ISSN 1063-7745, Crystallography Reports, 2024, Vol. 69, No. 7, pp. 1—7. © Pleiades Publishing, Inc., 2024.

NANOMATERIALS
AND CERAMICS

Investigation of the Parameters of the Zinc Oxide Band Structure
under High-Energy Mechanical Grinding

I. A. Filippov“, A. A. Karmanov**, N. D. Yakushova“, E. I. Gurin“, A. C. Komolov®, and I. A. Pronin“
¢ Penza State University, Penza, 440026 Russia
b St. Petersburg University, St Petersburg, 199034 Russia
*e-mail: starosta07km | @mail.ru
Received June 19, 2024; revised July 5, 2024; accepted July 7, 2024

Abstract—A controlled modification of the parameters of the zinc oxide band structure has been demon-
strated using the methods and approaches of nanostructure engineering by varying the duration of high-
energy mechanical grinding. It has been shown that an increase in the dispersion time increases the mono-
dispersity of ultrafine ZnO powder particles. A decrease in the zinc oxide band gap with increasing grinding
duration is established based on spectrophotometric investigations. A nonmonotonic time dependence of the
top of the valence band, as well as a high-energy shift of the valence and conduction bands for all dispersion
durations, are demonstrated using experimental X-ray photoelectron spectroscopy data.
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INTRODUCTION

The nanomaterials based on metal oxides, such as
Zn0O, Sn0O,, TiO,, etc., are a subject of intensive
research due to their unique electrophysical, optical,
and photocatalytic properties [1, 2], which, in turn,
are determined by the parameters of their energy-band
structure [3]. Particular attention is paid to the mate-
rials produced in the form of thin films, as well as pow-
ders with a controlled crystallite size [4, 5]. At the
same time, it has been shown that the properties of
metal oxide nanomaterials can be varied using mac-
rolevel impacts (for example, by changing the film
annealing temperature and duration) [6, 7], as well as
by controlling the processes of material self-assem-
bling and self-organization at the initial synthesis
stages. For example, the self-assembling of metal
oxide ZnO and SiO,—SnO, micro- and nanostruc-
tures can be controlled by exposing the film-forming
sol to hard UV irradiation or cooling it to liquid nitro-
gen temperatures [8, 9].

Zinc oxide stands out among the aforementioned
metal oxides; this compound is an n-type wide band-
gap semiconductor (the bandgap is ~3.3 eV); its con-
ductivity type is associated with oxygen vacancies in
the wurtzite crystal lattice and interstitial zinc [10].
ZnO can be synthesized by various physical and
chemical methods, among which of particular
importance are the sol—gel technology [11, 12], as a
prominent representative of the bottom—top nano-
technological approach, and high-energy mechani-
cal grinding, corresponding to the top—bottom nano-
technology [13, 14]. New methods and approaches of

nanostructure engineering, related to the fabrication
of zinc oxide micro- and nanostructures in combined
sol—gel systems, were developed in [15]. The forma-
tion of surface morphology of ZnO films with many
levels of spatial hierarchy was demonstrated [15].

In this study, we develop an alternative approach of
nanostructure engineering of metal oxide nanomateri-
als, based on macrolevel treatments, namely, high-
energy mechanical grinding. This approach is a rela-
tively simple way to control the surface properties of
a nanomaterial, in which the type and concentration
of adsorption centers are often a nonmonotonic and
even periodic function of the dispersion time. Based
on this approach, one can obtain zinc oxide powders
for numerous applications, including energy-efficient
photocatalysts [ 16]; electrodes for ultracapacitors [17];
and various types of sensor devices, in particular, gas
sensors [18, 19].

A topical problem is the variation in the parameters
of the ZnO band structure in dependence of the crys-
tal structure of the material and the morphology and
size of the particles forming it. For example, there is
still no full understanding of the mechanisms of
changing the band gap and the position of the valence
band top for nanostructured zinc oxide [20]. The pur-
pose of this study was to develop methods and
approaches of nanostructure engineering providing
controlled modification of the parameters of the ZnO
band structure under high-energy mechanical grind-
ing. Achieving this goal is of interest for obtaining
a complete pattern of the changes occurring in a wide-
bandgap semiconductor metal oxides, both during
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their formation due to the aggregation of single nano-
elements, having, in particular, a fractal nature [21],
and using macrolevel impacts.

EXPERIMENTAL

Synthesis of ultrafine zinc oxide powders. Commer-
cial ZnO powder (AR Vekton) was subjected to high-
energy mechanical grinding using an attritor (Union
Process HD/01). To this end, a shaft with ZrO, cylin-
drical blades was placed in the attritor glass, and zirco-
nium dioxide balls 3 mm in diameter (grinding bodies)
were poured into it. Then wet grinding was carried out.
To this end, after turning the attritor on (the stirring
speed was 100 rpm), a commercial ZnO powder was
poured in until it was uniformly distributed over the
glass volume, and isopropyl alcohol (AR Vektron) was
added. After closing the attritor lid, the shaft rotation
speed was gradually increased to 500 rpm. Liquid sam-
ples with a mass of 40 g, characterized by dispersion
times of 1, 3, and 5 h, were chosen using a doser and
dried at 70°C for 24 h. Then the samples were cooled
to room temperature and ground in an agate mortar to
eliminate the agglomerates formed during drying [13].

Investigation of ultrafine zinc oxide powders by scan-
ning electron microscopy. Photomicrographs of samples
with different times of high-energy mechanical grind-
ing were obtained on a Hitachi S3400N scanning tun-
neling microscope (Japan) in the secondary-electron
mode. The photomicrographs were processed and
analyzed using an ImageJ graphic editor. The geomet-
rical sizes of particles were evaluated, after which a size
distribution histogram was constructed based on the
measurement results for a part of an ultrafine ZnO
powder.

Spectrophotometric investigations of ultrafine zinc
oxide powders. The diffuse reflection spectra for the
samples with different times of high-energy mechani-
cal grinding were recorded on a SF-56 spectropho-
tometer (OKB Spectr) using a diffuse reflection
attachment PDO-6. The measurements were carried
out in the spectral range of 350—600 nm; the discreti-
zation step was 1 nm.

Investigations of ultrafine zinc oxide powders by X-ray
photoelectron spectroscopy (XPS). The XPS spectra
were measured under ultrahigh vacuum conditions
(p ~ 1077 Pa) on an Escalab 250Xi complex photoelec-
tron spectrometer (Thermo Fisher Scientific Inc.)
with the AlK, photon energy equal to 1486 eV.
To eliminate surface contaminations of powders due
to atmospheric adsorbates, the samples were etched by
Artions (/; = 1 pA, #; = 30 s). The spectrometer energy
scale was calibrated using an Au surface (cleaned by
sputtering) as a reference, so that the binding energy of
the Au4f7/2 peak was established at a level of 84.0 eV.
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RESULTS AND DISCUSSION

Figure 1 presents the photomicrographs of the
commercial ZnO powder and ultrafine powders on its
base, obtained at different times of high-energy
mechanical grinding, made with a scanning tunneling
microscope (STM). An analysis of the images shows
that the original zinc oxide powder consist mainly of
elongated hexagonal prisms with a base 150—300 nm
in size (Fig. 1); the powder particles are characterized
by high dispersion, a consequence of which is the pres-
ence of large elements with sizes of 350 nm or more
(see the inset in Fig. 1a and the corresponding size dis-
tribution histogram for ZnO particles). High-energy
mechanical grinding not only decreases the average
size of particles but also substantially increases their
monodispersity (Figs. 1b—1d). Grinding for 5 h pro-
vides practically complete destruction of large ele-
ments in the powder composition into smaller ones,
due to which the average particle size significantly
decreases: to 150—200 nm (the histogram in the inset
in Fig. 1d). According to the X-ray diffraction data,
high-energy mechanical grinding also essentially
diminishes the coherent scattering regions (from 37 = 1 to
21 £ 1 nm) and increases microstrains (from ~0.3 to
~0.6%) [22]. This change in the particle sizes and sur-
face morphology may cause a change of the band
structure of the samples, mainly due to the formation
of defects (including surface defects) and microstrains
rather than due to size effects.

The bandgap optical width of studied samples with
different times of high-energy mechanical grinding
was determined using diffusion reflection spectra
(Fig. 2). An analysis of these spectra shows that an
increase in the dispersion time significantly decreases
the diffuse reflection factor in the entire spectral range
under consideration (350—600 nm), which corre-
sponds to decreasing the average size of ZnO powder
particles during grinding and agrees with the scanning
electron microscopy data.

To estimate the optical width of the band gap (A E,)
of the studied ZnO powders, we used the Tauc con-
struction [23]:

(ahv)" = A(hv — E,),

where o, hv, A, and E, are, respectively, the absorp-
tion coefficient, the photon energy, the fit parameter,
and the bandgap optical width. The » values for direct
and nondirect gap semiconductors are 2 and 0.5,
respectively.

The relationship between the absorption coeffi-
cient and diffuse reflection factor is given by the
Kubelka—Munk function:

2
oc~F(R)=—(l;£) :

where R is the diffuse reflection factor.
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Fig. 1. SEM images of the surface of the (a) original ZnO powder and (b—d) powders with different times of high-energy mechan-

ical grinding: (b) 1, (¢) 3, and (d) 5 h.

Figure 3 presents the Tauc construction for the
studied samples with different times of high-energy
mechanical grinding, on the assumption that zinc
oxide is a direct gap semiconductor [24]. For each
graph, a linear section was selected, which was extrap-
olated to the intersection with the abscissa axis; at the
same time, the point of intersection corresponds to the
bandgap optical width.

An analysis of the curves presented in Fig. 3a shows
that for the bandgap optical width for the commercial
ZnO powder is 3.28 eV, whereas for the sample with a
grinding time of 1 h it is AE, = 3.27 V. Increasing the
dispersion duration up to 3 and 5 h noticeably
decreases the AE, value: to ~3.25 and ~3.24 eV,
respectively (Fig. 3b), which is apparently related to
the microstrains of the zinc oxide crystal lattice and
vacancies in the oxygen sublattice, leading to expan-
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sion of Urbach tails [25], and agrees with the X-ray
diffraction data.

Further studies of the valence band of ZnO pow-
ders with different times of high-energy mechanical
grinding and their relationship with the bandgap opti-
cal width were performed by XPS. Figure 4 presents
the XP spectra of the valence band for the samples
studied in comparison with the commercial zinc oxide
powder. The position of the valence band top was
determined by extrapolating the edge of the valence
band spectrum with the lowest binding energy to the
intersection with the abscissa axis [26, 27]. It was
assumed that the Fermi level position corresponds to
zero binding energy.

An analysis of the spectra shows that the valence
band top has energy of 2.47 eV with respect to the
Fermi level for the original powder (Fig. 4a); taking
into account that the known bandgap is 3.28 €V, this
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Fig. 2. Diffuse reflection spectra of the (/) original ZnO powder and (2—4) powders with different times of high-energy mechan-
ical grinding: (2) 1, (3) 3, and (4) 5 h.
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Fig. 3. The Tauc construction for determining the optical width of the band gap of the (1) original ZnO powder and (2—4) pow-
ders with different times of high-energy mechanical grinding: (2) 1, (3) 3, and (4) 5 h.

fact confirms the electronic type of the material con-  shift to higher energies. A similar shift is characteristic
ductivity. For the sample with a grinding time of 1 h, for the lower unoccupied orbital of the conduction
the valence band maximum has energy of ~1.87 eV, band; i.e., a shift to high energies is observed for both
which is 0.6 eV smaller than that for the commercial the valence and conduction bands, a fact suggesting
ZnO powder, and corresponds to the valence band consistency of the Fermi level position [28] when
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Fig. 4. XP spectra of the valence band of the (/) original ZnO powder and (2—4) powders with different times of high-energy

mechanical grinding: (2) 1, (3) 3, and (4) 5 h.
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Fig. 5. Energy band diagrams of the (/) original ZnO powder and (2—4) powders with different times of high-energy mechanical

grinding: (2) 1, (3) 3,and (4) S h.

comparing samples. The increase in the grinding time
to 3 and 5 h leads to a nonmonotonic dependence of
the position of the valence band top on the grinding
time, which corresponds to characteristic energies of
2.38 and 1.80 &V, respectively.

Energy band diagrams of ZnO powders with differ-
ent times of high-energy mechanical grinding are pre-
sented in Fig. 5; they generalize the results of spectro-
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photometric investigations of the bandgap optical
width and XPS of the valence band.

An analysis of these diagrams shows that a shift of
the valence band (AE,) and the conduction band (AE,)
to high energies is characteristic for all grinding times.
At the same time, the greatest shift is characteristic for
ZnO powders with a dispersion time of 5 h (AE, =
0.67 eV and AE, = 0.63 eV), whereas the samples with

2024
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a grinding time of 3 h (AE, = 0.09¢eV and AE, =
0.06 eV) exhibit the smallest shift. For all materials,
the Fermi level lies above the middle of the band gap,
at least by ~0.18 eV (Fig. 5c, curve 4); based on this,
one can conclude that they are n-type zinc oxides.

The nonmonotonicity of the time dependence of
the band structure parameters for the samples has
a complicated character, which is not completely
clear; one of possible explanations is the presence of
various defects in zinc oxide (including surface
defects), whose character changes during high-energy
mechanical grinding. This assumption correlates with
the results of previous investigations of the evolution of
acid-base properties of the surface of the ZnO powders
obtained by grinding in attritor [29]. In particular,
it was previously established that, after 1-h dispersion,
the concentration of Louis-type oxide centers with
pK, = 14.2 (these centers are presented by surface zinc
atoms, experiencing deficit of neighbors, in various
configurations) is reduced; after 3-h grinding, it
sharply increases; and, after 5-h grinding, it decreases
to values close to the original ones. The time depen-
dence of the concentration of Bronsted base centers
with pK, = 7.3—12.8, which has a pronounced maxi-
mum for the dispersion time of 3 h, behaves similarly.
These centers correspond to surface Zn—OH hydroxyl
groups in different configurations, and their amount
correlates with the content of vacancies in the oxygen
sublattice on the sample surface. The aforementioned
features of the evolution of acid—base properties of
unltrafine ZnO powders confirm the suggestion about
the influence of various defects, including vacancies in
the oxygen sublattice and zinc atoms with deficit of
neighbors, on the band structure parameters. It should
also be noted that a change of the band structure of the
samples may be related to a chemical fixation of car-
bon dioxide in the carbonate-like form on their sur-
face [30].

The analysis of the XP spectra of the valence band
shows also a shift of the 3d orbital with a binding
energy maximum of ~10.5 eV. This shift to lower bind-
ing energies (relative to the original powder) is
observed for all grinded ZnO powders; it is ~0.5 eV by
an order of magnitude (Fig. 4b). One of possible
explanations of the observed feature of the XP spectra
is a change in the electronic configuration of the tran-
sition metal ion Zn?* [28, 31] as a result of the change
in its position in the crystal lattice (caused, in particu-
lar, by microstrains and oxygen sublattice vacancies).

CONCLUSIONS

In the present work we developed methods and
approaches of nanostructure engineering providing
controlled modification of the band structure param-
eters of zinc oxide under high-energy mechanical
grinding. It is shown that dispersion of ZnO powder is
accompanied by both variation in the particle mor-
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phology (increasing monodispersity and decreasing
the average size of elements to 100—150 nm) and a sig-
nificant variation in the band structure parameters.
Based on the spectrophotometric data, it was found
that the bandgap of ZnO powders decreases by 0.04 eV
relative to the commercial powder as a result of 5-h
grinding. Using the XP spectra of the top of the
valence band, we demonstrated a nonmonotonic
character of its dependence on the grinding time. The
analysis of the energy band diagrams of ultrafine zinc
oxide powders showed a shift of the valence and con-
duction bands to higher energies for all investigated
samples (0.09—0.67 eV for the valence band top and
0.06—0.63 eV for the lower unoccupied orbital of the
conduction band). The obtained results may be of
interest for developing methods of fabrication of metal
oxide materials with specified structural parameters
and features of the band structure for a wide range of
practical applications.
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