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ABSTRACT:  

A simple facile method, i.e., thermal decarbonation of ZnCO3 hydroxides, was used to prepare a 

series of pure ZnO photocatalysts with controlled crystallite sizes, particle sizes and morphologies. 

The ZnCO3 precursor was synthesized by direct-wet carbonation in the presence of growth-control 

additives, i.e., organic solvents, surfactants and low molecular weight polymers. The thermal 

decarbonation allows for producing ZnO photocatalysts with sizes and shapes vary from 80±20 

nm nonporous rhombohedral nanoparticles to 5±0.5 µm porous particles, for a constant crystallite 

size of 64±3 nm. The porous ZnO particles (5±0.5 µm) exhibits two times larger photocatalytic 

activity for methanol oxidation than the nonporous ZnO nanoparticles (~180±30 nm). The reasons 

for the higher photocatalytic activity are further investigated in this work. A possible mechanism 

for the formation of ZnCO3 hydroxides and their transformation into porous microsized ZnO 

particles and nonporous nanoparticles are carefully discussed. 
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1. INTRODUCTION 

Considerable efforts have been devoted to design and prepare highly structured photocatalysts with 

various sizes and shapes with potential applications ranging from environmental remediation to 

energy conversion [1-5]. The variations of the photonic efficiency of photocatalyst particles are 

attributed to shape, size and surface area effects: the smaller the crystallites and/or particle sizes  

are, the higher is the photocatalytic activity [6, 7]. ZnO is a material with a wide direct bandgap 

(3.37 eV) and a high exciton binding energy (60 meV) [8]. The morphologies of ZnO 

nanoparticles, the richest among metal oxides, can be easily controlled into desirable structures, 

including special structures like nanotubes [9], nanoflowers [10], nanobridges [11], nanonails [11], 

and nanotrees [12].  

Zinc oxide powder is produced industrially by pyrometallurgical or hydrometallurgical methods. 

The metallurgical processes for manufacturing ZnO by oxidation were started in Germany in the 

1700s. In 19th century, three large-scale processes, called the direct method (the American 

process), the indirect method (the French process), and the hydrometallurgical method were 

developed to produce ZnO pigment [13]. The direct (American) process involves vaporization and 

reduction of zinc ore by heating in presence of coal and then oxidation of the zinc vapor, resulting 

in needle-like ZnO particles and sometimes spheroidal [13]. In the indirect (French) process, 

metallic zinc is vaporized at ca. 910 °C and then the zinc vapor oxidized in air, resulting in ZnO 

particle agglomerates of sizes ranging from 100 nm to a few micrometres [14]. The indirect 

(French) process is the largest proportion for ZnO production, followed by the direct (American) 

process, and the hydrometallurgical process, which uses zinc-rich wastes [15]. More recently, 

several chemical methods have been developed for the production of ZnO sub-micron to 

nanoparticles, including sol-gel, hydrothermal, microemulsions, and direct precipitation, making 

it possible to obtain products with particles differing in shape, size, purity and desired structures 

[13]. The architecture of ZnO nanostructures with controllable dimensions, have been obtained by 

adjusting the Zn2+ concentration, reaction temperature, solvent, capping agents, and quenching 

treatments during the reaction [16]. Unfortunately, these methods work in the laboratory and 

cannot always be upscaled to the industrial scale. Recently, microwave-assisted synthesis was used 
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to control the growth habit of ZnO nanostructures [17]. This method is attractive as it allows for 

short reaction time, enhanced reaction selectivity, energy savings, and homogeneous volumetric 

heating. The microwaves can transfer the energy directly to the reacting species, sometimes termed 

“molecular heating”, strongly influencing the nucleation and growth, and thus the shape and size 

of the ZnO particles [13], [17]. 

Nanostructured ZnO, aside from TiO2, is considered to be a promising material for photocatalysis 

[18], disinfection and purification of air and water [19], and solar energy conversion [20], due to 

its lower cost, high photoactivity, and environment-friendly feature. The drawback of ZnO as 

photocatalytic material is that ZnO only absorbs in the UV range, while only about 5% of the solar 

energy is emitted in the UV range [19]. Furthermore, the aggregation of ZnO nanoparticles during 

aging and the difficulty in reclaiming the ZnO nanoparticles limits the practical applications [21]. 

Recently, efforts have been made to enhance the photocatalytic activity and selectivity of ZnO by 

tailoring the particle shape [3]. For example, the photocatalytic activity of different ZnO 

nanostructures towards resorcinol degradation follows the order: sphere-like > rod-like > flake-

like shape [16]. Recent investigations showed that porous ZnO nanostructures show superior 

photocatalytic activity and selectivity comparing to nonporous ZnO nanoparticles. For example, 

porous ZnO nanopyramids have shown a high adsorption and degradation rate for the acidic dyes 

compared to the nonporous ZnO nanopyramids [22]. Porous nanostructures do not only maintain 

a high surface-to-volume ratio resulting in a strong photocatalytic activity, but also prevent 

extensive aggregation and facilitate the recovery of the particles compared to nano photocatalysts, 

especially below 50 nm. The porous  nanostructures create very nice channels that can provide: (i) 

superior light absorption and photocatalytic activity through light scattering effects, (ii) higher 

durability, dipersability and lower toxicity than the NPs, and (iii) minimum tortuosity leading to 

enhanced mass transport and improved light harvesting efficiency [21],[23]. 

Understanding the growth and self-assembling of nanoparticles into nanostructures are crucial for 

a good control of the size, shape and photocatalytic activity of the photocatalysts. In the liquid-

phase, the growth-control additives control the nuclei-solution interfacial energy [24]. Therefore 

they play a critical role in the orientation of the primary nanocrystals, formed in the early stages 

of the reaction, into assembled nanostructures [25],[26]: (i) Selective-adsorption effect: Growth-

control additives could adsorb on the growing crystals, change the energy of the crystal facets, 

affect atom deposition rates into various crystal facets, and control crystal growth rates [27],[28]; 
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(ii) Complexation effect: Growth-control additives may stabilize clusters in suspension and 

impede the nucleation, and this leads to fewer nuclei and formation of larger particles (e.g., induce 

Ostwald ripening)[29],[30]; and (iii) Surface-stabilization effect: Growth-control additives may 

stabilize the nanocrystal by shielding the surfaces. This shielding inhibits the dissolution of 

nanocrystals back into solution and results in small sized particles with narrow size distribution 

(e.g., reduce Ostwald ripening) [31]. Interestingly, recent investigations found that the selective 

adsorption of growth-control additives during synthesis of ZnO can alter the surface activity of 

ZnO crystals and offer intrinsic photocatalytic properties. For example, porous ZnO particles 

prepared by organic-combustion method using oxalic acid shows a higher activity toward 

degradation of orange G dye compared to ZnO prepared with other reagents, such as urea, citric 

acid, glycine, dextrose, and oxalyldihydrazide [32].  

Controlling shapes and sizes of photocatalytic materials, provides a high versatility for enhancing 

the photocatalytic activity and selectivity compared to what can be achieved otherwise. The shape 

and size control of photocatalytic materials is a complex process, requiring a fundamental 

comprehension of the interactions of reagents. The effect of different types of the capping agents 

on the shape and size of ZnO materials prepared via thermal decarbonation of ZnCO3 has not been 

extensively investigated yet. In this study, we controlled the shape and size of ZnO particles by 

using a relatively new, simple growth-controlled synthesis “thermal decarbonation”. The synthesis 

of ZnO nanostructure through thermal decarbonation of ZnCO3 which is solid state synthesis 

approach. Unlike liquid-phase synthesis, thermal decarbonation is very effective approach to 

produce uniform and highly dispersed ZnO NPs, without further mechanical and physical 

treatments, i.e., grinding and sonication. ZnCO3 hydroxides particles were prepared by direct 

precipitation from ZnCl2 with (NH4)2CO3 in solution, in the presence of different growth-control 

additives, i.e., ethanol, glycerol, triton X-100, polyvinylpyrrolidone (PVP) and poly(acrylic acid 

sodium salt) (PAC). These additives were chosen because of their high bonding abilities and 

dispersive interactions. Porous microsized ZnO particles and nonporous nanoparticle 

(photocatalysts) were prepared through thermal decarbonation of the prepared ZnCO3 particles. 

The study further looks for fundamental understanding of the relationship between the growth-

control molecules, particle shape and size, and photocatalytic activity of ZnO photocatalysts. 
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2. EXPERIMENTAL SECTION  

2.1. Materials 

Chemicals were purchased with given analytical grades and used without further purification. Zinc 

chloride (ZnCl2, +98%, Sigma), ammonium carbonate ((NH4)2CO3), ≥30.0% NH3 basis, Sigma-

Aldrich), ethanol (C2H5OH, 96%, Sigma), glycerol (C3H8O3, ≥99%, Sigma), polyvinylpyrrolidone 

(PVP, MW ~10,000, Sigma), poly(acrylic acid sodium salt) (PAC, Mw~5100 g.mol-1, Sigma), 

Triton X-100 (Trit, Mw~10,000 g.mol-1, Sigma), and deionized water (18.2 MΩ.cm-1) were used 

to prepare the targeted ZnO photocatalysts. The chemical structures of all investigated growth-

control additives are shown in Figure 1. 

 

Figure 1. Chemical structures of the utilized growth-control additives: (a) ethanol; (b) glycerol; (c) PAC; (d) 

PVP; and (e) Triton X-100 (n = 9-10) 

 

2.2. Preparation of ZnCO3 hydroxides and ZnO particles 

Porous microsized ZnO particles and nonporous nanoparticles with varying shapes and sizes were 

synthesized via thermal decarbonation of ZnCO3 hydroxides particles. The latter particles were 

prepared by titration of 1.5 M (NH4)2CO3 solution against 400 mL of 0.33 M ZnCl2 solution, 

containing growth-control additives (see Table 1), at room temperature and under vigorous stirring 

for 30 min. The pH of the pure ZnCl2 solutions was approximately 5. Once the pH of the solutions 

increased from 5 to 9, the carbonation reaction of Zn2+ ions was almost complete, the titration was 

stopped and then the mixture was further stirred for 20 min. The ZnCO3 hydroxides particles were 

filtered and washed with deionized water and then allowed to dry at 100 °C for 24 h and grinded 

in a mortar. The ZnCO3 hydroxides particles produced were annealed at 600 °C for 24 h using 

heating and cooling rates of 1 K min-1, resulting in powder ZnO particles without any further 

mechanical treatment. The preparation conditions are listed in Table 1. 
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Table 1. The experimental preparation conditions of all ZnCO3 hydroxides particles 

Samples 
ZnCl2 solution  

(NH4)2CO3 
solution  

ZnCl2(s) H2O(l) Growth-control additives 

ZC-Eth 18 g 350 mL 50 mL ethanol  1.5 M 

ZC-Gly 18 g 350 mL 50 mL glycerol 1.5 M 

ZC-PVP 18 g 400 mL 1 g polyvinylpyrrolidone 1.5 M 

ZC-PAC 18 g 400 mL 1 g poly(acrylic acid sodium salt) 1.5 M 

ZC-Trit 18 g 400 mL 1 g Triton X-100 1.5 M 

 

 

2.3. Characterization of ZnCO3 hydroxides and ZnO particles 

Phase identification of all samples was performed using an X-ray diffractometer 

(PANalyticalXpert- PRO diffractometer equipped with an accelerator detector using Ni-filtered 

Cu-radiation) with Cu Kα radiation (λ = 0.15406 nm) at 40 kV and 20 mA. The scanning step size 

was 0.0167113°. The crystallite size of ZnO particles was determined from the X-ray diffraction 

data using the Debye-Scherrer formula [33]: 

𝑑 =
𝐾𝜆

𝛽 cos Ө
 

where d is the crystallite size, K is a dimensionless shape factor, with a value close to unity. The 

shape factor has a typical value of about 0.9, but varies with the actual shape of the crystallite, β 

is the full width at half maximum (FWHM) of the most intense diffraction peak, λ is the wavelength 

of Cu target, and θ is the Bragg angle. Thermogravimetric analysis (TA Instruments, TGA Q5000, 

USA) was used to determine the thermal transitions of the synthesized ZnCO3 particles. The 

samples were heated at 10 K min–1 from 60 to 1000°C in an air atmosphere. ZnO content in the 

prepared ZnCO3 particles was calculated from the weight change curve of the TGA curve at 600 

°C, after complete decomposition of the ZnCO3 particles and liberation of CO2 and H2O molecules. 

The nanostructure investigation of the ZnCO3 particles was carried out by scanning electron 

microscopy (SEM, Hitachi S4800, Japan). Particle size distribution analysis is based on more than 

50 particles. The ZnO particles were characterized by using field emission scanning electron 

microscope (FESEM, JEOL JSM-6700F, Japan). The specific surface area was calculated from 

the adsorption isotherm of nitrogen (BET; model Nova 1200, Yuasa Ionics, Osaka, Japan).  
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2.4. Bandgap determination test of the ZnO particles   

UV-Vis reflectance data were recorded to determine the bandgap of the prepared ZnO 

photocatalysts. The UV-Vis reflectance data measured in this work were converted to the 

absorption coefficient F(R) values according to the Kubelka-Munk equation [34]: 

𝐹(𝑅) =  
(1 − 𝑅)2

2𝑅
 

where R is the proportion of reflected light. Plots of this parameter were used to determine the 

bandgap energy by extrapolating the linear portion of the absorption transition using a least-

squares regression to zero, giving the corresponding photon energy. The bandgap of the 

photocatalyst was identified by diffuse reflectance spectroscopy (DRS) at the wavelength range of 

200–800 nm using a Varian Cary 100 Scan UV-Vis system equipped with a Lab sphere integrating 

sphere diffuse reflectance accessory using BaSO4 as a reference material. The prepared powder 

was uniformly pressed in the sample holder that was placed in the integrating sphere for the 

reflectance measurements.  

 

2.5. Photocatalytic activity tests of the ZnO particles   

The photocatalytic oxidation of methanol was carried out in a continuously stirred open top boron 

silica glass reactor (Ø = 4.15 cm). The reactor was filled with 30 mL aqueous solution of methanol 

at a concentration of 30 mM and a ZnO catalyst concentration of 1 g∙L-1 and then closed to avoid 

potential evaporation of methanol. Before the UV irradiation was started, the prepared suspensions 

were stored in the dark for at least 3 h to reach adsorption equilibrium. Next, UV irradiation was 

performed by a UV-lamp (Philips 40W CLEO Performance, Germany) using light intensities of 

~9.3 W∙m-2, which were measured for each sample separately using a 365 nm UV-A light meter 

(Lutron Electronic Enterprise UVA-365, Taiwan). Samples were taken at regular intervals (0, 10, 

20 and 30 min) from the reactor with the catalyst being removed from the liquid phase by 

centrifuging (Eppendorf Centrifuge 5415 R, USA). The photooxidation rate was determined by 

measuring the formaldehyde (HCHO) concentration generated as a result of methanol oxidation 

during the illumination according to the Nash method. Therefore an aqueous mixture of 

ammonium acetate, acetyl acetone and acetic acid was prepared according to the original 

procedure [35]. Because Nash’s Reagent is light sensitive and was kept in dark-glass reagent bottle 

at all time. The produced formaldehyde molecules react with the Nash Reagent to form yellow 
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colored 3,5-diacetyl-1,4-dihydrolutidine, with a maximum absorbance at 412 nm and a known 

absorption coefficient of 586,444 L mol-1 m-1. We found that the reaction can be assumed to follow 

zero-order kinetics until a HCHO concentration of 3.5 x 10-4 mol L-1 was attained. The relative 

error of the measured HCHO concentration was ±4 % as judged from repetition experiments. The 

UV-absorbance measurements were performed using a Varian Cary100 Scan UV-Vis 

spectrophotometer, after an incubation time of 15 min at 60 °C.  The photonic efficiency was 

calculated for each experiment as the ratio of the photocatalytic oxidation rate and the incident 

light intensity, as given in the following equation [36]:  

𝜉 =
𝑟 ×  100

𝐼
 

Where ξ is the photonic efficiency (%), r is the photooxidation rate of methanol (mol∙s-1), and I 

the illumination area multiplied by the incident photon flux (3.84 × 10-8 mol∙s-1). The 

photooxidation rate was determined by plotting the concentration of methanol against illumination 

time. All the values given in the present work are based on three measurements at least.  

 

3. RESULTS AND DISCUSSION 

The growth-controlled, in situ synthesis of ZnCO3 particles was carried out with the growth-

control additives shown in Figure 1. The polymorphs, crystallite sizes, particle shapes and sizes, 

specific-surface areas, onset temperatures of thermal decomposition, bandgaps and photonic 

efficiencies of the prepared ZnCO3 and ZnO particles are summarized in Tables 2 and 3, 

respectively. The selected additives do not only affect the growth and assembly of ZnCO3 

hydroxides particles, but also the thermal transformation of these particles into ZnO 

nanostructures. 

 

Table 2. Characteristics of the as-prepared ZnCO3 structures 

ZnCO3 

Samples 

Crystal 
structure 

Crystallite 
size 
(nm) 

Particle 

Size 
(µm) 

Particle  

Shape 

Onset 

Decom. 
Temp. 

(°C) 

ZnO 
content 

(wt%) 

ZC-H2O 
Hydrozincite: 

Zn5(CO3)2(OH)6 
60 0.5-1.0 nanosheets 230`± 5 68.4±0.4 

ZC-Eth 
Hydrozincite: 

Zn5(CO3)2(OH)6 
60 0.4-0.6 nanosheets 219±5 67.3±0.4 

ZC-Gly 
Hydrozincite: 

Zn5(CO3)2(OH)6 
30 0.5-1.0 

rod-like  

particles  
196±5 66.1±0.2 
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ZC-PAC 
Hydrozincite: 

Zn5(CO3)2(OH)6 
31 0.5-2.0 

Stacks of  

Nanosheets 
222±2 72.2±0.3 

ZC-PVP 
Hydrozincite: 

Zn5(CO3)2(OH)6 
30 0.5-4.0 

pyramidal-shape of 
nanosheets 

236±1 72.1±0.5 

ZC-Trit 
Hydrozincite: 

Zn5(CO3)2(OH)6 
31 4.0-8.0 

pyramidal-shape of 
nanosheets 

238±1 72.4±0.4 

 

 

Table 3. Characteristics of the prepared ZnO photocatalysts 

ZnO 

Photo- 

catalysts 

Crystal 
structure 

Crystallite 

size 

(nm) 

Particle 

Diameter (nm) 

Particle 

Morphology 

Surface 
area 

(m2.g-1) 

Bandgap 

(eV) 

Photonic 
efficiency 

(%) 

Z-Eth 
Hexagonal 

wurtzite 
61 180±30 Rhombohedral 2.5±0.2 ≈ 3.2 3.5 ±0.9 

Z-Gly 
Hexagonal 

wurtzite 
62 325±125 Rhombohedral 2.4±0.2 ≈ 3.2 5.6±1.7 

Z-PAC 
Hexagonal 

wurtzite 
62 220±90 Javelins 2.9±0.1 ≈ 3.2 6.3±1.7 

Z-PVP 
Hexagonal 

wurtzite 
67 80±20 Rhombohedral 6.0±0.2 ≈ 3.2 6.5±1.6 

Z-Trit 
Hexagonal 

wurtzite 
67 5000±500 

Porous 
nanostructure 

7.1±0.2 ≈ 3.2 7.5±1.6 

 

3.1. Crystallographic structure and phase transition  

The XRD patterns of the ZnCO3 particles synthesized in the presence of PAC (Figure 2a) are 

indexed to zinc carbonate hydroxide (Zn5(CO3)2(OH)6), also known as hydrozincite (JCPDS00-

019-1458). For ZC-Eth structures, ZnCO3, Zn(OH)2, and ZnO are also present. In ZC-PVP and 

ZC-Trit structures, these seem to be present in much smaller amounts. Furthermore, the crystallite 

size of the ZC-H2O and ZC-Eth sample is two times larger than for the ZC-PAC, ZC-PVP, ZC-

Gly and ZC-Trit samples (Table 2). These results indicate that polyfunctional molecules (Glycerol, 

PAC, PVP and Triton X-100) are more able to strongly bound and effectively inhibit the growth 

of primary ZnCO3 crystals than ethanol (monofunctional molecule) and water (solvent). 

Interestingly, ZnCO3 hydroxides are naturally occurring as hydrozincite and it is the most common 

precursor of ZnO[37]. The XRD patterns of the prepared ZnO particles (Figure 2b) show peaks at 

2θ = 31.74°, 34.42°, 36.22°, 47.53°, 56.61°, 62.86°, 68.03°, and 69.08° respectively corresponding 

to (100), (002), (101), (102), (110), (103), (112) and (201) of a hexagonal wurtzite structure of 

ZnO (JCPDS 79-2205). Overall, the different growth-control additives result in the same crystal 

structure of the prepared ZnO particles, slightly affecting the crystallite size. 
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Figure 2. XRD patterns of the as-prepared particles: (a) ZnCO3 particles and (b) ZnO particles 

 

3.2. Thermal decomposition process 

Thermal decarbonation is a crucial step for the preparation of ZnO from ZnCO3 hydroxides. 

Theoretically, the thermal decarbonation of Zn5(CO3)2(OH)6 forming ZnO follows the reaction 

Zn5(CO3)2(OH)6 → 5 ZnO + 2 CO2 + 3 H2O with a theoretical mass loss of about 25.9 wt%. The 

TGA curves in Figure 3 show that thermal decarbonation of the prepared ZnCO3 particles occurs 

in two steps: (i) the first step in the range from 60 to 150 °C (2.5 wt%) is attributed to the 

dehydration of surface-adsorbed water and volatile solvents and (ii) the second step from 170 to 

350 °C (24-29 wt%) is due to the loss of chemically bound H2O and CO2, and the decomposition 

of the remaining additives. The variation in the second step (5 wt%) could be due to different 

amounts of additives adsorbed into/on the ZnCO3 particles or different hydration states of the 

ZnCO3. ZC-PVP and ZC-Trit particles show the highest onset temperatures for thermal 

decomposition (Table 2), the highest thermal stability, and upon thermal decomposition these 

samples are forming ZnO particles with the largest crystallite sizes obtained in this work (Table 

3).  

The production of ZnO from ZnCO3 hydroxides is energetically preferred due to the low 

decomposition temperature of ZnCO3 hydroxides, comparing with other ZnO precursors such as 

oxalates, carbonates, acetates, etc [37]. In this point of view, the prepared ZnCO3 hydroxides have 

great potential as flame retardant additives for polymeric materials such as polyvinyl chloride; by 

an integration of H2O and CO2 released during decomposition [38].  
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Figure 3. TGA curves of the prepared ZnCO3 particles: (a) mass versus temperature; and (b) derivative mass 

loss curves 

 

3.3. Morphological analysis 

SEM images of the ZnCO3 samples synthesized using various growth-control molecules are shown 

in Figure 4. ZC-Eth and ZC-Gly are aggregates of rhombohedral NPs while ZC-PVP and ZC-Trit 

are aggregates of sheet-like NPs. Particles of ZC-PAC (Figure 4) are composed of stacks of 

nanosheets, having a more homogeneous size distribution compared to the other samples. Overall, 

particles of ZC-Eth, ZC-PVP and ZC-Trit seem to be the most porous. The shape, size and self-

assembling of the ZnCO3 particles varies owing to the different interferences of the growth-control 

molecules with the crystal growth process. 

Thermal decarbonation of the ZnCO3 particles results in ZnO particles exhibiting different sizes, 

shapes, and porous structure, as seen by SEM analysis (Figure 5). Particles of Z-Eth, Z-Gly, Z-

PAC, and Z-PVP particles are nonporous, with an average particle size ranging from 80 to 325 nm 

and particle shapes varying from rhombohedral to javelins (Table 3). The particle size increases in 

the order of Z-PVP < Z-Eth < Z-PAC < Z-Gly. The particles of Z-Trit show a porous ZnO 

nanostructure with an average particle size about 5±0.5 µm and pore sizes smaller than 50 nm. At 

higher magnification, the Z-Trit particles show to be composed of nanosheets that have an etched-

out appearance (Figure 5,6), increasing their specific surface area. Nitrogen adsorption and 

desorption isotherm studies (Table 3) show that the prepared porous Z-Trit particles have a larger 

surface area (7 m2.g-1) than nonporous particles (2.5-6 m2.g-1).  
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Figure 4: SEM images of the as-prepared ZnCO3 particles, prepared via direct-wet carbonation at room 

temperature: Z-H2O, Z-Eth, Z-Gly, Z-PAC, Z-PVP, and Z-Trit. 
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Figure 5: FESEM images of the ZnO particles obtained from decarbonation of the as-prepared ZnCO3 

hydroxides at 600°C for 24 h:  Z-H2O, Z-Eth, ZC-Gly, Z-PAC, Z-PVP, and Z-Trit. 
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Figure 6: High magnification FESEM images showing the morphological information of as-prepared ZnO 

particles (Z-PVP and Z-Trit). 

 

3.4. Formation mechanism of ZnCO3 hydroxide nanostructures 

In this section, we survey the up-to-date results on the role of growth control additives on 

carbonate-based materials [39],[40],[41],[42]. On the basis of our observations and earlier work, 

it is proposed that the formation of architectured Zn5(CO3)2.(OH)6 nanostructures involves: 

(i) Hydrolysis and complexation of Zn2+ ions with increasing pH from 5 to 9. ZnCl2 exists in 

aqueous solution as Zn2+, Zn(OH)2, Zn(OH)3
- and Zn(OH)4

2- and their concentration ratios 

change with increasing the pH of the reaction medium. Generally, Zn2+ ions hydroxylate in 

the presence of OH- ions forming a white precipitate (Zn2+ + 2 OH− → Zn(OH)2). If the 

concentration of OH- exceeds a certain limit, Zn(OH)2 will dissolve forming water-soluble 

zincate ion (Zn(OH)2 + 2 OH− → Zn(OH)4
2−). Other complexes such as [Zn(OH)(H2O)x]

+ and 

[Zn2(OH)(H2O)x]
3+ can also be formed. Other reactions can also be taken in consideration, 

Zn(OH)2 might dissolve in the presence of NH4
+ ions forming a colorless, water-soluble, zinc-

Z-PVP 

500 nm 

Z-Trit 

500 nm 
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amine complex [43]. The reaction between these species and CO3
2- can result in various zinc 

compounds such as ZnCO3, ZnCO3 hydroxides or other complexes [37].  

(ii) Aggregation of Zn(OH)2, 
 Zn2+, and/or Zn(OH)x

y- with CO3
2- ions forming metastable 

intermediate “clusters” of about 2 nm in diameter [44]. According to Gosner et al. clustering 

might occur via ions aggregation and as a result forms an amorphous phase [45].  

(iii) Homogenous nucleation through aggregation of suspended amorphous clusters and partial 

dehydration of the aggregated amorphous phase, or heterogeneous nucleation via reaction of 

the CO3
2- ions with the partially soluble Zn(OH)2 precipitate, where Zn(OH)2 particles act as 

seeds for the nucleation of ZnCO3 hydroxides growth units. The amorphous clusters aggregate 

into the spherical morphology minimizing their total surface energy.  

(iv) Particle growth and crystallization by aggregation of suspended amorphous clusters (non-

classical way) followed by partial dehydration of the amorphous phase till a critical 

composition (size) is reached [46].   

(v) Crystallization and phase transformation of amorphous intermediates “aggregated clusters” to 

more ordered structure “crystal nuclei” [47]. In this step, the OH- ions preferentially bind to 

ZnCO3 and facilitate their growth into hexagonal crystal structure, forming primary particles 

of Zn5(CO3)2.(OH)6 [37],[48].  

(vi) Oriented attachment and fusion of primary ZnCO3 particles into nanosheets [49],[50]. Oriented 

attachment provides an energetically favored pathway for producing defect-free crystals by 

the crystallographic fusion of adjacent nanoparticles [45],[51]. The primary formed particles 

are very small and highly energetic therefore these particles rotate continuously until they find 

an aligned crystallographic orientation, and then irreversibly attach on another particle by 

lateral atom-by-atom addition at the interface, resulting in anisotropic crystal growth [52].  

(vii) Oriented attachment of primary nanosheets of ZnCO3 hydroxides into 3D structures. The 

surfaces of primary Zn5(CO3)2.(OH)6 nanosheets formed during the initial growth stage have 

grain boundaries, which contain more defects than other regions. These boundary regions tend 

to reduce their surface energy through surface reconstruction, which would provide active sites 

for secondary heterogeneous nucleation and growth [53]. Thus, the secondary nanoparticles 

and/or nanosheets would grow out continuously from these active sites on the surface of the 

primary nanosheets.  
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(viii) The orientation and growth habit of ZnCO3 hydroxide crystals are not only determined by 

its intrinsic structure, but also affected by the reaction conditions, such as concentration of 

Zn2+ and CO3
2- ions, temperature, pH of the solution and the additives. For example, growth-

control additives bind to the primary particles that were formed at the early stage of reaction. 

As results they affect the secondary nucleation, i.e. growth rate and direction, forming different 

ZnCO3 structures [54]. 

 

Organic solvents and charged polymeric additives can exert multiple influences on 

crystallization in solution, such as delaying the onset of nucleation [45]. Ethanol (pKa = 16) and 

glycerol (pKa = 14) are both small, water-mixable molecules, nonionic in the pH range of interest 

(pH = 5-9) [55]. Ethanol (monofunctional molecule) does not induce the oriented attachment of 

the primary particles into 2D nanosheets. Ethanol molecules significantly inhibit the growth of 

primary particles and nanosheets. The size of the nanosheets formed in presence of ethanol (ZC-

Eth) is proximally half of these prepared in pure water (ZC-H2O). The different steps from cluster 

formation to 2D orientation attachment into hexagonal nanosheets, in pure H2O or ethanol/ H2O 

(1/4 v/v), are shown in Figure 7. Unlike Ethanol, glycerol (multifunctional molecule) may act as 

cross-linker forming chain-like complexes with Zn2+ and CO3
2- ions and direct the building blocks 

into rod-like morphology, (see Figure 8).  

 

Figure 7: Scheme (not to scale) showing the different steps in the formation of Zn5(CO3)2.(OH)6 architectured 

structures from clusters formation to 2D orientation attachment into hexagonal nanosheets, in pure H2O or 

ethanol/ H2O (1/4 v/v).  
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PAC is a water-soluble polymer that does not form micelles in solution and it is an anionic polymer 

(pH=5-9) in aqueous solution. PAC has carboxyl groups (-COO-) and can selectively and strongly 

bind to the active sites of the ZnCO3 hydroxide nanosheets, reducing the number of growth sites 

and inhibits nucleation and growth on the primary nanosheets [53]. In presence of PAC, the 

primary nanosheets would not grow out but they tend to stick together in 3D layer-by-layer 

assembly (Figure 8). PAC molecules (anionic) seem to strongly adsorb on the upper and lower 

surface of the primary nanosheets, results in the formation of nanosheets with a planar surface 

(ZC-PAC). 

 

Figure 8: Scheme (not to scale) showing the different steps in the formation of Zn5(CO3)2.(OH)6 from cluster 

formation to 3D orientation attachment into 1-3D nanostructures.  

 

The oriented attachment of ZnCO3 particles in presence of PVP (polymeric) and Triton X-100 

finally results in cross-linked porous structures of pyramidal-shaped nanosheets. PVP is a cationic 

polymer that does not form micelles in solution but it is partially protonated (so cationic) at a pH 

of 5 and lower and essentially neutral above a pH of 8 (PVP, pKa = 5).[56] Unlike PVP, Triton 

X-100 is non-ionic surfactant which can form micelles in solution. Selvam et al.[16] reported that 

Triton X-100 exists as single (nonionic) molecules at low concentration (2.1 × 10−4 mol·L-1), and 

as rod-like micelles at higher concentrations (1.3 × 10−3 mol·L-1). Recent investigations revealed 

that Triton X-100 could be easily removed by washing the ZnCO3 precipitate with water and 
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ethanol at room temperature.[57] However, PVP (cationic) and Triton X-100 (non-ionic) weakly 

interact with the ZnCO3 hydroxide skeleton. PVP and Triton X-100 seems to be less selectively 

bind to the edges of the primary nanosheets, results in edge-to-edge attachment, and formation 

of 3D structures.  

3.5. Thermal transformation mechanism of ZnCO3 hydroxides into ZnO nanostructures 

The thermal decomposition reaction is a complicated process. Parameters such as the nature of the 

materials, gases in the atmosphere, heating rate, reactants mass, and type of crucible have 

significant effects on crystal structure, crystallite size, particle size and shape of annealed 

materials. In our experiments, a temperature of 600 °C was selected to remove organic compounds 

and obtain pure structured ZnO particles. The mechanism of the thermal decomposition of the 

Zn5(CO3)2(OH)6 into ZnO particles can be explained by thermal shrinking core model in the 

literature[58],[38]. The de-carboxylation and de-hydroxylation of Zn5(CO3)2(OH)6 particles occur 

simultaneously. However, these processes are separated in the other phases, i.e. ZnCO3, ZnO, 

and·H2O [59]. Upon annealing, the H2O and CO2 by-products are eliminated and the micro-sized 

aggregates of ZnCO3 hydroxide particles break-up into smaller ZnO particles, except for ZC-Trit, 

where the particle size and morphology (Figure 4) did not show significant changes upon annealing 

(see Figure 5 and 6).  

The variation in shape, size and size distribution of the produced ZnO particles is attributed to the 

nature and volume of gases escaping during the annealing process. The thermal decomposition of 

growth-control additives and the dehydration and decarbonation of the ZnCO3 hydroxide 

aggregates induce the breaking-down of the particles and the formation of smaller ZnO particles. 

The nonionic surfactant Triton X-100 plays a key role in the thermal formation of the 3D ZnO 

nanostructures. As indicated by the TGA results, ZC-Trit and ZC-PVP particles have the highest 

thermal stability (Figure 3). Only for ZC-H2O and ZC-Trit, the particle size and morphology 

(Figure 4) did not change markedly upon annealing (by comparing ZC-H2O and ZC-Trit in Figure 

4 with Z-H2O and Z-Trit in Figure 5), which is attributed to the efficient removal of Triton X-100 

upon washing with water prior to thermal decarbonation. In a second step, the produced ZnO 

particles get converted to a more uniform intermediate size (Ostwald ripening), as indicated by the 

narrow particle size distribution of Z-PVP. The particles undergo significant transformations are 

also illustrated by the larger crystallite size after dehydration and decarbonation compared to 

before (except for Z-Eth). This hypothesis greed with the XRD, TGA and SEM, however, the 
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detailed mechanism for the formation of porous nanostructures and nonporous nanoparticles is still 

under investigation by our group. A proposed pathway of thermal decomposition that explain 

morphological changes and the formation of porous nanostructures and nonporous nanoparticles 

made of ZnO is shown in Figure 9. 

 

Figure 9. The proposed pathway of thermal decomposition that explains the morphological changes and the 

formation of porous microsized particles and nonporous ZnO nanoparticles 

 

2.5. Photocatalytic oxidation of methanol 

Illumination of aqueous ZnO particle suspensions containing methanol and oxygen leads to the 

oxidation of methanol and formation of formaldehyde (HCHO). The HCHO concentration 

increases monotonously and the reaction rate decelerates slightly with illumination time (Figure 

10a). UV-vis spectroscopy is widely used to investigate the optical bandgap energy. However, it 

is well known that the direct observation of the bandgap variation as a function of the particle size 

and shape and surface defects from UV spectra is relatively rare. For all prepared ZnO 

photocatalysts, the bandgap energy is within the range from 3.23 to 3.25 eV (Figure 10b). The 

light intensity is also very important factor affecting the photocatalytic activity. The light intensity 

directly influences the photocatalytic reaction rate and the utilization ratio of energy.  Therefore 

its rational selection has vital significance for saving energy [60]. The photonic efficiency (ξ) was 

derived for the prepared ZnO photocatalysts and is listed in Table 3. The photonic efficiency of 

the ZnO NPs is in the range of 3-8% and varies in the following order: Z-Eth <Z-Gly < Z-PAC ≈ 

Z-PVP < Z-Trit. The highly porous structure Z-Trit is beneficial for the photocatalytic oxidation 

methanol. The photonic efficiency obtained for the porous Z-Trit particles (7.5%) is higher than 
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for all other prepared nonporous ZnO NPs (3.5-6.5%) and two times higher than the efficiency of 

the nonporous Z-Eth particles (3.5%) [61]. The higher conversion efficiency of the micro-sized Z-

Trit particles (5±0.5 µm) is attributed to the porous nanostructure and higher surface area compared 

to the nonporous ZnO NPs (≤ 450 nm). According to the literature, the porous Z-trit network can 

act as an antenna system (Figure 11), which transfers the initially generated electrons from the 

location of light absorption to a suitable interface [62]. The Z-Trit particles follow this model. 

They are considered to be composed of partially sintered crystallites that are interconnected by 

grain boundaries. On the surface of the grains, adsorbed methanol molecules extract electrons from 

the conduction band and trap the electrons at the surface in the form of ions [63]. The excited ZnO 

crystallites can transfer the absorbed energy through the porous ZnO network to other ground-state 

ZnO crystallites. Under the UV irradiation, electrons are photoexcited to the conduction band (CB) 

from the valence band (VB) and holes are left in the valence band. Electron–hole pairs can quickly 

transfer to the surface of ZnO particles and react with water and oxygen adsorbed on the surface 

of catalysts to generate highly reactive oxygen species such as hydroxyl radical (-OH·) [60]. The 

probability of the hole trapping at the surface forming an adsorbed hydroxyl radical (-OH·) that is 

subsequently transferred to an adsorbed CH3OH molecule is considered to be high. Consequently, 

the probability of electron transfer through the structure until arriving at a suitable trap site 

increases as the CH3OH diffusion through the pores of the nanostructures increasing [64]. Once 

one of the charge carriers has been involved in a redox reaction with the adsorbate, it is trapped 

and the other charge carrier can continue its journey through the particle network until reacting 

itself. Trap sites, for example, can be formed through the adsorption of electron acceptors and/or 

donors on one of the particles belonging to the aggregate. The good electron mobility within the 

network, could result from a decrease of the defect density by a reduction of the grain boundaries, 

resulting in an improved photocatalytic activity of the overall system, through a cooperative effect 

within the network [64]. Furthermore the holes in this porous structure provide ideal channels for 

an efficient diffusion of the methanol molecules to contact the different interplanar surfaces of the 

ZnO nanosheets, and also greatly increases the efficiency of UV irradiation [21]. 
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Figure 10: Determination of photocatalytic activity of the prepared ZnO photocatalysts: (a) effect of illumination 

time on the concentration of HCHO formed by photocatalytic oxidation of CH3OH (30 mM) in O2-saturated 

aqueous suspension of the prepared ZnO particles; and (b) bandgap energy. 

 

For nonporous particles, the decrease in particle size usually leads to the reduction of volume 

recombination, because the migration time of photogenerated charge carriers to the surface is 

proportional to the square of the particle size [65]. The overall number of surface active sites 

increases with decreasing the particle sizes, which results in a higher interfacial charge transfer 

rate [61]. Among the nonporous ZnO NPs, Z-PVP (particle size 80±20 nm) is the most efficient 

photocatalyst for methanol oxidation (Figure 9a). For the nonporous Z-Eth and Z-PAC particles, 

having similar particle sizes, the javelin Z-PAC particles have higher surface area and 

photocatalytic activity than the rhombohedral Z-Eth particles, for which a comparatively low 

reaction rate was obtained.  
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Figure 11: The photocatalytic pathway in porous ZnO nanostructure (Z-Trit) in an aqueous methanol solutions.  

 

4. CONCLUSION 

Enhancing photocatalytic activity based on shape and size control is a complex process, requiring 

a fundamental comprehension of the interactions of reagents and photocatalysts. In this work, we 

successfully synthesized ZnCO3 hydroxide nanostructures of individual nanoparticles, i.e. rod-

like, sheet-like, and flower-like particles. The ZnCO3 hydroxides were prepared through direct-

wet carbonation of an aqueous solution of ZnCl2 with (NH4)2CO3 in presence of growth controlled 

additives (ethanol, glycerol, PAC, PVP and Triton X-100). Porous microsized ZnO particles 

(5±0.5 µm) and nonporous particles (≤450 nm), having a hexagonal wurtzite crystal structure, 

were prepared by annealing the ZnCO3 hydroxides at 600 °C for 24 h. As the crystal structure and 

crystallite sizes were nearly the same (64±3 nm), notwithstanding very different particle 

morphologies, the effect of particle shape and size on the photocatalytic activity of ZnO was 

investigated. Interestingly, it was found that the photonic efficiency of the microsized porous 

particles towards the photooxidation of methanol is about two times higher than for the nonporous 

rhombohedral ZnO particles (about 200 nm). On the other hand, the javelin-shaped ZnO particles 

https://www.google.be/search?q=rhombohedral&spell=1&sa=X&ved=0ahUKEwjsu9GI1q7JAhUEJQ8KHWm9CLgQvwUIGigA
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are higher in photocatalytic activity than rhombohedral ZnO particles of similar size (about 200 

nm), which is attributed to an effect of the (nonporous) particle shape. The porous Z-trit network 

can act as an antenna system, which transfers the initially generated electrons from the location of 

light absorption to a suitable interface. This mechanism is operative when there is a substantial 

Fermi-level gradient between the light-absorbing crystallite and the catalytic crystallite. Further 

work is required to get a deeper insight into the real inter-particle charge-transfer mechanism. In 

situ addition of noble-metal salts during the carbonation process may produce a new composite 

nanostructured based ZnCO3. The thermal decomposition of these composites will allow to 

introduce the noble-metals inside the produced ZnO matrix. This strategy will further enhance the 

photocatalytic activity of produced ZnO.  
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