
solved in ethanol was added to the catholyte in the ratio 1:2 with respect
to the alkaline catholyte solution. The p-NA concentration in the cath-
olyte was 0.066 M. Electrohydrogenation of p-NA was carried out using
a current of 1.5 A and a temperature of 30 °C.

3. Results and discussion
3.1. Structural phase changes

The XRD analysis of the powder after the co-precipitation procedure
shows the existing zinc oxide and, possibly, weakly crystallized iron (III)
hydroxide. The phase constitution of the powder heat-treated at 500 °C,
700 °C and 900 °C is represented only by crystalline phases of zinc
ferrite with a spinel structure, the crystallinity of which rises with the
increase in the HT temperature. Attempts to reduce the prepared zinc
ferrite samples in an electrochemical system were unsuccessful. Zinc
ferrite is not reduced under the same conditions as copper ferrite [27].
Furthermore, after experiments involving the EH of p-NA, the phase
constitutions of all three samples turned out to be the same as after the
heat treatment.

The changes in the structural phases of samples of zinc ferrite syn-
thesized in the presence of PVA under the action of the products of
thermal decomposition of the polymer, as well as after the electro-
chemical experiments, are illustrated by the XRD patterns shown in
Fig. 1.

The sample of ZnFe;04 + PVA thermally treated at 500 °C (Fig. 1, 1a)
contains crystalline phases of zinc ferrite and a small amount of zinc
oxide. The ZnFe;O4 + PVA (700 °C) sample has a similar phase
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constitution (Fig. 1, 2a). Magnetite (Fe304) formed in sm
the same interplanar distances in the crystallites as zip

In our experiments, a white
heat treatment correspond ding to XRD analysis.

VA samples recorded after their

mperature of the heat treatment. The
4 + PVA (500 °C) sample (Fig. 1, 1b) is
ally treated precursor, and is characterized
nO content, which was partially transferred to
. The presence of zinc cations in the catholyte and
the observed weak zinc-plating of the cathode surface were confirmed
by the atomic emission spectral analyses. In the phase constitution of the
ZnFe304 + PVA (700 °C) sample after the electrochemical experiments
(Fig. 1, 2b), crystalline phases of electrochemically reduced iron appear,
together with, obviously, Fe3O4 with residues of ZnFey0y4, as well as
small amounts of ZnO. In the electrochemical cell, the ZnFe,O4 + PVA
(900 °C) sample undergoes additional and almost complete reduction.
This sample contains mainly crystalline phases of reduced iron with
small amounts of ZnO and Fe304 as impurities (Fig. 1, 3b).

According to the SEM studies, the size of the zinc ferrite grains rises
with increasing HT temperature and decreases when the polymer is

present. So, the grain sizes in the ZnFe,04 (700 °C) sample are mainly
~60-120 nm, and they are collected in agglomerated particles. In the
ZnFe;04 + PVA (700 °C) sample, the grains are smaller (~40-90 nm),
but they are also combined into large particles.

Micrographs of some ZnFe;04 + PVA samples are shown in Fig. 2.
These micrographs were taken using two detectors: the SE (secondary
electrons) and the BSE (back-scattered electrons) detectors, which make
it possible to obtain images with topographic contrast and compositional
variations, respectively.

On the surface of particles in a ZnFe04 + PVA (700 °C) sample after
heat treatment (Fig. 2, a) there are light and dark formations with
different compositions of chemical elements. According to EDS analysis,
these are elements Fe, O, Zn, Na. Here, particles with a predominant
content of ZnO and Fe304 are lighter in colour. In the same sample after
experiments in an electrochemical cell, in which zero-valent iron ap-
pears as a result of electrochemical reduction (Fig. 1, 2b), there are
formations with the shape of a torus (or a donut with a hole in the
middle) (Fig. 2, bl and b2). In this micrograph, the lighter-colored
particles are iron crystallites. The toroidal formations are composed of
the elements Fe (50-62%), O (20-38%), Zn (12-15%), obviously in the
form of Fe3O4 with a smaller amount of ZnFe;Oy4.

With a more complete reduction of zinc ferrite in the ZnFe;O4 + PVA
(900 °C) sample, the opening of the toroidal structures occurs with the
formation of serpentine and interconnected structures of reduced iron at
the smallest scale (Fig. 2, ¢2). It is possible that these layered formations
of iron are an intermediate building material for the formation of larger
crystallites of iron in the form of plates and twigs, which are also present
in this sample after electrochemical experiments have been completed
(Fig. 2, d).



N.M. Ivanova et al.

Table 1

Electrochemistry Communications 128 (2021) 107070

Results obtained for the electrochemical reduction of zinc ferrite samples and the electrocatalytic hydrogenation of p-NA in their presence.

Zinc ferrite samples Electrochemical reduction of zinc ferrite

Electrocatalytic hydrogenation of p-NA

T, min Viz, mL W, mL Hy/min (a = 0.25) a, % Faradaic efficiency for various o, %
0.25 0.50 0.75 Ofinal
Cu cathode - - 6.6 89.5 - - - -
ZnFe,04 (500 °C) 20 11.4 2.6 75.2 25.9 20.4 12.0 -
ZnFe,0, (700 °C) 10 4.3 0.0 0.0 - - - -
ZnFe504 (900 °C) 10 4.3 0.0 0.0 - - - -
ZnFe;04 + PVA (500 °C) 10 8.7 7.5 95.3 71.8 69.2 58.0 36.5
ZnFe,04 + PVA (700 °C) 80 105.0 8.0 99.9 76.9 73.8 68.8 31.9
ZnFe;04 + PVA (900 °C) 20 17.2 8.2 94.5 78.2 78.1 71.9 36.2
These studies of the ZnFe;O4 samples synthesized in a PVA medium 4. Conclusions ¢

make it possible to trace the change in the crystal structure at different
stages of their reduction. It can be noted that in the ZnFe;O4 + PVA
(700 °C and 900 °C) samples, after the electrochemical experiments,
there are structural formations with particles at various degrees of
reduction and crystal formation.

3.2. Electrochemical reduction and electrocatalytic activity

The synthesized and heat-treated ZnFe,04 samples were studied for
their electrochemical reduction ability, and the resulting composites
were also tested for any manifestation of electrocatalytic properties in
the electrohydrogenation of p-nitroaniline (Table 1). For the ECR stage
(where relevant) the values of the duration (t) of the stage and volume
of absorbed hydrogen (Vys) are given. For the p-NA ECH stage, the
following characteristics are indicated in Table 1: W is the average rate
of hydrogenation over the period of p-NA conversion for @ = 25%, where
a is the degree of p-NA conversion, as well as the Faradaic effici
calculated for different values of a.

The characteristics of p-NA hydrogenation in the presence of com-
posites fabricated from zinc ferrite are compared with the p
electrochemical reduction on a Cu cathode under similar conditi

conversion (Table 1), but the yield of para-phenyl
was almost 60%.

According to the data in Table 1, the Z
the absence of polymer hardly undergo any al reduction

-NA. Moreover,
dergoes electrochemical
panied by the absorption of

(Fig. 1, 2b), in the elec
cations occurs i

D
cations are *- 0

; ely reduced (Fig. 1, 3a), only 17.2 ml Hy is used
in the reduction p the electrochemical system. In the ZnFe,O4 +
PVA (500°C) sa on is not reduced, but it appears that the reduction
of zinc cations from ZnO occurs to a small extent, which catalyzes the EH of
p-NA. Amore marked electrocatalytic effect is observed when using iron-
containing composites formed from samples thermally treated at 700 °C
and 900 °C. Compared with the ECR of p-NA on a Cu cathode (Table 1),
both the hydrogenation rate and the conversion of p-NA increase. Ac-
cording to chromatographic analyses, the main hydrogenation product, p-
PDA, is formed with a yield of ~ 96%. The calculated values of the Fara-
daic efficiency (Table 1) show a significant decrease after 75% conversion
using the resulting composites.

e utién (PVA) fol-
ing precipitates, heat
it possible to produce Fe-
small impurities (ZnO,

Synthesis of zinc ferrite samples i
lowed by (non-intensive) washin,
treatment and electrochemical ri

n, these results can serve as a basis for
for extracting iron and zinc from the

hydrogenation of p-N
creating a technol
zinc ferrite containe
plants.
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