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Abstract: In this study, nanostructured ZnO arrays were synthesized by an accessible thermal oxi-
dation (TO) methodology. The Zn films were chemically etched with nitric acid (HNOj3) and then
oxidized in a furnace at 500 °C for 5 h. Two different morphologies were achieved by modifying
the HNOj concentration in the etching process: (a) ZnO grass-like nanostructures and (b) rod-like
nanostructures, with an etching process in HNOj3 solution at 2 and 8 M concentration, respectively.
The physical and chemical properties of the samples were analyzed by X-ray diffraction (XRD),
scanning (SEM) and transmission electron microscopy (TEM), energy dispersive X-ray spectroscopy
(EDS), and Raman spectroscopy. Both morphologies were functionalized with hemoglobin, and a
difference was found in the efficiency of functionalization, which was monitored by UV-Vis spec-
troscopy. The sample with the highest efficiency was the ZnO grass-like nanostructures. Afterward,
the capture of carbon dioxide was evaluated by monitoring a sodium carbonate solution interacting
with the as-functionalized samples. The evaluation was analyzed by UV-Vis spectroscopy and the
results showed a CO, capture of 98.3% and 54% in 180 min for the ZnO grass-like and rod-like
nanostructures, respectively.

Keywords: ZnO cane-like nanostructures; ZnO grass-like nanostructures; CO, physisorption; artificial
photosynthesis; thermal oxidation; carbon dioxide

1. Introduction

Today, energy production is still dominated by fossil-fuel-based power plants such
as thermoelectric stations, coal plants, or gas plants [1]. As a consequence, the energy
industry produces around 30 gigatons of carbon dioxide (CO,) emissions every year [2].
This has led to resource depletion, an increase in costs, and a severe negative environmental
impact as global temperatures increasingly rise, ice poles melt, and the number of forest
fires increases [3]. CO; is considered the main cause of the greenhouse effect. In just one
century, it has managed to increase the planet’s temperature by 0.6 K. This temperature
increase has contributed to the most significant changes in the last two decades [4]. As the
Earth’s average temperature has increased, many consequences have appeared, such as the
rising sea level, promotion of ocean acidification, imbalance of ecosystems, and threats to
the life of the species that inhabit them [5]. In addition, great efforts have been made by the
scientific community to reduce and control CO; emissions. Among the recent proposals,
CO; capture has appeared as an alternative that takes advantage of the chemical nature
of this molecule to trap it on the surface of an active material [6]. CO, capture constitutes
one step of the artificial photosynthesis (AP) process, which transforms the CO, molecule
into products such as alcohols and light hydrocarbons, which constitute the current fuels
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employed by humans in small systems such as gas stoves and water heaters [7]. The AP
process comprises systems to convert solar energy into chemical energy [7]. This can be
achieved through different nanostructured materials that allow the absorption of light,
transportation of electrons, and capture and modification of CO, molecules [8]. Thus,
proposals for the development of each step that conforms to the process of AP (such as
CO; capture) are important, and each effort contributes to solving the problems that the
surplus of CO; in the atmosphere has brought.

Zinc oxide (Zn0O) is a widely studied semiconductor material. The ZnO has been
obtained as an array of micro- and nanostructures with modified chemical and physical
properties. These characteristics make it useful for applications such as gas sensors [9],
pressure sensors [10], photonic sensors [11], photodegradation of water pollutants [12,13],
optical material for high-power laser applications [14], a highly efficient catalyst for various
organic reactions [15], and for corrosion protection and self-cleaning for intelligent surface
development [16] or CO; capture [17]. These previously mentioned applications are related
to the surface properties of ZnO. The electronic properties of ZnO allow the capture
of molecules such as CO; [17]. Among the methodologies for obtaining ZnO, thermal
oxidation (TO) is an accessible technique that promotes modification of the surface due to
defects in induction- and atomic-restructuration-related processes [18,19]. Recently, the
chemical modification of the Zn surface before TO has become a useful tool to obtain
different ZnO morphologies with variations in chemical and physical surface properties in
a very accessible way [12,19].

Hemoglobin (Hb) is a molecule capable of transporting mainly O, and CO,. This action
depends on factors such as the hydrogen potential (pH), partial pressure of oxygen (pOy),
and partial pressure of carbon dioxide (pCO,) [20]. At a high pH, Hb mainly transports
oxygen; however, at a low pH, Hb can transport 15% to 20% of the undissociated CO; in
the blood. This transportation is achieved by binding the molecules to hemoglobin at the N
terminals of the chains through a reaction [10,21]. Thus, the Hb molecule can be combined
with semiconductor materials to promote CO, capture. As ZnO has interesting surface
properties, which drive the many applications mentioned before, it is a great candidate to
serve as a base to be linked with Hb [22]. Even though ZnO has been functionalized with
many molecules in other studies that focused on CO; capture (such as benzimidazole-based
ionic liquid [23], carbon nitride [24], and multiwalled carbon nanotubes and SiO, [25]),
finding accessible methodologies for achieving a commercial device is a current need [26].
Furthermore, understanding the relationship between the morphology in an inorganic
material and the functionalization efficiency with an organic molecule is a topic of great
interest for many applications [27].

This paper presents a contribution to the development of accessible CO, capture
materials by understanding the relationship between the surface properties of ZnO nanos-
tructures and the efficiency of functionalization with Hb. In this study, two kinds of ZnO
nanostructures were synthesized by etching treatment in nitric acid, followed by TO. After-
ward, the ZnO nanostructures were functionalized with a Hb molecule. The efficiency of
the Hb functionalization process was studied in each morphology by UV-Vis spectroscopy.
The CO, capture was evaluated by monitoring the spectroscopic changes in carbonate
dilution across time. The influence of morphology on the surface properties of the ZnO
nanostructures was determined. In addition, the influence of ZnO morphology on the CO,
capture effectiveness was discussed.

2. Materials and Methods
2.1. Chemicals and Reagents

In this study, zinc foil (Zn, SKU: GF00595391, SIGMA-ALDRICH, USA) was used as a
substrate for the growth of ZnO. Nitric acid (HNO3, SKU: 225711-475ML, SIGMA-ALDRICH,
USA), hydrogen chloride (HCI, SKU: 17935-250ML, SIGMA-ALDRICH, USA), sodium car-
bonate (Na,COj3, SKU: 223484-500G, SIGMA-ALDRICH, USA), ethanol (CH3CH,OH, SKU:
1070179026, SIGMA-ALDRICH, USA), deionized water (Resistivity of 18 M(2), ammonia
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(NHs;, SKU: 294993, SIGMA-ALDRICH, USA), tetraethyl orthosilicate (TEOS, SKU: 333859,
SIGMA-ALDRICH, USA), and chromatographic nitrogen (N) were commercially acquired
and used in the experiments without further purification processes.

2.2. Synthesis of the Nanostructured ZnO Array

The nanostructured ZnO arrays were obtained by the known thermal oxidation (TO)
methodology [12,19]. Two morphologies were selected from our past studies [19,28]:
(a) ZnO grass-like nanostructures and (b) cane-like nanostructures. To create the ZnO
grass-like nanostructures, the Zn film was cleaned in a HCl solution for 10 min to remove
organic pollutants attached to the surface of the Zn foil. Then, the Zn substrate was etched
into a 2 M HNOj solution for 1 min. To create the ZnO rod-like nanostructures, the Zn foil
was cleaned in an HCl solution for 10 min, and was subsequently etched into an 8 M HNOj3
solution for 1 min. In both cases, the samples were cleaned in deionized water after each
step and were immediately afterward dried by a N; flux of 20 L/min. Afterward, the
samples were oxidized under a 20% of oxygen (weight) in the atmosphere at 500 °C. The
oxidation process was continued for 5 h by an isothermal process in a horizontal furnace.
After the oxidation process, the samples were rinsed using deionized water and dried
under a N flux.

2.3. Characterization of Physic and Chemical Properties

Once the samples were synthesized, the chemical and physical properties of the
samples were compared. The structural features were analyzed by X-ray diffraction (XRD)
by a Bruker D8 Eco Advance diffractometer. The excitation source was a copper tube
with Ka radiation (A = 1.5418 A). The achieved morphologies in the ZnO arrays were
studied by field-emission scanning electron microscopy (FESEM). The electron microscopy
was a JEOL 7401F model equipped with an energy dispersive spectroscopy (EDS) system,
which was employed to determine the chemical composition of samples. The evolution
of atoms in the individual nanostructures of the ZnO arrays was analyzed across the TO
process by transmission electron microscopy (TEM) in high-resolution (HRTEM) mode,
employing a transmission electron microscope (JEOL ARM200F model). The vibrational
modes exhibited by the samples were analyzed by Raman spectroscopy in INTEGRA
Spectra equipment with a green laser as the excitation source (wavelength of 532 nm).

2.4. Functionalization of Nanostructured ZnO Array with Hemoglobin

For Hb functionalization, Hb was diluted in deionized water to obtain a 2 mM aqueous
solution. The ZnO structures were preconditioned for interacting with the Hb molecule.
Thus, 500 mL of ethanol, 500 mL of deionized water, and 400 mL of ammonia were mixed
and placed in an ultrasonic bath for 10 min. Afterward, the ZnO nanostructures and
500 mL of the TEOS were added to the previously mentioned mixture. The mixture
was agitated for 8 h at room temperature (RT). Then, the ZnO structures were removed
from the reaction and immersed in deionized water to remove the remanent molecules.
The preconditioned ZnO structures were immersed in the aqueous dispersion of Hb at
a temperature of 80 °C for 1 h and then suddenly cooled down at 0 °C. Afterward, the
samples were held at this temperature for 180 min. The remanent liquid was analyzed
every 30 min by measuring the absorbance spectra with a UV-Vis spectrometer (i3 UV-
VIS SPECTROPHOTOMETER, Hanon Instruments) to determine the percentage of Hb
functionalized with the ZnO structure.

2.5. Evaluation of CO; Capture

The capability of the samples (Hb-functionalized ZnO structures) for CO, capture was
studied. The samples were exposed to CO; (gas) coming from the following reaction:

Na;CO3 + 2HCl — 2NaCl + H,O + CO;, 1
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The samples” interaction with CO, was performed in a hermetic quartz cell to deter-
mine the functionality of the immobilized Hb for CO, capture. Thus, a Na,COj3 solution
(186 mM concentration) was employed for the test. The CO, adsorption was indirectly
measured from the absorbance signal measured from the remanent solution across time
with a UV-Vis spectrometer (i3 UV-VIS SPECTROPHOTOMETER, Hanon Instruments).
Absorbance spectra were recorded at room temperature every 15 min for 180 min.

3. Results and Discussion
3.1. Morphological and Structural Characterization of ZnO Arrays

A comparison between the XRD pattern of the Zn foil after the HNOj3 etching process
under a solution with 2 and 8 M concentrations is shown in Figure 1. The XRD pattern
was measured before and after the TO process for both etching conditions. When the Zn
foil was etched with the 2 M HNOj solution, three peaks at 43.22, 70.09, and 70.29 degrees
were found to be in agreement with the diffraction exhibited by the (101), (103), and (110)
planes in the hexagonal Zn phase (PDF # 04-0831). For the Zn foil etched with the 8 M
HNO3; solution, three peaks were located at 43.38, 54.40, and 70.08 degrees. These peaks
were in agreement with the (101), (102), and (103) planes of the hexagonal Zn phase (PDF #
04-0831). In the Zn foil etched with the lower concentration, a predominant intensity of the
plane (103) was observed, while the sample etched with the higher concentration promoted
the prevalence of (102) plane exposition. These observations suggest that the concentration
of HNOj3 has an important effect on the plane exposition in a similar way that was reported
in the grain observation process for metallurgical practices [29]. After the oxidation process
was completed, the peaks located at 47.67, 56.60, 62.91, 68.06, and 69.19 degrees were found
in the sample treated with 2 M HNOj solution, which is labeled as ZnO-g in Figure 1. The
peaks located at 47.59, 56.64, 62.91, 67.98, and 69.04 were found in the sample etched with
8 M HNOs. In both cases, the peaks corresponded with the diffraction of the (102), (110),
(103), (112), and (201) planes for the wurtzite hexagonal structure of ZnO (PDF # 036-1451).
Both samples exhibited the diffraction of the (101) and (103) planes for Zn, which indicated
that the substrate was not totally oxidized during the TO process.

Figure 2 shows a comparison between the obtained morphology from the Zn foil after
the TO process across the explored etching conditions. As can be seen, both conditions
led to nanostructures growing on the entire surface of the substrate. The sample etched
with the 2 M HNOj solution was obtained with grass-like morphology (see Figure 2a),
while the sample etched with the 2 M HNOj3 solution exhibited cane-like morphology (see
Figure 2b). A close examination of both kinds of structures showed that ZnO grass-like
structures (ZnO-g) were formed by flat structures with an average area of 1 & 0.01 pm?
and a thickness of 10 £ 0.2 nm (see Figure 2c). The ZnO cane-like structures (ZnO-c) were
100 + 0 0.5 nm in length and had a diameter of 10 nm =+ 0.1 nm. In addition, EDS was
performed on each sample after the TO process, finding Zn and O as unique elements.
This suggested that this methodology offers a great level of clean control for obtaining
Zn0O. For the ZnO-g (see Figure 2e), the amount of Zn was less than that found in the
ZnO-c (see Figure 2f). This suggested that the etching with a higher concentration of HNO3
promotes a reduction in oxidation in the Zn substrates, showing the signal of Zn that was
not fully oxidized.
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Figure 1. Comparison between XRD patterns of Zn foil etched with HNOj3 (2 and 8 M concentration)
before and after TO at 500 °C. Note that samples obtained after TO for 2 and 8 M were the grass-like
(ZnO-g) and cane-like (ZnO-c) ZnO nanostructures.
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Figure 2. Zn foils etched with HNOj at (a) 2 M and (b) 8 M imaged by FESEM after the TO processing.
(c,d) Close views of the samples in (a,b), respectively. Recorded EDS spectra from the (e) ZnO
grass-like and (f) ZnO cane-like nanostructures.
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3.2. Growing Path of ZnO Arrays

The individual structures were analyzed by electron microscopy to identify the dif-
ferences in the interfaces of ZnO grass-like structures (see Figure 3a) and ZnO cane-like
structures (see Figure 3c). Once the samples were imaged by HRTEM, the interplanar
distance was measured, and we an average distance of 2.85 A for the ZnO-g and 1.95 A for
the ZnO-c structures. Thus, according to the measured data, the prevalence of plane (010)
in the ZnO grass-like structures was revealed (see Figure 3b), while the plane (012) was
found in high density on the ZnO cane-like structures (see Figure 3d). The difference in
the exposed planes in each kind of structure explained the resulting morphology for each
substrate, as was seen in other studies [12].

e 3()() nM

Figure 3. Comparison between (a) a single ZnO grass-like nanostructure and (b) ZnO cane-like
nanostructure imaged by SEM. (c,d) Close view of the interface imaged by HRTEM of samples (a,b),
respectively.

According to the results, the Zn etching made with HNOj is an important factor in
producing morphological changes on the surface of the substrates that influence the final
characteristics of the ZnO samples. It was reported [30] that oxide preferential growth
occurs in Zn zones affected by etching along grain boundaries and scratches on nano-
scaled dimensions. These nanostructured oxide regions [31] act as nuclei for further ZnO
surface array deposition, as shown in Figure 2. Yu et al. [31] explained that ZnO nanowire
deposition occurs at temperatures between the Zn melting and boiling point by means
of two mechanisms: first, the development of ZnO nuclei sites formed by vapor-solid
action; second, the nanowire formation controlled by the vapor-liquid mechanism. The
oxidation temperature (T) in the experiments carried out in this study was 600 °C, which is
a temperature between the Zn melting and boiling points (420 °C < T <907 °C) [31]. The
Zn0O nanofeatures’ growth can be explained by the liquid—solid growth mechanism with
preferential nucleation on the oxidized Zn nuclei first produced by acid etching [30] and
then by the initial thermal process [30,31]. A scheme showing the influence of HNOj3 etching
on the growth mechanism is depicted in Figure 4. The process starts with the formation
of surface features by acid etching; according to the results, a nitric acid concentration of
2 M induces scratches on the surface, and the 8 M concentration promotes spherical craters;
scratches and craters are marked in red in the scheme in Figure 4a. On the etched surface,
nanostructured oxide formation takes place (Figure 4b), mainly on the features promoted
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(a)

by etching (preferential sites for oxidized nuclei formation). Finally, when the temperature
reaches the isothermal point, at 500 °C, which is a temperature between Zn melting and
boiling points [31], the known liquid-solid growth mechanism controls the arrays” growth,
with surface features acting as nucleation sites (Figure 4c), allowing the formation of ZnO
surface nanoarrays on Zn foils.

(b) (©

100 nin !

1 Zn (solid)

Surface
features

—*-JTFU

1 500°C

Nuclei sites
|
%)/—FC?D
b, £

100 nm I 500 nm 100 nm

500 nm

5+00 nm

8 M HINO; 2MHNO; [0 7n(liquid) [1ZnO [Air
Figure 4. Schematic representation for the growth path of nanostructured ZnO arrays: (a) the
pattern on Zn foil promoted by the acid etching process, (b) the phase transition given by the
nucleation mechanism, and (c) growth of nanostructured ZnO arrays by the solid-liquid mechanism

on nucleation sites into the TO process.

The Raman spectra were recorded to understand the structural differences between the
ZnO grass-like and ZnO cane-like nanostructures. Figure 5 shows a comparison between
the spectra recorded from the Raman spectroscopy from the Zn foils etched with the 2
and 8 M HNO;j solutions before and after TO. As shown, the Raman shift was completely
modified after the TO process. A Lorentzian fit was applied to the spectra recorded from
the ZnO grass-like (see Figure 5b) and ZnO cane-like (see Figure 5c) nanostructures. In both
samples, six vibrational modes were identified (see Table 1). The E, (H)-E; (L), A; (TO),
E; (H), and E; (LO) vibrational modes corresponded to the ZnO phase and were localized
in all samples [19,32-35]. Although the same vibrational modes were found in both kinds
of structures, the relationship between the area under the curve of the E; (H) mode with
respect to the others was different in the ZnO-g and ZnO-c. These results suggested a
difference in the defect concentration from one sample to another, which could have a
significant impact on the functionalization efficiency of the Hb molecule.

Table 1. Comparison of Raman shift values for vibrational modes between the as-oxidized ZnO
structures previously etched with 2 M (ZnO-g) and 8 M (ZnO-c) HNOj solutions. Note that * point a
vibrational mode not reported for ZnO.

Vibrational Mode

ZnO-g (cm~1)

ZnO Bulk (cm—1) Nanotubes ZnO

i 1
ZnO-c (cm—1) [33,34] (cm—1) [32]

Label in Figure 5

E, (H)-E; (L) 321.97
A (TO) 387.51
E, (H) 437.29

* 486.72

E; (LO) 567.23

331.03 @)
392.98 (b)
438.80 ©
502.26 d)
566.22 (e)

321 331
384 383
438 437

580 578
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Figure 5. (a) Comparison of the recorded Raman shift between the Zn foil etched with HNO3; 2 M
(Black line) and 8 M (red line), before and after TO (blue and magenta line, respectively). Lorentzian
fit applied on the Raman shift recorded from (b) ZnO grass-like and (¢) ZnO cane-like structures.

3.3. Hb Functionalization of ZnO Nanostructures and CO, Capture

The supernatant from the Hb-functionalization reaction was analyzed over time with
UV-Vis spectroscopy (see Section 2 for details). Figure 6a shows the remnant from the
interaction of Hb with the ZnO grass-like structures, while Figure 6b shows the results
from the interaction with the ZnO cane-like structures. By comparing these figures, it
is clear that the ZnO grass-like structures exhibited a high efficiency for attaching to Hb
molecules on the surface. This is clearest in Figure 6¢c, where the percentage of remnant
Hb molecule over the reaction time is depicted. The cane-like structures presented the
slowest functionalization rate and achieved a 32.1% Hb-functionalization efficiency. In
comparison, the grass-like structures exhibited the fastest rate with an efficiency of 99.2%.
This difference in Hb-functionalization efficiency could be attributed to the predominance
of the (010) plane in the grass structures, along with the high density of defects in ZnO. This
difference in functionalization efficiency due to morphology was seen in other systems [27].
The insert in Figure 6¢ shows the Hb-functionalized ZnO grass-like structures after the
whole process, where a complete surface modification can be seen, possibly due to the
incorporation of the Hb molecule at the surface of the sample.
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Figure 6. Measured absorbance by UV-Vis of the remanent hemoglobin in the functionalization
process over time with (a) grass-like and (b) cane-like structures. (c) Relationship between absorbance
signal over time of supernatant in the Hb-functionalization process. Insert in (c) shows a Hb-
functionalized sample imaged by SEM.

The CO; capture due to the Hb-functionalized ZnO structures was indirectly measured
by the absorption spectra of sodium carbonate (see details in Section 2). The reaction for
obtaining CO; presented an absorption peak below 250 nm. Thus, the decrease in this
intensity was indicative of CO, capture. Note that the shape of the UV-Vis spectrum did
not change in the entire process. This could be explained because the molecules in the
sample not changing their chemical structure by the interaction with the ZnO structures.
The intensity of the UV-Vis spectrum decreased over time because some molecules were
trapped by the ZnO; here, this was the CO, molecule. As Figure 7a shows, the ZnO grass-
like structures allowed significant CO, capture after 180 min, with a 98.3% of reduction in
the initial intensity. The ZnO cane-like structures exhibited a 54% of reduction in intensity
after 180 min of exposure to the Na,COj solution (see Figure 6b). To compare the rate of CO,
adsorption, the kinetics of the reaction was computed according to the following equation:

Co
In [C} =kt

where Cp is the concentration when time is equal to zero, C is the concentration at time (t),
and k is the reaction rate constant [12]. For the sample ZnO-g, the k at 180 min was computed
as 0.0118, while that for sample ZnO-c was 0.0040. This provided evidence of a the great
difference in CO, capture promoted by the morphology in the ZnO arrays. The ZnO can
capture CO, by itself [17]. According to our results, the morphology of ZnO nanostructures
influences the functionalization efficiency with Hb because of the charge distribution on
the surface (which is directly related to the structural properties). These observations are
in agreement with the theoretical results reported by Usseinov et al. [17]. After the Hb-
functionalization process, both kinds of ZnO nanostructures adsorbed the CO, molecule
by the known interaction between the hemoglobin and CO, molecule [36]. Thus, the CO,
capture difference depends on the Hb efficiency achieved by each ZnO nanostructure.
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Figure 7. Absorbance spectra of NayCOj3 dissolution over time of interaction with (a) ZnO grass-like
(ZnO-g) and (b) ZnO cane-like (ZnO-c) structures. (c) The comparison of kinetics in CO, adsorption
between ZnO-g and ZnO-c.

4. Conclusions

In this study, ZnO grass-like (ZnO-g) and ZnO cane-like (ZnO-c) nanostructures were
obtained as an array with an accessible thermal oxidation technique. The ZnO-g structures
were mainly constituted by the (010) plane, while the ZnO-c structures were mainly con-
stituted by the (012) plane. The growth and formation of both kinds of ZnO structures
explored in this study can be explained by the vapor-liquid mechanism influenced by the
HNO;j etching treatment. The ZnO structures were functionalized with hemoglobin, and
we found that the ZnO grass-like structures exhibited the best efficiency, possibly due to
the predominance of the (010) plane at the interface. This kind of structure also presented
the best efficiency for CO; capture, with a 98.3% of initial concentration after 180 min.
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