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Abstract: This work presents the results of comparative studies using complementary methods,
such as scanning electron microscopy (SEM), X-ray photoemission spectroscopy (XPS), and ther-
mal desorption spectroscopy (TDS) to investigate the local surface morphology and chemistry of
flower-like ZnO nanostructures synthesized by the thermal oxidation technique on native Si/SiO2

substrates. SEM studies showed that our flower-like ZnO nanostructures contained mostly isolated
and irregular morphological low-dimensional forms, seen as rolled-up floss flowers, together with
local, elongated, complex stalks similar to Liatris flowers, which contained joined short flosses in
the form of nanodendrites. Beyond this, XPS studies showed that these nanostructures exhibited a
slight surface nonstoichiometry, mostly related to the existence of oxygen-deficient regions, combined
with strong undesired C surface contamination. In addition, the TDS studies showed that these
undesired surface contaminations (including mainly C species and hydroxyl groups) are only slightly
removed from the surface of our flower-like ZnO nanostructures, causing an expected modification
of their nonstoichiometry. All of these effects are of great importance when using our flower-like ZnO
nanostructures in gas sensor devices for detecting oxidizing gases because surface contamination
leads to an undesired barrier for toxic gas adsorption, and it can additionally be responsible for the
uncontrolled sensor aging effect.

Keywords: ZnO nanoflowers; surface morphology; surface chemistry; surface reactivity; thermal desorption

1. Introduction

Zinc oxide (ZnO) is an intrinsically n-type oxide semiconductor with a wurtzite
structure that belongs to the group of transparent conductive oxides (TCOs). Owing to its
unique optical properties (wide bandgap of 3.37 eV and large exciton binding energy of
60 meV), as well as peculiar electronic properties (high electronic mobility up to 2 cm2/V·s),
in recent years, it has been used mainly in optoelectronics and photovoltaics [1–3].

Recently, ZnO has become one of the most investigated metal oxide (MOX) materials
for potential applications in conductometric gas sensors for the detection of various active
and toxic gases in many areas, mainly in relation to environmental monitoring [4,5]. MOXs
are suited to this application because of their excellent sensing response and good selectivity,
combined with thermal and chemical stability, as well as their relatively simple and low-cost
fabrication [6–8].

In general, it is well-known that the gas sensing mechanism of ZnO, similar to other
MOX materials, is mainly determined by the surface properties of its space charge layer
(SCL), which are related to its surface/subsurface morphology. Moreover, it is a commonly
accepted idea that a higher surface-to-volume ratio may enhance the performance of gas
sensors with respect to coarse micrograined materials [9]. Moreover, for ZnO conductomet-
ric gas sensors, the electrical resistance is highly dependent on the presence of oxidizing
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and reducing gases. In the case of oxidizing gases, oxygen molecules coming from atmo-
spheric air, after adsorption at the ZnO surface, cause the extraction of electrons from its
conduction band, resulting in an increase in its resistance. In turn, in the case of reducing
gases adsorbed at the ZnO surface, after interaction with oxygen ions, free electrons are
donated to the conduction band, resulting in a decrease in the electrical resistance of the
device [10]. The gas adsorption mechanism and sensing response of ZnO-based gas sen-
sors are significantly affected by the gas concentration in combination with the working
temperature [10].

After several years of intense research, it was demonstrated that the enhanced per-
formance of ZnO gas sensors can be achieved relatively easily by using low-dimensional
nanostructured forms. For ZnO, several fast-growth directions are available, allowing for
the preparation of numerous ZnO nanostructures with various crystal planes and slightly
different surface properties. This is a crucial point with respect to their potential gas sensor
applications [11]. An overview of recent developments in the area of conductometric gas
sensors based on various low-dimensional ZnO nanostructures can be found in two review
papers [12,13]. Among the various low-dimensional ZnO nanostructures with their relative
size- and morphology-dependent properties and gas sensor performance levels, in recent
years, most effort has been devoted to 1D nanostructures, such as nanowires, nanorods,
nanofibers, nanolines, nanobelts, nanoneedles, nanorings, and nanohelices. These peculiar
morphologies were reviewed by Kumar et al. [11], Tonezzer et al. [14], Galstyan et al. [15],
and Rackauskas et al. [16]. Furthermore, the size- and morphology-dependent proper-
ties and related gas sensor performance features of 2D ZnO nanostructures, such as
nanosheets, nanowalls, nanoflakes, nanoplates, and nanodisks, were thoroughly reviewed
by Tonezzer et al. [14] and Leonardi [17]. Moreover, in recent years, increasing attention
has been devoted to transforming low-dimensional nano-sized building blocks into three-
dimensional (3D) complex hierarchical structures. The main reason to do so is that 3D
ZnO hierarchical nanostructures, with respect to the single-morphological nanostructures,
usually inherit excellent properties related not only to the high surface-to-volume ratios but
also to their suitability for potential applications in the bottom-up fabrication of functional
devices including sensors [18].

Among the 3D ZnO hierarchical structures, the flower-like morphology is one of
the most common forms, especially for potential conductometric gas sensor applica-
tions. In these 3D structures, the basic building blocks are mainly nanorods [19–30],
nanosheets [28–30], nanopyramids [31], nanoplates [32], nanoflakes [33], and nanobun-
dles [34]. In this context, flower-like ZnO nanostructures based on nanorods have been ob-
tained primarily by the hydrothermal method [20–26], whereas 3D structures of nanosheets
have been obtained mainly by wet chemical deposition [28,30]. Moreover, nanopyra-
mids, nanoplates, and nanoflakes have been obtained primarily by the hydrothermal
method [31,32] or the solvent version [33], whereas for nanobundles, the electrodeposition
method was proposed [34]. Flower-like ZnO nanostructures have mainly been used to
detect selected gases such as carbon monoxide (CO) [20,21,24–26,31] and nitrogen dioxide
(NO2) [20,25,26,29,31,33], simple alcohols such as methanol (CH3OH) [21,22,27–29] and
ethanol (C2H5OH) [20–22,24,26–28,32], acetone (C3H6O) [20–22,27,30], aromatic hydrocar-
bons such as benzene (C6H6) [26] and toluene (C7H8) [22], simple hydrocarbons such as
methane (CH4) [25,27,31], ammonia (NH3) [25,27], hydrogen sulfide (H2S) [21,27], sulfur
dioxide (SO2) [23], ozone (O3) [19], molecular hydrogen (H2) [21], and nitrogen oxide
(NO) [33].

However, even after many years of exploring the fundamental gas sensor parameters
of flower-like ZnO nanostructures, including their sensitivity and selectivity, as well as the
response and recovery times, the reason for the undesired aging effect associated with their
use has not been fully elucidated. This may be related to the fact that up to now, in charac-
terizing these nanostructures, most research groups have focused primarily on determining
their morphology by using a combination of electron microscopic methods such as scan-
ning electron microscopy (SEM) [19,21,24–30,33,34] and transmission electron microscopy
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(TEM) [20,22,25–28] as well by determining their bulk crystallinity, phases, and chemistry
by a combination of X-ray diffraction (XRD) [19–34] and optical spectroscopic methods
such as Fourier-transform infrared spectroscopy (FTIR) [22,31,33], photoluminescence spec-
troscopy (PL) [20–22,24,31,33], Raman spectroscopy (RMS), and energy-dispersive X-ray
spectroscopy (EDX) [23,27]. What is crucial is that most of the above-mentioned experimen-
tal techniques are bulk sensitive, whereas, as is well known, during gas interactions, the
surface adsorption/chemisorption processes of gaseous species take place at the surface
and within the subsurface region of gas sensor materials. These processes directly cause
charge redistribution within the surface space-charge region of sensor material, related to
the Debye length (LD), leading to the appearance of surface band bending effects, which
play a crucial role in the specific surface conduction mechanism. This effect is also observed
in the various nanoforms of ZnO, for which the carrier concentration reaches the value
of ~1018 cm−3, and a surface depletion region with upward band bending is usually ob-
served at a depth of a single nanometer [10,12,13]. Thus, it is evident that apart from the
information concerning the local surface crystallinity and morphology, the local surface
and subsurface chemistry of flower-like ZnO nanostructures, including their stoichiometry
(combined with the undesired surface contaminations), should also be considered for the
analysis and control of the gas sensing effect in various gas atmospheres. This is crucial
for their potential application in the design and construction of novel gas sensor devices
based on this material. Currently, one of the best methods for obtaining detailed surface
chemical information is X-ray photoemission spectroscopy (XPS), which is similar to the
above-mentioned surface space-charge region and comparable to the material LD. Recently,
this method has been successfully used by our group to study the surface chemistry of
low-dimensional SnO2 nanowires [35] and SnO2 nanolayers [36–38], and nanostructured
ZnO porous, thin films [39]. Surprisingly, up to now, only limited studies are available
in the literature reporting on the use of the XPS to characterize the surface chemistry and
related effects of flower-like ZnO nanostructures [23,25,31,33,34]. To fill this research gap,
in this work, we present the results of experimental studies on the specific local surface
properties of flower-like ZnO nanostructures performed by using three comparative meth-
ods: SEM to observe the surface morphology, XPS to determine the local surface chemistry
(nonstoichiometry with undesired surface contamination, specific surface bonding of basic
atoms) and TDS for the additional control of surface adsorption/desorption effects of
residual gases at the surface, as adsorbed from the residual atmosphere. The research
activities performed in this work can be treated as a novel approach with respect to the
available literature.

2. Materials and Methods
2.1. Preparation of Flower-like ZnO Nanostructures

Hierarchical flower-like ZnO nanostructures (NFs) were deposited on pristine Si(100)/
SiO2 substrates at SENSOR Lab, Brescia University, Italy, using the following procedure.
Si samples (10 × 10 mm2) were sonicated in acetone for 15 min, rinsed in distilled water, and
then dried in pure air to remove dust and organic residues. The thermal oxidation technique
was used to synthesize the nanostructures. A metallic zinc layer (thickness = 3 µm) was
deposited by RF magnetron sputtering at room temperature using a 50 W argon plasma
(pressure = 5.0 × 10−3 mbar). Finally, sputtered samples were placed in a tubular furnace
and oxidized at 500 ◦C for 12 h in a pure-oxygen environment at atmospheric pressure,
resulting in the formation of a homogeneous 3D porous, flower-like layer on the samples.
A more precise description of the technological procedure was provided in our previous
work [40].

2.2. Surface Characterization of Flower-like ZnO Nanostructures

For the complex characterization of the surface properties of hierarchical flower-like
ZnO nanostructures, comparative experiments were performed using the SEM, XPS, and
TDS techniques. The surface morphology was investigated using a high-resolution scanning
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electron microscopy (HR SEM) technique, as carried out at SENSOR Lab, Brescia University,
Italy, using a field emission SEM (TESCAN MIRA3 Model, Brno, Czech Republic) operated
at 10 kV. The surface chemistry of the flower-like ZnO nanostructures, including the
stoichiometry and undesired surface contaminations, was determined by XPS before and
after the TDS experiments. These combined XPS and TDS studies were performed at the
Laboratory of Nanotechnology and Electronic Materials, Silesian University of Technology,
Gliwice, Poland.

In the XPS experiments, a commercial XPS spectrometer (SPECS, Berlin, Germany)
based on the UHV chamber was used, supported by an ion-sorption pump and equipped
with an X-ray lamp (AlKα 1486.6 eV; XR-50 model, SPECS, Berlin, Germany). A concentric
hemispherical analyzer (PHOIBOS-100 Model, SPECS, Berlin, Germany) combined with a
steering and acquisition control unit as well as a commercial 3-axes sample manipulator
with rotation (PREVAC, Rogow, Poland) completed the equipment. The XPS spectra
registered in the various modes (survey, windows, and lines) were calibrated with respect
to reference binding energies (BEs) using both an XPS Au4f peak at 84.5 eV of an Au foil
also located on the sample holder as well as an XPS C1s peak at 284.5 eV of residual C
contamination, normally present at the surface of investigated samples.

Then, in the temperature-programmed desorption (TPD) experiments, a commercial
TDS spectrometer (PREVAC, Poland) with a UHV chamber was used, supported by a
turbomolecular pumping system (Agilent, Santa Clara, CA, USA, TwisTorr 300 model)
and equipped with the 3-axes sample manipulator with rotation, PREVAC, Rogow, Poland
(with the resistive type heating unit), and residual gas analyzer (Stanford, Sunnyvale, CA,
USA, RGA200 Model) for the detection of specific gases desorbed from the surface during
the linear increase in the sample temperature, as controlled by a programmable power
supply (HEAT3 PS model, PREVAC, Poland). The TDS spectra of selected gases including
H2, H2O, O2, and CO2 were recorded in the temperature range of 50–350 ◦C, corresponding
to the typical ZnO gas sensor working conditions. Other experimental details of XPS and
TDS studies have been described elsewhere [35,36].

3. Results and Discussion

First, a precise analysis of the surface morphology of the flower-like 3D ZnO nanos-
tructures deposited on Si/SiO2 substrates was performed. Figure 1 shows the SEM images
under increasing magnification and related lateral resolution, highlighting the surface
morphological details.
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Figure 1. Set of SEM images of subsequent increased lateral resolution of flower-like ZnO nanostruc-
tures deposited on Si/SiO2 substrates.

From the SEM images shown in Figure 1, it can be observed that the flower-like ZnO
nanostructures exhibit an evident non-planar and complex surface/subsurface morphology.
They contain various, mostly isolated and irregular morphological low-dimensional forms,
mainly rolled-up floss flowers with dimensions at the level of hundreds of nanometers,
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containing slightly joined short flosses of thicknesses at the level of several nanometers,
together with local elongated complex stalks similar to Liatris flowers, containing joined
short flosses in the form of nanodendrites of thicknesses at the level of several tenths
of nanometer. The low-dimensional form of ZnO nanostructures may be responsible
for their highly extended internal surface/subsurface, which plays a crucial role in the
sensing mechanism of various gaseous compounds at the surface of metal oxide (MOX)
nanomaterials. This is extremely important as the gas sensor effect appears mainly within
the surface space-charge region of ZnO as a sensor material, related to the Debye length,
which is at the level of several nanometers. After SEM investigations, we determined
the surface chemistry of flower-like ZnO nanostructures using the XPS method, with
a special emphasis on determining possible variations before and after the subsequent
temperature-programmed desorption (TPD) procedure.

Figure 2 shows the XPS survey spectra for flower-like ZnO nanostructures before and
after the TPD process in the typical full binding energy range of 0–1200 eV (Figure 2a), as
well as in the limited binding energy range of 0–600 eV (Figure 2b).
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From the XPS survey spectra in the full binding energy (BE) range (1200 eV) shown
in Figure 2a, it is clearly visible that, apart from commonly observed high-energy-range
Auger electron Zn LMM and O KLL peaks (not precisely labeled as not important), the
contribution of ZnO results in core-level XPS lines such as Zn2p, O1s, Zn3s, Zn3p, and
Zn3d, corresponding to the recognized basic elements. In addition, an evident contribution
of C1s XPS lines at BE ~286.0 eV is also observed, confirming the existence of undesired
carbon contamination at the surface, which can be treated as one of the most crucial points
of our XPS studies. In general, according to the most commonly used analytical procedure,
based on their respective atomic sensitivity factors [41,42], the relative concentrations of
basic elements such as O, Zn, and C with respect to all atoms in the subsurface region were
calculated based on Zn2p3/2, O1s, and C1s XPS core-level lines having the highest relative
intensity (Figure 2b). However, because of the evident undesired high background in the
XPS full binding energy (BE) range (1200 eV) survey spectra, including the contribution
of Auger electron emission lines, we calculated the relative concentrations of the main
elements of ZnO NFs primarily based on the relative intensity (height) of the O1s, C1s, and
Zn3p core-level lines in a limited range (600 eV) (Figure 1), as corrected by the transmission



Nanomaterials 2022, 12, 2666 6 of 13

function T(E) of the CHA PHOIBOS 100 energy analyzer. The data obtained are summarized
in Table 1.

Table 1. Relative concentrations of main elements at the surface of ZnO NFs before and after the
temperature-programmed desorption (TPD) process.

ZnO NF
Relative Atomic Concentration

[Zn]/
([Zn]+[O]+[C])

[O]/
([Zn]+[O]+[C])

[C]/
([Zn]+[O]+[C])

Before TPD 0.49 0.27 0.24
After TPD 0.54 0.28 0.18

The data summarized in Table 1 confirm the existence of evident non-stoichiometry
at the surface of ZnO NFs. Before the TPD process, the relative concentrations of specific
atoms such as Zn, O, and C with respect to all atoms in the subsurface region were ~0.49,
~0.27, and ~0.24, respectively, whereas, after the TPD process, these values changed to
~0.54, ~0.28, and ~0.18, respectively. This means that after the TPD process, only the relative
concentration of O atoms with respect to all the above-mentioned atoms in the subsurface
region of the ZnO NFs remained almost constant, whereas the relative concentration of Zn
atoms with respect to all the main atoms in the subsurface region of the ZnO NFs slightly
increased, which was directly related to the decrease in relative concentration of C atoms
with respect to all atoms in the subsurface region, owing to the undesired contamination
in the subsurface region of samples. This information confirms that ZnO nanoflowers are
far from the natural stoichiometry. These effects were observed after the samples were
exposed to air before gas sensor experiments. What is crucial is that these effects are
critical for the potential use of our ZnO nanoflower devices as surface C contaminations
can form a specific barrier for the gas interaction with expected surface sites, limiting the
expected adsorption of various toxic and reactive compounds of interest. The evident
non-stoichiometry at the surface of our ZnO NFs, combined with the existence of undesired
surface C contamination, is probably related to the existence of and subsequent variation in
the specific forms of surface bonding for the main elements in the subsurface region of the
samples. Therefore, we performed a deeper analysis of the evolution of XPS Zn2p, O1s,
and C1s peaks based on their deconvolution, to determine the main surface bonding before
and after the TPD process. Figure 3 demonstrates the evolution of core-level XPS Zn2p
lines for the flower-like ZnO nanostructures before and after the TPD process (Figure 3a),
combined with the deconvoluted XPS 2p3/2 line after the TPD process (Figure 3b), when
using the Gaussian fitting procedure.

From the XPS Zn2p lines shown in Figure 3a, it is clear that both samples (before and
after TPD) contain two resolved XPS Zn2p1/2 and Zn2p3/2 peaks at binding energies of
1045 eV and 1022 eV, respectively. The existence of these two clearly resolved Zn2p1/2
and Zn2p3/2 peaks are related to Zn2p spin-orbit splitting, which was also observed in
previously mentioned XPS studies [25,34]. The XPS Zn2p lines (before and after the TPD
process) shown in Figure 3a are similar to one another and only slightly asymmetrical.
Nevertheless, a precise deconvolution procedure was performed for the XPS Zn2p3/2
line showing a higher relative intensity after the TPD process. As can be observed from
Figure 3b, the Zn2p3/2 line after deconvolution (with very high line fitting and with
RMS equal to 0.995) can be divided into two peaks (components) located at binding
energies of ~1022.3 eV and ~1024.3 eV. The first component at ~1022.3 eV confirms that
for our ZnO NFs surfaces, the Zn element exists mainly in the form of Zn2+ ions in
the ZnO lattice [31,34]. Then, the second component at ~1024.3 eV can be ascribed to
the zinc hydroxide species. This second component was also observed for flower-like
ZnO nanostructures by Bai et al. [31], as well as for ZnO nanoparticles as reported by
Guo et al. [43] and for ZnO thin-films observed by Armelao et al. [44]. The existence of
specific hydroxide species at the surface of flower-like ZnO nanostructures after the TPD
process was also observed in the XPS O1s and XPS C1s spectral lines, as demonstrated
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and analyzed below. Figure 4 shows the evolution of core-level O1s and C1s lines for our
flower-like ZnO nanostructures before and after the TPD process.
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Figure 4. Evolution of core-level XPS O1s lines (a), as well as XPS C1s lines (b), for flower-like ZnO
nanostructures before and after the subsequent TPD process.

Concerning the O1s lines shown in Figure 4a, the relative intensities before and after
the TPD process are similar, but their shape is evidently different. Before the TPD process,
the core-level XPS O1s line exhibited an evident asymmetry, contrary to the sample after
the TPD process, for which the asymmetry is greatly reduced. For the precise verification
of the contribution of various forms of oxygen bonding at the surface of flower-like ZnO
nanostructures, the deconvolution of XPS O1s lines before and after the TPD process was
performed using the Gaussian fitting procedure. The results are shown in Figure 5.
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process (b), deconvoluted using the Gaussian fitting procedure (dark circles (points)—experimental
spectra; colored solid lines—respective fitted components).

As can be noted in Figure 5a, before the TPD process, the core-level XPS O1s line, after
the deconvolution procedure with a high line fitting parameter (RMS~0.98), exhibits two ev-
ident components observed at the binding energies (BEs) of 531.0 and 532.3 eV. The first,
with an evidently higher relative intensity, located at 531.0 eV, can be assigned to the pres-
ence of partially reduced ZnO to ZnOx and is related to the O2

− ions in oxygen-deficient
regions inside the ZnO matrix. It is important that its binding energy is approximately
1 eV higher with respect to the commonly observed O2

− ions in the ZnO wurtzite struc-
ture of the hexagonal Zn ion array (~530 eV) [42]. A similar XPS O1s peak component
located at ~531 eV was also recently observed for flower-like ZnO nanostructures by
Bai et al. [31] and Chen et al. [33], as well as for various ZnO thin-films, as reported by
Armelao et al. [44], Kaneva et al. [45], and Li et al. [46] and also for ZnO nanoparticles, as
observed by Guo et al. [43]. The existence of oxygen-deficient regions originating from na-
tive defects such as oxygen vacancies and zinc interstitials at the surface of flower-like ZnO
nanostructures is of great importance for their application as gas sensor materials. This is be-
cause these defects are mainly concentrated in the surface region and directly determine any
variation in the electrical conductance, thus being directly responsible for the intrinsic sens-
ing characteristics. The second component of the XPS O1s line located at 532.3 eV, evidently
lower in relative intensity, is probably related to the existence of loosely bonded oxygen at
the surface of our flower-like ZnO nanostructures in the form of specific species, mainly hy-
droxyl groups, as the direct consequence of H2O adsorption at their surfaces. A similar XPS
O1s peak component attributed to the hydroxyl groups was also observed for flower-like
ZnO nanostructures by Bai et al. [31] and Chen et al. [33], as well as for various ZnO thin-
films by Armelao et al. [44], Hsieh et al. [47], Lupan et al. [48], and Stambolova et al. [49]
and for various low-dimensional ZnO nanostructures by Kicir et al. [34], Guo et al. [43],
Lee et al. [50], and Kim et al. [51]. As mentioned above, the existence of specific hydroxide
species at the surface of the flower-like ZnO nanostructures after the TPD was also observed
in the XPS C1s spectral line. As shown in Figure 4 right side, the relative intensities and
shapes before and after the TPD process were similar. For the precise verification of the
contribution of carbon bonding in various forms at the surface, deconvolution of XPS C1s
lines before and after the TPD process was performed using the Gaussian fitting procedure.
The results are shown in Figure 6.
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Figure 6. XPS C1s lines for flower-like ZnO nanostructures before (a) and after the subsequent TPD
process (b), deconvoluted using the Gaussian fitting procedure (dark circles (points)—experimental
spectra; colored solid lines—respective fitted components).

As shown in Figure 6 left side, the core-level XPS C1s line after the deconvolution
procedure, with a high line fitting parameter (RMS~0.98), contains three components clearly
visible at binding energies (BEs) of 285.8, 287.5, and 289.3 eV. The first, with evidently the
highest relative intensity, located at 285.8 eV, can only be assigned to C-O-type surface
bonding, such as carbon hydroxyl C-OH groups, commonly observed at the surface of
various forms of other oxides, as summarized in the well-known reference book [43].
Surprisingly, this XPS C1s peak component located at ~286 eV was not observed and
analyzed in XPS studies on flower-like ZnO nanostructures recently performed by other
groups [23,25,31,33,34]. The existence of surface carbon hydroxyl C-OH bonding is in good
correlation with the observation of the existence of hydroxyl groups at the surface, as
confirmed by the second component of the XPS O1s line located at 532.3 eV. The existence
of this C-OH surface bonding is extremely important in chemical sensing applications
because it can strongly affect active gas detection, especially at high levels of humidity.
Two other components of the XPS C1s line after the deconvolution procedure (of evidently
lower amplitude), located at the binding energies of ~287.5 and 289.3 eV, can be attributed
to various forms of commonly observed carbon oxide bonding, such as C=O and O=C–O.
Similar to the first XPS C1s component at 285.8 eV, they were not at all observed and
analyzed in the XPS studies on similar ZnO nanostructures recently performed by other
groups [23,25,31,33,34].

Figure 6b shows the deconvolution of the core-level XPS C1s line after the TPD process,
with a high line fitting parameter (RMS ~0.98), which contains only two components clearly
visible at BEs of 285.8 and 289.3 eV. This means that after the TPD process, the C=O
carbon oxide bonding was no longer observed. The information obtained from the XPS
experiments is in quite good agreement with the information concerning the desorption
effects of residual gases adsorbed at the surface of the flower-like ZnO nanostructures from
the residual atmosphere, as obtained by the complementary TDS studies. The TDS spectra
of the main residual gases desorbed from the surface in the temperature range 50–350 ◦C
are displayed in Figure 7. For clarity, the obtained partial pressure values were additionally
corrected by the ionization probability of the respective gases.
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Molecular hydrogen (H2) exhibits the highest relative partial pressure, varying only
one order of magnitude in the range 10−6–10−5 mbar. The desorption started at ~100 ◦C,
and its maximum was observed at a temperature of ~220 ◦C. This is likely related to the
fact that hydrogen, with the smallest molecules, can very easily penetrate the subsurface
space of our flower-like ZnO nanostructures, mainly at room temperature (RT). To the best
of our knowledge, this has never been reported in the literature. As mentioned above, in
addition to hydrogen, carbon oxides (COx) and water vapor (H2O) are the main residual
gases that can always adsorb at the surface of ZnO nanostructures after exposure to the
common air atmosphere. Therefore, in TDS studies, special attention was given to the
analysis of the desorption effects of these two gases. As can be observed in the TDS spectra
shown in Figure 7, carbon dioxide (CO2) was detected over a wide range (two orders of
magnitude) of relative partial pressures of approximately 10−8–10−6 mbar, a wider range
than that observed for molecular hydrogen (H2). It is also clearly visible that the desorption
started from 50 ◦C, whereas the maximum relative partial pressure was observed at the
temperature of ~220 ◦C, similar to the desorption of molecular hydrogen (H2).

Concerning water vapor (H2O) desorption, as can be seen in Figure 7, the relative
partial pressure changed only by one order of magnitude in the range of approximately
10−7–10−6 mbar, starting below 100 ◦C, whereas the maximum relative partial pressures
were observed at a temperature of ~220 ◦C, similar to the desorption of molecular hydrogen
(H2) and carbon dioxide (CO2). This last observation correlates well with the XPS data
analyzed above, given that the relative concentration of carbon with respect to all atoms in
the subsurface region of flower-like ZnO nanostructures after the TDS process evidently
decreased, as summarized in Table 1.

Finally, as can be seen in Figure 7, only a small amount of the molecular oxygen (O2)
was desorbed from ZnO nanostructures with the lowest relative partial pressure with
respect to molecular hydrogen (H2), carbon dioxide (CO2), and water vapor (H2O); this
varied only in the range 10−9–10−8 mbar. It is also clear that the desorption started from
50 ◦C, whereas the maximum relative partial pressure was observed at the temperature of
~220 ◦C, similar to the desorption of other gases detected in the TDS experiments. This last
observation is in agreement with the analyzed XPS data since the relative concentration of
oxygen with respect to all other atoms in the subsurface region after the TDS process only
decreased slightly, as summarized in Table 1.
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Based on this analysis, it can be concluded that the residual gases from the air at-
mosphere detected in these studies can only be physically bonded to the surface of the
flower-like ZnO nanostructures. This is important for the development of gas sensor devices
since it confirms there is the possibility to remove, even partially, the undesired residual
contamination from the surface of ZnO nanostructures during the outgassing process at a
moderate temperature (around 200 ◦C). The removal of these contaminants (mainly carbon-
based) may lead not only to better sensitivity of gas sensor devices based on this material
but also to an improvement in their dynamic characteristics, such as response/recovery
time(s), which could be shortened. These parameters are still the main limitations of metal
oxide gas sensor devices, even when we apply low-dimensional nanostructures [6–8].

4. Conclusions

In this work, novel information regarding the local surface properties of flower-like
ZnO nanostructures was described, correlating the surface morphology with the surface
chemistry, based on comparative studies using the SEM, XPS, and TDS techniques. The
investigated ZnO samples exhibited mostly isolated and irregular morphological low-
dimensional forms, seen as rolled-up floss flowers containing slightly joined short flosses
with a thickness of several nanometers, together with local elongated complex stalks
similar to Liatris flowers, containing joined short flosses in the form of nanodendrites of
thicknesses at the level of several tenths of a nanometer. Moreover, ZnO nanoflowers
exhibit a slight surface nonstoichiometry mostly related to the existence of oxygen-deficient
regions, combined with strong undesired C-surface contamination, as observed in our
XPS studies. This last observation correlates well with the fact that this undesired surface
contamination (including mainly C species and hydroxyl groups) is only slightly removed
during the TDP process, causing an additional modification of the surface nonstoichiometry
of our ZnO nanoflowers. The obtained results are of great importance for their potential
application in novel gas sensor devices.

Author Contributions: Conceptualization, M.K., E.C., D.Z. and J.S.; data curation, M.K., E.C. and
D.Z.; formal analysis, M.K., E.C., D.Z. and J.S.; investigation, M.K., E.C. and D.Z.; methodology, M.K.,
E.C., D.Z. and J.S.; project administration, M.K.; resources, M.K., E.C. and D.Z.; supervision, M.K.
and E.C.; validation, M.K., E.C., D.Z. and J.S.; visualization, M.K., E.C. and D.Z.; writing—original
draft, M.K., E.C., D.Z. and J.S.; writing—review and editing, M.K., E.C., D.Z. and J.S. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was realized within the Statutory Funding of Silesian University of Technol-
ogy, Faculty of Automatic Control, Electronics, and Computer Science, Department of Cybernetics,
Nanotechnology and Data Processing, Gliwice, as well as was partially supported by a research
grant from the Polish National Centre of Science—OPUS 11-2016/21/B/ST7/02244. Additionally,
M.K. would like to acknowledge the funding of Professor Grant (G.P.) of the Silesian University of
Technology, no. 02/030/RGP19/0050.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jagadish, C.; Pearton, S. Zinc Oxide: Bulk, Thin Films and Nanostructures, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2006.
2. Elmer, K.; Klein, A.; Rech, B. Transparent Conductive Zinc Oxide—Basics and Application in Thin Films Solar Cells; Springer:

Berlin/Heidelberg, Germany, 2007.
3. Zhang, Q.; Dandeneau, C.S.; Zhou, X.; Cao, G. ZnO Nanostructures for Dye-Sensitized Solar Cells. Adv. Mater. 2009, 21, 4087–4108.

[CrossRef]
4. Fine, G.F.; Cavanagh, L.M.; Afonja, A.; Binions, R. Metal Oxide Semi-Conductor Gas Sensors in Environmental Monitoring.

Sensors 2010, 10, 5469–5502. [CrossRef]
5. Liu, X.; Cheng, S.; Liu, H.; Hu, S.; Zhang, D.; Ning, H. A Survey on Gas Sensing Technology. Sensors 2012, 12, 9635–9665.

[CrossRef]
6. Eranna, G. Metal Oxide Nanostructures as Gas Sensing Devices; CRC Press: Boca Raton, FL, USA, 2016.
7. Carpenter, M.A.; Mathur, S.; Kolmakov, A. Metal Oxide Nanomaterials for Chemical Sensors; Springer: New York, NY, USA, 2012.

http://doi.org/10.1002/adma.200803827
http://doi.org/10.3390/s100605469
http://doi.org/10.3390/s120709635


Nanomaterials 2022, 12, 2666 12 of 13

8. Kim, H.-J.; Lee, J.-H. Highly sensitive and selective gas sensors using p-type oxide semiconductors: Overview. Sens. Actuators B
Chem. 2014, 192, 607–627. [CrossRef]

9. Rothschild, A.; Komen, Y. The Effect of Grain Size on the Sensitivity of Nanocrystalline Metal-Oxide Gas Sensors. J. Appl. Phys.
2004, 95, 6374–6382. [CrossRef]

10. Kumar, R.; Al-Dossary, O.; Kumar, G.; Umar, A. Zinc Oxide Nanostructures for NO2 Gas–Sensor Applications: A Review. Nano
Micro Lett. 2015, 7, 97–120. [CrossRef] [PubMed]

11. Kaneti, Y.V.; Zhang, Z.; Yue, J.; Zakaria, Q.M.D.; Chen, C.; Jiang, X.; Yu, A. Crystal plane-dependent gas-sensing properties of zinc
oxide nanostructures: Experimental and theoretical studies. Phys. Chem. Chem. Phys. 2014, 16, 11471–11480. [CrossRef]

12. Chaudhary, S.; Umar, A.; Bhasin, K.K.; Baskoutas, S. Chemical Sensing Applications of ZnO Nanomaterials. Materials 2018,
11, 287. [CrossRef]

13. Bhati, V.S.; Hojamberdiev, M.; Kumar, M. Enhanced sensing performance of ZnO nanostructures-based gas sensors: A review.
Energy Rep. 2020, 6, 46–62. [CrossRef]

14. Tonezzer, M.; Dang, T.T.L.; Bazzanella, N.; Nguyen, V.H.; Iannotta, S. Comparative gas-sensing performance of 1D and 2D ZnO
nanostructures. Sens. Actuators B Chem. 2015, 220, 1152–1160. [CrossRef]

15. Galstyan, V.; Comini, E.; Ponzoni, A.; Sberveglieri, V.; Sberveglieri, G. ZnO quasi-1D nanostructures: Synthesis, modeling, and
properties for applications in conductometric chemical sensors. Chemosensors 2016, 4, 6. [CrossRef]

16. Rackauskas, S.; Barbero, N.; Barolo, C.; Viscardi, G. ZnO Nanowire Application in Chemoresistive Sensing: A Review. Nanomate-
rials 2017, 7, 381. [CrossRef] [PubMed]

17. Leonardi, S.G. Two-Dimensional Zinc Oxide Nanostructures for Gas Sensor Applications. Chemosensors 2017, 5, 17. [CrossRef]
18. Wang, X.; Ahmad, M.; Sun, H. Three-Dimensional ZnO Hierarchical Nanostructures: Solution Phase Synthesis and Applica-tions.

Materials 2017, 10, 1304. [CrossRef]
19. Kenanakis, G.; Vernardou, D.; Koudoumas, E.; Kiriakidis, G.; Katsarakis, N. Ozone sensing properties of ZnO nanostructures

grown by the aqueous chemical growth technique. Sens. Actuators B Chem. 2007, 124, 187–191. [CrossRef]
20. Rai, P.; Raj, S.; Ko, K.-J.; Park, K.-K.; Yu, Y.-T. Synthesis of flower-like ZnO microstructures for gas sensor applications. Sens.

Actuators B Chem. 2013, 178, 107–112. [CrossRef]
21. Hosseini, Z.; Zad, A.I.; Mortezaali, A. Room temperature H2S gas sensor based on rather aligned ZnO nanorods with flower-like

structures. Sens. Actuators B Chem. 2015, 207, 865–871. [CrossRef]
22. Zhang, S.; Chen, H.-S.; Matras-Postolek, K.; Yang, P. ZnO nanoflowers with single crystal structure towards enhanced gas sensing

and photocatalysis. Phys. Chem. Chem. Phys. 2015, 17, 30300–30306. [CrossRef] [PubMed]
23. Zhou, Q.; Xie, B.; Jin, L.; Chen, W.; Li, J. Hydrothermal Synthesis and Responsive Characteristics of Hierarchical Zinc Oxide

Nanoflowers to Sulfur Dioxide. J. Nanotechnol. 2016, 2016, 1–6. [CrossRef]
24. Labis, J.P.; Al-Anazi, A.Q.; Al-Brithen, H.A.; Hezam, M.; Alduraibi, M.A.; Algarni, A.; Alharbi, A.A.; Al-Awadi, A.S.; Khan, A.;

El-Toni, A.M. Designing zinc oxide nanostructures (nanoworms, nanoflowers, nanowalls, and nanorods) by pulsed laser ab-lation
technique for gas-sensing application. J. Am. Ceram. Soc. 2019, 102, 4367–4375. [CrossRef]

25. Song, Y.; Chen, F.; Zhang, Y.; Zhang, S.; Liu, F.; Sun, P.; Yan, X.; Lu, G. Fabrication of highly sensitive and selective room-
temperature nitrogen dioxide sensors based on the ZnO nanoflowers. Sens. Actuators B Chem. 2019, 287, 191–198. [CrossRef]

26. Agarwal, S.; Rai, P.; Gatell, E.N.; Llobet, E.; Güell, F.; Kumar, M.; Awasthi, K. Gas sensing properties of ZnO nanostructures
(flowers/rods) synthesized by hydrothermal method. Sens. Actuators B Chem. 2019, 292, 24–31. [CrossRef]

27. Fan, C.; Sun, F.; Wang, X.; Huang, Z.; Keshvardoostchokami, M.; Kumar, P.; Liu, B. Synthesis of ZnO Hierarchical Structures and
Their Gas Sensing Properties. Nanomaterials 2019, 9, 1277. [CrossRef]

28. Huang, J.; Wu, Y.; Gu, C.; Zhai, M.; Yu, K.; Yang, M.; Liu, J. Large-scale synthesis of flowerlike ZnO nanostructure by a simple
chemical solution route and its gas-sensing property. Sens. Actuators B Chem. 2010, 146, 206–212. [CrossRef]

29. Pawar, R.; Shaikh, J.; Suryavanshi, S.; Patil, P. Growth of ZnO nanodisk, nanospindles and nanoflowers for gas sensor: Ph depen-
dency. Curr. Appl. Phys. 2012, 12, 778–783. [CrossRef]

30. Guo, W.; Liu, T.; Zhang, H.; Sun, R.; Chen, Y.; Zeng, W.; Wang, Z. Gas-sensing performance enhancement in ZnO nanostructures
by hierarchical morphology. Sens. Actuators B Chem. 2012, 166, 492–499. [CrossRef]

31. Bai, S.; Guo, T.; Li, D.; Luo, R.; Chen, A.; Liu, C.C. Intrinsic sensing properties of the flower-like ZnO nanostructures. Sens.
Actuators B Chem. 2013, 182, 747–754. [CrossRef]

32. Zhu, L.; Li, Y.; Zeng, W. Hydrothermal synthesis of hierarchical flower-like ZnO nanostructure and its enhanced ethanol
gas-sensing properties. Appl. Surf. Sci. 2018, 427, 281–287. [CrossRef]

33. Chen, M.; Wang, Z.; Han, D.; Gu, F.; Guo, G. High-sensitivity NO2 gas sensors based on flower-like and tube-like ZnO
nano-materials. Sens. Actuators B 2011, 157, 565–574. [CrossRef]

34. Kicir, N.; Tuken, T.; Erken, O.; Gumus, C.; Ufuktepe, Y. Nanostructured ZnO films in form of rod, plate and flower: Electrodeposi-
tion mechanism and characterization. Appl. Surf. Sci. 2016, 377, 191–199. [CrossRef]

35. Sitarz, M.; Kwoka, M.; Comini, E.; Zappa, D.; Szuber, J. Surface chemistry of SnO2 nanowires on Ag-catalyst-covered Si substrate
studied using XPS and TDS methods. Nanoscale Res. Lett. 2014, 9, 43. [CrossRef]
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