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Abstract: Non-modified (ZnO) and modified (Fe2O3@ZnO and CuO@ZnO) structured films are
deposited via aerosol assisted chemical vapor deposition. The surface modification of ZnO with iron
or copper oxides is achieved in a second aerosol assisted chemical vapor deposition step and the
characterization of morphology, structure, and surface of these new structured films is discussed.
X-ray photoelectron spectrometry and X-ray diffraction corroborate the formation of ZnO, Fe2O3, and
CuO and the electron microscopy images show the morphological and crystalline characteristics of
these structured films. Static water contact angle measurements for these structured films indicate
hydrophobic behavior with the modified structures showing higher contact angles compared to the
non-modified films. Overall, results show that the modification of ZnO with iron or copper oxides
enhances the hydrophobic behavior of the surface, increasing the contact angle of the water drops
at the non-modified ZnO structures from 122◦ to 135◦ and 145◦ for Fe2O3@ZnO and CuO@ZnO,
respectively. This is attributed to the different surface properties of the films including the morphology
and chemical composition.
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1. Introduction

Zinc oxide (ZnO) is a well-known n-type semiconducting material that possesses a wide band gap
(3.37 eV) and large exciton binding energy (60 meV), hence its relevance in optoelectronics, photonics,
and semiconducting devices [1]. Additionally, the tunable wetting properties of ZnO [2] has proved
also attractive in the field of smart surfaces (e.g., self-cleaning surfaces for windows, solar cells,
automobile windshields), micro/nano-fluidic systems, and sensors among others [3–5].

Overall, the aforementioned usages are strongly dependent on the chemical and physical properties
of ZnO. Thus, according to the targeted application, transition metals (e.g., Mn, Co, Fe, Cu) and
transition metal oxides (e.g., CuxOx, CoxOx, FexOx) have been introduced as second-phase modifier
materials in ZnO films to tune its electrical, optical and magnetic properties [4,6–9]. Similarly,
the modification of ZnO with organic agents such as octadecylphosphonic acid (ODP) or alkanoic
acids, as well as inorganic metal oxides such as cuprous oxide (Cu2O), has also been explored to
improve its wettability [10–13] and sensing properties [14,15]. Hence, there is continuous interest in
establishing new synthetic routes that allow tuning the properties of ZnO by the incorporation of
second-phase materials.
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Previously, several synthesis techniques have been employed to prepare non-modified and
modified ZnO films with second-phase materials. Solution-based routes such as hydrothermal synthesis,
sol-gel method, and chemical coprecipitation are among the most common procedures [16,17]. However,
the integration of the materials synthetized by these techniques with silicon-based microfabrication
processes (e.g., for electronics, sensors or microfluidics systems), is challenging and generally presents
scalability issues. In contrast, chemical vapor deposition routes, including aerosol assisted chemical
vapor deposition (AACVD), are good candidates to overcome this drawback, as these techniques are
scalable and industrially attractive in silicon-based microfabrication processes. In particular, AACVD
works at atmospheric pressure; therefore, the rates of deposition are typically magnitudes of orders
higher than low-pressure processes, which impacts directly on the energy input required per gram of
product. Moreover, AACVD is versatile and low-cost process, that allows the deposition of both thin
films and micro/nanostructures via vapor-solid mechanism at moderated temperatures on different
substrates [18,19]. A great variety of solvent precursor mixtures can be employed to change the
morphology and size of the structures, since there is no need for the precursor to be volatile as in
a regular CVD process [20]. At the same time, the process enables the modification of structures or
thin films with second-phase materials in one or more subsequent steps [19,21,22].

AACVD has enabled previously the formation of ZnO structures via vapor-solid mechanism.
Furthermore, it has been demonstrated that different ZnO morphologies (e.g., rods, needles, pyramides)
may be deposited by simple changes in the AACVD operational parameters [5,18]. These morphological
and therefore surface chemistry changes have shown to enhance properties such as wettability and
gas sensing [5], hence the interest in tuning further the properties of AACVD ZnO structures and
investigating its properties when modified with other metal oxides.

Therefore, here, it is presented the synthesis of ZnO structured films and their subsequent surface
modification with Fe2O3 or CuO by AACVD. This work also evaluates and discusses the possible
routes for AACVD deposition of Fe2O3 or CuO, as well as the morphological, chemical, and wetting
properties of the synthetized structured films before and after surface modification.

2. Materials and Methods

2.1. Chemicals

Zinc (II) chloride of analytical grade (purity ≥ 0.98 in mass fraction) was purchased from Merck
(KGaA, Darmstadt, Germany). Copper (II) nitrate hexahydrate and iron (III) chloride hexahydrate with
a purity of >0.985 and >0.999 (mass fraction), respectively, were purchased from Sigma-Aldrich (GmbH,
Albuch, Germany). Ethanol and acetone with purity > 0.999 (mass fraction) were purchased from
Penta Chemicals (Prague, Czech Republic). All the reagents were used without further purification.

2.2. AACVD Synthesis

The AACVD synthesis was carried out in a horizontal hot-walled reactor, using nitrogen flow (Linde,
oxygen free) and piezoelectric ultrasonic atomizer (Liquifog, Johnson Matthey, Redwitz, Germany).

Columnar zinc oxide (ZnO) structures were obtained via AACVD following the procedure
presented before by Vallejos et al. [23]. Briefly, zinc chloride (50 mg) was dissolved in 5 mL of ethanol.
The solution was converted into fine aerosol with the aid of the ultrasonic atomizer operating at 16 MHz.
The aerosol formed was transferred by a nitrogen flow of 200 cm3

·min−1 into the hot-wall AACVD
reactor, which remained at a constant temperature of 723.15 K. The time to transport completely the
solution into the reactor was typically 45 min. Silicon wafers were cut in pieces of 1 × 1 cm and used as
substrates. For all the experiments, the substrates were cleaned thoroughly with plenty-deionized
water and sonicated for 5 min in isopropanol. Then, the substrates were dried under nitrogen flow
before placing them into the reactor.

The AACVD ZnO structures were modified with iron and copper oxides in a second step
deposition. The conditions for the AACVD of iron and copper oxide were chosen by performing
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a systematic study of several parameters, including different solvents (acetone, methanol, ethanol) and
temperatures (from 673.15 to 773.15 K). Hereafter, the optimized AACVD conditions used in this work
are described. For the deposition of iron oxide, a solution of 3 mg of FeCl3·6H2O dissolved in 3 mL of
acetone was prepared. This solution was placed in the aerosol generator and the mist was conducted
by the nitrogen flow previously stablished to the reactor heated at a constant temperature of 723.15 K.
The deposition lasted for 10 min until all the solution was completely consumed. Similar procedure
was followed for the deposition of copper oxide. Typically, 3 mg of Cu(NO3)2·6H2O was dissolved in
3 mL of ethanol and placed in the aerosol generator. The temperature of the reactor was set at 723.15 K
and the deposition lasted 25 min until all the solution was completely consumed. All the solutions
were prepared only a few minutes prior to the synthesis.

2.3. Characterization

The morphology of the obtained nanostructures was observed by scanning electron microscopy
(SEM, Tescan FE Mira II LMU, Brno, Czech Republic). A solid-state EDX detector (Bruker AXS,
Inc., AZtec software package released by Oxford Instruments, Abingdon, UK) installed on the SEM
performed the elemental line scans and mapping. TEM images were obtained with a scanning
transmission electron microscopy (FEI Tecnai F20, 200 kV, Hillsboro, OR, USA) after removing the
structures from the substrate and redeposit them on Cu grids. X-ray diffraction measurements were
performed with a Bruker-AXS (LinxEye XE-T detector, KFL Cu 2K, λ (CuKα) = 1.541840 Å, Karlsruhe,
Germany) operated at 40 KV and 40 mA. X-ray photoelectron spectroscopy (Kratos Axis Supra with
monochromatic Al Kα X-ray radiation, emission current of 15 mA and hybrid lens mode, Manchester,
UK) was used for the analysis of the surface. Wide and narrow spectra were measured with pass
energy of 80 eV and 20 eV, respectively. XPS spectra were analyzed using CasaXPS software version
2.3.22. All spectra were calibrated using C 1s peaks with a fixed value of 284.7 eV. The Shirley algorithm
was used to stablish the background of the spectra and the Gaussian–Lorentzian (GL) line shape was
used to fit the XPS peaks. The Gibbs free energy for the proposed reactions were calculated by HSC
chemistry 6 software (Outokumpu Research Oy, Pori, Finland).

Static water contact angle measurements were performed in a contact-angle measurement station
(SEO Phoenix 300, Suwon City, Korea), with an automatic software controlled demi-water drop volume,
set at 5 µL for each measure. The sample surfaces were gently cleaned with nitrogen flow before
each measurement. Samples were tested in three different points, and the results presented here are
an average of the three measures, each with 20 high-speed photographs. The static contact angle of
the bare silicon substrates was examined before the AACVD of films. These tests registered a low
water contact angle (52◦) for the silicon surface. The drop photographs were acquired by a high-speed
camera (Firewire digital camera) and the contact angles were analyzed by Surface-ware 8 contact angle
analyzer software (Suwon City, Korea).

3. Results and Discussion

3.1. Zinc Oxide Films

The columnar ZnO structures deposited by AACVD are depicted in Figure 1a,b. SEM images
indicate that the obtained structures have a well-defined rod-like morphology with spear-shape ending.
The average length of the roads was of ~1.2 µm and a mid-height diameter of ~80 nm, the base of the
structures is ~300 nm, whereas the smallest diameter at the top is ~22 nm. After the ZnO deposition,
the silicon substrates presented a homogeneous grey to white opaque color, in contrast to the silver
shining bare silicon substrate. The measured static water contact angle for the pure ZnO film was
registered as 122◦ (see Figure 1c).

The chemical composition of the deposited products was analyzed by EDX and XPS. The EDX
analysis indicated that the resulted nanostructures were composed by zinc and oxygen as major
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components; additionally, the presence of chlorine was detected as a product of unreacted precursor
(0.9 wt.%).
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Figure 1. SEM images of the zinc oxide structures synthesized by AACVD on silicon substrate (a) top
view; (b) cross section and (c) static water contact angle measurement.

Further studies of the ZnO deposited structures by XPS analysis in Figure 2a shows the characteristic
Zn 2p doublet peaks corresponding to Zn2+ oxidation state [17,23,24]. The components centered at
binding energies (BE) of 1021.8 eV and 1044.9 eV correspond to Zn 2p3/2 and 2p1/2, respectively, while
a shake-up is located at 1040.2 eV. These Zn 2p3/2 and 2p1/2 core level binding energies are slightly
shifted compared to other reports [17,23–27], however, the separation between them is constant and
equals to 23 eV, in agreement with the literature as shown in Table 1.
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Figure 2. (a) Zn 2p and (b) O 1s core level XPS spectra of the non-modified ZnO films. Pink hollow
dots show the XPS raw data, the black solid line corresponds to the envelope-fitting curve, and the
colored solid lines to the components.

The XPS spectrum of the O 1s region present an asymmetric peak, indicating the presence of
different oxygen species. The curve was fitted to four distinctively GL components (1, 2, 3 and 4,
as shown in Figure 2b). The peak 1 centered at 530.4 eV is attributed to O2− ions in the Zn-O bonding
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of the wurtzite structure of Zn2+ [17,28,29], whereas the peak 2 situated at 530.9 eV is assigned to O2−

state of oxygen defects or vacancies, supporting the formation of the non-stoichiometric ZnO. Finally,
the peaks 3 and 4 at 532.0 eV and 532.8 eV, respectively, are typically related to weak bonds of oxygen
on the surface, such as OH groups [29–31].

Table 1. Comparative table showing the Zn 2p3/2 and Zn 2p1/2 binding energy values from the literature.

Structure Type Size (nm) Binding Energy
Zn 2p3/2 (eV)

Binding Energy
Zn 2p1/2 (eV)

Zn 2p1/2-Zn2p3/2
Splitting (eV) Ref

Nanoparticle ~30 1020.7 1043.7 23.0 [17]
Nanoflowers 100–250 a 1020.8 1043.8 23.0 [17]

Nanorods 45–96 b 1021.2 1044.2 23.0 [17]
Nanosheets 10 c 1022.0 1045.0 23.0 [25]
Nanoplates 10–15c 1021.1 NR NR [24]

Rods ~380 b 1022.0 1045.0 23.0 [23]
Bulk film NR 1021.0 1044.1 23.1 [26]
Bulk film NR 1022.0 1045.0 23.0 [27]

Spear-like rods ~80 d 1021.8 1044.8 23.0 This work
a Tip-base relation; b Diameter; c Thickness; d Mid-height diameter, NR: not reported.

3.2. Iron Modified Zinc Oxide Films

The ZnO structures modified with iron oxide are depicted in Figure 3a,b. These SEM images show
the morphology of the ZnO structured film and the iron oxide deposited in the second deposition
step. The cross-section SEM image in Figure 3b displays the irregular iron oxide layer of aggregated
particles with sharp edges, resembling a nanoflake-like morphology. The total thickness of these
structures formed over the ZnO rods is about 200 nm. This corresponds with the thickness measured
for an AACVD deposited iron oxide on bare silicon substrate. The static water contact angle of these
samples is 135◦ as displayed in Figure 3c.Nanomaterials 2020, 10, x FOR PEER REVIEW 6 of 17 
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Figure 3. SEM images of Fe2O3@ZnO structures (a) top view; (b) cross section and (c) static water
angle measurement.

The XRD diffraction pattern of the Fe2O3@ZnO nanostructured surfaces is displayed in Figure 4.
The pattern shows the presence of a hexagonal ZnO phase, with a high intensity peak at 34.4◦ 2θ, that
indicate a preferred orientation in the (002) direction (P63mc space group, ICCD card No. 50664); this
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is in good agreement with our previous results for bare ZnO deposited via AACVD [23]. In addition,
the pattern indicates the presence of three other phases, represented by diffractions with less intensity
as they may be related to smaller amounts of particles compared to the ZnO. Thus, the (222) plane of
the cubic Fe2O3 (Ia-3 space group, ICSD Card No. 108905) is visible at 33.0◦ 2θ, in agreement with
previous Fe2O3 structures deposited by AACVD [32]. The patterns also suggest the presence of other
planes related to cubic Fe2O4Zn (Fd-3m space group, ICSD Card No. 91940) and rhombohedral ZnSiO3

(R-3 space group, ICSD Card No. 340575) most likely present at the interfaces of Fe2O3/ZnO and
ZnO/Si (from substrate), respectively.
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The structured films were also analysed by TEM after the deposition of iron oxide over the
zinc oxide structures (Figure 5a). The TEM images reveal the zinc oxide rod surface, covered by
agglomerated iron oxide particles. The HRTEM image of this particle displays well-ordered atomic
array (Figure 5b) with the planar spacing of 0.26 nm approximately; this is consistent with the (002)
internal lattice spacing of the hexagonal ZnO, also found in the XRD diffraction pattern (d = 0.2602 nm,
ICCD card No. 50664). The HRTEM image also shows the presence of a second phase with a planar
spacing of approximately 0.28 nm, that is in agreement with the internal lattice spacing of the (222)
plane of the cubic phase of Fe2O3 (d = 0.271 nm, ICSD card No. 108905) identified in the XRD pattern
shown above.
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To determine the surface chemical composition, EDX analysis was performed. This analysis
showed as a result zinc and iron as major components, as well as the presence of chlorine traces
(0.8 wt.%), which might be related to unreacted precursor from zinc and/or iron during deposition.

Detailed chemical composition was studied by XPS analysis. The Zn 2p core level spectrum is
depicted in Figure 6a. As seen above for the non-modified ZnO structures (Figure 2a), the characteristic
Zn 2p doublet is also present, although it shows a slight shift to higher binding energies. Thus, the Zn
2p core level peaks appear at 1021.9 eV for Zn 2p2/3 and 1045.1 eV for Zn 2p1/2, the separation between
both peaks is equals to 23.1 eV, in agreement with the literature [26] and the results shown for the
bare ZnO.Nanomaterials 2020, 10, x FOR PEER REVIEW 8 of 17 
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The O 1s and Fe 2p core level spectra are depicted in Figure 6b,c, respectively. An asymmetric peak
is observed for O 1s spectrum, and after deconvolution, five GL components are determined. Peaks 1
at 529.7 eV and peak 2 at 530.1 eV are usually related to the O2− bonding with metals [17], i.e., Fe-O
and Zn-O for the present study, whereas peak 3 at 531.4 eV is associated with the oxygen vacancies
as noticed above for the non-modified ZnO structures. Peak 4 situated at 532.5 eV is connected with
the contribution of surface OH groups and possible Zn-Fe-O bond [33], and peak 5 at 533.6 eV is
associated with the presence of iron oxide-hydroxide (FeO(OH)) and H2O adsorbed in the surface of
the nanostructures, as reported in literature [34–36].
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The Fe 2p core level spectrum shown in Figure 6c, contains two main peaks at 710.8 and 724.4 eV
corresponding to Fe 2p3/2 and Fe 2p1/2, respectively and two satellite peaks at 718.9 eV and 733.4 eV.
The difference binding energy between Fe 2p3/2 and Fe 2p1/2 peaks is 13.5 eV, which results from
spin-orbit (j-j) coupling and is in accordance with literature values [31,37]. The Fe 2p3/2 peak was
deconvoluted and fitted to six GL peaks. The distribution of these peaks show a characteristic pre-peak
at 709.6 eV, followed by multiple splitting of the four peaks and finally a surface peak at 714.8 eV, which
is consistent with the data found in literature for the Fe3+ ion oxidation state [35,38], and rules out
the presence of Fe2+ species. This is also corroborated by the satellite peak typically associated with
Fe2O3, which is located at a higher binding energy (8.1 eV) than the main Fe 2p3/2 peak, as reported
previously in literature (8 eV) [35–40].

3.3. Copper Modified Zinc Oxide Films

Figure 7a,b, show the SEM images of the Cu-modified ZnO structures. These images show the
copper oxide deposited as spherical-like particles (as shown in Figure 7b) that tend to aggregate on
the top of the columnar ZnO structures and disperse evenly along their side walls. The contact angle
determined for these films is 145◦ as displayed in Figure 7c.
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Figure 7. SEM images of CuO@ZnO structures (a) top view; (b) cross section and (c) static water
contact angle.

The XRD diffraction pattern of the CuO@ZnO films is presented in Figure 8. Similar to previous
case (i.e., Fe2O3@ZnO), the pattern shows intense diffraction peaks that correspond to the hexagonal
zinc oxide phase and indicate a preferential orientation in the (002) plane. In addition, the pattern
shows three other phases. The first connected with the monoclinic copper (II) oxide phase (C12/c1
space group, ICSD Card No. 160630) in which the (200) plane and (202) plane are observed, the later
overlapped with the (102) plane of hexagonal ZnO. The second and third attributed to the cubic ZnCuO
(0.85/0.15/1) compound (Fm-3m space group, ICSD Card No. 181023) and the ZnSiO3 (R-3 space group,
ICSD Card No. 340575), as in previous case, most likely present at the interfaces of CuO/ZnO and
ZnO/Si (from substrate), respectively.

To get better insight into the structures formed by AACVD, TEM images were carried out. Figure 9,
shows the columnar zinc oxide structure covered by the copper oxide particles. As can be seen, the
particles with spherical morphologies are well-distributed over the rod surface. The size of the
particles is between 8 and 20 nm (recorded for a total population 25 particles). The HRTEM images
show a well-ordered planar atomic array with planar spacing of approximately 0.26 nm and 0.23 nm.
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The first corresponds to the internal lattice spacing of the (0020) plane of the hexagonal ZnO phase
(d = 0.2602 nm, ICCD card No. 50664) identified by XRD, whereas the second is associated to the (200)
plane of the monoclinic CuO phase (d = 0.2362 nm, ICSD Card No. 160630), also determined in the
XRD analysis.Nanomaterials 2020, 10, x FOR PEER REVIEW 10 of 17 
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Figure 9. (a) Low and (b) high resolution TEM images for the copper oxide modified zinc oxide
rods. The insets display the plane spacing of CuO and ZnO. The colour code corresponds to the areas
indicated in the TEM image from which the insets were taken.

The chemical composition of the film was first evaluated by EDX analysis. This analysis revealed
the presence of copper along with zinc as the major component. Similar to the previous cases, for ZnO
and Fe2O3@ZnO, chlorine traces (0.7 wt.%) were also detected.

A more detailed chemical composition was performed by XPS analysis. The XPS spectrum for the
Zn 2p is shown in Figure 10a. The Zn 2p characteristic doublet peaks are slightly shifted to higher
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binding energies (1021.9 eV for Zn 2p3/2 and 1045.0 eV for Zn 2p1/2) as compared to the Zn 2p peaks in
the bare ZnO (Figure 2a). As seen before, the separation between these two main peaks remains at
23.1 eV, consistent with the literature [26].
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Figure 10. (a) Zn 2p, (b) O 1s and (c) Cu 2p core levels XPS spectra for CuO@ZnO films. Pink hollow
dots represent the raw data, the black solid line corresponds to the envelope/fitting curve, and the
colored curves to the deconvoluted components.

The O 1s XPS spectrum presents an asymmetric curve as in the afore cases. Five distinguishable
curves after deconvolution were determined, as depicted in Figure 10b. In agreement with the
literature [41], peak 1 at 529.5 eV is associated with the bonding between copper and O2− (Cu-O),
whereas peak 2 located at 530.7 eV is related to the Zn-O wurtzite lattice bond, as established above.
Peak 3 at a binding energy of 531.7 eV is assigned to the oxygen deficiency regions, i.e., oxygen
vacancies. Finally, peak 4 at 532.7 eV, and peak 5 at 533.9 eV may be associated with chemisorbed
oxygen, hydroxides, and H2O on the surface of the Cu-modified ZnO structures [33,42].

The Cu 2p core level spectrum show the characteristic peaks at binding energies of 933.2 eV for
Cu 2p3/2 and 953.2 eV for Cu 2p1/2, with a difference between both peaks of 20 eV (Figure 10c). Along
the main peaks, two satellite peaks, B and C, are found. The peak B consists of three components
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at 940.5 eV, 941.1 eV and 943.5 eV (B peaks), whereas the peak C is described by one component at
962.1 eV.

3.4. Discussion

Results show the formation of ZnO structures via aerosol assisted chemical vapor deposition, and
the surface modification of these structures by Fe2O3 and CuO in a second step using the same synthetic
method. These structured films demonstrated visible morphological and chemical composition
changes respect to the bare ZnO structures as well as changes in the surface properties including the
wettability properties.

The surface chemical composition of the synthesized films was studied using EDX and XPS
analysis. EDX analysis showed a similar content of chlorine in the films (0.9 wt.%, 0.8 wt.%, and
0.7 wt.%, for bare the ZnO, Fe2O3@ZnO, and CuO@ZnO, respectively). Although this low chlorine
contents can influence the functional properties of the surface in certain applications (e.g., chemical
sensing), to the best of our knowledge, there is no evidence in which these traces have shown significant
effects on the contact angle of demi-water drops. In this context and due to the similar chlorine
contents in the tested samples, we rule out the influence of this ion on the wetting properties of the
structured films. For the bare ZnO rods, the XPS analysis showed the characteristic peaks for the
Zn2+ state, i.e., Zn 2p3/2 and 2p1/2 core level binding energies. Previous reports have found that for
a stoichiometric ZnO compound, the 2p3/2 and 2p1/2 core level XPS peaks are located at 1022.0 eV and
1045 eV, respectively [23,25,27]. However, the XPS records of the AACVD structures presented an
overall shift to lower binding energies, which is usually related to the formation of nonstoichiometric
ZnO due to oxygen vacancies induced by the structural size reduction [43]. This oxygen deficit is
supported by the O 1s spectrum, which after the deconvolution presents a component linked to the
oxygen vacancies (component 2 in Figure 2b).

After the second deposition step by AACVD, the spear pointing ending structures of the bare
ZnO are covered by the Fe2O flake-like structure, as evidenced in the SEM and TEM images (Figures 3
and 5). The incorporation of these iron compound also altered the chemical surface composition. XPS
spectra analysis indicate that Zn 2p doublet are shifted to higher binding energy compared to bare
ZnO; this may be related to the incorporation of Fe3+ ion into the ZnO lattice, as noticed previously
in the literature [31]. In addition, the deconvolution of O 1s spectra shows a component situated at
532.5 eV that is not only related to surface OH groups, but also to a possible Zn-Fe-O bond [33]. This is
consistent with the XRD diffractions, in which it was registered diffractions liked to the Franklinite
(Fe2O4Zn) compound (Figure 4).

The results obtained from the XPS analysis through deconvolution and fitting, suggest the
complete oxidation of the precursor into Fe2O3 during the AACVD synthesis. Usually the chemical
reactions involved in the synthesis process are not well defined, and in an attempt to understand this
process, two consecutive chemical reactions are proposed as possible routes for the AACVD formation
of Fe2O3 from the iron precursor dissolved in acetone at a temperature of 723.15 K. The estimation of
the Gibbs free energy (∆G) for the following reactions were calculated by HSC chemistry software
(see materials and methods section). The first reaction (1) may involve the formation of FeO(OH) and
the release of gaseous species such as chloromethane, hydrogen, and carbon dioxide, whereas the
subsequent second reaction (2) may involve the formation of Fe2O3 and release of water and oxygen.

FeCl3·6H2O + 2C3H6O(a)→ FeO(OH) + 3CH3Cl(g) + 7H2(g) + 3CO2(g) (1)

∆G = −97.18 kcal at 723.15 K

2FeO(OH) + 2O2(g)→ Fe2O3 + H2O(g) + 2O2(g) (2)

∆G = −13.05 kcal at 723.15 K
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Notice that for both reactions the calculated ∆G is negative (−97.18 kcal and −13.05 kcal for the
first and second reaction, respectively), indicating that the reaction enthalpy (∆H) is lower than the
entropy (∆S) (i.e., the ∆S of the products is greater than the reactants ∆S) therefore the proposed
reactions are thermodynamically feasible.

Similar to this analysis, the incorporation of copper oxide in the ZnO structures was studied.
As seen in the SEM and TEM images, the deposition of the copper oxide in a AACVD second step,
modifies the morphology of the bare ZnO, as well as the surface chemical composition. XPS analysis
showed the Zn 2p characteristic doublet peaks are slightly shifted to higher binding energies (1021.9 eV
and 1045.0 eV for Zn 2p3/2 and Zn 2p1/2, respectively) as compared to the Zn 2p peaks in the bare ZnO
(Figure 2a). This shifting of the binding energy could be related to the Zn-O bond length change, which
is likely connected with the incorporation and/or substitution of Cu2+ ion into the ZnO lattice [14,33,44].
The diffraction connected with the ZnCuO compound (Figure 8) also corroborate the presence of Zn-Cu
bonding. The component at 529.5 eV (peak 1, Figure 10b) in the O 1s spectra of the CuO@ZnO films
also suggest the presence of the Cu-O bond in the film [45].

Due to typical formation of different copper oxidation states, i.e. Cu0, Cu+ and Cu2+, during
oxidation, the Cu 2p XPS spectrum was analyzed to determine the main specie in the structured film.
To this end, it was employed the method described by Jasieniak and Gerson [26], which relates the
deconvoluted fitted areas of the Cu 2p3/2 peak and its closest satellite peak. To calculate the percentage
of the components, the fitted areas of Cu 2p3/2 peak (components A1 and A2) and the nearest shake-up
peak (satellite B) were considered, as described elsewhere [45]. Shake-up peaks are typically generated
when the outgoing photoelectron interacts simultaneously with a valence electron and excites it to
a higher-energy level. In this process, the kinetic energy of the photoelectrons is slightly reduced
giving a satellite structure in a lower energy (higher in the binding energy scale) than the core level
position [14,39,45]. For the present results, the deconvolution of the Cu 2p3/2 XPS peak (Figure 10c),
indicate the co-existence of a mixed oxidation states, and thus the peak A1 at 932.8 eV might be related
to Cu2+, and peak A2 at 934.3 eV might be related to Cu0 and Cu+ contribution. The presence of
satellites shake-up peaks in B (components at 940.5 eV, 941.1 eV and 943.5 eV), are associated with
Cu2+ oxidation state since these peak is characteristic of a partially filled d-orbital (d9) and is not
present in the d10 Cu+ spectra. Therefore, the estimation of the content of (Cu0 + Cu+) and Cu2+ is
approximately 17% and 83%, respectively. These suggest that the compound deposited on the ZnO
structures corresponds mainly to CuO.

In a like manner to the former case, it is proposed that the AACVD formation of CuO occurs
through two consecutive chemical reactions (Equations (3) and (4)), that are possible routes for copper
nitrate oxidation in the presence of ethanol at high temperature (T = 723.15 K). Under these temperature
conditions, it was found that the Gibbs free energy is negative for both possible reactions (−531.20 kcal
and −8.31 kcal for reactions 3 and 4, respectively). This is related to enthalpy reactions (∆H) that are
lower than the entropy (∆S), and thus the entropy of the products is greater than the reactants entropy
making the reactions thermodynamically possible.

6Cu(NO3)2·6H2O + C2H5OH(a)→ 6Cu(OH)2 + 12NO2(g) + 2CO2(g) + 15H2O(g) (3)

∆G = −531.20 kcal

Cu(OH)2 + O2(g)→ CuO + O2(g) + H2O(g) (4)

∆G = −8.31 kcal

The oxidation of the Cu(OH)2 in air (proposed in Equation (4)) is experimentally observed when
the reactor chamber is open (immediately after deposition without temperature alteration) as the color
of the film change instantaneously from dark orange to dark brown-black.

The alterations in morphology and surface composition of the ZnO structures also showed an
effect in the wetting properties of the structured films. We noticed that the static water CA of the
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films increased from 122◦ (bare ZnO) to 134◦ (Fe2O3@ZnO) and 145◦ (CuO@ZnO). These results are
consistent with the literature, which showed previously the possibility of tuning the wetting capability
of a surface towards more hydrophobic (CA > 90◦) or hydrophilic (CA < 90◦) characteristics [46] by
modifying the surface morphology and chemical composition of a surface [47,48].

The different wetting properties of the modified films (Fe2O3@ZnO and CuO@ZnO) could be
attributed in part to the surface morphology, which suggests a favorable Cassie-Baxter regime with
a CA exceeding the 120◦ [49]. In addition, the wetting properties could also be attributed to the
surface chemistry of the films, in particular to the oxygen vacancies as noticed previously in the
literature [50]. The results obtained from the deconvolution of the O 1s XPS spectrum made through
conventional fitting procedure indicate that all samples (i.e., ZnO, Fe2O3@ZnO and CuO@ZnO) present
a component associated with O− and O2

− ions in the oxygen deficient regions –oxygen vacancies–
(OV). A comparison of the atomic percentage concentration (at.%) of these species (that generally
is the representation in percentage of the intensity of a type of oxygen respect to the other oxygen
species at the surface) indicates that the OV at the non-modified ZnO is higher (30.2 at.%) compared to
Fe2O3@ZnO (20.7 at.%) and CuO@ZnO (18.6 at.%). Also, it is noticed that the OV concentration of
Fe2O3@ZnO is higher compared to CuO@ZnO, this could be related to the ion size and charge of the
iron ion, as Fe3+ (0.63 Å) ion is smaller than Cu2+ (0.73 Å) ion, and the extra positive charge of Fe3+

compared with Cu2+ attracts more oxygen to the lattice, and consequently the incorporation of Fe3+ in
ZnO structures reduces the surface oxygen compared to Cu2+ [44,51].

Previously, it has been suggested that a preferred dissociation adsorption of water molecules takes
place, with the formation of hydroxyl groups (OH−) in surfaces with oxygen vacancies. Therefore,
when the oxygen vacancies concentration at the surface is low is expected that the film surface became
more hydrophobic [50,52]. As a result of the analysis, the oxygen vacancies decrease in the following
order ZnO > Fe2O3@ZnO > CuO@ZnO and water CA increases correspondingly 122◦ < 135◦ < 145◦.
Therefore, the decrease in oxygen vacancies concentration that is achieved with the deposition of Fe2O3

and CuO in the ZnO structured films increases the contact angle. Overall, these results demonstrate
that the modification of ZnO with iron and copper oxides modifies the wetting properties, increasing
the hydrophobicity of the films. This behavior is correlated in part with the surface morphology and
the oxygen deficiency at the surface of each film.

4. Conclusions

The synthesis of ZnO structures in one step, and their surface modification with either Fe2O3 or
CuO in a second step was achieved using the AACVD method. The AACVD conditions employed
proved to be reliable and repeatable. SEM and TEM images of the non-modified ZnO films revealed
an initial spear-ending like morphology, which after the deposition of Fe2O3 or CuO was covered by
flake-like structures or spherical nanoparticles, respectively. The formation of crystalline ZnO, Fe2O3,
and CuO structures was determined by X-ray diffraction and HRTEM analysis. Deconvolution and
fitting of the XPS spectra recorded on the Fe2O3@ZnO films showed the presence of Fe3+ oxidation
state, indicating the formation of Fe2O3. Similarly, the XPS of the CuO@ZnO films showed the presence
of (Cu0 + Cu+) and Cu2+ co-existing oxidation states, with Cu2+ as the major component, indicating
that the particles formed are composed mainly of CuO. Wettability studies by static water contact angle
of these films show that the modification of the ZnO surface with iron and copper oxides increases
the hydrophobicity of the ZnO surfaces, from 122◦ for bare ZnO to 135◦ and 145◦ for Fe2O3@ZnO
and CuO@ZnO, respectively. Results lead to the conclusion that this behavior is related to both
morphological changes and chemical surface alterations.
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Rods with Exposed {100} Facets Grown via a Self-Catalyzed Vapor-Solid Mechanism and Their Photocatalytic
and Gas Sensing Properties. ACS Appl. Mater. Interfaces 2016, 8, 33335–33342. [CrossRef]

24. Wang, X.; Cai, W.; Lin, Y.; Wang, G.; Liang, C. Mass production of micro/nanostructured porous ZnO plates
and their strong structurally enhanced and selective adsorption performance for environmental remediation.
J. Mater. Chem. 2010, 20, 8582–8590. [CrossRef]

25. Khan, S.B.; Rahman, M.M.; Marwani, H.M.; Asiri, A.M.; Alamry, K.A. An assessment of zinc oxide nanosheets
as a selective adsorbent for cadmium. Nanoscale Res. Lett. 2013, 8, 1–8. [CrossRef] [PubMed]

26. Biesinger, M.C.; Payne, B.P.; Grosvenor, A.P.; Lau, L.W.M.; Gerson, A.R.; Smart, R.S.C. Resolving surface
chemical states in XPS analysis of first row transition metals, oxides and hydroxides: Cr, Mn, Fe, Co and Ni.
Appl. Surf. Sci. 2011, 257, 2717–2730. [CrossRef]

27. Available online: https://srdata.nist.gov/xps/ (accessed on 12 June 2019).
28. Das, J.; Pradhan, S.K.; Sahu, D.R.; Mishra, D.K.; Sarangi, S.N.; Nayak, B.B.; Verma, S.; Roul, B.K. Micro-Raman

and XPS studies of pure ZnO ceramics. Phys. B Condens. Matter 2010, 405, 2492–2497. [CrossRef]
29. Zheng, J.H.; Jiang, Q.; Lian, J.S. Synthesis and optical properties of flower-like ZnO nanorods by thermal

evaporation method. Appl. Surf. Sci. 2011, 257, 5083–5087. [CrossRef]
30. Tam, K.H.; Cheung, C.K.; Leung, Y.H.; Djurišić, A.B.; Ling, C.C.; Beling, C.D.; Fung, S.; Kwok, W.M.;

Chan, W.K.; Phillips, D.L.; et al. Defects in ZnO nanorods prepared by a hydrothermal method. J. Phys.
Chem. B 2006, 110, 20865–20871. [CrossRef]

31. Karamat, S.; Rawat, R.S.; Lee, P.; Tan, T.L.; Ramanujan, R.V. Structural, elemental, optical and magnetic study
of Fe doped ZnO and impurity phase formation. Prog. Nat. Sci. Mater. Int. 2014, 24, 142–149. [CrossRef]

32. Vallejos, S.; Gràcia, I.; Figueras, E.; Cané, C. Nanoscale Heterostructures Based on Fe2O3@WO3−x

Nanoneedles and Their Direct Integration into Flexible Transducing Platforms for Toluene Sensing. ACS Appl.
Mater. Interfaces 2015, 7, 18638–18649. [CrossRef] [PubMed]

33. Karamat, S.; Rawat, R.S.; Tan, T.L.; Lee, P.; Springham, S.V.; Anis-Ur-Rehman; Chen, R.; Sun, H.D. Exciting
dilute magnetic semiconductor: Copper-doped ZnO. J. Supercond. Nov. Magn. 2013, 26, 187–195. [CrossRef]

34. Lee, S.H.; Sridhar, V.; Jung, J.H.; Karthikeyan, K.; Lee, Y.S.; Mukherjee, R.; Koratkar, N.; Oh, I.K. Graphene-
nanotube-iron hierarchical nanostructure as lithium ion battery anode. ACS Nano 2013, 7, 4242–4251.
[CrossRef] [PubMed]

35. McIntyre, N.S.; Zetaruk, D.G. X-ray Photoelectron Spectroscopic Studies of Iron Oxides. Anal. Chem. 1977,
49, 1521–1529. [CrossRef]

36. Mullet, M.; Khare, V.; Ruby, C. XPS study of Fe(II)-Fe(III) (oxy)hydroxycarbonate green rust compounds.
Surf. Interface Anal. 2008, 40, 323–328. [CrossRef]

37. Yamashita, T.; Hayes, P. Analysis of XPS spectra of Fe2+ and Fe3+ ions in oxide materials. Appl. Surf. Sci.
2008, 254, 2441–2449. [CrossRef]

38. Wang, M.; Hu, H.P.; Chen, Q.Y.; Ji, G.F. FT-IR, XPS, and DFT study of adsorption mechanism of sodium
acetohydroxamate onto goethite or hematite. Chin. J. Chem. Phys. 2016, 29, 308–318. [CrossRef]

39. Grosvenor, A.P.; Kobe, B.A.; Biesinger, M.C.; McIntyre, N.S. Investigation of multiplet splitting of Fe 2p XPS
spectra and bonding in iron compounds. Surf. Interface Anal. 2004, 36, 1564–1574. [CrossRef]

http://dx.doi.org/10.1021/ja055563v
http://dx.doi.org/10.1016/j.matdes.2017.05.017
http://dx.doi.org/10.1039/C0CC02398A
http://dx.doi.org/10.1021/acsami.6b00773
http://www.ncbi.nlm.nih.gov/pubmed/27043301
http://dx.doi.org/10.1021/acsami.6b12992
http://dx.doi.org/10.1039/c0jm01024c
http://dx.doi.org/10.1186/1556-276X-8-377
http://www.ncbi.nlm.nih.gov/pubmed/24011201
http://dx.doi.org/10.1016/j.apsusc.2010.10.051
https://srdata.nist.gov/xps/
http://dx.doi.org/10.1016/j.physb.2010.03.020
http://dx.doi.org/10.1016/j.apsusc.2011.01.025
http://dx.doi.org/10.1021/jp063239w
http://dx.doi.org/10.1016/j.pnsc.2014.03.009
http://dx.doi.org/10.1021/acsami.5b05081
http://www.ncbi.nlm.nih.gov/pubmed/26251867
http://dx.doi.org/10.1007/s10948-012-1710-2
http://dx.doi.org/10.1021/nn4007253
http://www.ncbi.nlm.nih.gov/pubmed/23550743
http://dx.doi.org/10.1021/ac50019a016
http://dx.doi.org/10.1002/sia.2758
http://dx.doi.org/10.1016/j.apsusc.2007.09.063
http://dx.doi.org/10.1063/1674-0068/29/cjcp1508182
http://dx.doi.org/10.1002/sia.1984


Nanomaterials 2020, 10, 471 16 of 16

40. Liu, Y.; Yu, L.; Hu, Y.; Guo, C.; Zhang, F.; Wen, L.X. A magnetically separable photocatalyst based on nest-like
γ-Fe2O3/ZnO double-shelled hollow structures with enhanced photocatalytic activity. Nanoscale 2012, 4,
183–187. [CrossRef]

41. Zhu, L.; Li, H.; Liu, Z.; Xia, P.; Xie, Y.; Xiong, D. Synthesis of the 0D/3D CuO/ZnO Heterojunction with
Enhanced Photocatalytic Activity. J. Phys. Chem. C 2018, 122, 9531–9539. [CrossRef]

42. Wang, Y.; Lü, Y.; Zhan, W.; Xie, Z.; Kuang, Q.; Zheng, L. Synthesis of porous Cu2O/CuO cages using
Cu-based metal-organic frameworks as templates and their gas-sensing properties. J. Mater. Chem. A 2015, 3,
12796–12803. [CrossRef]

43. Tay, Y.Y.; Li, S.; Sun, C.Q.; Chen, P. Size dependence of Zn 2p 32 binding energy in nanocrystalline ZnO. Appl.
Phys. Lett. 2006, 88, 173118. [CrossRef]

44. Shannon, R.D. Revised effective ionic radii and systematic studies of interatomic distances in halides and
chalcogenides. Acta Crystallogr. Sect. A 1976, 32, 751–767. [CrossRef]

45. Biesinger, M.C. Advanced analysis of copper X-ray photoelectron spectra. Surf. Interface Anal. 2017, 49,
1325–1334. [CrossRef]

46. Shirtcliffe, N.J.; McHale, G.; Atherton, S.; Newton, M.I. An introduction to superhydrophobicity. Adv. Colloid
Interface Sci. 2010, 161, 124–138. [CrossRef]

47. Wang, G.; Zhang, T.Y. Oxygen adsorption induced superhydrophilic-to-superhydrophobic transition on
hierarchical nanostructured CuO surface. J. Colloid Interface Sci. 2012, 377, 438–441. [CrossRef]

48. Saini, C.P.; Barman, A.; Das, D.; Satpati, B.; Bhattacharyya, S.R.; Kanjilal, D.; Ponomaryov, A.; Zvyagin, S.;
Kanjilal, A. Role of oxygen vacancy on the hydrophobic behavior of TiO2 nanorods on chemically etched Si
pyramids. J. Phys. Chem. C 2017, 121, 278–283. [CrossRef]

49. Celia, E.; Darmanin, T.; de Givenchy, E.T.; Amigoni, S.; Guittard, F. Recent advances in designing
superhydrophobic surfaces. J. Colloid Interface Sci. 2013, 402, 1–18. [CrossRef]

50. Hu, H.; Ji, H.F.; Sun, Y. The effect of oxygen vacancies on water wettability of a ZnO surface. Phys. Chem.
Chem. Phys. 2013, 15, 16557–16565. [CrossRef]

51. Bajpai, G.; Srivastava, T.; Patra, N.; Moirangthem, I.; Jha, S.N.; Bhattacharyya, D.; Riyajuddin, S.; Ghosh, K.;
Basaula, D.R.; Khan, M.; et al. Effect of ionic size compensation by Ag+ incorporation in homogeneous
Fe-substituted ZnO: Studies on structural, mechanical, optical, and magnetic properties. RSC Adv. 2018, 8,
24355–24369. [CrossRef]

52. Mrabet, C.; Mahdhi, N.; Boukhachem, A.; Amlouk, M.; Manoubi, T. Effects of surface oxygen vacancies
content on wettability of zinc oxide nanorods doped with lanthanum. J. Alloy. Compd. 2016, 688, 122–132.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/C1NR11114K
http://dx.doi.org/10.1021/acs.jpcc.8b01933
http://dx.doi.org/10.1039/C5TA01108F
http://dx.doi.org/10.1063/1.2198821
http://dx.doi.org/10.1107/S0567739476001551
http://dx.doi.org/10.1002/sia.6239
http://dx.doi.org/10.1016/j.cis.2009.11.001
http://dx.doi.org/10.1016/j.jcis.2012.03.035
http://dx.doi.org/10.1021/acs.jpcc.6b08991
http://dx.doi.org/10.1016/j.jcis.2013.03.041
http://dx.doi.org/10.1039/c3cp51848e
http://dx.doi.org/10.1039/C8RA02393J
http://dx.doi.org/10.1016/j.jallcom.2016.06.286
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals 
	AACVD Synthesis 
	Characterization 

	Results and Discussion 
	Zinc Oxide Films 
	Iron Modified Zinc Oxide Films 
	Copper Modified Zinc Oxide Films 
	Discussion 

	Conclusions 
	References

