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Abstract 

Microstructure and morphology of particles play key roles in optimizing the properties of 

shape-selected ZnO particles, which are essential factors for flexible and reliable applications. In 

particular, chemical understanding and physical measurement with scientific theory must be 

further integrated for the realization of finely tuned ZnO nano/microstructures with desired sizes 

and shapes. Herein, we deliver a detailed description of the mechanism that mimics the 

formation of finely-tuned, spherical ZnO nanoparticles (NPs) at the computational level. We 

tackled issues that significantly affect the favorable structural motifs of the spherical ZnO NPs 

grown hydrothermally from ethanolic solution leading to their advancing chemical and physical 

properties.The excellent photocatalytic activity of the spherical ZnOwas addressed by an 

apparent-rate constant of 9.7(2)x10-2 min-1efficiently degrading the Rhodamine B solution by 

99 % in 50 min.The apparent-rate constant for tubular ZnO particles is almost six times lower 

than that of spherical ZnO NPs. Comparative results revealed that the diversity of size and shape 

of ZnO particles distinguishes the wurtzite-to-rocksalt transformation reversibility phenomena by 

dictating the microstructure-dependent deformation behavior and ultimately leading to different 

transition-induced elastic strain responses to hydrostatic pressure up to 30 GPa. 

 

Keywords: high pressure; X-ray diffraction;microstructure; phase transition;oxide materials; 

catalysis 

 

1. Introduction 

Topping advancements in ZnO-based nanotechnology over the last decades have 

significantly raised the interest for the cost-effective fabrication of functionalized ZnO-based 

materials16. A powerful combination of unique optical, semiconducting, piezoelectric, and 

catalytic properties7,8 fused with thermal and chemical stability9, as well as both 

biocompatible and biodegradable peculiarities10leads to superior functionality11,12, 13of 

ZnO-based nanomaterials.Due to a wide bandgap and high electron mobility, ZnO is frequently 

used as an electron extracted layer in the perovskite-based solar cell, whereas the performances 

of photodetector can be significantly improved1418.Namely, the ZnO can passivate the 

perovskite and eliminate trap states on its surface and grain boundaries, which contributes to the 

superior sensing properties with high and fast response.At the same time, the ZnO NPs, which 
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occur, in a wide range of morphologies19, have been rediscovered as innovative agents for 

medical applications20.In their 2020 outlook, Wiesmann, Tremel, and Briegera outlined a 

breakthrough role of ZnO NPsas pioneering anti-tumor agents in cancer medicine21. Based on 

their great prerequisites, several research groups22,23, reported the successful binding of ZnO 

NPs with the COVID-19 targets, via the formation of hydrogen bonds, and highlighting the 

competence of the ZnO NPs strongly related to the effects of microstructure and morphology. 

Given the rising importance of ZnO-based applications, defining and establishing the most 

optimal preparation route of functionalized ZnO-based materials have become an essential 

matter to be dealt. Althoughsignificant superiority and better performance of ZnO NPs over other 

antiviral metal oxides NPs2426has been shown,their rather poor application in the 

photodegradation processes of dye pollutants, such as Rhodamine B (RhB, C28H31ClN2O3) 

and/or Methylene Blue (MB, C16H18N3SC), limits a largescale-application. Namely, thelow-cost 

and chemically stable semiconductors such as TiO2, ZnO, and SnO2 have relatively large band 

gaps and mainly absorb UV photons only 27,28. However, these narrow bandgap materials are 

rather poorly used in photocatalysis due to higher fabrication costs andchemical instability. In 

particular, the main barriers for effective ZnO applicability are the narrow light-absorption range, 

the photoinduced corrosion–dissolution at extreme pH conditions, the charge-carrier 

recombination, and the formation of inert Zn(OH)2during photocatalytic reactions. To overcome 

these barriers, metal and non-metal doping, morphology control, and sensitization with optical 

and plasmonic nanostructures are often used to extend the absorption range of the ZnO 

photocatalyst. Particularly, the upconversion nanomaterials can serve as a frequency converter, 

i.e. convert two or more NIR photons to visible or UV photons, where converted photons can be 

reabsorbed by photocatalysts leading to their efficiency improvement 29. Additionally, the 

surface plasmonic resonance photocatalysts composed of noble metal NPs deposited on the 

surface of semiconductor materials have recently shown promising results towards the visible-

light-driven photocatalysis, where metal NPs act as sensitizers for harvesting visible light due to 

their surface plasmon resonance and the metal-semiconductor interface efficiently separates the 

photo-generated charges 3032.Bora et el. showed that localized plasmonic heating has a 

crucial role in defining the efficacy of the Au-ZnO-based plasmonic photocatalysts apart from 

their higher visible light harvesting and improved charge separation across the metal-

semiconductor interface 33. As a result of the plasmonic effects from Au NPs the activation 
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energy required for the photocatalytic degradation of Methylene blue dye pollutant was reduced 

by 22.5 % in the presence of the Au NPs, which demonstrated visible light photocatalytic 

activity almost double than the bare ZnO nanorods under the solar light irradiation.Indeed, the 

main drawback of the efficient photocatalytic activity of ZnO and the enhanced quantum yield is 

manifested in a very small apparent first-rate constant, kapp, due to the rapid recombination of 

photogenerated electrons and holes34,35.A recent review by Pirashemi et al. (2015) reported 

that the degradation rate constants of RhB dyeover the ZnO and ZnO/Ag2CrO4 catalysts are 

13.310-4 and 21310-4 min-1, respectively. Thus, the activity of the ZnO/Ag2CrO4 

nanocomposite was about 16 times larger than that of pure ZnO36. Neena and co-workers 

(2018) published the value of the rate constant of 9.16  10-4 min-1 for the Fe-Cd co-modified 

ZnO over RhB dye solution, which is 3.7 times higher than that of pure ZnO37.Recent 

findings, by Ma et al. (2021), estimated from the photocatalytic degradation kinetics of pure ZnO 

and Ar–H plasma-modified ZnO catalysts over RhB dye pollutant, highlighted a degradation rate 

of Ar–H plasma-modified ZnO, 20 times greater than that of pure ZnO, with kapp values of 

8.933 10-2 min-1 for Ar–H plasma-modified ZnO and only 3.96  10-3 min-1 for pure ZnO38.  

Interestingly, there has been no report on the synthesis of pure ZnO photocatalyst with 

highly efficient photodegradation activity, despite extensive attempts in this field. Chemically, 

the surface of ZnO NPs is rich in -OH groups, which can be easily decorated and functionalized 

by various surface decorating molecules39,40. It is important to note that the reactivity of ZnO 

NPs in most applications arises from their interaction with an aqueous medium. However, a 

thorough understanding of the interaction of ZnO NPs with H2O at the atomic level is still 

lacking. The large affinity of H2O molecules for ZnO NPs leading to the spontaneous 

dissociation of H2O was demonstrated by the Petridis group41. Šarić et al. reported a strong 

influence of the synthesisroute on the formation of ZnO NPs, their size, and geometrical shape in 

several recent papers4246. 

Addressing both chemical and physical properties (i.e. high-pressure experimental data 

on strain/stress, crystallite size, and shape) of these highly attractive ZnO NPs with exceptional 

semiconducting, piezoelectric, and pyroelectric properties is extremely important for further 

implementation in various industries.Elucidating the effects of both, microstructure47 and 

morphology4850on the properties of ZnO under high pressure is a foundation for exploring 
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the physical and chemical mechanisms that govern the intertwined structure−property 

relationships. The structure of ZnO at ambient conditions adopts the space group symmetry 

P63mc (a=3.25224(7) Å, c=5.20955(12) Å, V=47.72 Å3)51consisting of two interpenetrating 

hexagonal-closed-packed (hcp) sublattices (i.e. wurtzite structure, w) and can be driven by 

external hydrostatic pressure into a cubic arrangement (i.e. rock salt structure, rs) with F-43m 

space group setup (a=4.489 Å, V=90.46 Å3)52. The pressure-induced hexagonal to cubic phase 

transition in ZnO occurs at a relatively modest pressure of 10 GPa and is accompanied by a 

large volume decrease of about 17 %, as reported by Bates et al. in their seminal 1962 study53. 

Much work has been done on the high-pressure behavior of the bulk ZnO along with the 

structural stability and reversibility of the phase transition processes5460, but there are still 

some critical obstacles that need to be elucidated, both experimentally and theoretically. In 

particular, the establishment of the methodology to physically control the reversibility of the w to 

rs phase transition by external pressure stimuli and the direct construction of shape-selected ZnO 

NPs,i.e. morphology-controlled ZnO synthesis routes, by developingthe theoretical mechanisms 

that can control the specific functionality, remain to be elucidated.  

This work takes a fresh look at the physical and chemical peculiarities of shape-selected 

ZnO particles prepared by different routes, concisely elaborating the mechanical response to 

external hydrostatic pressure via Synchrotron Powder X-ray diffraction (SPXRD) experiments 

and the enhanced degradation kinetics over RhB dye pollutant. The characterization panorama is 

further implemented with results from Transmission Electron Microscope (TEM) and Scanning 

Electron Microscope (SEM) micrographs and X-ray Photoelectron Spectroscopy (XPS) 

fingerprints, which provide a detailed insight into the morphological versatility and surface 

diversity of synthesized ZnO polycrystals.The impact of morphologically tuned nano- and micro-

sized ZnO particles on photocatalytic activity is evaluated through the energy bandgap 

calculations from UV-Vis absorption spectra.Herein, we have mimicked theoretical 

breakthroughs at the Density Functional Theory (DFT) level leading to morphology-driven ZnO 

NPs, reflecting enhanced catalytic activity and pressure-induced internal strain contributions to 

the mechanical properties of nanocrystalline ZnO particles. 

 

2. Experimental 

2.1 Materials and Synthesis 
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ZincacetylacetonatemonohydrateZn(C5H7O2)2·H2OAlfaAesar96%,Germany, 

sodium hydroxide (NaOH; Kemikareagent grade 98%;Croatia), triethanolamine 

(C6H15NO3; Fisher Chemical p.a.99.5%,USA), absoluteethanol (CH3CH2OH; J. T. 

Baker99.9 %;Netherlands), and 1-octanol(CH3(CH2)7OH; SigmaAldrich reagent grade 

99%,Germany, wereused to prepare the samples. Double distilled water was prepared in 

our laboratory. Hydrothermal syntheses of ZnO NPs were carried out in the presence of 

triethanolamine (TEA) usingCH3CH2OH and CH3(CH2)7O following the procedure 

described in more detail in ref. 43.Specifically, sample S1 was synthesized by adding 

Zn(acac)2·H2O (0.5 g) to the ethanolic solution of TEA (30 ml) and adjusting the molar 

ratio TEA/Zn(acac)2·H2O to 1:2. Similarly, the TEA/octanol precursor solution for the 

synthesis of sample S2was prepared using CH3(CH2)7OH, with the molar ratio of TEA to 

Zn(acac)2·H2O being 1:1. The prepared transparent precursor solutions were autoclaved at 

170 °C for 72 h, using 50 mL Teflon-lined stainless steel autoclaves. After autoclaving, 

the obtained precipitates were centrifuged in one step, washed several times with ethanol, 

and dried overnight in vacuo at room temperature (RT).A typical synthesis of the sample 

T1 involved dissolving a defined amount of Zn(acac)2·H2O (2.0 g) in an aqueous NaOH 

solution (200 ml) according to the procedure described in 42.The transparent precursor 

solution was autoclaved for 24 h at 90 °C. The obtained precipitates were separated from 

the supernatant using a centrifuge, additionally rinsed with ethanol and Milli-Q water, and 

finally dried at 110 °C. The product obtained was heated to 300 °C in an oven with still 

air at a heating rate of 10 °C/min, and finally calcined at this temperature for 4 h. 

 

2.2 Fourier-transform infrared (FTIR) spectroscopy. 

The surfaces of the ZnO particles were investigated by FTIR to determine the 

presence of the characteristic stretching vibrations. The infrared spectrawere recorded in 

the 4000–200 cm–1region with samples as KBrpellets using a Perkin-Elmer Model 

2000spectrometer. 

 

2.3 Powder X-ray diffraction (PXRD) measurements at ambient conditions 
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PXRD measurements at RT were collected in reflection mode using a monochromatic Cu 

Kα X-ray source (λ = 1.54056 Å) on a Philips PW1880 diffractometer with a step size of 0.02° in 

the 2range between 10° and 70°. 

 

2.4 In-situ SPXRD experiments at non-ambient conditions 

The in situ SPXRD experiments were performed on the Taiwanese BL12B2 sector of 

SPring-8 facility (Hyogo, Japan). Two wide-opening Diamond Anvil Cells (DACs) with 4 pins 

and shallow DAC with 3 pins were prepared for pressurization with diamond anvils of 400 mm 

culet diameter. Each finely ground powder sample was compressed into a small pellet and loaded 

along with a ruby sphere into a stainless steel gasket of defined pre-pressed thickness and drilled 

hole. SPXRD measurements were collected at RT in axial geometry. Details are summarized in 

the Supplementary Information. Silicone oil was used as the pressure-transmitting medium and 

each pressure point was determined by the matching pressure shift of the ruby fluorescence 

line61. A monochromatic X-ray beam with a wavelength of 0.5657 Å was used as the probe 

source.The sample-detector distance and other parameters of the detector were calibrated using 

the CeO2standard. Diffraction patterns were recorded using a Charge-Coupled Device (CCD) 

image plate detector (0.073  0.073 mm/pixel). Two-dimensional diffraction patterns were 

integrated into one-dimensional profiles with an IPAnalyzer and peak positions were determined 

semi-automatically with PDIndexer software62.  

Structure refinements against one-dimensional diffraction data were performed with the 

Rietveld algorithm63using the X’Pert HighScore Plus program64. A pseudo-Voigt profile 

function and a polynomial background with up to six coefficients were applied to the structure 

refinements. Crystallite size and lattice microstrain information were extracted from the phase 

fitting method (i.e. simultaneously with the Rietveld structure refinements) based on the change 

in profile widths compared to a standard sample. The tensor surfaces were additionally evaluated 

and interpreted using a generalized model for the broadening of microstrain peaks within the 

GSAS II software65. Quantitative phase analysis was performed using the formalism described 

by Hill and Howard66. For each phase, all compression data points were fitted with the third-

order Birch-Murnaghan Equation of State (EOS)67using EosFit7 software68. A realistic 

estimate of the compression parameters is given by the following formula: 
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where B0 is isothermal bulk modulus at atmospheric pressure, 𝑩𝟎
′  is its pressure derivative 

(≡dB0/dP), and V0 is the unit cell volume at zero pressure. 

 

2.5Surface morphology imaging 

Morphological analysis was performed using a Field Emission Scanning Electron 

Microscope (FE-SEM) JSM-7000F and a Cs-corrected probe Cold Field Emission (CFE) 

Scanning Transmission Electron Microscope (STEM) Jeol ARM 200 CF. A low beam current 

and electron energy of 80 keV were used to minimize the beam damage. High-Angle Annular 

Dark-Field (HAADF) images were acquired using 68-180 mrad collection half-angles at 24 mrad 

probe convergence semi-angles. The Gatan Quantum ER dual Electron Energy-Loss 

Spectroscopy (EELS) and JeolCenturio Energy Dispersive X-ray Spectroscopy (EDXS) system 

with 100 mm2 Silicon Drifted Detector (SDD) were used for chemical analysis. The powder 

samples were directly transferred to the lacey carbon-coated nickel STEM grids. 

 

2.6The Brunauer–Emmett–Teller (BET) measurements 

The specific surface area of the powders was analyzed by nitrogen adsorption using a 

Micrometrics Gemini surface area analyzer. 

 

2.7Photocatalytic activity measurements 

Photocatalytic activity of the samples was monitored by photodegradation of aqueous 

RhB dye under ultraviolet (UV) light. For each reaction, 3 mg of the powder sample was 

dispersed in a 3.0 ml of 10 ppm aqueous RhB dye solution. Before irradiation with UV light, the 

suspension was sonicated for 5 min and stirred constantly for 1 h in the dark to achieve 

adsorption−desorption equilibrium between the dye solution and the photocatalyst. Then, eight 

UV lamps of 352 nm (8 watt, Hitachi) were turned on to start photodegradation in a photoreactor 

(Luzchem LZC-4V). A magnetic stirrer was placed at the bottom of the cell containing the 

reaction mixture to maintain homogeneity. After the suspension was kept under UV light 

irradiation, a certain amount of the sample (2 mL) was taken at fixed time intervals (20 min) and 

centrifuged at 7000 rpm for 8 min. Photocatalytic degradation reactions were monitored by 
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measuring the concentration of a degraded supernatant liquid as a function of irradiation time by 

UV-Visible (UV-Vis) absorption spectra using a UV-Vis spectrophotometer (Varian Cary 50). 

Blank experiments were performed without the photocatalysts. The extracted information from 

the RhB dye solution photocatalytic degradation curves allowed the determination of the reaction 

type and the calculation of the kinetic constant of the RhB pollutant solution degradation 

reaction. All experiments were conducted at RT at pH=7.The degradation rate r of the RhB dye 

solution can be expressed as69: 

𝑟 = −𝑑(𝐶)/𝑑𝑡 = 𝑘𝑎𝑝𝑝(𝐶)𝑛  (2) 

where C is the concentration of RhB pollutant molecules, kappis the apparent-rate constant and n 

is the order of the reaction.The absorbance at 554 nm was used to calculate the amount of RhB 

dye solution that degraded withtime. The percentage of degradation was calculated using 

the following formula70: 

𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 % = [(𝐶0 − 𝐶𝑡)/𝐶0] 100    (3) 

where C0 and Ct are the initial concentration and the concentration after exposure to UV 

light at time t, respectively. The kapp was calculated using the slope of the graph of ln 

C0/Ct versus the irradiation time.To explore the reusability of the optimal sample, after 

separating it via centrifugation from the reaction mixture, the recovered catalyst was used 

with fresh RhB solution. Namely, after the reaction, the catalyst from each cycle was 

thoroughly rinsed several times with ethanol and dried overnight at RT. The recovered 

catalyst was reused for the degradation of RhB dye each time under identical reaction 

conditions. The degradation efficiency of the ZnOcatalyst was tested within 3 cycles at 

pH=7, whereas the photocatalytic activity was measured at the end of each cycle.  

 

2.8X-ray photoelectron spectroscopy measurements 

The chemical composition of the surface was investigated using a SPECS 

laboratory XPS system under UHV conditions (the typical pressure was in the range of 

10-7 Pa) with Al Kα X-rays of 1486.74 eV and the Phoibos100 electron energy analyzer. 

The pass energywas set to 10 eV, resulting in a total energy resolution of about 0.8 eV. 

The experimental spectra were fitted with the Gaussian-Lorentzian functions after the 

Shirley background subtraction71. 
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2.9UV-Vis spectroscopy measurements 

 UV-Vis absorption spectra were recorded using a Shimadzu UV/Vis/NIR Model 

UV3600 spectrometer equipped with an integrated sphere.Barium sulfate was used as a 

reference.The bandgap values were calculated using the procedure described by Tauc and 

co-workers 72. 

 

2.10 Computational methods 

Geometry optimizations were performed with quantum chemical calculations at 

the DFT level using the Gaussian 09 program (revision D1)73. The (ZnO)36 

clusterserved as a credible model for all possible molecular surface/solvent and 

surface/TEA additive interaction predictions74.Solvent effects (CH3CH2OH, ε=24.85; 

CH3(CH2)7OH, ε=9.86; H2O, ε=78.36) were accounted for using the implicit Solvation 

Model Based on Density (SMD) polarizable continuum75. The M05-2X functional76 

developed by the Truhlar’s group was used. The mixed 631+G(d,p) + LANL2DZ basis 

set was used for geometry optimization, while the Pople’s 631+G(d,p) double-ξ basis set 

and LANL2DZ basis77were chosen for the H, C, O, N and Zn atoms, respectively. The 

final single-point energies were refined using a highly flexible 6311++G(2df,2pd) basis 

set for the H, C, O, and N atoms, while the same ECP-type LANL2DZ basis set was used 

for the Zn atoms. Bader’s Quantum Theory of Atoms in Molecules (QTAIM)78 coupled 

with the AIMALL software package79was employed for the topological analysis of 

electron density. The chemical bond type was qualitatively described by the sign and 

values of the electron density Laplacian ∇2ρ(rc) and the electron energy density H(rc) at 

the corresponding bond critical point. The interaction free energies, ∆G*
INT, were 

calculatedas the difference between the total free energy (G*
AB) of the resulting structures 

and the sum of the total free energies (G*
A + G*

B) of the associating units.  

 

3. Results and discussion 

3.1 Structural and microstructural response to pressure at room temperature 

The resulting white polycrystals of S1, S2, and T1 exhibited single-phase SPXRD 

patterns at RT and slightly elevated pressures of 0.10 GPa, 0.36 GPa, and 0.50 GPa, 
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respectively, preserving exclusively the crystal structure of hexagonal pristine w-ZnO 

with P63mc space group symmetry51 as indicated from the FTIR analysis (see Figs. S1 

and S2 and relevant details)and Rietveld refinements(Figs. 1, 2, S3, S4). The resulting 

unit cell metrics are summarized in Table S1, along withreliability factors that confirm 

the validity of the refinement.However, when the pressure reached 13.16 GPa, 15.73 GPa, 

and 12.44 GPa in S1, S2, and T1, respectively (Figs. 1b, 2b, and S3), the in situ axial X-

ray diffraction (AXRD) profiles revealed the appearance of a new set of reflections not 

indexed by the hexagonal structural model. The appearance of cubic (111), (020), and 

(022) Bragg peaks readily confirmsthe pressure-induced structural phase transition from 

hexagonal to cubic structure with theF-43m space group assignment52, which was 

accompanied by a large volume collapse.As estimated from the Rietveld refinements 

(Table S1), the mass fraction of the cubic phase increased from 4.0 % at 13.16 GPa to 100 

% at 17.68 GPa in the sample S1, a situation that persisted with further pressurization up 

to 29.40 GPa, the highest pressure applied in the experiments (Fig. 3a). In a remarkably 

similar fashion, a complete hexagonal to cubic transformation in S2 was achieved by 

squeezing the sample to 19.50 GPa (inset in Fig. 3a). At 15.73 GPa the mass fraction of 

the cubic phase in the sample S2 was 36.60 %, apparently continued to increase to 76.40 

% at 16.83 GPa and finally up to 100 % at 19.50 GPa. Similarly, the mass fraction of the 

hexagonal phase fades at 12.44 GPa and kicks into 75.20 % of the cubic fraction in the 

sample T1.A w to rs structural transition in S1 completed at 17.68GPa resulted in a 

sharp 21 % dip in unit cell volume, while compression of S2 at 19.50 GPa led to the 

formation of solely cubic phase and 20 % drop in volume, resulting in consequently 

significant hysteresis. Diversely, a hexagonal to cubic phase transformation was revealed 

in T1 at 13.77 GPa, mirroring 20 % unit cell volume collapse.  

The compressibility plots of the hexagonal and cubic phases of the S1, S2, and T1 

samples are shown in Fig. 4,wherethe transparent solid lines are the third-order fits Birch-

Murnaghan EOS67 to the data for the w and rs phases. The fits yielded values of the 

bulk modulus and their pressure derivatives, which are listed in Table 1. The 𝐵0 of the w 

and rs phases at zero pressure were estimated to be 141(14) and 130(4) GPa for the 

samples prepared in alcoholic solutions. These are relatively smaller bulk moduli values 

compared to the values reported in some previous experiments58,80using Si oil as the 
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pressure medium. Accordingly, the B0 of the rs phase for S1 of 215(3) and 151(2) for S2 

correlate favorably with Decramps (2003)80 and Hanna (2011)81. However,since our 

results for T1 are based on a limited number of pressure points, the results of such 

analyses should consequently be treated with the utmost caution. 

The high pressure phases of both, S1 and S2 were stable up to 29 GPa. Interestingly, the 

fingerprints of the cubic diffraction patterns did not reappear during decompression from 29 

GPa to 0 GPa  hexagonal structures were retained beyond the upward transition pressure in 

both samples, S1 and S2. Such experimental results for the structural transitions in prepared ZnO 

samples correlate well with data published for bulk ZnO 52,55,8183and further support the 

concept of first-order solid-state transformation in prepared ZnO samples. In contrast, a very 

different trend was observed for the sample T1 after depressurization (Fig. 2b). Namely, the 

sampleT1 undergoes a first-order pressure-induced phase transformation at 12.44 GPa, followed 

by the transition zone imaged up to 13.77 GPa and accompanied by a 20 % volume decrease 

(Fig. 4).In contrast to S1 and S2, a reversible pressure-induced phase transition to single-phase 

hexagonal symmetry was observed in the sample T1 by slowly depressurizing from 15.46 GPa to 

ambient pressure (Figs. 2b and5). Nevertheless, the phase transitions in all prepared samples 

followed a two-step hexagonal path83, which was accompanied by a pronounced linear 

decrease in the c/a axis ratio and further led to the formation of the cubic phase. However, it 

must be emphasized, that being slightly softer along the c-axis direction85 even at ambient 

pressure (i.e. the c/a axis ratio of 1.6026(6) at 0 GPa, is smaller than the ideal value86of 1.633) 

the hexagonal packing shows a minor indication of an abnormal variation of the c/a axisrationear 

the structural transition pressure. This further leads to a slight deviation of the position parameter 

u from the ideal uc/a=(3/8)1/2 as the hexagonal packing becomes denser. The observed changes 

in the d(100)/d(002) ratiofor the hexagonal phase and thed(020)/d(220) ratiofor the cubic phase 

correlate highly with the pressure variations over the studied range in S1, S2, and T1 (see Figs. 5 

andS5). Specifically, the ratio d(100)/d(002) increases linearly with pressure before the phase 

transformation and deviates from the linear relationship in the transition zone, while the ratio 

d(020)/d(220) decreases slightly with pressure after the phase transition. Such anisotropic 

compression behavior indicates that both w-ZnO and rs-ZnO phases are distorted in the 

transition zone, as discussed previously in ref. 47.  
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Observations of non-consistent transformation reversibility of the rs-ZnO phase have 

been a central issue for a long time. Various experiments showed that the transition from rs 

phase to w phase returns to rs phase with pronounced hysteresis 52,63,55,while other 

experimentsshowed that the partially extinguished rs phase persists with w phase at ambient 

conditions. Such a rather contradictory phenomenon4751,87,88has addressed the unsolved 

question - why do the phase-pure ZnO samples of the cubic assemblies showdifferent 

transformation activities under the same pressure ranges?Recently, it has been proposed that 

such delicate behavior results from surface energy differences47,82between the crystalline 

phases and the volume collapse ratio. Furthermore, particle size significantly affects the pressure 

range of phase stability and the final fractions of rs and w phases at ambient conditions47in 

various ZnO samples. As suggested by Liu et al.59 a plausible explanation for such different 

reversibility phenomena observed in S1, S2, and T1 is that a small amount of the rs phase 

trapped in the nanoscale grain size during the w to rs transition upon compression and then the rs 

to w transition upon decompression, resulting in the partial visibilityof the rs phase even after the 

pressure is released. Moreover, the mechanism of pressure hysteresis strongly reflects the effects 

of crystallite size and lattice strain8993.Remarkably, Fig. 6a shows a clear trend – as the 

applied pressure is increased, we observed a more pronounced reduction in crystallite size.The 

most striking observation that emerges from the comparison of the S1, S2, and T1 data is an 

abrupt change in crystallite size in the sample T1, observed from 94.1(1) at 0 GPa to 62.2(1) at 

0.36 GPa. In contrast, no significant difference in crystallite size values was observed in the 

other two ZnO samples over such a very narrow pressure range.  

In order to get further insight into the role of the compression behavior of the high-

pressure phases in ZnO samples, mapping of the surface morphology at ambient conditions (see 

Figs. S6S8), were combined with the results of the line broadening analysis (Fig. 6).We 

observed that the crystallites formed in the sample T1 are larger, implying a smaller surface 

area94,and thus favor a reversible transformation process from cubic to hexagonal symmetry 

upon decompression.As obtained from the BET surface area analysis, with an increase in 

crystallite size the specific surface areas decrease from 10.65(15) in sample S1 to 2.75(6) m2/g in 

sample T1.On the other hand, the much smaller crystallites of 45.9(1) and 18.9(1) nm in S1 and 

S2, respectively, promote rather strikingstability of the cubic lattice and potentially hinder the 

transformation process upon decompression to 0 GPa. In general, the higher phase transition 
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pressure compared to the bulk is consistent with previous results47 and is attributed to the large 

surface-to-volume ratio95of the nanocrystals. Independent of the contribution of the crystallite 

size, the phase transition process is also largely related to the transition-induced elastic strain83 

arising from the lattice differences between hexagonal and cubic phases. Based on the Rietveld 

refinements, the evolution of lattice microstrain as a function of applied pressure in S1,S2, and 

T1 did not show the same trend of change over the same pressure range, as shown in Fig. 6. Prior 

to the hexagonal to a cubic phase transition, the average lattice microstrain increases with 

pressure in an almost exponential manner in both hydrothermally produced and calcined ZnO 

samples. At the onset of the phase transition, the lattice strain in the sample S1 decreases steeply 

with pressure indicating the occurrence of plastic flow96,which leads to a further decrease in 

the strength of each phase, thus showing similarities with commercially available polycrystalline 

ZnO powder, such as ref.47. The occurrence of plastic flow can relax the internal strain, 

allowing further growth of the cubic phase96,97. On the other hand, at low pressure, there is a 

pure hexagonal phase with large lattice strain in both samples,S2 and T1, while a discontinuity in 

thestrain is visible during the phase transition. After the phase transition, the lattice microstrain 

remains relatively stable at higher pressures in all prepared samples.Undoubtedly, a larger 

microstrain reduces the crystallite size, strengthens the bond bending, and thus has a strong 

influence on the reversibility phenomena and mechanical properties of the ZnOparticles98,99. 

 

3.2 Photocatalytic degradation of RhB dye 

Results from the photocatalytic activity of three ZnO samples towards the RhB 

pollutant, a carcinogenic textile dyeare shown in the left panel of Fig. 7, where the sample 

S1 exhibits the highest photocatalytic activity among three. The blank test was carried out 

by illuminating a UV source on the RhB dye solution directly without catalyst (Fig. 

S9).During the adsorption process, S1 removed 14 % of the RhB dye, whereas the 

samples S2 and T1 removed 2 % and 4 % of pollutant molecules, respectively.In general, 

the RhB solution is quite stable once illuminated 38 negligible wavelength shifts 

andabsorption peak intensities are observed under illumination, while the addition of S1, 

S2, and T1 photocatalysts leads to a steep decrease in adsorption at 554 nm with 

irradiation time.A significant increase in photocatalytic activity towards photodegradation 

of RhBfootprints was observed forS1 and S2photocatalystsunder UV irradiation for 50 
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min, whileT1showed complete degradation after 200 min treatment time.In general, the 

RhB solution is quite stableonce illuminated38 negligible wavelength shifts 

andabsorption peak intensities are observed under illumination, while the addition of S1, 

S2, and T1 photocatalysts leads to a steep decrease in adsorption at 554 nm with 

irradiation time. Based on a comparison of the regression coefficients, R2, the 

photocatalytic dye degradation reaction is assumed to follow first-order kinetics (Table 

2), which ensures the model Langmuir–Hinshelwood100. The photocatalytic RhB 

degradation rates using different ZnO catalysts are tabulated in Table 2. As shown in Fig. 

7e, the apparent rate constants ofthe products increased from 1.56(1) 10-2 min−1 to 9.7(2) 

10-2 min−1, in the order T1>S2>S1, while kapp was only 510-4 min−1 in the blank 

experiment. 

Various efforts have been made to improve the photocatalytic activity of ZnO 

catalysts by modifying their surface and structure38,101111, but to our knowledge no 

other author has found such a high first-order rate constant for a pure ZnO photocatalyst 

prepared by the methods we described in this study. Our results differ significantly from 

previous results reported in the literature, where the degradation rate of the RhB solution 

was improved after the addition of pure ZnO, but still showed a rather poor degradation 

activity, with kapp in the range of 3.9610-3to 2.510-2 min-136,104. The sample S1 

showed the best photocatalytic activity (Fig. 7f) for RhB dye degradation in 50 min 

(about 99 % degradation).Degradation with S2 was also found to be as high as 98 %, 

while T1 showed a significantly low 53 %, degradation, of which the latter is related to 

the decrease in the specific surface area obtained from the BETanalysis. It is critical to 

note that the result for the S1 degradation effect over the RhB dye solution is comparable 

to the result reported for the plasma modified36ZnONPs, which efficiently degraded the 

RhB solution by 97.8 % in 40 min.As far as the photocatalyst stability is concerned, the 

photocatalytic reactions of optimal catalyst (i.e sample S1) over RhB dye pollutant were 

repeated under the same reaction conditions within 3 cycles at pH=7 (see Fig. S10, Table 

S2).The slightly lower activity of recycled S1 in the thirdcycle (i.e the degradation 

reduced from 99% in the first cycle to 96% in the third cycle) resulted in only 3 % 

loss of RhB degradation. 
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3.3 Surface diversity of ZnO samples identified by XPS characterization 

Photoemission spectra around the O 1s corelevels of S1, S2, and T1 are shown in Fig. 8. 

All spectra show a similar structure: the main peak at the binding energy (BE) of 530.0 eV and a 

smaller feature shifted to a higher BE of 531.5 eV. We assign the dominant line to the O 1s 

emission corresponding to electrons from the Zn-O bonds (O2- ions) originating from the oxygen 

of the ZnO crystal lattice103,112.On the other hand, the additional peak at 531.5 eV is 

attributed to oxygen or hydroxide species113. Indeed, the physically absorbed OH radicals 

(•OH)114are an important active species in semiconductor photocatalysis. The relative fraction 

of the chemisorbed O or OH groups is largest in sample S1, with a relative contribution of 30 % 

(compared to 23 % in T1 and 21 % in S2). We explain this difference by a higher adsorption 

affinity for O or OH species on the S1 surface, which in turn may contribute to the enhanced 

photocatalytic activity observed for this sample. Indeed, the amount of O or OH species on 

surfaces of photocatalytic materials was previously found to play an important role in 

photocatalytic activity, leading to more efficient photocatalytic activity on surfaces with a 

higherconcentration of oxygen or •OH. The difference in the atomic structures of the surfaces 

may lead to the discrepancy in the ability of chemisorbed oxygen species or •OH115,116. 

 

3.4ZnO particles affecting the photocatalytic activity through the bandgap calculations 

The impact of morphologically tuned nano- and micro-sized ZnO particles on 

photocatalytic activity was elucidated through the energy bandgap calculations as the 

change in the value of the bandgap can be attributed to the effect of the ZnO particle size 

117, 118, 119]. As can be seen from Fig. S11, the UVVis absorption spectra of ZnO 

samples are characterized by broad and intensive absorption between 200 and 400 nm. A 

significant increase in the absorption at wavelengths shorter than 400 nm can be assigned 

to the intrinsic bandgap absorption of ZnO due to the electron transitions from the valence 

band to the conduction band (O2pZn3d) 120].The as-prepared powder had no optical 

absorption in the visible region, but there was a good absorption nearly in the whole UV 

region. The direct bandgap energies estimated from the intercept of the tangents to the 

plots from Fig. S11 are found to be 3.23 eV, for S1, 3.22 eV for S2, and 3.18 eV for T1. 

These Egvalues are slightly higher compared to those reported by J. Yu and X. Yu for 

ZnO hollow spheres 120]. Furthermore, observation shows that spherical ZnONPs (i.e. 
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samples S1 and S2) feature a blue-shifted UV absorption edge with respect to the 

absorbance of the tubular sample T1 that was prepared in an aqueous NaOH solution.This 

shift is causedby the strengthening of the quantum confinement of charge carriers at a 

decrease in the size of ZnO NPs 121]. The bandgap of ZnO particles decreased with an 

increase in crystallite size, thus directly influencing the near band edge emission and 

supporting the enhanced photocatalytic decolorization of RhB aqueous solution using 

spherically shaped ZnO catalysts. Indeed, the ZnO samples with smaller crystallite sizes 

(i.e samples S1 and S2) have a larger redox potential for photocatalytic decomposition of 

organic contaminants under UV irradiation120].The enhanced photocatalytic activity of 

samples S1 and S2 over T1 can be ascribed to higher specific surface areas and smaller 

crystallite sizes that favor the enhancement in redox potential.  

 

3.5 Understanding the mechanism of ZnO NPs formation towards diverse high pressure 

behavior and enhanced photocatalytic activity 

Choice of the synthesis protocol among various processes will largely influence the 

microstructure and morphology of ZnO particles and their chemical and physical 

properties, which play a key role in controlling the catalytic performance and mechanical 

features towards improved functionalities and direct applications of this material. The 

mechanism governing the formation of ZnO particles has been deciphered by detailed 

theoretical simulations of ZnO interface-solvent and interface-additive interactions using 

quantum chemical calculations. In particular, we identified the mechanism of ZnO 

particle formation in the desired ZnO catalyst by integrating various synthetic chemistry 

and materials physics data (i.e. microstructure and surface behavior) using theoretical 

simulations of the ZnO surface/solvent and surface/additive interactions using 

(ZnO)36─H2O, (ZnO)36─CH3CH2OH, (ZnO)36─CH3(CH2)7OH, and (ZnO)36─TEA 

models (Fig. S12). The (ZnO)36 cluster served as a suitable model61 for cluster 

modeling. The most stable (ZnO)36─H2O-, (ZnO)36─CH3CH2OH-, 

(ZnO)36─CH3(CH2)7OH- and (ZnO)36─TEA-structures, as well as the bond lengths(d), 

energies (E), and QTAIM properties of the selected bonds, are summarized in Table S3. 

The calculated values of the Gibbs free energies of the surface/additive interaction are 

given in Table S3, while the total electronic energies, thermal corrections to the Gibbs 
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free energy, total free energies of the resulting and associating unit structures are given in 

Table S4. The primary ZnO NPs in sample S2 showed a high tendency to spherical 

aggregation, while no significant tendency to spherical aggregation of fine uniformNPs 

was observed in the ethanol media. Most likely, such treatment enables a sufficient 

combination of favorable electrostatic interaction between ZnO NPs, small polar 

molecules of ethanol, and the smaller amount of TEA molecules, to prevent the 

aggregation process. However, the aggregation of fine primary ZnO NPs into larger 

densely packed spheres in ethanol media is favored by increasing the TEA concentration, 

indicating the shaping role of TEA chains in stimulating the aggregation 

process43,122.Because of the ability of ethanolamines to combine the properties of 

amines and alcohols and to participate in reactions common to both groups, resulting in a 

considerable change in particle surface properties, good control of morphology and 

crystallite size is achieved by changing the nature of the alcoholic solvents and the molar 

ratio [TEA]/[Zn(acac)2]. Consequently, it appears that a small amount of TEA suppresses 

both the growth of the primary NPs and their assembly (sample S1), while the excess 

amount of TEA suppresses the growth of the primary NPs and mimics a bridge between 

adjacent ZnO NPs to form the large, spherical ZnO agglomerates (sample S2). The 

influence of the TEA additive on the overall shape of the ZnO NPs and their aggregates in 

both samples, S1 and S2, was confirmed by theoretical simulations of the surface/additive 

interactions using an appropriate (ZnO)36─TEA model. 

 The calculated values of Gibbs free energies showed that the (ZnO)36─TEA 

interaction is a spontaneous exergonic process in both CH3CH2OH and CH3(CH2)7OH 

solvents, with Gibbs energy values of ΔG*
INT=-8.52 kcal mol-1 and ΔG*

INT=-7.68 kcal 

mol-1, respectively (see Table S2). However, the possible surface/solvent 

(ZnO)36─CH3CH2OH or (ZnO)36─CH3(CH2)7OH interactions imply the structures for 

which the interactions are slightly endergonic processes (ΔG*> 0). Due to the high 

chelating efficiency of TEA over Zn, a structural motifwas observed in the (ZnO)36─TEA 

model, where TEA appears to be anchored to the (ZnO)36 cluster by three extremely 

strong hydrogen O─H∙∙∙O bonds, which are accomplished between the hydrogen atom of 

TEA hydroxyl groups and the oxygen in the (ZnO)36 cluster, increasing its stability (Fig. 

9).  
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It is important to emphasize that the growth control of the primary ZnO NPs is ensured 

by the prevention of the growth of the cores and the bare ZnO NPs in the first phase due 

to the good adsorption of three flexible hydroxyl chains of the TEA molecules on their 

surfaces. Indeed, the calculated values of the binding energies indicate the unusual 

strength of the O─H∙∙∙O-hydrogen bonds between the hydrogen atom of the TEA -

hydroxyl groups with the oxygen in the (ZnO)36 cluster, which turned out to be the most 

important parameter, since the control of the surface/additive interactions allows the 

nuclei and the bare ZnO ultrasmall NPs to grow not only along the preferred axis. As 

described in the literature review101,112,124,joint experimental and theoretical studies 

showed a strong dependence of the photocatalytic performance on the crystal facet 

exposures in the order{0001} > {101̅1} > {101̅0}, with the polar {0001} being the 

predominant facet of the spherical ZnONPs. The presence of a significant amount of TEA 

increases the number of TEA anchor sites resulting in higher coverage of theZnO surface, 

which in turn results in higher photocatalytic efficiency of the NPs. 

The calculated values of hydrogen bonding energies obtained from the surfaceadditive 

interactions in the (ZnO)36─TEA model showed that the use of ethanol as a solvent is 

likely to lead to much stronger bonding in the sample S1 (i.e. EO∙∙∙H ranges from -39.76 

kcal mol-1 to -40.61 kcal mol-.), and weaker in sample S2 (i.e. EO∙∙∙H ranges from -28.79 

kcal mol-1 to -31.67 kcal mol-1). Moreover, the aggregation process of the spherical ZnO 

agglomerates is mainly driven by the use of various interactions of alcoholic solvents and 

TEA molecules and their intermediate species with the surface of the primary ZnO NPs. 

Due to the high affinity of TEA and alcohol molecules for the (ZnO)36 surface, based on 

the simultaneous involvement of both, a high degree of coverage is achieved and the 

particle size is limited on one side. On the other hand, all the free hydroxyl groups have a 

large capacity to attract each other through hydrogen bonding and serve as a link between 

the neighboring ZnO NPs. In addition, it is important to emphasize the influence of the 

weaker N─H∙∙∙O-hydrogen bonds between the nitrogen atom of the amine group TEA and 

the oxygen in the (ZnO)36 cluster on the process of spherical aggregation.In contrast, in 

the aqueous NaOH solution (i.e. preparation of the sample T1), hierarchical crystal 

growth is present along the c-axis by aggregation of hollow tubular ZnO substructures 

with lamellar hexagonal stacking. The growth process of the hollow spindle-shaped 



20 
 

particles is complex and has been proposed based on a combined experimental and 

theoretical approach. The main driving forces responsible for the preferential orientation 

growth along the c-axis of the hollow spindle-shaped particles, which is favored in the 

aqueous NaOH solution, are various interactions of the water-solvent molecules, as well 

as hydroxyl groups from NaOH, with the surface of ZnO. Interestingly, the transfer of a 

hydrogen atom from the water molecule to oxygen in the (ZnO)36 cluster is observed in 

the most stable (ZnO)36─H2O structure (Table S1). As a result of this process, a free pair 

of electrons on the oxygen atom of the water molecule participated in a new strong 

coordinate bond with zinc (Zn─O): dZn─O = 2.029 Å, EZn─O = -29.15 kcal mol-1. 

According to the topological parameters H(rc) < 0 and ∇2ρ(rc) > 0 summarized in Table 

S3, the Zn─O bond was assignedto an intermediate interaction type, which is a feature of 

coordinate bonding. Due to the high affinity of the H2O molecules for the (ZnO)36 surface, 

which is based on the simultaneous bonding by the transfer of hydrogen atoms and the 

Zn─O bond, high free energy is released (ΔG*INT = -6.74 kcal mol-1). It seems that the 

spontaneous deprotonation of H2O molecules, observed in the most stable (ZnO)36─H2O 

structure (Table S3), as well as the presence of NaOH where the surface of ZnO NPs is 

directly attacked with OH ions, play a key role in explaining the hierarchical crystal 

growth along the c-axis through the aggregation of hollow tubular ZnO 

substructures124 with lamellar hexagonal stacking. The Cartesian coordinates of the 

calculated clusters are given in the Supplementary Information (see Tables S6 to S10). 

 

4. Conclusions 

This paper underlines the importance of theoretical understanding beyond 

systematic pathway set-ups, which can lead to the designing of morphologically targeted 

ZnO NPs.By integrating synthesis of ZnO particles using three different methods, and 

structural/chemical property measurements, aided by theory calculations we singled out 

the optimal ZnO candidate with morphology-dependent functionalities. 

We studied the microstrain responses of the shape-selected ZnO NPs to the applied 

hydrostatic pressure up to 30 GPa and carried out degradation measurements over the 

RhB dye pollutant molecules.This comparative study revealed that the diversity of size 

and shape of ZnO particles distinguishes the w-to-rs transformation reversibility 
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phenomena by dictating the microstructure-dependent deformation behavior and 

ultimately leading to different microstrain responses to hydrostatic pressure. We have 

highlighted the exceptionally high apparent-rate constant of 9.7(2)10-2 min-1, which 

relegates the role of spherical ZnO NPs grown hydrothermally from ethanolic solution 

towards the giant, spindle-shaped ZnO particles prepared in NaOH medium with 

calcination treatment.  

It seems that by understanding the crystal growth of ZnO NPs via the molecular 

ZnO interface/solvent/additive interactions and screening the solution chemistry of ZnO 

NPs, one can make ZnO a highly efficient promising multifunctional material. The 

prospect of being able to synthesize pure ZnO NPs that efficiently degrade 99 % of the 

RhB dye pollutant in 50 min serves as a continuous incentive for future research. 

Preliminary studies showed that spherically shaped ZnO catalyst prepared from ethanolic 

solution can be conveniently recovered and reused for three runs with a 3 % loss of RhB 

degradation.Our results are encouraging and should be validated by a larger series of 

samples and probing different factors affecting the photocatalytic degradation of pollutant 

molecules. 
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Table 1. 

 
sample phase 𝐵0(GPa)  (GPa-1) V0 (Å

3) 

S1 hexagonal  

cubic 

141(14) 

215(3) 

0.0070 

0.0047 

24.36(5) 

19.89(2) 

S2 hexagonal 

cubic 

130(4) 

151(2) 

0.0077 

0.0068 

23.74(4) 

19.93(3) 

T1 hexagonal 

cubic 

198(25) 

176(2) 

0.0050 

0.0056 

24.10(1) 

20.07(2) 

 

Table 2. 

sample R2 kapp(min−1) 

Blank 0.94(1) 5(1)10-4 

S1 0.99(6) 9.7(2)10-2 

S2 0.99(9) 8.3(4)10-2 

T1 0.99(9) 1.56(1)10-2 

 
 


