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Abstract: Here, we report a simple and versatile synthesis of low-dimensional ZnO nanosheet
(NS) arrays modified with Fe;O3 (hematite) to assemble photocatalytic coatings and non-enzymatic
glucose sensors. Photocatalytic coatings made of widespread elements (zinc and iron) were tested
for methylene blue (MB) dye decolorization under ultraviolet and visible (UV-vis) irradiation. A
comparative study of unmodified and modified ZnO NS photocatalysts revealed a significant decrease
in the dye concentration in 180 min when ZnO/Fe,O3 arrays were used. Size dependence efficiency of
the hematite layer deposited onto ZnO is presented. A study of the sensitivity of biosensors made of
ZnO nanostructures and ZnO/Fe,O3 nanocomposites for glucose detection showed an improvement
in sensitivity with increased Fe,;Oj3 thickness. The structure and morphology of low-dimensional
coatings were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM), and energy
dispersive X-ray analysis (EDX). The optical properties of nanoarrays showed a red shift of absorption
after modifying ZnO with hematite layers, which holds good promise for expanding photocatalytic
activity in the visible region.

Keywords: nanocomposite; hematite; ZnO; photocatalyst; methylene blue dye degradation;
a non-enzymatic glucose sensor

1. Introduction

Nanomaterials and technologies for their production have been developed in recent
decades and are the subject of wide attention. The large surface area of nano-objects
compared to bulk materials, electronic and quantum effects, altered mechanical properties,
etc., led to a scientific boom in nanotechnology. Many spheres of life, from architecture and
cosmetology to medicine, involve nanomaterials [1]. The remarkable achievements in the
catalysis field are worth noting since nanomaterials have many catalytic sites that facilitate
catalytic reactions [2].

Modern industrial technologies use huge volumes of chemical industry products.
Today, chemical processing is implemented in textile production, pharmaceuticals, paint,
varnish production, furniture and household appliances, the automotive and petroleum
industry, and more [3]. The above is an integral part of society but causes great harm to the
planet’s ecology. Moreover, since many chemical industries dispose of waste into the water,
the issue of water purification from organic pollutants is acute. The scientific community is
of great interest in developing water purification systems based on photocatalysts [4-7].
Photocatalytic reaction in an aqueous solution can occur on the surface of a water-dispersed
powder, coatings, and thin films [8-10]. Among several semiconductor materials that
exhibit photocatalytic properties, ZnO remains one of the most interesting [11-14]. Such
interest is justified by excellent electrical properties, high electron mobility, high thermal
conductivity, and high exciton binding energy. The listed properties allow the broad
application of ZnO in optoelectronics, transparent electronics, laser, cosmetics, thermal
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and mechanical resistance [15], antibacterial coatings, and sensor equipment [16-19]. The
exploitation of semiconductors in sensor devices is relevant. The use of ZnO in glucose
level sensors is promising due to its electrochemical activity, and high isoelectric points
which promote enzyme adsorption [20]. Improving the sensitivity of blood glucose sensors
will help with diseases such as diabetes [21].

Iron is an abundant and essential element in the Earth’s crust [22], thus its use is
economically practical. The oxidation of iron to the o-Fe;O3 (hematite) phase is formed with
the acquisition of semiconductor properties. Hematite is an n-type semiconductor material,
which is widespread, for example, as a material for magnetism, lithium-ion batteries, and
gas sensors [23]. Hematite crystallizes in a trigonal system with space group R-3¢; oxygen
atoms in the «-Fe; O3 structure are arranged similarly in the form of corundum [24]. The
packing of O?~ anions in the structure of hematite occurs in a hexagonal closed lattice along
[001]. Semiconductor x-Fe,Os is stable in most electrolytes at pH > 3 and has a relatively
narrow band gap of 2-2.2 eV, sufficient to use approximately 40% of the sunlight on the
Earth’s surface. In addition, the material is widespread, inexpensive, and environmentally
friendly [25]. In addition to good chemical stability, hematite has a valence band edge
level (+1.6 V/SCE at pH 14) suitable for photoinduced oxygen evolution from water [26].
Although hematite thin films and powders are widely studied as photocatalysts, the
photoactivity of a-FepOj is limited by some factors, including poor electrical conductivity
and slow kinetics of the oxygen evolution reaction [27], and the high recombination rate of
electron-hole pairs [28]. Therefore, the strategy of coupling hematite with other materials
is promising. Semiconductor mixing (i.e., composite formation) has several advantages,
such as developing photocatalysts that respond to visible light. An additional benefit
of composites is reducing the probability of carrier recombination through interparticle
electron transfer [29-31].

This paper studies the photocatalytic and non-enzymatic glucose sensing properties
of synthesized ZnO/Fe;O3 nanocomposites. Versatile synthesis procedure along with
material characterization reported.

2. Materials and Methods

Synthesizing ZnO NS via electrochemical deposition includes the exploitation of
indium tin oxide (ITO) coated glass with a resistance of 8 Q/cm?, KCI, and Zn(NO3); x
6H,0. Modifying the ZnO NS array with hematite via spin-coating includes the operation
of FeClz and ethylene. All chemicals were purchased from Sigma Aldrich and used without
purification.

Electrochemical deposition of ZnO NS consists of forming thin coatings on the surface
of ITO glass. The ITO glass acts as the working electrode in a three-electrode chemical cell.
Ag/AgCl and platinum foil act as the reference and countercurrent electrodes, respectively.
The capacity of the electrochemical cell was 50 mL. The electrolyte consisted of 0.5 M
Zn(NO3)y x 6H,0 and 0.5 M KCl. The temperature of the working solution was 80 °C.
The working potential was set to negative 0.8 V. The duration was 30 min. Afterwards,
deposition samples were thoroughly washed and annealed in a muffle furnace at 500 °C
for 2 h.

Hematite layers were deposited on the surface of the ZnO NS array by a spin-coating
method explained elsewhere [32]. Briefly, one layer formation includes: dosed portions
of 0.02 M FeCl; dissolved in 96% ethanol were deposited on a rotating ZnO NS matrix.
The angular velocity was 1500 rpm. After deposition of each single layer, samples were
calcinated at 300 °C for 10 min. Calcination is needed to remove chlorine from the resulting
film and oxidize iron residues. Annealing the samples at 450 °C for 1 h results in good
contact of the heterogeneous interface of ZnO/Fe;O3;. A schematic representation of
hematite deposition is depicted in Figure 1.
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Figure 1. Schematic representation of Fe;O3 spin-coating deposition.

Using the described method, four samples were obtained for testing in photocatalysis
and glucose concentration sensors. One, two, and three layers of deposited Fe,O3; formed
nanocomposites ZnO/Fe,O3 which were marked in this work as ZnO NS/Hematitel, ZnO
NS/Hematite, and ZnO NS/Hematite3, respectively.

Photocatalytic dye decolorization was investigated in MB solution with concentration
of 10 mg/L. A UV-vis light source was used as illuminator. The electrolyte for glucose
sensing consisted of 0.1 M phosphate-buffered saline with different amounts of glucose
(1-5 mM).

The optical transmission spectra were measured on a two-beam Specord plus UV /Vis
spectrophotometer (Analytik). The current-voltage characteristics of the samples were mea-
sured by the potentiostatic method on an Ellins P-2X potentiostat/galvanostat. The phase
composition and crystal structure were studied with an X’pert PRO X-ray diffractometer
(PANalitical). The morphology and elemental composition were studied using JSM-6490
LA (JEOL) and MIRA 3LMU (Tescan) scanning electron microscopes with a directly heated
tungsten cathode.

3. Results and Discussion
3.1. Sample Characterization

A typical SEM image in Figure 2a demonstrates that the unmodified film consists
of uniform sheet-like nanostructures. The surfaces of these sheets are smooth, with a
thickness of up to 10 nm. Figure 2b shows a micrograph of a ZnO NS modified with a
single layer of hematite (ZnO NS/Hematitel). After modification, the side faces of the
sheet-like structures of ZnO plaque formed as small objects, the distribution of which is
heterogeneous and rare. Repeated modification led to the formation of a rich deposit both
on the side surfaces and between the nanosheets (Figure 2c). The formation of the core-shell
structure began to appear after the third spin-coating cycle of Fe;O3 deposition (Figure 2d).
Figure 2d clearly shows that the hematite layer exactly repeats the shape of the matrix ZnO
NS, and forms ZnO NS/Hematite3 heterostructure. Lastly, it was decided to study the
structure of obtained samples. XRD analysis, shown in Figure 2e, showed that the ZnO
NS grown exhibited a hexagonal wurtzite crystalline structure. The most intense peaks are
(100), (002), and (101), which demonstrate that the growth pattern is perpendicular to the
ITO glass surface and oriented along the c-axis. The non-ZnO peaks are identified as Fe;O3



ChemEngineering 2023, 7, 22

40f 10

and assigned to the single-phase o-Fe,O3. The XRD pattern of ZnO/Fe;O3 is well-defined
and confirms the good crystallinity of the nanocomposite.
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Figure 2. Characterization of obtained ZnO NS and ZnO NS/Hematite: (a) SEM ZnO NS; (b) ZnO
NS/Hematitel; (¢) ZnO NS/Hematite2; (d) ZnO NS/Hematite3; (e) XRD pattern of ZnO
NS/Hematite3; (f) EDX analysis of ZnO NS/Hematite3.

Figure 2f illustrates EDX analysis of ZnO NS/Hematite3. Map distribution of elements
shows that only iron, oxygen, and zinc were identified on the surface of the samples. EDX
spectra show that the most intense peaks belong to oxygen and zinc. Iron peaks show less
intensity, which explains the low thickness of the F,O3 shell layer. Other peaks correspond
to the ITO substrate.

Figure 3 shows UV-visible absorption spectra for ZnO NS coatings and ZnO/Fe;O3
arrays. The black curve describes the absorption pattern of UV light by the ZnO NS
arrays. The material exhibits sensitivity only in the UV range with the absorption of
electromagnetic waves up to 383 nm. A slight increase in absorption is observed in the
length range of 500-670 nm, which can be explained by light scattering on a rough surface
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of the NS. Judging from the mutual arrangement of the black and red curves, one can see
the absorption edge shifts for ZnO/Fe;O3. After modification with hematite layers, arrays
of nanostructures acquired sensitivity to visible light up to 600 nm. The deposition of the
second and third layers of hematite improved the visible light absorption ability of the
ZnO NS coatings (Figure 3, blue and green curves, respectively). Since optical studies have
shown the sensitivity of the ZnO/Fe,O3 nanocomposite to UV and visible light, the use
of the material is promising in photocatalysis. Therefore, their photocatalytic activity was
evaluated by the decomposition of MC under the action of light.
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Figure 3. UV-visible absorbance of prepared nanostructures and heterostructures.

3.2. Photocatalytic Activity

The photocatalytic reaction of dye decomposition begins after the absorption of light
by the semiconducting material (1):

ZnO@Fey205 + hv — ZnO@Fey205 (h, +e7,) (1)

A photon (hv) with an energy equal to or greater than the band gap excites electrons
(e™) in the valence band (vb) of semiconductors. Such an excited state allows the energy
transition of electrons from the valence band to the conduction band (cb). Thus, the
valence band is saturated with holes (h;rb), and the conduction band is saturated with
electrons (e_;). In aqueous solutions containing dyes or other polluting organic molecules,
the main function of their decomposition is performed by 1. At the semiconductor-
solution interface, /1f, draw electrons from the molecules or ions of the liquid, thus forming
hydroxyls. These radicals react with pollutants and decompose organic molecules as
follows (2):

ZnO@Fe;205 (h, + e5,) + HoOug — ZnO@Fe;205(e3,) + H:

(aq) + OH(.M) &)

Figure 4a shows the time dependence of the change in the relative concentration of
C/Cy (where C is the initial concentration of the dye, and Cy is the real concentration
at different times) for MB under UV-vis irradiation. The change in C/Cy for the dye
was studied by irradiating a photocatalyst as substrate coating. The photocatalyst was
placed in a beaker with dye solution at 45° to the bottom plane. The UV-vis irradiation
source was located 10 cm from the side wall of the glass. Since there was glass in the path
of the light, the UV part of the incident light was no shorter than 300 nm. The contact
surface area of the photoactive material and electrolyte surface for all samples is 1 cm?. A
comparison of the black and red curves (ZnO NS and ZnO/Hematitel, respectively) shows
a slight change in the concentration of the dye solution over 180 min. The contribution
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of the ZnO/Hematitel is insignificant for photocatalysis but indicates the activation of
the material. It is noteworthy that samples with a two-layer modification of ZnO NS with
hematite exhibit better photocatalytic abilities than ZnO/Hematite3 (Figure 4a, blue and
green curves, respectively). Optimizing the thickness and roughness of the active layer
leads to an increase in light absorption by the semiconductor material. The particle’s size
and crystallinity affect photogenerated charge carriers’ rates of separation and migration.
The higher the crystallinity, the lower the defects; therefore, the higher the probability of
charge carrier migration to the centers of redox reactions. Defects act as carrier trapping
and recombination centers for photogenerated electrons and holes. Exciton recombination
processes lead to a decrease in photocatalytic activity. With a reduction of particle size, the
migration distances of photogenerated electrons and holes decrease, which leads to the
suppression of the recombination probabilities [33]. In other words, the likelihood of charge
transport during the exciton lifetime increases with decreasing transport distances [34].
Figure 4b shows graphs of the time dependence of MB adsorption on the walls of beaker
and onto the photocatalyst surface for 180 min without illumination. It should be noted
that without the presence of a photocatalyst, the dye concentration changes slightly over
time, within 1%, which can be assumed as an error (Figure 4b, black curve).

MB (C/C,)

0.95 4

|—=—beaker
““ J-e—2zn0 NS/Hematitet —#—2n0O NS
|—&— ZnO NS/Hematite2| —k—ZnO/hematite 1

—y—2ZnO NS/Hematite3| —v—ZnO/hematite 2
VB [—4—ZnO/hematite 3

[=—ZnONS

T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 0 30 60 90 120 150 180
Irradiation time (min) Adsorption time (min)

(a) (b)
Figure 4. Decolorization of MB under in 180 min: (a) under irradiation, (b) in dark.

3.3. Bio-Sensing of Glucose Concentration

Figure 5a shows the current density versus voltage for ZnO (black curve), ZnO
NS/Hematitel (red curve), ZnO NS/Hematite2 (blue curve), and ZnO NS/Hematite3
(green curve). Graphs were recorded in the presence of 1 mM glucose in the electrolyte.
The behavior of ZnO NS and ZnO NS/Hematitel curves is very close. This is explained by
the functional similarity of the samples since a single modification does not significantly
contribute to forming a good layer of hematite on the ZnO NS matrix. A comparison of the
obtained results with the results of [35] shows that the morphology of pure ZnO does not
affect the photocurrent density.
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Figure 5. Testing coatings based on ZnO NS and ZnO NS/Hematite as non-enzymatic glucose

sensors: (a) I-V curves of sensing properties for 1 mM glucose; (b) I-V curves of sensing properties of
ZnO NS/Hematite3 nanocomposites for different concentrations of glucose; (c) amperometry of ZnO
NS/Hematite3 to successive additions of increased concentrations of glucose solutions up to 5 mM;
(d) calibrated plot recorded at 2.5 V.

The blue curve has a significant increase in current density, which confirms the quali-
tative contribution of iron oxide to the electrochemistry of the ZnO/Fe,O3 nanocomposite.
The increased thickness of hematite layer onto ZnO NS increases response in current den-
sity. The assembled coatings’ sensitivity to glucose concentration in solution was studied
for ZnO/Hematite3 samples since they showed the highest current density. Figure 5b
shows the I-V characteristics of the sample recorded at different glucose concentrations
from 1 to 5 mM. The two boundary curves, black (lower current density) and purple (higher
current density), correspond to 1 mM and 5 mM glucose concentrations, respectively. The
assembled coatings have a particular sensitivity to glucose concentration in solution and
potential applicability. At the same time, the relevance of pure ZnO remains questionable
due to the degradation and corrosion of the material in electrolytes. A micrographic image
of pure ZnO analyzed after four cycles of measurements is shown in Figure 6. Comparison
of Figures 2a and 6 reveals that pores appeared on the side surfaces of the nanoplates, which
may indicate corrosion or degradation of the material, which reduces the life of the sensors.
SEM analysis of ZnO/Hematite3 revealed no changes in morphology before and after
I-V measurements of glucose sensing, which indirectly indicates the durability potential
of the nanocomposite. Figure 5c shows the time response curve of the sensor coating as
a function of glucose concentration. Current density at 2.5 V was recorded for different
glucose concentrations, which was sequentially increased after adding 1 mM of glucose.
The current did not grow immediately after increasing the concentration but noticeably
quickly, within 10-13 s. This behavior of the current density is typical for electrodes with
a significant charge transfer rate at the phase boundary. It means that ZnO/Hematite3
sensors show sufficiently good sensitivity to the level of glucose concentration, while they
have good durability. Moreover, the calibrated plot represented in Figure 5d shows linearity
of glucose concentration sensing between 1 and 5 mM.
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Figure 6. SEM image of ZnO NS coatings served four cycles as glucose concentration sensor.

4. Conclusions

In summary, we fabricated active coatings of ZnO NS and ZnO/Fe;O3 and showed
their photocatalytic and a non-enzymatic sensing properties for detecting glucose in liquid
phase. Vertically oriented ZnO NS poses low photocatalytic and sensing properties in
comparison with core-shell nanocomposites of ZnO/Fe;Os. As a result, photocatalytic
behavior of ZnO/Hematite2 revealed better properties regarding thin layers of Fe,O3. In
conditions of applied voltage, electron transportation was better in ZnO/Hematite3 with a
thick layer of Fe,O3, which poses better glucose sensing abilities.
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