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ABSTRACT 

Hierarchical mesoporous zinc oxide (ZnO) polyhedral micro-lumps were prepared by annealing zinc 

oxalate dihydrate (ZnC2O4 . 2H2O) precursor in an air atmosphere at various temperatures. The 

development of the mesoporous nanoarchitecture of the ZnO micro-lumps was studied by XRD 

analysis corroborated with the analysis of their specific surface area utilizing nitrogen sorption via BET 

method. Investigations by high-resolution SEM revealed a morphology resembling calcined 

mesocrystals. A description of the sintering process and the crystallite growth is given together with 

an analysis of the activation energy of the grain and crystallite growth, respectively. The self-diffusion 

coefficient, diffusion mechanisms, and its activation energy involved in the growth of crystallites were 

identified. The crystallite size and the specific surface area can be tuned by varying the annealing 

temperature, while the UV-vis and PL spectra remain nearly unchanged. The morphological and 

structural parameters are correlated with photocatalytic activity evaluated by the UV discolouration 

of the Methyl violet 2B. An interpretational framework, including three hierarchical morphology levels 

of the micro-lumps, was developed. The interplay between the contributions of the different 

promoting and impeding effects emerging on various levels can explain the non-monotonous 

dependence of the photocatalytic activity on the catalyst annealing temperature. 
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1. Introduction 

For a long time, zinc oxide (ZnO) has drawn serious attention from the scientific community as a 

versatile semi-conductive material with a direct wide band gap of approximately 3.37 eV and a large 

exciton binding energy of about 60 meV in bulk at room temperature. It can be easily doped by both 

the p- and n-type dopants. Its band gap can be engineered to the desired value by a simple substitution 

of Zn for other divalent ions [1,2]. These characteristics make ZnO a promising material in the field of 

electronics, solar cells, light-emitting devices, gas sensors, and photocatalysis [3-8]. Moreover, ZnO can 

be prepared by various chemical or physical methods in different shapes. Thus, a plethora of 

morphology-dependent properties can be obtained such as, thin films, quantum dots, nanorods, 

nanowires, nanosheets, as well as complex shape structures assembled from low-dimensional crystal 

components [9-12]. 

Many useful properties of ZnO are related to a high surface area to the volume ratio. Among them, 

catalysis and photocatalysis critically depend on a specific surface area, besides other factors. 

Therefore the use of nano-ZnO is the first choice for photocatalysis [13]. However, the issues of safety 

and risk management occur when dealing with nanomaterials, although their micro-sized analogues 

are considered green and non-toxic. The eventual toxicity of nano-sized ZnO and the inconvenience of 

removing the catalyst from the reaction system hamper the wider use of such materials [14]. 

Therefore, it seems to be reasonable to prepare materials with nanostructured building blocks packed 

safely into a micro-scale sized body. This concept of hierarchically organised multiscale materials was 

successfully introduced in medical plastics in our previous work [15]. Classic bottom-up strategies are 

usually quite demanding on chemicals and processing complexity. Their counterparts, i.e., top-to-

bottom techniques are elementary, but they give primitive forms of products suffering from non-

uniformity and defects [16]. A combination of these two approaches seems to be a suitable method. 

Two-dimensional, as well as three-dimensional porous nanostructured materials, have been 

successfully demonstrated [17,18]. 

So-called hierarchical photocatalysts have received significant scientific interest as promising solution 

for improving the overall efficiency of the photocatalytic process. An ideally designed hierarchical 

structure of a photocatalyst can not only enhance specific surface area and the concentration of active 

sites but also increase light-harvesting and improve diffusion mass transfer of the substrate molecules, 

intermediates and products of the degradation [19-21]. 

Although specific surface area and crystallinity of photocatalysts are generally considered to be most 

prominent [22,23], many studies showed a much more complex behaviour for hierarchical structures 

[24-31]. Light in-coupling can be improved by the presence of macropores or cavities of comparable 

dimension to the wavelength of the incident photons by multiple scattering inside the material [21]. 

The porous architecture of the catalyst integrating multiple levels of porosity on the length scale from 

micro-, meso- to macropores influences transport of the substrate molecules to the active surface sites 

as well as transport of reactive species and products released by the reactions out of the active surface 

[20]. Finally, the material structure influences the overall photocatalytic efficiency by the cumulative 

effects of several variables, namely on the light absorption efficiency, charge excitation/ separation 

efficiency, charge migration, transport efficiency, and charge utilization efficiency for the catalytic 

reaction [22,24-31]. 

Here we present a study on a model photocatalyst material with hierarchical morphology. Zinc oxalate 

dihydrate was chosen as the best possible candidate for the preparation of a nanostructured high 

specific surface area mesoporous microsized ZnO lumps [32-36]. The annealing temperature 

influenced the structural properties and morphology of ZnO micro-lumps at three hierarchical scale 



levels ranging from individual nanocrystallites through their assemblies in grains up to the lumps 

morphology at a micrometre length. The annealing process was analysed with unpreceded complexity 

and detail up to the identification of the diffusion mechanisms involved in the material formation. 

Once obtained, the photocatalytic performance of the prepared ZnO nanostructured lumps was 

evaluated in a standard methyl violet UV discolouration test [37,38] and results correlated with the 

given morphological and structural properties of the photocatalyst. 

 

2. Material and methods 

2.1. Preparing the precursor 

Zinc acetate dihydrate, p.a., (Penta, Czech Republic) and oxalic acid dihydrate, p.a., (Penta, Czech 

Republic), were used as the starting chemicals. The precursor (ZnC2O4 . 2H2O) was prepared by simple 

precipitation of a 400 mL 0.05 M solution of zinc acetate with the addition of a 200 mL of 0.5 M solution 

of oxalic acid at room temperature under a vigorous agitation of a magnetic stirrer for 5 min. The 

resulting precipitates were separated by suction filtration, washed several times with distilled water 

to remove possible by-products or any residues of the original soluble chemicals. The filtration cake 

was left to dry at 42 °C in a ventilated oven for 24 h. 

 

2.2. Annealing the precursor 

The obtained white precursor powder was subjected to thermal heating in a muffle furnace (LMH 

07/12, LAC, Czech Republic) up to different temperatures (400 °C; 500 °C; 700 °C and 900 °C). All of 

these samples were annealed by a constant heating rate of 10 °C/min and then held at the maximum 

temperature (an isothermal step) for one hour. The heating rate was chosen the same as in the 

thermogravimetric analysis. Then, the oven was left to cool fast naturally without controlling the 

cooling rate, and the annealed precursors were removed from the furnace at room temperature. 

 

2.3. Testing photocatalytic aktivity 

The photocatalytic activity of the ZnO porous powders was evaluated by measuring the photocatalytic 

discolouration of the Methyl Violet 2B (MV) in distilled water under the constant illumination of a 100 

W focused UV-lamp (Super-Light C 10 A-SH, Helling Gmbh., Germany) with the strongest emission at 

365 nm. The temperature of the reaction mixture was maintained at approx. 25 °C by thermostatic 

circulation through the double-wall glass beaker. In a typical experiment, 50 mg of the ZnO porous 

powder sample was added into the double-wall glass beaker containing 50 mL of MV solution, having 

a concentration of 3.7 mg/L. The concentration was set intentionally low to start the experiment from 

the absorbance value of about 0.2 and to achieve complete (or nearly complete) discolouration of the 

solution within reasonable experimental time (2 h). Before the start of the discolouration experiment, 

the suspension was stirred in the dark for at least 10 min to assure a complete adsorption/desorption 

equilibrium of used dye on the surface of the ZnO particles. During the experiment, 12 samples of the 

solution with a volume of 1 mL were taken from the reaction suspension within a time range of 0 to 

120 min and filtered through a syringe filter to remove the ZnO catalyst from the solution. The time-

dependent discolouration was monitored by measuring the absorption of the MV solutions at 580 nm 

by UV-vis spectroscopy [18]. 



The role of active species in the discolouration process was also investigated. 

Ethylenediaminetetraacetic acid (EDTA) and tert-butanol were added to the suspension as specific 

scavengers for holes (h+) and hydroxyl radicals (OH), respectively [39-41]. 

 

2.4. Characterization techniques 

The TA Q 500 apparatus (TA Instruments, US) was used for the thermogravimetric analysis (TGA). This 

analysis was performed at a constant heating rate of 10 °C/min within a stable airflow. The amount of 

each sample was approximately 15 mg. 

Microscopic images of the samples were taken using the scanning electron microscope Nova NanoSEM 

450 (FEI company, ThermoFischer Scientific, The Czech Republic) at accelerating voltage 5 kV. The 

eucentric working distance was 5 mm. 

The UV-Vis diffuse reflectance of prepared powders was studied with the UV-Vis spectrometer 

AvaSpec 2048-2 with the light source AvaLight-DHS-DUV equipped with an integrating sphere (BaSO4 

coated) and white tile BaSO4 reflectance standard (Avantes, The Netherlands). 

Room temperature photoluminescence (PL) emission spectra were measured for all annealed samples 

by the FLS 920 Fluorescence spectrometer (Edinburgh Instruments, The United Kingdom). A solid-state 

laser at λexc = 332.2 nm was used for excitation. 

The crystalline phase structure of the prepared powders was characterized by powder X-ray diffraction 

(XRD) using the XPert PRO X-ray diffractometer (PANalytical, The Netherlands) with a Cu Kα radiation 

of λ = 0.15406 nm. The size of the ZnO nanocrystallites was considered to be nearly identical to the 

size of the diffracting area ddiffr which is easily accessible via Scherrer’s formula using ∆(2Ɵ) which is 

full-width at half-maximum (FWHM) of the line in the XRD patterns. The particle shape and other 

factors were neglected to simplify the procedure, and the calculation followed this well-known formula 

[42]: 

 

 

 

In which the constant 0.9 is the shape factor, λ is the wavelength of the X-ray source, β is the FWMH 

in the radians [43]. The actual value of β was obtained by a deconvolution of the instrumental 

broadening effects using the Warren correction method. The θ is the Bragg angle, i.e., half of the 2θ 

position, of the selected diffraction line. Since a non-monochromatised X-ray source was used, a 

doublet of Lorentzian peaks was fitted to the corresponding peaks of the diffractogram to estimate 

the broadening. Coarse ZnO standard powder was used to obtain instrumental function. 

The specific surface area ABET was obtained via a multipoint Brunauer-Emmet-Teller analysis of the 

nitrogen adsorption/desorption isotherms at 77 K recorded by the Belsorp-mini II (BEL Japan, Inc.) 

apparatus. The grain size is expressed as the mean diameter dBET, according to reference [44]: 

 

 

 



In which the ps is a density of the adsorbent material. 

 

The study of the UV-Vis absorption of the solutions was performed with the aid of the UV-Vis 

spectrometer (UV-Vis Varian Cary 300, Varian Inc., United States). The absorbance was recorded for 

wavelengths in a range of 300-800 nm. The data were evaluated by fitting the pseudo-first-order 

kinetic model. 

The data processing, the graph plotting, and the fitting by models were performed in the Origin 2016 

software. The obtained constants for each dataset were rounded up according to the standard error 

calculated by the data fitting procedure also in the Origin software. The standard error is given when 

available and indicated by the ± symbol. The data in Table 1, which are related to the XRD and BET 

experiments, were obtained by single measurements for each sample. However, a series of samples 

was investigated. Our estimate of data error is indicated by rounding the values up to three significant 

figures. Although it may seem exaggerated, it is in accord with the nearly perfect correlation of the 

data. 

 

3. Results and discussions 

3.1. Preparing the ZnO nanostructured micro-lumps and their characteristics 

The composition of the prepared zinc oxalate dihydrate was analysed by the thermogravimetric 

analysis (TGA) in an air atmosphere. The thermogravimetric curve, as well as the mass-loss rate 

obtained as its derivative, is plotted in Fig. 1. The decomposition occurs in two steps. The first is a mass 

loss of approx. 18% and corresponds to the loss of crystal water. The second step connected with a 

loss of 39% of the sample mass is attributed to the oxidative decomposition of anhydrous zinc oxalate 

into the ZnO, carbon dioxide, and water. The mass-loss rate reaches its maximum at 390 °C, as evident 

from the -dTG curve. The decomposition reactions can be summarised as follows: 

 

 

 

 

 

These results are in good agreement with previous studies and the composition derived from the 

structural formula [45,46]. During the thermal decomposition process, the ZnC2O4 . 2H2O precursor 

undergoes dehydration and decomposition, which is accompanied by an evolution of gaseous reaction 

products. These processes lead to the formation of a high-density porous structure in the material. 

Because ZnO nucleates and grows uniformly in particles of the precursor, the obtained ZnO lumps keep 

the same overall morphology retaining the shape of the original crystals of the precursor [18]. 

 



Fig. 1. The TGA analysis of the precursor in an air atmosphere. 

The initial pores in the precursor are formed by the release of crystal water molecules (see Eq. (3)), 

which may be the main reason that the calcined product can preserve its precursor morphology [47]. 

However, the second decomposition step has a more complicated mechanism than summarised in Eq. 

(4) in the previous paragraph. The oxalate decomposes into solid zinc oxide and releases carbon 

dioxide and carbon monoxide (see Eq. (5)) which is subsequently oxidised in the gaseous phase by 

oxygen from the air atmosphere (see Eq. (6)) [48]. 

The initial pore structure development caused by dehydration is followed by a second stage during 

which the pore volume increases further with the release of CO2 and CO, which proceeds 

simultaneously with the nucleation and growth of the ZnO primary nanoparticles. Hence, the oxygen 

delivered from the ambient air atmosphere is not a necessity for the ZnO formation yet oxygen-rich 

atmosphere may avoid the development of oxygen vacancies [48-51]. 

As seen in Fig. 1, the second decomposition step finishes approximately at a temperature of 400 °C if 

the heating rate is 10 °C/min. Therefore, the first temperature for the series of the annealing 

experiment was set to 400 °C. 

The precursor was obtained in the form of polyhedral crystals ranging in size, mainly from 1 to 3 μm, 

with only a small portion of less developed particles. No particles smaller than several hundreds of 

nanometres were observed. The samples obtained by annealing at selected temperatures were 

analysed by electron microscopy. Their morphology is exemplified in high-resolution SEM images in 

Fig. 2. The product of annealing keeps the overall size and the polyhedral envelope shape of the 

precursor on a micrometric scale. Thus, the particles are denoted as micro-lumps. It is evident that its 

surface is fissured into a very dense network of cracks, and the whole particle became a porous yet 

undisrupted assembly of nanoparticles by the annealing procedure. The morphology strongly 

resembles typical morphologies obtained for calcined zinc oxalate [35] or copper oxalate [52,53] 

mesocrystals. 

 

 

 



Table 1 A summary of the XRD and the BET analyses of the annealed samples. The last row contains the rate constant 

obtained for the photocatalysis reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Low and high magnification FESEM images (left and right column, respectively) of the products prepared by annealing 

the precursor at different temperatures: (a) and (b) 400 °C; (c) and (d) 500 °C; (e) and (f) 700 °C; (g) and (h) 900 °C.



However, in this presented case, there was no need to build up the mesocrystal from individual 

nanocrystal bricks with the aid of a polymer agent. With increasing temperatures, the coarsening of 

the particle structure can be observed. The size of the grains ranges from several tens up to several 

hundred nm. Sintering and coalescence of the grains can be followed from images directly by the naked 

eye. 

The conversion of the micro-sized inorganic precursor into the final zinc oxide nanostructured lumps 

can be analysed according to the results of the XRD analysis in Fig. 3. Compared with the ICDD PDF-2 

entry 25-1029, the diffraction peaks of the precursor match well with those of the monoclinic ZnC2O4 
. 2H2O and the diffraction peaks of all the annealed products match well with those of a hexagonal ZnO 

wurtzite structure given in the ICDD PDF-2 entry 01-074-0534. The shape of the diffractogram 

background testifies for a relatively well-developed crystalline phase and no or negligible presence of 

an amorphous phase. The ratios between the intensities of the diffraction peaks do not change with 

an increase in the annealing temperature. Thus, no changes to the aspect ratio and the preferential 

development of specific crystal faces were observed unlike in the reference [54]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. X-ray powder diffractograms with indexed diffraction lines of the precursor and the ZnO samples obtained by 

annealing at temperatures indicated in the graph. 



 

 

 

 

 

 

 

 

 

 

 

Fig. 4. The calculated crystallite volume of the ZnO samples annealed at different temperatures. 

 

The diffraction line from the (10 1) planes in ZnO that appears in diffractograms at 20 angle 36.2° was 

used for the diffracting area size calculation. The results are listed in Table 1 alongside the results of 

the other analyses discussed below. The diameter of nanocrystallites (ddiff.) grows with the 

temperature of annealing. The specific crystallite surface area (Adiff) was calculated from the size of 

crystallites, and the material density of ZnO (5.6 g/cm3). The volume of crystallites (Vdiff) was calculated, 

and the obtained values are shown in Fig. 4. The dependence of Vdiff on the temperature is perfectly 

linear. This result is not as surprising as it might seem initially. The growth of one crystallite proceeds 

at the expense of other crystallites, hence the total volume change of the material is zero. The ball 

diagram inserted into the graph shows how many crystallites of each size are needed to create one 

bigger crystallite at the next annealing temperature step. The intercept of the linear dependence with 

the abscissa is the minimum possible temperature at which the crystallite size would be theoretically 

zero. This initial temperature of ZnO (nano)crystallite formation is 663.7 K (390.5 °C), and it is identical 

to the maximum second step decomposition rate temperature of the precursor. 

A comparison of the results obtained from the X-ray diffraction line broadening analysis with the 

results obtained from the gas sorption BET analysis is useful. The first and usually the most sought after 

information from the BET is the Specific surface area (ABET). The obtained values are relatively high and 

in agreement with other literature values available for similar systems. The values ranging from 30 

m2/g for nano-disperse material up to only several m2/g for submicrometric powders (compare with 

the commercial ZnO materials for rubber vulcanisation) can be considered as typically achievable for 

ZnO nanostructured materials [51,55]. At first sight, the ABET is smaller than the specific crystallite 

surface area. The X-ray diffraction characteristics are correctly obtained for coherently diffracting 

areas, i.e., to the size of the nanocrystallites (nanocrystalline domains), while the gas sorption analysis 

examines the actual surface of the porous body accessible to N2 molecules, which means that it 

characterises the surface of the grains. Thus, the ABET is related to the surface of the grains, which 

consist of one or more crystallites and an amorphous phase if the amorphous phase is present at all. 

The ratio between these two specific areas is called the packing factor (1/F), which gives information 

on particle aggregation/agglomeration and the availability of the nanocrystallite surface to the 

adsorption of the molecules [32,56]. Fig. 5 shows the dependence of 1/F on the annealing temperature 

for the prepared materials. The packing factor decreases considerably with increasing temperature. 



The total pore volume estimated by the BET analysis VpBET decreases with the annealing temperature 

similarly as the ABET, while the BET mean pore (diameter) dpBET decreases very slowly from 4.7 to 4.0 

nm which classifies these materials as mesoporous (see Table 1). Assuming that the grains have a 

spherical shape and a uniform size, the average particle size can be estimated according to Eq. (2) as 

the grain size (dBET). The obtained values confirm reasonable coarsening of the particles due to sintering 

with increasing annealing temperature and are evidently in agreement with the SEM observations 

even without any image analysis. Under the same assumptions concerning the mean values obtained 

from the XRD and the BET, the ratio between the grain and the crystallite volumes can be calculated. 

This ratio is plotted in Fig. 6 and characterises how many ZnO (nano)crystallites aggregate into one 

grain. The value increases from ca. 5 for 400 °C to ca. 500 for 900 °C. The observed linear dependence 

of the logarithm of this ratio on the thermodynamic temperature can be extrapolated into the initial 

temperature (Tmin) and compared with the crystallite volume dependence. 

 

Fig. 5. Plot of the Packing factor (1/F) versus the thermodynamic temperature for the annealed ZnO samples. The solid lines 

connecting data points are only guides for eyes. 

 

Fig. 6. A semi-log plot of the BET Grain / XRD Crystallite volume ratio versus the thermodynamic temperature for the 

annealed ZnO samples. 



It seems that the first (nano)crystallites already appear in a grain assembly with a mean number of 

crystallites of about 4.5 per grain. Moreover, the hypothetical 1:1 ratio can be obtained at 505 K (232 

°C) by extrapolation, which is deeply below the decomposition temperature of the dehydrated 

precursor. According to this, it can be deduced that the initial aggregation of a few building blocks 

occurs most likely as the result of the dehydration process in the first mass loss step. 

The annealing of the precursor leads to the sintering of the ZnO nanoparticles. As shown in Fig. 6, the 

number of crystallites sintered into one grain doubles every 73.3 K with an increase in temperature. 

Activation energy is a characteristic constant of this process. Although various approaches can be used, 

for the sake of simplicity, the basic models are favoured. A linear relationship between the rate of grain 

growth and the inverse grain size is assumed, which in turn is proportional to the radius of the 

curvature of the grain [57,58]. 

 

 

In which X is the length scale, i.e., the diameter of the grain, t is time, and k is the rate constant 

depending on temperature (T). This equation can be integrated with X0 being the integration constant 

as the grain size at t =0. 

 

 

Although this equation describes an ideal state and many corrections and improved models have been 

introduced, it still works well in many cases and is a perfect first choice. The use of the second power 

is assumed above in specific surface area analysis. Here, this approximation means that the growth of 

the convex polyhedral shape of grain (as well as crystallites - see below) proceeds in all directions with 

the same rate as it would be in case of a growing sphere. On the other hand, accepting this, we resign 

from a more detailed analysis of the shape growth and development that was demonstrated elsewhere 

[32]. The use of empirical power coefficient n could cover larger diversity of shapes [32]; however, it 

generally increases the number of free parameters in the fitting procedure and increases their 

dependency, especially if the number of experimental data points is low. 

The constant k depends exponentially on temperature. 

 

 

In which R is the gas constant (8.314 Jmol-1K-1), and the activation energy (Ea) for the sintering process 

can be estimated easily from the Arrhenius plot for the values obtained at the same annealing time. In 

our case, the heating rate of 10 °C/min is considered high enough concerning the isothermal holding 

time of 1-hour annealing. Under real experimental conditions, it is difficult to estimate the X0 constant 

correctly. 



 

Fig. 7. The activation energy of the sintering of the annealed ZnO obtained from a linear plot of data according to the Eq. 

(8). 

The integration constant is a hypothetical grain diameter at the time zero. The zero-time estimation is 

an ‘old pain’ in the thermal analysis - see our initial assumptions concerning the heating rate in 

comparison with the holding time. Nevertheless, the X0 constant is often relatively small and does not 

influence the result much in cases of steep dependences. Hence it may be neglected for practical 

reasons, and the Eq. (8) transforms for dBET into: 

 

 

 

Another approach is to use the value of the grain diameter obtained for the lowest annealing 

temperature as the initial guess of X0. Then, the following equation is obtained. 

 

 

It can be expected that the correct value lies within the interval between the two values obtained by 

these approaches. The results are plotted in graphs in Figs. 7 and 8. Indeed, the activation energy for 

the corrected data is slightly lower, and the actual value can be found between 74 and 70 kJ/mol. 

A similar approach can be adopted for the data obtained from the XRD analysis. However, a linear 

dependence of (ddlff.)2 on the reciprocal value of the thermodynamic temperature was found. 

Such dependence points towards the crystallite growth rate (u) derived as a product of the Gibbs 

energy change (ΔG) and crystallite boundary mobility (M). 

 

Following our notation, change to the Gibbs energy is proportional to the specific surface energy (ϒ) 

and the molar volume (Vmol). The term in brackets represents a change in the size of the crystallites 

between the integration limits [59]. 



 

 

The crystallite boundary mobility (M) is dependent on the self-diffusion coefficient Ds: 

 

 

In which kB is the Boltzman constant, T is the thermodynamic temperature, and λ is the thickness of 

the boundary, usually in the order of the size of the atoms. In general form i.e., without λ, the Eq. (14) 

is known as the Einstein relation. 

Thus, we can obtain the rate constant k' from the Eqs. (12)-(14) and substitute kB with R due to the use 

of Vmol. 

Fig. 8. The activation energy of the sintering of the annealed ZnO obtained from a linear plot of data according to the Eq. 

(9). 

 

 

 

Adaption of the Eq. (8) yields: 

 

 
However, we obtained Vdiffr = 0 nm3 =>ddifr = 0 nm for the lower integration limit (see Fig. 4, the 

minimum temperature 390.3 °C). 

Thus the Eq. (16) can be formulated as: 

 



It must be noted that this approach considers the surface energy as a constant together with the 

assumption of the temperature independence of the molar volume. Therefore, the slope of the linear 

plot in Fig. 9, according to the Eq. (17), contains contributions from at least two other yet minor terms 

and did not entirely meet the minimum temperature. The value 380.2 °C is predicted instead of 390.3 

°C as for the Vdiffr dependence on T. Concerning the whole experimental setup and span of the 

annealing temperatures used, we regard this difference as negligible keeping in mind the perfect 

linearity of the data. Moreover, the slope k’ can be analysed in more detail using Eq. (15). The time 

integral can be estimated as the annealing temperature holding time of 1 h (thold = 3600 s). The 

specific surface energy is considered 2 J/m2, according to the literature [60]. The molar volume can be 

calculated from the molar mass and density. The thickness of the boundary X can be estimated as 0.35 

nm according to the unit cell parameters from the ICCD card. Hence the self-diffusivity may be 

determined. 

 
 
 

 

 

 

 

 

 

 

 

 

Fig. 9. The rate constant estimation for crystallite growth according to the Eq. 

 

 

 

The value of 6.4 x 10-16 cm2s-1 can be considered as the mean Ds estimation for the temperature range 

670-1150 K and is in excellent agreement with the values known from the comprehensive reference 

of Erhart and Albe [61]. 

Since the diffusivity (Ds) exponentially depends on the temperature, it obeys the Arrhenius law with 

the activation energy Q contributing thus to the deviation of the strict linearity and the simplicity of 

the Eq. (15). 

 

 

 



Hence, the first 1/T dependence may be removed by multiplying with T together with the problem of 

the initial crystallite size similarly as in the grain case. 

 

 

Obtaining: 

 

Hence, the Arrhenius plot for the additional 1/T dependence may be drawn. 

 

 

 

Finally, the activation energy Q for the Ds in Eq. (18) of the crystallite growth in Fig. 10 was obtained 

as 31 kJ/mol, which is equivalent to 0.32 eV. This value is much smaller than the values of the migration 

barriers reported for the oxygen or zinc vacancy diffusion mechanisms; thus, the zinc interstitials are 

considered to be responsible for the observed crystallite growth [62]. Our estimated value is somewhat 

smaller than the 0.55 eV that was found by Thomas [63]. However, according to the more elaborated 

analysis and theoretical calculation of Erhart and Albe [61], there are several different mechanisms of 

the Zn interstitials diffusion possible. Among them, the energetic barrier of 0.32 eV can be associated 

with the interstitial in-plane mechanism and with the interstitial out-of-plane mechanism of the Zn 

diffusion in the ZnO lattice. 

 

 

 

 

 

 

 

 

 

 

 

 

 



3.2. The correlation of the photocatalytic performance of the prepared ZnO nanostructured micro-

lumps with their characteristics 

The catalysts were prepared from the same precursor and always annealed for one hour in an air 

atmosphere. Because of the size of ZnO nanocrystallites ranges from ca 20 to 80 nm, no significant 

differences in their UV-vis diffusion reflectance spectra can be expected. 

 

Fig. 10. The activation energy of the self-diffusion coefficient of ZnO nanocrystallite growth obtained from a linear plot of 

data according to the Eq. (20). 

 

Fig. 11. Tauc plot for UV-Vis reflectance spectra collected on ZnO samples. The bandgap varies from 3.14 to 3.16 eV. 



 

 Fig. 12. The room temperature PL emission spectra of ZnO samples excited by a laser at Xexc = 332.2 nm. 

 

The Tauc plot in Fig. 11 shows the absorption edges of the prepared samples. Indeed, the bandgap 

varies only from 3.14 to 3.16 eV and no significant tailing (i.e. the low concentration of deep states in 

the bandgap) is manifested too. Room temperature photoluminescence (RTPL) emission spectra 

plotted in Fig. 12 show a strong emission peak at about 390 nm, which is assigned to near-bandgap 

exciton emission. Besides that, no other defect-related luminescence is manifested for the samples 

annealed at 400, 500, and 700 °C. Only one broad peak in the visible range with a maximum above the 

wavelength of 600 nm is present in the spectrum of the sample annealed at 900 °C. Its intensity is 

about one-third of the UV emission peak. Typically, green and yellow emissions are likely to defect 

emission due to various surface states, as explained by the vast majority of literature [64-66]. On the 

other hand, orange and red emissions are reported rarely and can be attributed to charge carriers 

trapped in deep states. These carriers tunnel and undergo radiative recombination. A broad 

distribution of these states may explain the broadness of the emission peak [65,67,68]. According to 

the spectroscopic analysis, we consider the electronic structure of the prepared materials to be similar 

enough, thus allowing to focus on the investigated effects. There are reports available confirming the 

similarity of the surface of ZnO prepared by annealing zinc oxalate in an air atmosphere to various 

moderate temperatures. On the other hand, high temperature, specific conditions, and annealing 

atmosphere settings and programmed changes are necessary to induce surface defects on ZnO 

nanoparticles and prepare different materials intentionally [18,66,69-73] According to the XRD 

analysis, no change in (1 0 0)/ (0 0 2) XRD peak intensity was observed. Therefore, the proportion of 

the polar faces to the surface of the crystallites remains the same for all samples, and the influence of 

exposure to different crystal faces can be excluded from further considerations [54]. Thus, it is 

expected that electronic structure and eventual volume and surface defect structure of prepared 

materials will be similar in all prepared samples, at least to such level, that specific manifestation of 

the hierarchical morphology levels should be the main factors, which contribute to the observed 

differences between the photocatalytic activity of these materials. 



The discolouration of a dye solution under UV radiation was chosen as a method to demonstrate the 

photocatalytic effectiveness of our material system and to compare the efficiency of the prepared 

samples. It is widely used in the literature. The discolouration is the first step of photodegradation of 

the methyl violet 2B (MV) in the presence of the ZnO photocatalyst and was monitored by a UV-Vis 

spectroscopy. Any analysis of further products of the degradation process was not performed unlike 

advised in some other studies [18,37]. This approach was selected as a relatively fast and still relevant 

method for comparing the activity between the ZnO samples within one series differing in 

crystallite/aggregate size only. It was used with the full awareness of its disadvantage, which is its 

relatively low information depth as it allows measuring the initial stage of the process only and tells 

nothing about the mineralisation of the dye. This approach is considered sufficient for this study. Fig. 

13 exemplifies the obtained UV-Vis spectra for the system containing ZnO annealed at 500 °C. Here, 

the initial step of dye photodegradation is manifested by a decrease in the absorption maxima at 580 

nm. Fig. 14 shows the discolouration curves of the dye for all the ZnO samples prepared at various 

annealing temperatures. The ratio between the actual and the initial concentration is plotted against 

the time of the UV irradiation. As can be seen, the discolouration of the dye is accomplished within 

120 min, and all curves obey pseudo-first-order reaction kinetics [46]. The rate constant was obtained 

from fitting this model into the data. The highest discolouration rate constant (see Table 1) was found 

for the sample annealed at 500 °C. 

The photocatalysis is a complex process with at least several parameters influencing the final 

performance of the system. In our case, the mesoporous nanostructured lumps keeping the shape and 

size of the original precursor crystals floated due to the mechanical agitation in the solution of the 

substrate dye (MV) molecules. The system was irradiated from the top. The hierarchical morphology 

of the lumps of the photocatalyst was the variable in the experiment. All other conditions were kept 

the same. The photocatalytic discolouration mechanism was investigated with the aid of scavengers 

 

 

Fig. 13. The UV-Vis spectra of the methyl violet in the presence of the ZnO annealed at 500 °C. Note, that the last 

the three curves at the bottom of the graph overlap to a large extent. 



 

 

Fig. 14. The photocatalytic discolouration curves of the methyl violet as a function of time for the ZnO powders annealed at 

different temperatures. 

 

 

Fig. 15. The photocatalytic discolouration curves of the methyl violet as a function of time for the ZnO powder annealed at 

500 °C in presence of scavengers. The curve recorded without scavengers is replotted from Fig. 14 for comparison. 

 



The discolouration experiment was repeated with the addition of EDTA and tert-butanol for the sample 

annealed at 500 °C. The results are shown in Fig. 15, where the discolouration curve without any 

scavenger is replotted for comparison too. It is evident, that EDTA as the hole scavenger kills the 

discolouration process, while the addition of hydroxyl radical scavenging tert-butanol slows the 

discolouration process only moderately. 

A hole can interact with adsorbed hydroxide anion to produce OH radical, which subsequently reacts 

with the MV molecular cation in the solution, or the hole interacts directly with adsorbed dye 

molecular cation. On the other hand, an excited electron triggers a cascade of reactions. It can first 

reduce oxygen to a superoxide radical anion, which reacts with a proton to form a peroxide anion 

reacting then with another proton forming, thus hydrogen peroxide, which finally decomposes under 

UV light into two OH. All these species at any stage are highly reactive and can cause discolouration of 

the MV molecular cation [40,74,75]. Considering the observed result, the reaction pathway of holes 

oxidising adsorbed dye molecules is the favourable one. Thus, the dye adsorption seems to be the 

critical step in the discolouration mechanism. 

The material prepared at 500 °C was selected as an example to verify the function of the catalyst. The 

catalyst was recollected after complete dispersion discolouration when the test was finished. The 

catalyst was left to settle and the supernatant was removed. The residue was dried naturally to the 

constant weight. A white powder of the same apperreance as the original catalyst was obtained. Some 

unavoidable weight losses were experienced due to manual procedure. Nevertheless, XRD analysis did 

not reveal any difference between the diffractograms recorded before and after the test. The 

diffractograms are shown in Fig. 16. 

 

Fig. 16. Comparison of X-ray diffractograms recorded for the catalyst powder before and after testing. 

 

As shown in Fig. 14 and Table 1, the photocatalytic performance of our prepared materials has an 

optimum, which can be correlated with the trends of the morphological and the structural parameters. 



Ohtani et al. [23] have proposed a basic model of the photocatalytic mechanism for particulate 

systems. According to their model, a photocatalyst should fulfil two requirements to attain a high 

photocatalytic activity. It has to have (i) a large surface area for absorption of the substrate molecules 

and to have (ii) high crystallinity to reduce the rate of futile electron-hole recombination. It means that 

the surface area and crystallinity mainly govern the photocatalytic activity of semiconductor oxides to 

a first approximation. However, these requirements work against each other, and a compromise is 

established [48]. The crystallinity of nanostructured systems increases at the expense of the specific 

surface area with increasing annealing temperatures. 

In our case, the observed dependence of the photocatalytic performance of the prepared materials 

with an optimum for the material annealed at 500 °C cannot be merely the competition between the 

two primary factors (specific surface area and crystallite size). Since differences in the surface defect 

structure may be neglected in our study, three hierarchical levels of the catalyst’s morphology and 

structure are considered to be the main factors involved in the non-monotonous dependence of the 

MV discolouration rate constant on the annealing temperature of the photocatalyst. Issues related to 

the mass transfer at the micrometre level, grain size-related phenomena, and eventual nanocrystallite 

size effects are discussed in the following paragraphs within a general structure-morphology 

interpretational framework corroborated by all our observations and obtained results. 

 

3.2.1. The length scale of the micro-lumps and pores, i.e. micrometres 

Dependence of the photocatalytic activity of a heterogeneous catalyst on its specific surface area is a 

generally accepted concept. However, the correlation between photocatalytic activity and the specific 

surface area of prepared catalysts is not straightforward for at least three reasons. First, the diffusion 

transport of MV molecules in and degradation products out of the pore labyrinth inside the lumps is 

limited. Thus, the core of the lump is not involved in the reaction, unlike in the systems with the 

hierarchical porous structure including macropores [19-21] as mentioned in the introduction. Second, 

the diffusion length of the active species such as superoxide, hydroxyl radicals is another factor limiting 

effectivity of the internal surface of the pores. Third, degradation UV light has most likely only a limited 

penetration depth into the lumps. 

The BET surface area, the pore length, and the porosity (ф) of prepared materials depend 

monotonously on the sample annealing temperature while the observed discolouration rate constant 

dependence on the sample annealing temperature shows a maximum (see Table 1 and Fig. 17). Some 

of these morphology linked factors contribute positively and some of them adversely to the 

performance of the photocatalyst. 

The specific surface area is expected to contribute positively; nevertheless, a substantial part of the 

surface area cannot be accessible for the dye molecules. Note that the BET mean pore diameter (see 

Table 1) is only ca. three or four times bigger than the size of an MV molecule. Thus it represents a 

strongly impeding factor for diffusion. The charge of the internal surface of the pores may further 

decrease the hydrodynamic capillary diameter for the dye molecular cation MV+. Nevertheless, the 

liquid medium is of moderate pH and ionic strength. The porosity was calculated from the total pore 

volume V p BET and the true density of ZnO and the values are shown in Fig. 17. The smaller ф is, the 

more it impedes diffusion. The length of the pores enormously increases with an increase in the BET 

surface area while the pore diameter almost does not vary with the BET surface area. The BET mean 

pore size, d p BET, enabled the calculation of the BET total length of pores, L p BET. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18. A schematic illustration of the relationship between the average ex-citon diffusion length (XD, shown in the part a 

of the Figure) and the size of the ZnO particle in three cases b, c and d as discussed in the text. 

 

This factor decreases with sample annealing temperature as plotted in Fig. 17. The bigger the value 

of this factor is, the less is the diffusion flow through the pores impeded. 

The simple general pore flow geometric factor was analysed, since we have not enough data to 

evaluate tortuosity and constrictivity and there is a lack of reliable models in the literature for such low 

porosity regions of mesoporous systems [76]. However, both criteria (tortuosity and constrictivity) 

would work against the overall catalyst’s performance and can be considered collinear with the general 

pore flow factor. 

To summarise, the investigated morphological parameters act as both promoting and impeding on the 

photocatalytic activity of the prepared materials at the micrometre length scale. Therefore, it is 

possible to expect a maximum of the photocatalytic performance. Indeed, it was found in our case for 

the material annealed at 500 °C. 

 

3.2.2. The length scale of the ZnO grains, i.e. Hundreds of nanometres 

At the morphological level of a single grain, the exciton diffusion length may be the most critical factor 

controlling the photocatalytic performance. Only those excitons which come into contact with the 

surface exposed to the reaction medium can be involved in the reduction (electron) and the oxidation 

(hole) reactions. All other excitons end up in the futile electron-hole recombination. According to 

Noltemeyer et al. [77], the exciton diffusion length (H.D) in ZnO is about 110 nm at 300 K. Three 



possible scenarios are depicted schematically in Fig. 18. The exciton diffusion length (H.D) is its average 

travelling distance (Fig. 18a). All excitons can reach the surface if the particle diameter is smaller than 

the XD (Fig. 18b). In bigger particles, some excitons can recombine inside the volume of the particle 

due to travelling in the wrong direction. Such a situation is illustrated for an exciton created in point O 

in a particle of a diameter smaller than twice the length of XD in Fig. 18c. The third scenario is for a 

particle with the diameter bigger than twice the length of H.D. All excitons which are created deeper 

than the escape length XD can never reach the surface (Fig. 18d). 

A continuous phase of the particle is assumed for identification of XD with a critical escape length for 

the exciton from a particle volume. In reality, the grains are composed of many nanocrystallites with 

interfaces between them. Such interfaces may serve as scattering centres or traps for excitons 

travelling through the grain volume and can obstruct the excitons created inside the grain volume to 

reach the grain surface. Scattering with the surface provides a path for the exciton to decay radiatively. 

On the other hand, trapping (i.e. strong carrier localization) of one of the charge carriers in a defect or 

surface state (trap states) is a fast process, which can efficiently compete with radiative recombination, 

resulting in the quenching of the exciton emission. Thus trapping makes the radiative recombination 

less likely and facilitates non-radiative relaxation by coupling to local vibrations [78]. Regardless of 

whether recombined by radiative or non-radiative decay path, such an exciton is inefficient in the 

photocatalytic process. The packing factor (1/F) expresses the ratio between the grain surface, which 

is exposed to its environment and the total surface area of nanocrystallites assembled into this grain. 

The value of 1/F factor decreases significantly with increasing the annealing temperatures (see Fig. 5 

again), indicating thus a decrease of the availability of the nanocrystallite surface for adsorption of the 

molecules. The role of the intercrystallite boundaries and the availability of a grain surface for 

photogenerated excitons is essential. Therefore, we calculated the portion of crystallites that have 

their surface at least partially exposed in the outer shell of the grain and the part of nanocrystallites 

buried in the inner core of the grain assuming a compact geometry of aggregation. It must be noted 

that the average size of single nanocrystallites is smaller than λD in all grains. The concept is illustrated 

in Fig. 19. When the number of nanocrystallites in the grain is lower than 13, all of them have direct 

access to the external space. 

 



 

 

Fig. 19. The graph shows an estimation of the ratio of nanocrystallites buried in the volume of the aggregate and the 

number of nanocrystallites in the outer shell of the aggregate which have at least some part of their surface exposed to the 

surrounding environment. The ratio is expressed as a fraction of the surface exposed particles to the total number of 

particles in the grain. The estimation is based on the average grain size as obtained by the BET and the nanocrystallite size 

as obtained by the XRD. The geometrical considerations are illustrated by inserted schematic pictures. 

 

Above this value, at least some particles will always be packed into a shell created by other particles. 

Hence it can be expected that the probability of futile electron/hole recombination event increases 

dramatically for materials obtained by calcination at temperatures higher than 500 °C. 

 

3.2.3. The length scale of the ZnO crystallites, i.e. tens of nanometers 

Single nanocrystallites can be considered as the smallest building blocks of the studied hierarchically 

structured material. Because of their size, which is in the tens of nanometers, it might be reasonable 

to examine quantum confinement effects. According to the original work of Bruse [79], the lowest 

excitonic state energy, i.e., band gap, depends on the size of the nanoparticle. However, the exciton 

Bohr radius α0 is around 1.8 nm in ZnO, which is much smaller than the diameter of the 

nanocrystallites. Therefore, any strong or moderate quantum confinement effects are out of the 



discussion, and only weak confinement effects shall be considered further [80-82]. The interaction of 

light with ZnO nanoparticles can be distinguished into three different regions in reference to their size 

as determined by the radiative lifetime. First (i) nanoparticles smaller than the Bohr diameter of the 

exciton 2α0, next (ii) nanoparticles bigger than 2α0 but smaller than the wavelength of the incident 

light (360 nm in this case), and (iii) nanoparticles of a size comparable to the wavelength of the incident 

light [80]. The theoretical analyses showed that the rate of the radiative recombination decreases as 

the size increases in regions (i) and (iii), whereas it behaves oppositely in the region (ii) [81,83-85]. As 

the examined nanocrystallite sizes here fall into the region (ii) for all samples, it can be expected that 

the radiative recombination rate increases with a size increase. Since radiative recombination events 

are useless in the photocatalytic reaction, the increase of their rate must contribute negatively to the 

performance of the photocatalyst. Hence, the photocatalytic activity should decrease with increasing 

nanocrystallite size. 

The last contribution to the photocatalytic performance, which remains to be examined is the 

efficiency of the light absorption since only absorbed photons of incident light can yield excitons. 

Hence, the dependence of intrinsic (nano)particle absorption with an increasing particle size must be 

analysed. The measurements available in the literature showed that intrinsic particle absorption 

increased with increasing size to the point at which the particles were essentially opaque. At larger 

sizes, the absorbance decreased with increasing size due to a decrease in the number of particles 

assuming a constant amount of the dispersed ZnO material. The particle size for optimum UV 

absorbance was found at about 40 nm. Reducing the particle size to less than 40 nm has a detrimental 

effect not only on the UV absorbance but also on the UVA/UVB absorbance ratio [86]. This value is in 

reasonable agreement with the work of Palmer et al. [87], who calculated an optimum particle size of 

60 nm from refractive index measurements of the light scattering. 

 

4. Conclusion 

A series of nanostructured ZnO micro-lumps with mesoporous architecture was prepared by annealing 

zinc oxalate dihydrate precursor at four different temperatures in air. X-ray diffraction data and BET 

analysis provided a set of structural and morphological parameters that were confirmed by SEM. 

Exemplary correlated data were obtained. An extrapolation allowed for the identification of an initial 

temperature of 390 °C at which the nanocrystallite volume is theoretically zero and the process of ZnO 

nucleation starts. The TGA showed that the maximum precursor decomposition rate is attained at the 

same temperature. Similarly, it was estimated that aggregation of 4.5 nanocrystallites on average into 

one grain starts the grain growth process at this temperature. 

The data were further analysed with the basic grain growth model. An agreement between the theory 

and the experiment was observed. The activation energy was estimated for the sintering process as 

well as for the ZnO nanocrystallite growth. The crystallite size was found to be linearly dependent on 

the reciprocal value of the thermodynamic temperature, which means that the growth was limited by 

the crystallite boundary mobility. The rate constant was analysed, and the value of the ZnO self-

diffusion coefficient Ds = 6.4 x 10-16 cm2s-1 was estimated, which is in agreement with the literature 

reported values. According to the refined analysis of the data, the activation energy of the self-

diffusion coefficient Q = 0.32 eV was found, which allowed for identifying the mechanism of the 

crystallite growth in corroboration with the literature as the interstitial in-plane mechanism and the 

inter-stitialcy out-of-plane mechanism for the Zn diffusion in a ZnO lattice. 

Prepared materials were tested in a standard test of photocatalytic activity based on an organic dye 

solution discolouration. The process followed pseudo-first order kinetics, and its rate constant was 



evaluated. Maximum activity was found for the material obtained by annealing at 500 °C. Furthermore, 

the reaction between h+ and the dye adsorbed on the surface of the catalyst was identified as the key 

step in the mechanism of discolouration. 

We developed an interpretational framework focused on contributions linked with the size scale levels 

of the hierarchical architecture of the prepared photocatalyst. Let the factors promoting the 

photocatalytic activity be denoted by a ( + ) sign and impeding factors by a (—) sign. There are various 

size scales associated with the corresponding hierarchical levels. 

 

1. Although the size of the micro-lumps is in micrometres, their me-soporous morphology 

involves not only the length of the pores (macroscopic) but also their diameter (nm range) as 

representative physical length scales. Although the (BET) specific surface area (+) decreases 

monotonously, its availability for a photocatalytic reaction is controlled by geometrical 

constraints. The general pores flow geometric factor (+) decreases, while porosity (+) increases 

with the annealing temperature of the micro-lumps preparation; hence, these trends work 

against each other. 

2. The ZnO micro-lumps are assembled from grains with a size scale mainly in the hundreds of 

nanometers. The effect of the particle size (— ) is manifested for particles bigger than the 

escape length of the exciton (actually its diffusion length) which is about 110 nm in ZnO. Both 

scattering or trapping of an exciton on an internal interface between nanocrystallites 

aggregated into the grain discriminates the exciton from the photocatalytic process. This effect 

increases with increasing grain size as illustrated by the decrease in both the packing factor (+) 

and the fraction of crystallites in the outer grain shell (+) with the annealing temperature of 

micro-lumps preparation. 

3. The size of individual nanocrystallites varies from ca 20 to 80 nm with applied annealing 

temperature. At this particle diameter length scale, the exciton radiation recombination rate 

(— ) increases with the particle size, while intrinsic nanoparticle absorption ( + ) has a 

maximum for the particle diameter of about 40 nm. 

To summarise the analysis of the photocatalytic activity of the ZnO hierarchically nanostructured 

mesoporous particles, we found that it is non-monotonously size-scale governed by a combination of 

effects contributing at various hierarchical levels of the particle morphology and thus tuneable by the 

annealing temperature used for the catalyst preparation. 
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