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Abstract

In this contribution, we present an experimental and theoretical investigation of the role 

of counter-ions in the crystal morphology, surface structure, and photocatalytic activity 

of hierarchical ZnO nanostructures. The effect of zinc precursor (nitrate, acetate and, 

sulfate) along the synthesis of ZnO nanostructures grown directly onto a substrate by 

means of a simple hydrothermal method was analyzed in detail. Scanning electron 

microscopy images showed a preferential growth of ZnO nanostructures along the c-

axis, with a slight reduction in the orientation depending on the choice of the Zn source. 
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Theoretical calculations based on Wulff theory allowed us a better understanding of the 

morphological changes and to directly relate the photocatalytic performance at the 

different exposed surfaces of the as-observed crystal shapes. Our results showed that 

photocatalytic activities in the discoloration of organic dyes became superior for 

hierarchical ZnO nanostructures obtained from zinc nitrate. This finding was explained 

by X-ray photoelectron and photoluminescence spectroscopies, which revealed that the 

presence of surface defects, as well as the attached counter-ions and the abundance of 

carboxylate groups and organic residuals on ZnO surfaces are determinant for enhanced 

photocatalytic performance.

KEYWORDS: Nanostructures; Hierarchical ZnO; hydrothermal; crystal morphology; 

photocatalysis; Wulff model.

Introduction

Nowadays, a concern over environmental problems has enhanced our awareness 

of the need to develop an alternative and environmentally-friendly process to increase 

environmental protection [1–8]. Heterogeneous photocatalysis is considered one of the 

most promising and sustainable way to treat waste water and degrade organic pollutants 

due to its high efficiency, low toxicity, low cost and eco-friendly characteristic [9–11]. 

Despite the advantages of heterogeneous photocatalysis using powder-form metal oxide 

(MOX) semiconductors, such catalysts have major drawbacks regarding their recovery 

and reuse of powder photocatalysts, discouraging their application in large water 

purification systems [12,13]. An interesting alternative is the use of photocatalysts 

based on MOXs to form thick and/or thin films for practical applications [14–17]. 
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Among the MOXs investigated as heterogeneous photocatalysts, zinc oxide (ZnO) 

has exhibited favorable optical, electronic and surface properties, appearing as a 

promising candidate in the photocatalysis area due to its green and sustainable 

technology [14,18–23]. Because of its unique characteristics, such as direct and wide 

band gap in the near-UV spectral region (Eg= 3.2 eV, at 300 K), strong oxidation ability 

and a large free-exciton binding energy, ZnO has been considered a compelling choice 

for environmental waste management systems [19,24–27]. 

Over the past decade, several synthesis methodologies have been used to explore 

and optimize the ZnO compound, allowing the obtainment of a variety of properties 

with precise control over the morphological features [16,22,23,28–30]. Among such 

routes, the conventional hydrothermal treatment has several advantages related to its 

technical convenience in obtaining well-structured ZnO crystals grown directly onto a 

substrate by means of relatively low-temperature treatment [30–35]. The morphological 

and surface properties of these nanostructures can be controlled by the optimization of 

some synthesis parameters, such as precursor concentration, source (distinct counter-

ions), solvent, temperature and reaction time, among others [29,30,33,35–39]. 

It is known that crystal morphology influences considerably the final material 

properties. In various research fields, the performance of the devices is completely 

described by the morphology, type and relative area of the exposed surfaces [40,41]. In 

catalysis, for example, different crystal facets often have distinct catalytic activity, 

making it possible to improve their performance by exposing the catalyst facet of higher 

activity. The morphology of ZnO has been widely studied and critically analyzed with 

respect to its application in photocatalytic and antibacterial phenomenon [42–47]. 

Physical-chemical properties, such as crystalline structure, orientational texture, 

electronic properties, presence of dopants/impurities, crystal morphology and surface 
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features, play a significant role in the (photo)catalyst performance [22-24,29,48,49]. 

Boppella and co-workers [48] reported that a greater fraction of the exposed polar 

surfaces of ZnO prepared by the hydrothermal method leads to an enhancement of the 

photocatalytic performance. Additionally, it was demonstrated that the photocatalytic 

properties of materials are very dependent on their surface architectures [49]. In 

particular, ZnO with a large ratio of (0001) planes exhibits enhanced photocatalytic 

performance, such as the degradation of organic pollutants [47,50–54]. However, such 

studies are limited to powdered MOXs. Thus, there is still much room for the 

development of catalyst-coated thin films with controlled exposed facets. With regards 

to ZnO compound, the wide range of different morphologies has made it a distinctive 

candidate to be further studied. In this way, the understanding of the relationship 

between ZnO surface structure and performance may offer new opportunities for the 

construction of ZnO-based nanomaterials with high photocatalytic activity.

The detailed understanding of the properties of the materials often requires a 

deeper level of structural and electronic detail than the ones provided by current 

techniques. For this purpose, the use of theoretical simulations has been frequently used 

for a deep investigation of the bulk and the surface characteristics of the materials, 

which includes the ZnO [55,56]. In past years, our group has been used the Wulff 

theory along with quantum models as a simple and powerful tool to evaluate the 

different types of growth and changes in the surface energy of the material [57–60]. 

Briefly, the Wulff theory presents a simple method to estimate the morphology from the 

surface energy of crystalline systems [61]. The relationship between theory and 

experiment based on this methodology  allows a good understanding of the routes of 

morphological changes observed in experiments as well the correlation with the 

properties modifications [59]. 
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Based on these arguments, we report herein the investigation on the role of 

counter-ions (zinc nitrate, acetate, and sulfate) in the structural, surface and 

photocatalytic properties and crystal shape of ZnO thick films grown via hydrothermal 

treatment. The microstructural and surface properties were investigated by X-ray 

diffraction (XRD), field emission scanning electron microscopy (FE-SEM), 

photoluminescence (PL) spectroscopy and X-ray photoelectron spectroscopy (XPS) 

techniques. The photocatalytic performance was monitored using methylene blue (MB) 

and rhodamine B (RhB) dyes under UV light activation. The use of MB and RhB dyes 

was motivated because they are two of the most common chemicals used in industrial 

production methods and often causes environmental pollution as well as their easy 

spectrophotometric monitoring [62]. To complement and rationalize the experimental 

results, theoretical calculations based on Wulff theory were made to directly probe at 

the atomic level the location of photocatalytic activity at the different exposed surfaces 

of the as-observed morphologies.

2. EXPERIMENTAL SECTION

2.1. Preparation of ZnO nanostructures.

The growth of ZnO nanostructures was achieved by hydrothermal treatment of different 

precursors. Three different zinc precursors were studied: zinc nitrate (Zn(NO3)2 6H2O), 

zinc acetate (Zn(CH3COO)2 2H2O), and zinc sulfate (ZnSO4 7H2O). All precursors were 

obtained from Sigma-Aldrich (USA) and used without any further purification. The 

growth of hierarchical ZnO nanostructures were performed onto a crystalline ZnO thin 

film. A nanocrystalline ZnO thin film, which acted as a seed layer, were prepare via the 

polymeric precursor method and deposited onto a pre-cleaned borosilicate glass 

substrate via spin-coating technique, as previously described in reference 31. First, 
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0.055 M of zinc salt (nitrate, acetate, or sulfate) and hexamethylenetetramine (C6H12N4, 

HMTA, Aldrich, > 99%) in a molar concentration of 0.1 M were dissolved in deionized 

water at room temperature under continuous stirring. This reaction solution was then 

dropped into an autoclave (screw-capped bottle), and the seed layer was carefully 

immersed in this solution, assuring that the ZnO seed layer is facing down. 

Nanostructured ZnO thick films were hydrothermally grown by holding the 

autoclave in a conventional electric oven for 4 h at 110 oC with a heating rate of 

10 oC min-1. At the end of the hydrothermal treatment, the sample was then removed 

from the solution and washed several times with deionized water and isopropyl alcohol. 

Finally, the sample was dried on an electric oven for 12 h at 80 oC. The samples were 

labeled according to the precursor employed: Zn_Nit (nitrate), Zn_Ace (acetate), and 

Zn_Sul (sulfate).

2.2. Materials characterization 

X-ray diffraction patterns were determined using a Rigaku diffractometer (model 

ULTIMA IV, Japan, CuKα radiation) operating in Bragg configuration. The data were 

collected in the range of 2 = 20 to 80 o with a step of 0.02o at a scanning speed of 2o 

min-1. The microstructural properties of the ZnO nanostructures were analyzed using a 

field emission scanning electron microscope (FE-SEM, Zeiss Supra35) operating in 

different magnifications. The average size of the ZnO structures was estimated by 

measuring at least 300 particles from the FE-SEM micrographs. X-ray photoelectron 

spectroscopy (XPS) spectra were collected on a Thermo Scientific K-Alpha 

spectrometer (USA) using a monochromatic AlKα X-ray source. The spectra had their 

peak fitted using the Casa XPS software, and all binding energies were given with 

reference to the C 1s signal (284.9 eV) arising from the surface hydrocarbons. Room-
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temperature photoluminescence spectra were collected using a Thermal Jarrel-Ash 

Monospec 27 monochromator and a Hamamatsu R446 photomultiplier linked with a 

data acquisition system consisting of a SR-530 lock-in controlled by microcomputer. 

All the samples were excited by 350 nm wavelength light from a krypton ion laser 

(Coherent Innova) and the nominal output power of the laser was kept at 200 mW. 

2.3. Photocatalytic experiments

The catalytic performance of the photocatalysts was probed by the oxidation of 

methylene blue (MB), and rhodamine B (RhB) dyes under UV light. Rectangular 

samples (area of approximately 60 mm2) were immersed in 10 mL of an aqueous MB 

dye solution, 10 mg L-1, and RhB dye solution, 5mg L-1. The solution containing the 

photocatalysts was placed into a photo reactor at controlled temperature (20°C) and 

illuminated by six UV lamps (TUV Philips, 15 W, and maximum intensity at 254 nm) 

with an optical irradiance of approximately 35 mW cm-2. 

The color removal of the dye solutions was monitored by measuring their UV–Vis 

spectra (Shimadzu-UV-1601 PC spectrophotometer, Japan, with λmax= 663, and 554 nm, 

for MB, and RhB dyes, respectively) at different times of light exposure. To test the 

direct UV-photolysis of the dye, blank experiments were performed using an MB, and 

RhB dye solution without any catalyst. Before the experiments, the suspensions were 

left in darkness for 1 h to establish the adsorption-desorption equilibrium of the dyes on 

the catalyst surface. The results revealed that the color removal through the adsorption 

process could be neglected.

2.4. Computational method and model system. 

An equilibrium morphology model was estimated from the calculated surface energies 

reported by Na and Park [63]. In their study, the surfaces were modeled by combining 
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the PBE+U with projector augmented wave implemented in VASP package [64]. The 

morphology and possible modification routes according to the surface energy 

modulation were determined based on Wulff theory, which minimizes the total surface 

energy at a fixed volume. The Wulff theorem provides a simple relationship between 

the surface energy (Esurf) of a plane and its respective distance from the center of the 

particle [61]. The strategy of modulating the surface energies to describe the 

morphology changes observed in experimental data has been successful performed by 

our group [60,65,66]. This procedure is considered a powerful tool for understanding 

the superficial stabilizations caused by the modification in some synthesis parameters. 

For the development of the different crystal shapes, we used here the Visualization for 

Electronic and Structural Analysis (VESTA) software [67].

3. Results and Discussion

3.1. Microstructural properties

XRD patterns of the as-obtained ZnO samples (Zn_Nit, Zn_Ace, and Zn_Sul), Fig. 1, 

show that all reflections can be indexed to a hexagonal wurtzite structure of ZnO with 

the P63mc space group, according to the Joint Committee on Powder Diffraction 

Standards (JCPDS) File 36-1451. As it can be seen, all studied samples exhibited a 

strong (002) peak, revealing a preferential texturing along polar surfaces, typical of ZnO 

structures obtained via hydrothermal treatment [68,69]. However, in the Zn_Sul sample 

we could observe the presence of peaks related to a hexagonal wurtzite structure and 

further peaks assigned to the 6Zn(OH)2 ZnSO4 4H2O phase (JCPDS File 11-0280). This 

structural modification indicates that the presence of sulfide ions during hydrothermal 

treatment did not create favorable conditions to form the pristine ZnO phase [37,70,71]; 

considering the Zn molar concentration here studied. Wang and co-workers investigated 

the effect of ZnSO4 molar concentration on ZnO crystals grown by electrochemical 
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deposition. They identified a spurious phase related to sulfur oxides in the ZnO samples 

synthesized from 0.6 mM ZnSO4. According to these authors, SO4
2- anions can affect the 

ZnO microstructural properties depending on their molar concentration [37].

We should here note that due to the high intensity of (002) peak, the presence of 

other peaks was not clearly evidenced in Fig.1. Thus, Fig.S1 displays a detailed view of 

the XRD patterns, indicating the existence of additional peaks related to ZnO phase. 

Despite the texture along the c-axis, the polycrystalline feature of the hierarchical ZnO 

structures grown onto substrate via hydrothermal treatment has been commonly 

observed [68,69,72–75]. 

Fig. 1. XRD patterns of ZnO samples prepared via hydrothermal treatment using different zinc 

precursors. 

Fig. 2(a-i) display the FE-SEM micrographs of the hierarchical ZnO structures 

synthesized using different zinc salts. As it can be seen in Fig. 2(a-f), a ZnO rod-like 
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morphology was obtained when nitrate and acetate precursors were used during 

hydrothermal treatment. The growth of such anisotropic structures – preferentially along 

the [001] direction – is in accordance with XRD analyses and previous studies 

employing a similar methodology [17,68,73–75].

The average rod diameter was estimated from the analysis of FE-SEM images, 

and the values obtained were ca (188 ± 20) nm for Zn_Ace and (92 ± 13) nm for 

Zn_Nit, respectively. In addition, the Zn_Ace sample presented a more homogeneous 

and evenly distributed rod-like morphology, see Figure 2e and f. On the other hand, the 

morphology of Zn_Sul differed from that of Zn_Nit and Zn_Ace, since it was possible 

to obtain micrometric hexagonal plate-like structures, as displayed in Fig.2 (g-i).

Figure 2. FE-SEM images of hierarchical ZnO nanostructures found in the (a-c) Zn_Nit, (d-f) 

Zn_Ace and (g-i) Zn_Sul samples at various magnifications. 

According to the literature, during the hydrothermal treatment the sulfide ions 

appear to have distinct effects to control the ZnO crystal-morphologies [76]. Alenezi 
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and co-workers also reported the effect of counter-ions on the final morphology of ZnO 

nanostructures [77]. They attributed the different morphologies, obtained from the use 

of SO4
2- and NO3

- anions, to the ability of these counter-ions to cap the polar surface of 

the growth of ZnO structures [77]. The SO4
-2 counter-ions could be adsorbed on the 

(0001) surface, consequently suppressing the anisotropic growth of ZnO along the 

[0001] direction, resulting in hexagonal plate-like structures [77]. In a study dedicated 

to the growth of ZnO structures via electrochemical method, Wang and co-workers 

reported that during the deposition process, such SO4
-2 ions act as an effective agent 

controlling the phase evolution of films from rod-like ZnO to plate-like zinc 

hydroxysulfate [37]. This fact can explain the morphological modifications observed in 

our sample by FE-SEM analyses, since XRD pattern show that Zn_Sul sample contains 

two coexistent crystalline phases. 

3.2. Photocatalytic performance and surface properties

The photocatalytic performance of the samples was probed with respect to their 

ability to catalyze the photooxidation of the following organic pollutants: MB and RhB 

dyes. Both kinds of dye were evaluated to demonstrate the versatility of ZnO samples in 

the oxidation of different organic pollutants. The net charge (neutral, cationic and 

anionic) of an organic pollutant and the surface charge of a photocatalyst can influence 

the photooxidation process, since the interactions between the organic molecule and the 

photocatalyst are possibly completely different. While the MB dye forms cationic 

species as it is solubilized in water, the RhB dye is found to be a zwitterionic molecule 

in the 7-9 pH range; therefore, the net charge in the solution is expected to be zero 

[78,79].
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The photooxidation curves of the MB dye catalyzed by as-obtained samples under 

UV irradiation are shown in Fig. 3(a). The photolysis directly exhibited a discoloration 

percentage of the MB dye of about 15% after 120 min under UV exposure. It can be 

seen that the all samples were photoactive, since their kinetic curves decreased faster 

than the direct photolysis curve, see Fig. 3. The rate of MB dye degradation catalyzed 

by ZnO samples followed the order: Zn_Nit > Zn_Ace> Zn_Sul, where the reaction rate 

constants, calculated using the pseudo-first-order model, were 3.1, 2.1 and 1.9 (.x 10 -3 

min.-1), respectively.  A similar behavior was also observed for the photooxidation of the 

RhB dye, as seen in Fig. 3(b), whose reaction rate constants were equal to 2.6, 1.3 and 

1.03 (x 10 -3 min.-1), respectively. Therefore, these findings indicated that ZnO thick 

films are unselective for the oxidation of organic pollutants, i.e., ZnO samples can 

effectively be applied as catalysts for the degradation of organic pollutants with 

different net charge.
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Figure 3. Kinetics of the photooxidation of (a) MB and (b) RhB dyes catalyzed by Zn_Nit, 

Zn_Ace, and Zn_Sul samples.

About the mechanism responsible for organic pollutant oxidation, it can occurs 

by two main mechanism, direct and indirect oxidation [80–84]. In the direct oxidation 

when an electron–hole pair is formed by irradiation, the hole will migrate to the material 

surface, oxidizing the adsorbed compound on the semiconductor surface, while in the 

indirect oxidation, the electron–hole pair acts to form free radicals (•OH, O2
-•) from 

surface groups [79,85]. Therefore, the direct oxidation tends to be a selective process, 

since occurs by adsorption of compounds in semiconductor surface. Therefore, as ZnO 

samples were unselective to degrade different kind of organic pollutant (RhB and MB), 

it is expected that indirect mechanism played the main role. Additionally, it was already 

showed that ZnO was able to generate •OH radical and this specie was responsible for 

organic pollutant oxidation, in according with our results [86].

In order to gain a deep insight into the relationship between surface properties 

and photocatalytic activities, the as-prepared samples were analyzed by XPS technique. 

The XPS survey spectra of the Zn_Nit, Zn_Ace and Zn_Sul samples are illustrated in 

Fig 4(a). The peaks in these spectra were indexed and revealed the presence of Zn, O 
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and C, respectively. In addition, the Zn_Sul sample also presented further impurities, 

attributed to SO4
2- anions from the zinc precursor, as previously discussed. 
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Figure 4 - XPS spectra of ZnO nanostructures obtained using different Zn precursors. (a) 

Survey scan, (b) Zn 2p level, and (c)-(e) O 1s level. 
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In high-resolution Zn 2p3/2 XPS spectra, Fig. 4(b), the peak at ca. 1021.7 eV 

confirmed the presence of Zn2+ cations [87,88]. The high-resolution O 1s spectra 

deconvoluted into Gaussian-Lorentzian components, as illustrated in Fig. 4(c-e). The 

analysis revealed the presence of two oxygen species, labeled as O1s(I) and O1s(II), in the 

Zn_Nit and Zn_Ace samples. Additionally, an additional component (labeled as O1s(III)) 

was found only in Zn_Sul, which corresponds to the SO4
2- anion. While the peak at 

530.1 eV (O 1s(I)) is attributed to the oxygen located in the lattice, the second O 1s(II) 

component is assigned to chemical functional groups, such as carboxyl, acetal and 

hydroxyl [89,90]. 

The hydroxyl groups found on the surface of the samples might have trapped in 

the photogenerated holes to form hydroxyl radicals, possibly suppressing electron-hole 

recombination and contributing to an improvement of the photocatalytic activity [91]. The 

analysis of the XPS spectra indicated that the percentage of the O 1s(II) components is the 

highest in all samples investigated, with a percentage value between 66.1 and 84.5 %, as 

presented in Table 1. The O 1s(II) component is assigned to surface hydroxyl groups 

(metal-OH bond), commonly associated with the photocatalytic activity enhancement 

[92]. However, the percentage value of the O 1s(II) component here obtained is not enough to 

link the higher photocatalytic efficiency observed in the Zn_Nit sample to the hydroxyl 

groups, since this was the sample that presented the lowest percentage of the O 1s(II) 

component. According to the literature, the component located at approximately 531.5 eV 

has also been related to C=O and C-O bonds in chemical functional groups, such as carboxyl 

and acetal [18,89,93,94]. Therefore, the increase in the percentage value of the O 1s(II) 

component may also suggest a high percentage of carboxylate groups from the zinc 

precursor, Table S1, which poisoned the photocatalyst surface, consequently affecting the 

photocatalytic performance for the discoloration of organic dyes. Regarding the Zn_Sul 
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sample, the lowest photocatalytic activity can be possibly related to the presence of a 

spurious phase.  

Table 1- Quantification of O 1s(I), O 1s(II) and O 1s(III) components used for curve fitting high-resolution O 

1s XPS signals and their binding energies (BEs).

O 1s components

Sample

O 1s(I)

BE  / Area *

O 1s(II)

BE  / Area *

O 1s(III)

BE  / Area *

Zn_Nit 530.0 eV / 33.9 % 531.5 eV / 66.1 % -

Zn_Ace 529.2 eV / 24.8 % 531.5 eV / 75.2 % -

Zn_Sul 529.2 eV / 1.2 % 531.3 eV / 84.5 % 532.3 eV / 14.3 %

*Relative area

3.2. Photoluminescence (PL) spectroscopy 

The PL spectroscopy was considered an effective method to study the optical 

properties and structural defects [ref], which can be applied to understand the 

photocatalytic performance of studied samples. Fig. 5 shows the room-temperature PL 

spectra of the Zn_Nit, Zn_Ace, and Zn_Sul samples. The spectra exhibited similar 

profile, typical of ZnO compound, with a narrow ultraviolet (UV) emission peak at 

approximately 390 nm, and a broadband visible emission ranging from 450 to 800 nm. 

[95–99] According to literature, the UV emission corresponds to a near band edge 

(NBE) transition, which is related to excitonic recombination caused by shallow donors 

inside the ZnO band-gap. [96,100–102] The visible emission has been attributed to the 

presence intrinsic and extrinsic defects, and also adsorbed molecules on the ZnO 

surface. [98,101,103–106] Some researchers have related the visible emission of ZnO 
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compound to oxygen-related defects, such as oxygen vacancies. [98,101,103–106] Also, 

the PL emission in this region has been used as a direct measure of the surface defect of 

ZnO crystals.[101,102] 

As shown in the inset of Fig.5, the intensity of UV emission is quite similar in all 

samples, suggesting that the recombination of photogenerated carriers was not affected 

by the choice of the Zn source. Unlikely, the intensity of visible emission showed a 

strong dependence on the Zn source, the observed order was ZnNit > Zn_Ace > Zn_Sul. 

Usually, ZnO compound prepared via chemical routes exhibits a strongly emission in 

the visible region, related to the surface oxygen defects and also hydroxyl (OH) groups 

adsorbed on crystal surface.[17,77,100,107] These findings indicated that intense visible 

emission of Zn_Nit sample can be attributed to the related to a high concentration of 

surface defects, mainly oxygen vacancies, and the presence of OH groups previously 

identified by XPS analysis. Thus, the presence of such defects and the adsorbed species 

are responsible to the best photocatalytic performance of Zn_Nit sample, since they act 

as active sites for redox reactions. [17,77,92,108]
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Figure 5 - Room temperature photoluminescence spectra of the Zn_Nit, Zn_Ace, and 

Zn_Sul samples. The inset shows the near band-edge region of the PL spectra.

3.3. Theoretical approaches

Over the past years, some studies have demonstrated the relationship between 

crystal facets and catalytic activity and how the photocatalytic activity is enhanced by 

exposing their most active facets [29,46,48,109]. In one of these studies, Boppella and 

co-workers [48] reported that such enhancement is a result of a greater fraction of 

exposed polar surfaces of ZnO obtained by hydrothermal treatment [50]. In a similar 

study, Chen and co-workers observed that exposed facets are more important to 

guarantee the stability of the ZnO photocatalyst than the crystal size [110]. Based on 

these investigations, we imposed a surface energy modulation in order to get insights 

into the growth of ZnO crystals and the relationship between crystal surfaces and 

photocatalytic activity. This strategy was used to create routes containing the path of 

morphological changes between the observed particles according to the Wulff 

construction, as it can be seen in our previous studies [58–60,111]. In this sense, we 

based our work on the surface energies obtained by Na and Park [63], who modeled the 

100, 110 and 001 surfaces, similar to what we did with some of the same exposed 

surfaces of our particles. Therefore, the ideal morphology using the Wulff construction 

method in vacuum condition was generated according to the estimated surface energies, 

as illustrated in Fig. 6(a).
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Figure 6- (a)-(c) Different morphologies of ZnO crystals based on the Wullf construction 

obtained by varying the values of surface energies of the exposed surfaces.

Even though the 100 and 110 surfaces are theoretically estimated to have similar 

characteristics (energy, polarity and structure) [63,112,113], it is usually described that 

the 100 surface is the exposed surface in the rod morphologies [18,114–116]. 

Furthermore, the 101 surface can also be seen in some experimental particles with 

exposure rates highly dependent on the synthesis method, demonstrating that the 

stability of such surface is easily modified [18,74,117]. In the case of the 001 surface, 

there is a discrepancy between theoretical studies on its energy, showing that such 

surface represents a more complicated structure to be evaluated. However, it is common 

sense that it should be treated as a polar surface [63,112,113]. 
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It is worth mentioning that the particles in our study did not show such variety of 

surfaces, as observed in Fig. 6. The synthesis methods used resulted only in 

morphologies with a combination of 100 and 001 surfaces, as previously presented in 

Fig. 2. A similar shape of the experimental morphology could be obtained by imposing 

a stabilization of these two surfaces, as it can be seen in Fig. 6(b). Nevertheless, this rod 

did not remain constant with the modification of the counter-ions present in the 

environment. The response of different 100/001 energy rates in the morphology rates is 

shown in Fig. 6(c). According to the estimative of the surface energy in the figure, the 

SO4
2- anion caused a great stabilization of the 001 surface, making it about 1000 times 

more stable than the 100 surface. This passivation did not allow the particle growth in 

the [001] direction, resulting in agglomerated plates. 

It is evident the importance of counter-ions on the crystal growth mechanism of 

ZnO crystals via hydrothermal treatment, since they affect the formation process of 

[ZnO4] clusters in the ZnO network [31]. The characteristics of the environment, sulfide 

ions in this case, can drastically alter the surface properties, and consequently the 

morphologies in the equilibrium condition [118].

Regarding the relationship between crystal shape and photoactivity, the hexagonal 

plate-like structures of the Zn_Sul sample should favor the photocatalytic activity due to 

the active (001) exposed facets. According to Chen and co-workers, Zn(II) ions on the 

(001) facets have more ability to chemisorb oxygen species. As a result, crystals 

exhibiting a high percentage of (001) facets tend to exhibit a better photocatalytic 

performance. Nevertheless, the spurious phase observed in the Zn_Sul sample impaired 

its photocatalytic activity. In the case of the Zn_Nit and Zn_Ace samples, which 

exhibited similar morphologies, the better performance of Zn_Nit could be linked to the 

lower presence of impurities on the sample surface as well as the smaller diameter of 
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the nanorods, which is twice smaller than that of Zn_Ace. According to XPS analyses, 

Zn_Ace presented a high amount of carbon element compared to the Zn_Nit, as 

observed in Table S1. In addition, PL measurements revealed a higher concentration of 

inherent surface defects in Zn_Nit compared to other samples. According to Güder and 

co-workers, such defects are contained mainly in polar surfaces of ZnO crystals. [101] 

Therefore, the abundance of carboxylate groups and organic residuals poisoned the 

surface of the Zn_Ace sample and the low amount of surface defects, impairing the 

reactivity of the most stable ZnO surface. 

Earlier reports proposed that residual organics from precursors and/or surfactant 

incorporated on the surface of the materials could poison the surface-active sites, 

thereby decreasing the catalyst performance [23,119,120]. Giraldi and co-workers, who 

prepared ZnO nanoparticles via chemical method and thermally treated them at various 

temperatures, demonstrated that the presence of carboxylate groups provided by the 

organic precursor (i.e. Zn acetate) became more relevant to the photoactivity than the 

specific surface area of the samples [23].

Conclusions

In summary, ZnO crystals were grown directly onto substrates using different Zn 

precursors (nitrate, acetate and, sulfate) via conventional hydrothermal treatment at 

relatively low temperature. XRD, FE-SEM, XPS, and PL measurements revealed the 

significant role of counter-ions in the microstructural and surface features, allowing the 

control over ZnO properties. Furthermore, the investigation on the photooxidation 

process showed that the ZnO crystals degraded both organic dyes, being the highest 

photoactivity observed for the sample synthesized from Zn nitrate. Computational 

simulations demonstrated that the (001) facets are more benefited by photocatalysis 
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process, however, the presence of counter-ions anchored on the ZnO facets and also a 

low amount of surface defects affected the surface charges and consequently the 

photocatalytic performance. These findings confirm the important role played by 

electronic and structural characteristics of ZnO nanostructures in the photoactivity of 

such crystals and demonstrate that the presence of counter-ions on the photocatalyst 

surface are also key factors for understanding the photocatalytic properties of the ZnO 

compound.
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