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6&�/�&�&" &#�#%1 %�!,� 6&�����+:'�  &#��"� 6&�$%�'�%$�1%''&" &#� 6&'! �8

1!,,0�!��!"2&#�1%,,&1 �%"�%$�%��2�"!,��1�&" �$�1�!� �1,&��*� 6�!11%'/!"0�"2� &. ����

$%1+�&#�%"� /�&/!�! �%"�%$� /%,0'&��1� 1%'/%�� &��*� 6�!" �:!1 &��!,� /�%/&� �&���

6&� #&3&,%/'&" � %$� !" �:!1 &��!,� /%,0'&��1� �0� &'�� ��� #%1+'&" &#� $�%'�  6&�

�0" 6&���� %$� !1 �3&� $�,,&��(� �"3&� �2! �%"� %$�  6&��� /�%/&� �&�(� 1%'/%+"#�"2�  %�

/%,0'&��1�'! ��.(� &� �"2�%$�/�&/!�&#�1%'/%�� &��!"#�!��&��'&" �%$��+�$!1&�!"8
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%��2�"!,�'& 6%#�%$� 6&���/�&/!�! �%"�:0�+�&�%$�'�1�%*!3&8!���� &#�60#�% 6&�'!,�

/�&1�/� ! �%"� $�%'� �%,+:,&� ;�"1� �!, �� �" �%#+1&#���%�'! �%"�'&16!"��'�%$� ;�"1�

%.�#&�/!� �1,&��$�%'�,!0&�&#�:!��1�;�"1�60#�%.�#&�!1& ! &��" &�'&#�! &�/�%#+1 �

+"#&�� 6&�'�,#�/��1%"#� �%"�*!��&,+1�#! &#��6&�'& 6%#�*!��#&3&,%/&#�$+� 6&��
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%$� 6&�1%'/%�� &���
% 6� *%8�!"#� 6�&&8#�'&"��%"!,�$�,,&���*&�&�/�&/!�&#��"� 6&�

��;&� %�#&�� %$�'�1�%'& &��(� 6%*&3&�(� *� 6�  6&� "!"%� �+1 +�&#�'%�/6%,%20� %"�

'&�%�1!,&��6���!//�%!16(� �"�/��&#�:0� 6&��6!/&�%$��"%*�$,!-&(�*!��!#%/ &#� %�

!3%�#�!#3&��&�&$$&1 ��  6! � �"&3� !:,0�%11+��#+��"2�/�%1&���"2�%$�"!"%/!� �1,&���

6&�'�1�%8$�,,&�� -&&/�� !,,� !#3!" !2&�� %$� 1%"3&" �%"!,� /%*#&�� /�%1&���"2� !"#(�

'%�&%3&�(� � � /%��&��&�� /60��1%816&'�1!,�!  ��:+ &�� �&,! &#�  %�"!"%/!� �1,&��!��

*&,,���0:��#�$�,,&��1%" !�"�"2���,3&��!"#�;�"1�%.�#&�*!���0" 6&��;&#�$�"!,,0��"�%�8

#&�� %�:�%!#&"� 6&�!" �:!1 &��!,�!1 �3� 0�%$�/+�&�;�"1�%.�#&����

�%,,%*�"2�&./&��'&" !,�'& 6%#��*&�&�+�&#� $%�� 16!�!1 &��;! �%"�%$�/�&/!�&#�

$�,,&��<� �8�!0� #�$$�!1 %'& �0(� �1!""�"2� &,&1 �%"�'�1�%�1%/0(�  6&�'%2�!3�'& �0(�

!"#��%+��&��  �!"�$%�'� �"$�!�&#� �/&1 �%�1%/0��6��� /!� �%$�!"!,0 �1!,�*%�-�1%"8
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16!"�1!,� /&�$%�'!"1&� %$� /�&/!�&#� !" �:!1 &��!,� /%,0'&�� 1%'/%�� &� �0� &'�� �"�

�&�/&1 �  %� �" &"#&#� !//,�1! �%"�� 6&� ��,3&�� 1%" !�"�"2�'! &��!,� 6!�� 3&�0� 2%%#�

1%"#+1 �3� 0(�6&"1&(� 6&�1%'/%�� &��1%" !�"�"2� 6&��2?�"��$�,,&��*&�&� &� &#�%"�

&,&1 ��1!,�1%"#+1 �3� 0�!�� 6&�'&#�1!,�#&3�1&�'!#&�$�%'� 6���'! &��!,�1%+,#��"8

 &�$&�&�+"#&���!:,0�*� 6�  6&�#�!2"%� �1�!"#�  6&�!/&+ �1�&,&1 �%"�1�!//!�! +�&��
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6&� %+16� %"&�%$� 6���*%�-�1!"�:&�$%+"#� �"� 6&� &� �"2�%$� 6&��+�$!1&�!" �8

:!1 &��!,�!1 �3� 0�%$�  6&� /�&/!�&#� 1%'/%�� &��!11%�#�"2�  %�  6&� 	������@�A�==B�

C�D�!2!�"� �)����������	�
��	����������
�
����	������	�����/��������3������:��6�

2���8/�����3�����2���8�2���3��:�1����������0/�1�,�/��6�2������/���:,������

���1����,� ���1������ 6�� �����2� ���6��� *��� 16���� ��� :��2� �� ��������

���6������E+�������3������������������:�1�����,��1��3��0���/,����1��+���1����

��1��.����6���:����6�*� ���/�������������2����:�1�����,��1��3��0��2�����

�����������	�
��������,�����:�1�����,��1��3��0��2������������
�
����	�������		�

������ ��� ��/��3�����:�1�����,�/�������1���2����	�������
�
����	�������	��,8

3�����/����1,���*�������������*�3�� �60:������,3���;�1��.������,,���/��/�����

*��6� �6���8��������,� ;�1��.���� /����1,��������� :��2��0� �0��2����1�����1��

�� ��6�1������:�1�����,��1��3��0��2������������
�
����	������	���,,��������

16�,,�2���
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)5��-,7��7��������FG� /�71�� 3�� ����H� -�����3�I6�� ��+:��+� F�05� /J3��8

G16�F,7-J����;��H5+9����/5G/��3+�/�,0���G16�-��/�;��J������:�-����7,G���

3,�����������K3�9����:�-����7,G6�� /�,0���G6�� �0��I�+� 9����-+����37����

�0�I;0��-��3G16�/,�3 �16���-����;�1� ��G167G����/�,0���G������1� ������37G�

/5�/��3�I6��-��/�;��+���6���1�G�/�3�16�3I����:�-����7,G��-��3��0���

L�-��/�3G�:0,�;3�,��������7,�3K��0��I��;�,�M�K����.��+�;��F��I���)���

9�6��/5G/��3+�:0,��303�+������2�7,G����������-��3,I��0�I;0�;���;/+��K16�

��,G��
0,�30�3H�,�����-FG���16����+��3;�-+����J��+�-�0���,�1-K16��7;G�3����38

��I6��:�;�1-I6���1��+�;��F��I6�����.��+�;��F��I6�����;3�+�G��/J3��G�

�����0� :0,�� �7,�� ;G�-7�� /,�3�� �� �J;�+������,�2�G� F7���1 � 9�9GM� ���-�� :0, � ��

�6,�������1G,�/�71�����76�+�����:�-����7,G6��NF�-+ ���-I���+��37��),�3��

:0,��;7�H�H�/5�/��3�37��9�-��/�7O-�3I�������7,0���3�,�-���G�F7���1�3�57�+�9��8

���-���-������J � �3O�-� �� �����+-�+��3��+������,�2��� 3���;�O-7,��� ����

/5G��+/�:0,�;3�,�����6,��������:�9��G�����������,K16��2���3G16����-�J�+�

9��-�9�M�;7�K16���NF�K16���F7���1����-��/,�3�����/��16737�3K6��0�P-�8

3�FG6�P�/�7O-�3I6��������7,+ �9�-��9��9�6��;/��1�3���,������/�,0���G����8

��1G��*G-0������+-�+5��3O�-�;G�-737���3,������� �-���I�9��+�+���F7���1�/�3�M�8

370�;��/�;���3G�� 	�/���1G�:0,��3����H6�3I�3,�F-0��)���;3H�O�G�;7:H�+�303G9�8

I6�����:�-����7,G6���0��I�+�:0,��/5�/��3�����-I�60:���G�/,�3� ��:��6+9G1G�

-���H��.��+�;��F��I6����F7���1��-�3�3I6����5G:����

)���16���-����;�1�����+-�+�0 ��,�M�G��������,�2���F7���1�:0,0�/�+M��0�7�,��+8

9G1G� �./������7,G������0A� ���2��37� �����-�������� � �-��3�1G� �,�-����37�

��-���-�/�� � �����2��3�������� �� ����F��3�7� �/�-����������� ���� ��,0��1-7�

F7��� /�71������� 9�I� /5��/H,�� -� ��;5�O�G� ���+�� ���35�K16� ��7;�-� ���+-�+�0�

/��-+�;��J��+ ��9��-������FG6���0/+��G���3K16����1���3K16�����J�3��3��8

��3��K16�:�;�1-K16��1��J����G��J�;��F��K16���
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L�-������,�37������1�� /��� /5G/��3+� ���:�-����7,G16� /�,0���G16� �0��I�J�

:0,��;3�,�������1G�-I�)���9�-���������G��0��I� �-���K�9���-���/�3G�7��98
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Abstract: 

Twinned frustum ZnO microparticles were successfully prepared via a microwave-assisted 

hydrothermal method using zinc acetate dihydrate and hexamethylenetetramine as reactants. 

In order to understand the evolution process, time-lapse characterization by powder X-ray 

diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis (TGA), 

and attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was 

performed. Collected data suggested that the mechanism of transformation proceeds in three 

stages involving formation of layered zinc hydroxy acetate tetrahydrate as the intermediate 

product followed by its transformation to the zinc oxide and then by further maturation of zinc 

oxide particles.  



1 Introduction 

Zinc Oxide (ZnO) is a versatile, multifunctional material which has accompanied human 

beings for over thousands years in a wide range of applications, and could be reasonable 

considered to be a mature engineering material. Its use has shifted during the time from 

medical ointments, facial powders, paint pigmentation, ceramics, to sunscreens, catalysts, or 

rubbers and plastics additive. The renewed interest in a last few decades has been driven by 

emergence of many prospective advanced applications, such as field-effect transistors, 

piezoelectric devices, chemical and biological sensors, field emitters, transparent conductors, 

ultraviolet light emitting devices, solar cells, etc [1, 2].  

Technological importance of ZnO stems from wide direct band gap (Eg ~ 3.37 eV) at room 

temperature, large exciton binding energy (~ 60 meV), and electrical and optical properties 

that can be further easily modified. Besides, the absence of a centre of symmetry in wurtzite 

ZnO crystal structure and partial polar characteristics are responsible for piezoelectric and 

pyroelectric properties [3, 4]. ZnO also possesses excellent thermal, chemical, and high-

energy radiation stability, and is considered to be bio-compatible and bio-safe [5].  

Based on the outstanding physico-chemical properties, a lot of efforts have been devoted to 

ZnO synthesis and characterization. Due to intrinsic features of ZnO crystal structure, a large 

variety of nano- and microstructures have been successfully prepared, constituting probably 

the richest family of structures among all inorganic materials. At ambient temperature and 

pressure, ZnO crystallizes preferentially in a wurtzite structure with a hexagonal lattice that 

has two interconnecting sub-lattices of Zn2+ and O2− with the zinc ion surrounded by 

tetrahedral oxygen ions and vice versa. This tetrahedral coordination gives rise to crystal faces 

of different surface energies, among them polar basal plane 0001  and two non-polar 

planes 0101 , 0112  are fast growing. Although growth habit of wurtzite ZnO is mainly 

determined by internal structure, it could be altered by tuning the relative growth rates at 

various crystal faces by changing external condition. The ability to control crystal growth is a 

matter of considerable interest because the optical, physico-chemical, electrical, or 

antibacterial properties of ZnO crystals are intimately dependent on the crystal morphology. 

[3] 



Physical or “dry” methods, such as chemical vapour deposition (CVD), radio frequency (RF) 

magnetron sputtering, molecular beam epitaxy (MBE), or pulsed laser deposition (PLD), have 

been originally employed for fabrication of high quality single crystals and epitaxial layers of 

ZnO thin films, allowing realization of ZnO-based electronic and optoelectronic devices.  

such as javelins [6],  bipyramids [7], disks, rods, spindles, flowers [8], stars [9], cages [10], 

tetrapods [11], dumbbells [12]. Unfortunately, these “dry” physical processes require and 

harsh synthesis conditions, preventing them from being used for large-scale production and 

wide applications. 

The physical and chemical properties of nanomaterials vary as a function of size, shape and 

surface chemistry. Thus, new synthetic strategies are vital for the development of novel 

nanomaterials. Generally, the synthesis methods for ZnO nanostructures can be divided into 

two groups: wet-chemical/solution based and physical techniques based [33]. Physical 

techniques, such as vapor–liquid–solid (VLS), vapor solid and chemical vapor deposition 

(CVD) in addition to thermal evaporation, typically require high temperatures and pressures 

as well as particular substrates and result in low product yield. These methods produce 

highquality ZnO nanostructures; however, the methods are energy and cost intensive. Wet-

chemical/solution based methods include hydrothermal/ solvothermal processes, solution–

liquid–solid (SLS) and capping agents/surfactant-assisted synthesis. Zinc readily forms 

hydroxy and ammonia complexes and these methods are based on the hydrolysis of such 

complexes at elevated or room temperatures. Further, the growth direction can be controlled 

with various additives in these methods. Amine compounds are often used to direct growth in 

the c-direction, whereas citrate inhibits c-direction growth and directs the crystal shape into 

thicker rods or even plates. Thus, wet-chemical/solution based methods provide convenient, 

facile manipulation, potential for scale-up and a lower temperature pathway for the fabrication 

of the desired ZnO nanostructures [28,33]. Among them, the hydrothermal technique is a low 

temperature and relatively simple process, but it requires long reaction times (from a few 

hours to several days).  

Microwave-assisted heating has been gaining importance in synthetic chemistry because of its 

unique effects, such as rapid and selective heating, higher reaction rates, increased product 

yields, and energy savings. As the microwave field applied to dielectric materials mainly 

induces the rotation of polarized dipoles in molecules which generates heat due to molecular 

inner friction. The presence of an electric field also leads to orientation effects of dipolar 

molecules and hence reduces the activation energy (entropy term) in the Arrhenius equation. 



It is believed that due to the lower activation energy, faster nucleation and growth took place 

in the reaction solution [13] 

As a matter of fact, the number of papers dedicated to microwave-assisted synthesis of 

inorganic nanomaterials is growing rapidly. However, the mechanism of formation and 

transformation of these different forms is often still poorly understood. [14]  

2 Experimental  

Zinc acetate dihydrate Zn(CH3COO)2.2H2O (ZAD) and hexamethylenetetramine 

(CH2)6N4 (HMT) were analytical grade, purchased from PENTA (Czech Republic), and used 

as received without further purification. Demineralised water with a conductivity of 15.0 

µScm-1 was used for experiments.   

All experiments were performed in the microwave open vessel system MWG1K-10 

(RADAN, Czech Republic; 1.5 kW, 2.45 GHz) based on modification of a domestic oven by 

drilling a hole on the ceiling for external cooler and equipped with external MW power 

source. The system was operated in continuous mode (with zero idle time), the power was set 

to maximum. The temperature of the reaction system was monitored by an industrial 

contactless thermometer (Raytek CM, Germany). In a typical synthesis process, 10.98 g of 

ZAD and 7.01g of HMT were dissolved in 100 mL and 50 mL of demineralised water, 

respectively. Obtained solutions were mixed together in a reaction bottle and exposed to 

microwave irradiation. After that, the system was left to cool down naturally. The white 

precipitate was filtered (0.23µm pore size membrane), washed thoroughly several times with 

demineralised water and dried in an laboratory oven at 40°C for 24 hours. The MW 

exposition time for each synthesis was chosen from the range of 2 to 60 minutes to cover the 

timescale of particle formation process completely. Hence, a series of 11 samples described in 

Table 1 was prepared by repeated synthesis under conditions indicated above.  

The pH-meter Lab 870 (Shott Instruments, Germany) was used for pH monitoring of the 

reaction mixture prior MW exposure and post synthesis after cooling down before filtering. 

Room temperature powder X-ray diffraction (XRD) analysis for crystal phase identification 

was conducted by the multi-purpose X-ray diffractometer PANalytical X´Pert PRO MPD 

(The Netherlands) with a Cu-K� X-ray source (λ = 1.5418 Å) in the diffraction angle range 5-

85° 2�. Although the used diffractometer was not equipped with a monochromator to remove 

Cu-K�2 radiation and had not installed any Göbel mirror to improve the resolution and the 



accuracy of the line position, the peak broadening still can give some useful information even 

without the knowledge of the instrumental broadening function and the use of Scherer 

equation. The apparent FWHM values were obtained by fitting Lorentzian peaks into the 

observed lines without the correction for instrument response. The peak at the 2� = 6.6° did 

not show any splitting, similarly, the resolution of the peak at 32.6° was to low as well; hence 

they were fitted by single Lorentzian function only. The results did not differ significantly 

from direct estimation of the FWHM value from enlarged graphical representation of the data. 

On the other hand, the peaks at wider angles 34.3°, 36.2° and 56.2° are split enough due to 

K�1 and K�2 doublet so that they allowed meaningful fitting procedure by two Lorentzian 

peaks. In these cases, the FWHM of the peak corresponding to the K�1 was taken into 

consideration. The FWHM of the second peak in each doublet had almost the same value but 

estimated with larger uncertainty.  

The morphology and structure were characterized by a scanning electron microscope Vega 

II/LMU (Tescan, Czech Republic) operated at acceleration voltage 5 kV. Thermogravimetric 

analysis (TGA) was carried out by a SETSYS Evolution 1200 (SETARAM, France) 

thermogravimeter at a heating rate 20°C min-1 in flowing air (30 sccm). Fourier transform 

infrared (FTIR) spectra were measured on Nicolet iS10 FT-IR spectrometer (Thermo Fisher 

Scientific Inc., NicoletCZ s.r.o., Czech Republic) equipped with an attenuated total 

reflectance (ATR) accessory utilizing a diamond crystal. 

3 Results and discussion 

Although a large amount of research papers is devoted to the hydrothermal synthesis of ZnO 

even with the assistance of MWs, the reaction mechanism is still a mater of vivid discussion 

and controversial interpretations can be found in the literature. Below discussed original 

results of instrumental analysis can be elaborated together with the available literature and 

summarised into a description of the reaction mechanism and ZnO material growth model and 

implications towards further use of the described synthesis method.  

3.1 Apparent synthesis stages 

MW irradiation enables very fast and uniform heating of the reaction media. Temperature 

monitoring as well as visual observation of boil intensity and vapour condensation in external 

cooler confirmed a steep increase of temperature during the first minute of heating of reaction 

mixture by MW. The maximum temperature was reached after 1.5 minute and then the reflux 



was stabilized, boiling intensity and temperature remained unchanged excepting small 

fluctuations until MW switched off. Therefore, the first product was collected after 2 minutes 

which corresponds to the stabilization of the energy transfer processes in the system. To 

obtain better understanding of the product formation mechanism, a series of time dependent 

experiments was performed. Data on reaction time, yield and appearance of obtained products 

are given in Table 1. Three distinctive steps – synthesis stages – can be readily seen and 

identified according to yield versus time dependence and experienced process behaviour.  

Table 1 Overview of the synthesis conditions, obtained products, yield and apparent reaction 
stages 

Sample 
code 

Synthesis 
time 

[min] 

Weight of 
sample 

[g] 

Comments on obtained product appearance 
and macroscopically experienced properties 

Synthesis 
stage 

S2 2 1.646 

S3 3 1.627 

S4 4 1.567 

filtration speed – slow  
filtration cake – thick and soft  
water wettability – good 

      I 

S5 5 1.393 

S6 6 1.311 

filtration speed – relatively fast,  
filtration cake – medium thickness,  
water wettability – poor 

     II 

S7 7 0.529 

S8 8 0.527 

S9 9 0.534 

S10 10 0.415 

S20 20 0.665 

S60 60 0.558 

filtration speed – very fast,  
filtration cake – thin,  
water wettability – poor 

     III 

3.2 The pH value and the reaction mixture chemistry

The pH value of the reaction mixture is a key factor to the synthesis of ZnO materials from 

solution by precipitation methods. It was monitored discontinuously outside the MW 



apparatus at the laboratory temperature. It was measured after mixing of the source solutions 

and before filtration of the cooled reaction mixture for each sample. The pH value was 6.5 

immediately after mixing of the reaction solutions and remained 6.3 in all cooled reaction 

mixtures which testifies that the reaction mixture is a buffer system whose capacity was not 

consumed even after one hour of the reaction.  

To understand growth mechanism of prepared ZnO microparticles solution chemistry must be 

understand first. The ZnO crystal habit growth is usually considered to consist of repeated 

linkages of Zn(OH)2
4- growth units. However, this behaviour cannot be generalized for all 

possible cases.  

The ZAD was used as a source of Zn2+. It dissolves readily in water yielding a clear solution. 

For aqueous solution of a salt, the pH value can differ from neutral depending on hydrolysis 

degree of cations and/or anions in water. For aqueous solution of ZAD, the pH gradually 

decreases with increase of the ZAD concentration, suggesting that the Zn2+ ions hydrolyze 

more than CH3COO- ions [15]. At a given concentration, Zn2+ can form various 

hydroxycomplexes, the stability of these is dependent on pH and temperature of the solution. 

Under acidic conditions, positively charged metal Zn2+ ions or Zn(OH)+ are possible species, 

whereas uncharged hydroxycomplex Zn(OH)2 is prevailing form under neutral and 

moderately basic conditions. Negatively charged hydroxycomplexes Zn(OH)3
- and ( ) −2

4OHZn

are than expected to be formed at alkaline condition. As the pH value of used ZAD aqueous 

solution is 6.1, Zn2+ and Zn(OH)+ can be expected to be predominating species.   

 Similarly as ZAD, HMTA dissolved in water readily as well. Hexamethylenetatramine 

(HMTA), also known as hexamine or methenamine, is a highly water soluble, non-ionic 

tetradentane cyclic tertiary amine. The use of HMTA as a precipitating agent has been widely 

reported in literature; however, the exact role of HMTA is still somewhat misunderstood. It is 

of general acceptance that HMTA acts as a source of OH- and that HMTA is sensitive to 

elevated temperature and slowly decomposes to ammonia and formaldehyde in boiling water 

solutions according the equation: 

OHNHC 24126 10+ 4  −+ ++ OHNHOCH 446 42      

The continual decomposition of HMTA means that the reaction solution will contain 

ammonium ions and formaldehyde in addition to the starting material and zinc complexes 

( ) +2
43NHZn , ( ) +2

33NHZn , ( ) +2
23NHZn and ( ) +2

3NHZn can be present in the reaction mixture in 
dependence on the value of pH.



3.3 Morphology of the products

SEM images in Figure 1 present the morphology evolution of the product in time-lapse record 

mode. Detailed images of examples of structures formed in various stages of the process are 

shown in Figure 2. At first sight, the morphology varied from plate-like to twinned particle-

like with the increase of reaction time and three stages of the morphology development can be 

distinguished in accordance with macroscopic observation. Samples collected after 2, 3, and 4 

minutes of synthesis exhibit plate-like structure (S2-S4) which correlates with slow filtration 

and other characteristic feature of the first identified synthesis step (I). Large layered 

agglomerates of platelets are randomly oriented and twisted. On closer inspection, the plates 

are rectangular in shape with dimensions of about one to ten micrometers and thickness of 

several tens of nanometers lying on each other rather than being entangled together. Although 

two dimensional platelets are predominant for short reaction time, proper examination 

revealed that seeds of three-dimensional structures assembled from plates are rarely present in 

the product. In order to understand the mechanism of particle formation, different stages of 

transformation from plate-like structure to twinned hexagonal prisms individual particle 

development are captured.  
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Fig. 1 SEM time-lapse study of the synthesis product morphology – general overview at low 

magnification. Labelling of images is identical with the sample codes.  
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Fig. 2 SEM time-lapse study of the synthesis product morphology – selected details. Labelling 

of images is identical with the sample codes, the small letter denotes different detailed images 

captured for the same material.  For more description see text.   



Both rectangular shape of plates and morphology of crystallite seeds can be seen in detail in 

Figure 2. Image S3-a illustrates pieces of plates overlapping each other either in right-angled 

direction or rotated by 45° yielding octagonal symmetry with very first small particles close to 

the right border of the picture with obvious hexagonal symmetry motives yet not fully regular 

shapes. The image S3-b show adherence (sticking) of the platelets to the side facets of the 

seed particle evidencing thus important mechanism of the particle growth which becomes 

more observable in images S3-c, d and in S4-a. The particle in S3-c has already developed 

typical shape of twinned hexagonal frustums joined by their apical bases with a narrowing 

(resembling waist) in the middle part of the particle, the place where the grain boundary of 

twinned particles is clearly observable in all other following images. The inspection on S4-b 

confirms the presence of rectangular plates and seed of hexagonal shape in the sample S4. 

While the plate-like morphology prevailed for the first development stage and particle seeds 

were rare, the proportion between plates and 3D structure inverted during second stage (II) of 

the synthesis in fifth and sixth minute. The size of plates for samples S5 and S observable in 

Figure 1 markedly decreased in comparison with the previous stages. The increase of seed 

concentration proceeds along with conversion of plates into twinned particles. Images S5-a, 

S6-a in Figure 2 document the formation of twinned frustums at the expense of plates on a 

larger scale as well as the change in size and shape of the plates with irregular borders. 

Hollow structures in the right lower corner of the image S5-a must be pointed out. It seems 

that the jacket of the hexagonal frustum particle is created by adherence of plates. It is clearly 

seen, that the platelets adhere to the surface of newly forming particle and that the volume of 

the frustums is created by attaching of plates to the trapezoidal facets by wrapping, rolling and 

compacting the platelets around the frustums. On the other hand, the internal space (cavity) 

must be filled subsequently by another mechanism. Some structural rebuilt occurs as evident 

from regular hexagonal or rhombic shapes of cavities in frustums bases if present. 

Intermediate shape of twinned particle for the second reaction stage (II) is exemplified in the 

last image window (S6-a) in the left column in the Figure 2. The twinned frustum has well 

defined shape with sharp edges, flat bases and a narrowing in the middle part where the grain 

boundary a commissure is clearly visible. However, the intermediate step keeps some residual 

characteristics of the I stage, i.e. rests of plates, and overlap into the next stage, as some 

particle with a disc cap can be seen in the image S7-a. 

The last step (III) of synthesis is characterized by presence of fully developed three 

dimensional particles in the sample S7 and higher as obvious from particulate appearance of 



their images in Figure 1 and in agreement with experienced fast filtration. Only rare single 

remaining plate is visible in the right lower corner of the detailed image S7-a in Figure 2. 

There are no rests of plates visible in images S8-a and higher. The final compacting and 

densification of the particles is characterised by capping the frustums with discs at the broader 

ends of the frustums, followed by gradual reshaping of the particles by erosion of the frustums 

base edges and especially cusps. Initial phase of the disc cap formation is shown in the image 

S9-a and following stages are characterised by growth of the caps together with progressive 

erosion of the edges. It is reasonable to expect, that the discs grow at the expenses of eroded 

edges.  

A maturation phase of particle formation process is expected for the last reaction stage (III) as 

the yield of product remains nearly constant for high reaction times and the particles seems to 

be bigger (compare images S7, S10 and S60 in Figure 1) with time. Most likely, the bigger 

particles grow at the expenses of the smaller ones. Eroded polygonal rests of particles are 

observable among well developed twinned particles in Figure 2, images S9-a, S20-a and S60-

a.The particles in the last stage (S60) have slightly lower aspect ratio, are slightly bigger and 

they are more likely of the shape of twinned hexagonal prisms with disc caps and “V” shaped 

notches in the prism edges, rather than the shape of twinned frustums derived from hexagonal 

pyramids typical for the intermediate (II) stage of synthesis.  

3.4 XRD analysis of crystalline phase structure 

The powder X-ray diffractograms of the as-synthesized product sampled at various time are 

shown in Figure 3. No diffraction peaks that can be ascribed directly to the residues of the 

ZAD and HMTA were observed. Moreover, neither monohydrate nor anhydrous zinc acetate 

diffraction patterns were manifested, which testifies that reactive paths of ZnO formation 

involving zinc acetate recrystallization in any of its lower hydratation stages are not present in 

this system. In next, no diffraction patterns typical for zinc hydroxide Zn(OH)2 were 

observed. 

XRD patterns shown in Figure 3 changed with increasing synthesis time, similarly as 

observed in SEM morphology investigation. In the early stage of synthesis (samples S2, S3 

and S4), two groups of diffraction peaks were manifested in diffractograms. The low angle 

region of diffraction pattern is dominated by three distinct peaks at 2� = 6.6°, 13.3° and 20.0° 

with the most intense one at 6.6°. In general, similar XRD patterns are typical for layered 

materials exhibiting sharp reflections at low angle and relatively weak reflections at high 



degree angle. Based on the experimental conditions and chemicals used, compound that 

belongs to the rich family of layered double hydroxides (LDH) and hydroxy double salts 

(HDS) should be expected [16]. Literature survey revealed that similar XRD pattern were 

reported elsewhere [17-19] and assigned to the layered basic zinc acetate (LBZA), a rich 

family of compounds with idealised composition Zn5(OH)8(CH3COO)2.nH2O. The value of n

was reported 1.5 in [20], 2 in [21], 3 in [22] and 4 in [19]. Generally, the variability in 

stoichiometry of these compounds was reported as typical including fractional coefficients 

[17, 23]. Although the exact crystal structure of LBZA has not been unambiguously 

determined yet, it is considered as variation of the hypothetical brucite-like layered structure 

of Mg(OH)2, in which Zn2+ cations occupied both octahedral and tetrahedral coordination 

sites in the ratio 3/2. The resulting structural unit is a positively charged complex layer of 

[Zn3
oct(OH)8Zn2

tet(H2O)2]2+, and acetate anions are intercalated between layers in order to 

balance the charge and control interlayer distance [23]. The mode of interaction of acetate 

anions is not clear yet and is still a matter of vivid discussion. Although there are more 

reasonable arguments for free acetate anions in the interlayer gallery space (see references 

above) than for its direct unidentate bonding to a zinc atom in the hydroxide slab [15], the 

peculiarity of reintercalation of exchangeable of interlayer anions by acetate ions in LDHs 

which is reported in [24] testifies for its more complicated role and it seems that the exact 

acetate coordination depends on the route of LBZA preparation. A more detailed look into 

this issue is given in following sections dealing with infrared absorption spectra and  

thermogravimetry. 



Fig. 3 X-Ray diffractograms recorded for samples S2 to S60,  

The first peak from the left (in the low angle region) in the diffractogram of the sample S2 at 

the 2� position 6.6° correspond to the 001 diffraction of the layered LBZA phase and the 

peaks at 2� = 13.3° and 20.0° can be unambiguously assigned to the second and third order 

reflection reflections of the same set of planes. A distance of 1.34 nm fits perfectly to the well 

known Bragg condition for these diffraction lines. In accordance with [19, 20, 25], the three 

peaks testify for development of regular LBZA structure with interlayer space large enough 

for bilayer arrangement of free acetate ions and, moreover, enough space for two additional 

water molecules per structural unit, hence the n value can be expected even as high as 4 in 

[19]. On the other hand, no diffraction peak was found at the 9.3° which is the position typical 

for second order 001 reflection for bilayered basic zinc acetate (BLBZA) which can be 

synthesised under lower temperatures (below 60°C) and similar mild pH conditions [15, 17]. 

Another example is described by Cui et al. in [18] however its bilaminarity remained 

uncovered by the authors as they registered a reflection at 8.9°, interpreted it as the first order 

reflection corresponding to 0.99 nm interlayer distance and did not pay any further attention 

to this fact in their article hence describing their product like LBZA although it could be more 

appropriately identified as BLBZA, similarly as in work of Song et al. in [17]. 

20 40 60 80

6

In
te

ns
ity

 (a
.u

.)

2θθθθ  / °

60

10

7

5

4

3

2



The wide angle region in the diffractogram of the sample S2 comprised diffraction peaks of 

low intensity which can be explained as hk0 reflections. According to their relative broadness, 

the material can be assessed as manifesting structural disorder of twisted and/or translated 

against each other brucite-like sheets. However, judging according to the shape of the 

diffraction lines only, the perfection of the material seems to be lower than that observed for 

very well developed BLBZA reported in [17] but much better than observed for LBZAs 

published in [15, 20].   

First appearance of peaks belonging to hexagonal wurtzite ZnO phase (JCDD PDF-2 entry 

01-079-0207) was noticed in the diffractogram of the sample S3. With increasing synthesis 

time, the intensity of peaks related to ZnO crystalline phase become higher, whereas the 

intensity of peaks of LBZA phase declined sharply. Figure 3 shows the development of the 

most characteristic peak intensities for LBZA and ZnO. Typical patterns for ZnO are 

manifested for samples S2 and S3 in a trace level only, while for sample S4 their presence 

among other peaks becomes clearly visible. The ZnO manifestation overbalances the LBZA 

reflections lines for sample S5. The intensities of these peaks for samples S5 and higher do 

not differ markedly from the relative peak proportions of the pattern stored in the database 

which testifies for very small growth anisotropy of ZnO during the second and third stage of 

the synthesis, if any. Reasonable appearance of the ZnO diffraction pattern for S4 can be 

considered as the end of the first reaction stage and the beginning of the second reaction stage. 

On the other hand, the last manifestation of most intensive diffraction line for LABZA at 6.6° 

was observed for sample S6, thus confining the intermediate stage (from S4 to S6) in 

agreement with morphological observations yet the macroscopic characteristics of the sample 

S4 fitted more into the first stage as shown in Table 1.  

The last stage of synthesis starts from S7 where no traces of the lines intensities 

corresponding to LBZA were observed at any position. The part of the series of samples from 

from S7 to S60 is characteristic by exclusive presence of ZnO crystalline phase and gradual 

maturation of developed particles is expected.  

A more detailed insight into the growth mechanism can be obtained with the analysis of full 

width at half maximum (FWHM) for selected representative peaks in recorded 

diffractograms. The results are summarised in Table 2.  

The 001 diffraction for LBZA material does not exhibit any shift of its maximum position 

within the 0.05° precision interval, which means that there is not any reasonable change of the 

interlayer distance over the synthesis time. The decrease of the respective FHWM of the 001 

peak with time can be explained with the increase of crystallite dimension in the direction of 



the c axis which means, that during the synthesis the number of stacking layers increases from 

a very small number of several layers at the beginning up to at least tens of layers [20]. This is 

in agreement with observed rolling and compacting of the synthesised plates. The final 

increase of the LBZA 001 peak FWHM value for the S6 sample where it was lastly 

observable testifies for exhausting of the LBZA and presence of very small amount of the 

material possibly in form of only some remaining LBZA layers in stacks otherwise almost 

transformed into ZnO.  

The most intensive peak 101 for ZnO phase at 36.2° was analysed together with the 110 

diffraction line at 56.5° to obtain information about the growth tendencies for ZnO particle. 

The position of peaks do not exhibit any change as it can be expected for wurtzite structure 

where no intercalation is possible. The peak corresponding to the 100 reflection appeared in 

S3 sample as the first well developed peak among all ZnO belonging diffraction lines, while 

the first noticed increase of signal intensity at the position of the peak 101 for sample S3 was 

too broad and of too low intensity to be analysed. The nuclei of ZnO must be very small and 

they were not observed in SEM images. The FWHM of the 101 peak for sample S4 gave 

rather an estimation of a range of values than one precise value. The obtained range 0.15-

0.19° testifies for very small size of crystallites which gradually increases with the synthesis 

time. Saturation can be observed between 7th and 10th minute (S7, S10) which means that the 

growing particles exceeded the critical size where the ability of the used apparatus to 

distinguish the manifestation of the Scherer equation holds on. Slightly different trend can be 

observed for the peak 110. It starts to be noticeable in diffractograms for the material S4 

which is later than for the former peaks. In next, the dependence of its FWHM has a 

maximum for S6 which testifies not only for growth anisotropy of the nuclei but also for a 

rearrangement of their growth imparting reduction of nuclei dimension in the respective 

direction. Identical behaviour was observed for the peak corresponding to the 002 diffraction 

line. It is noteworthy, that the maximum of FWHM for 110 and 002 peaks of ZnO coincides 

with the final increase of FWHM for the peak 001 of LBZA just before the LBZA vanishes 

from the system being totally converted to ZnO.  



Table 2 Analysis of positions and apparent FWHM of selected peaks in diffractograms of 

prepaed materials.  

Sample Peak 

identification S2 S3 S4 S5 S6 S7 S10 S60 

peak 
position 

2�°

6.6 6.6 6.6 6.6 6.6 n.a. n.a. n.a. 001
LBZA 

FWHF 0.23 0.21 0.20 0.18 0.24 n.a. n.a. n.a. 

peak 
position 

2�°

n.a. 31.7 31.7 31.7 31.7 31.7 31.7 31.7 100
ZnO 

FWHF n.a. 0.20 0.18 0.14 0.14 0.13 0.13 0.13 

peak 
position 

2�°

n.a. 36.2 36.2 36.2 36.2 36.2 36.2 36.2 101
ZnO 

FWHF n.a. n.a. >0,15a 0.13 0.13 0.10 0.09 0.09 

peak 
position 

2�°

n.a. n.a. 56.5 56.5 56.5 56.5 56.5 56.5 110
ZnO 

FWHF n.a. n.a. n.a. 0.13 0.15 0.10 0.10 0.10 

peak 
position 

2�°

n.a. n.a. 34.3 34.4 34.3 34.3 34.3 34.3 002

ZnO 

FWHF n.a. n.a. n.a. 0.12 0.13 0.10 0.09 0.09 

a range 0.15-0.19 

3.5 Infrared spectroscopic study 

FTIR spectra were collected with the use of the ATR technique with the diamond crystal. 

Therefore, the recorded spectra are more sensitive to the surface composition than it would be 

in transmission mode. The spectra and spectral band assignments of collected samples are 

presented in Figure 3. Obtained spectra show strong correlation with the observed reaction 



stages. Pure ZnO has week absorption bands in the regions from 560 and 550 cm-1 and from 

520 to 500 cm-1, a significant and very strong band centred at about 450 cm-1, and six other 

weak bands at lower frequencies [26]. On the other hand, it is virtually invisible at higher 

wavenumbers in mid-infrared region creating thus a large spectroscopic window. Hence, the 

composition of the material obtained in the first reaction step can be analyzed in detail and its 

decomposition during the second growth stage can be clearly followed too. For the final stage, 

obtained spectra are relatively poor and flat with some residual peaks only, which point 

towards possible occurrence of imperfections or defects on the surface of prepared ZnO 

particles that stem from original precursors.  

Fig. 4 ATR-FTIR absorption spectra of prepared products. The spectra are labelled according 

to the sample codes.  

In the left panel of the Figure 4, there are manifested five relatively well-resolved bands 

superimposed on a broad peak for sample S2 in the O-H stretching vibration region from 3600 

to 2800 cm-1. The band loses the resolution and intensity with the increasing time of synthesis. 

The sharp band (a) observed at 3585 cm-1 may be assigned to stretching vibrations of 

insulated OH group, which is not involved in any hydrogen bonding. This spectral band 

disappears within the second stage of material growth and its intensity correlates well with the 



decrease of spectral intensity (i) in between 1620-1630 cm-1, where the OH- deformation 

vibration mode of the hydroxide slab in layered material is manifested. It has been revealed 

by Wang Y. et al [15] that this band (i) increases in the IR absorption spectrum with the 

development of the layered structure from ZAD with the phase transformation through 

BLBZA to LBZA and these authors extrapolated out of their measured data this gradual 

replacement of acetate ion by hydroxyl one as the mechanism giving arise to Zn(OH)2

followed by final ZnO formation which seems to be a reasonable hypothesis within the 

framework of their observations. However, in our case, this is not appropriate explanation of 

the reaction mechanism. Neither XRD nor this FTIR study confirmed occurrence of Zn(OH)2

phase at any reaction stage. Moreover, it can be seen, that the band (i) vanishes much faster 

than (k) and (n) bands which are ascribed to acetate carboxyl group (see further discussion in 

this section). 

The second most pronounced among prominent OH peaks is centred at 3475 cm-1 (c) 

dominates the whole spectrum with its highest absorbance and has a clearly distinguishable 

band in its left shoulder at approximately 3535 cm-1 (b). These spectral bands disappear in the 

second stage of material development as well. However, they lose the resolution faster than 

the intensity and merge into one broad peak which disappears totally in the third stage of 

material growth.  

In next, a doublet of peaks (d) and (e) at positions 3393 cm-1 and 3363 cm-1, respectively, is 

attributed to OH stretching vibration as well. The peak at 3393 cm-1 follows trend observed 

for previously described bands. The peak at 3363 cm-1 is present in almost all spectra and 

does not disappear completely even during the maturation of the material after one hour, 

although XRD diffractograms show presence of ZnO crystalline phase only. Hence, these 

residual hydroxyls are associated with the defect structure of the particles surface.   

The well defined shape of (b, c, d and e) peaks is most likely a manifestation of the structural 

order in prepared LBZA material in the first stage. The frequencies are lowered by different 

bonding configurations of hydroxyls in the crystalline structure, but the resulting bands are 

sharp, similarly as in case of intermolecular hydrogen bonding. These observations testify 

together with the wide angle XRD patterns for high quality of prepared crystalline LBZA 

phase during our experiments. 

Finally, a very broad peak from 3600 cm-1 to 2800 cm-1 underlying all above described 

sharper bands may be assigned to vibrations of hydroxyl groups involved in significant 

hydrogen bonding with the omnipresent water. A plausible explanation is that the broad 

absorption band can be attributed to both physically (water, H2O) and chemically (–OH 



groups) bonded water to the surface of particles, especially this can be expected in the second 

and third reaction stage. In both cases, the frequencies could be reasonably dumped by 

hydrogen bonding and other interactions so the observed wavenumbers are dispersed and 

shifted towards lower values. The maximum of this broad band cannot be estimated 

unambiguously; therefore it is not indicated directly by a letter in the graph panels.  

C-H stretching vibration bands of the interlayer acetate anion are observed at 3010 cm-1, 

2980 cm-1, and 2932 cm-1, see bands (f), (g) and (h) in the enlarged graph inset. These three 

peaks are typical for asymmetric (f and g) and symmetric (h) stretching vibrations of C-H on 

sp3 hybridized carbon in CH3 group; however, all three values are slightly shifted towards 

higher wavenumbers than typical for aliphatic hydrocarbons. The frequencies are raised due 

to carboxylic substituent as observed for acetate salts. [26]    

Other significant absorption bands can be found below 1800 cm-1 as shown in the right panel 

in Figure 4 The two most intense bands in spectra belongs to asymmetric stretch band 

(�as(COO-)) at 1548 cm-1 (k) and symmetric stretch band (�s(COO-)) 1392 cm-1 (n). The 

difference � �as-s of 156 cm-1 is related to the coordination state of the acetate anion with the 

metal cation [27] and is identical within the error caused by resolution with the difference 

observed for sodium acetate 155 cm-1 [19]. Obviously, the acetate ion is not in bidentate 

coordination as in zinc acetate which has the � �as-s value 91 cm-1 [28]. This indicates that the 

acetate anions exist in such bonding configuration, that the bond character is almost purely 

ionic, hence it is not directly bonded to Zn atom where more covalent character would be an 

appropriate expectation. It suggest that the acetate anion is not directly attached to the matrix 

cation in Zn5(OH)8(Ac)2.4H2O but interacts with it via hydrogen bonding. [19] Similarly, the 

elsewhere reported difference � �as-s of 160 cm-1 was interpreted as the evidence for free 

acetate anion and consequent completion of tetrahedral Zn sites by water molecules in other 

paper [25]. Different way of approaching to very similar observations is in [15] where the 

authors compares unidentate, bridging and bidentate coordinations of acetate anion, 

suggesting that � �as-s of about 160-150 cm-1 is related either to unidentate or to bridging 

coordination with zinc cations, as the difference of � �as-s between unidentate and bridging 

coordination type is very small. However, our observed � �as-s of 156 cm-1 is closer to the 

value of 157 cm-1 reported for unidentate coordination in LBZA than 151 for bridging 

coordination of carboxyl ion in BLBZA. On the other hand, it seems that presence of 

intercalated water and possible hydrogen bonding involvement in damping of vibrations 

makes the interpretation difficult in spite of the argumentation cogency in [19].  Observed �

�as-s shifts are relatively small and some ambiguity is there the acetate-zinc bonding 



assgnement, comparison with XRD results discussed above and, somewhat surprisingly, with 

analysis of stoichiometry of prepared compounds which was examined by thermogravimetric 

study can contribute to the solution of this question, therefore the discussion on this issue 

continues in the next section. 

The intensities of bands (k) and (n) decrease with the increase of reaction time and a new pair 

of peaks (j) and (m) appears at the position 1564 cm-1 and 1406 cm-1, respectively. The 

transition time is between fifth and seventh minute of synthesis which coincides with the 

passage from the second growth stage the third one. The very slight, but distinguishable shift 

towards higher frequencies together with a small increase of � �as-s (158 cm-1) value testifies 

for slight increase of ionic character of the interaction acetate anion with cation matrix in the 

zinc material. The coordination type remains unchanged whether it is unidentate or free anion 

and the low intensity of observed peaks suggests low concentration of acetate ions. According 

to XRD observation, the material has purely ZnO crystalline structure in the third stage of 

development. Therefore, it can be deduced that acetate ions are located at the surface of 

particles or in their pores if any.  

The bands at 1435 cm-1 (l),  1336 cm-1 (o) and 1043 cm-1 (p) and 1016 cm-1 (q) are ascribed to 

various deformation vibration modes of -CH3 group ( l – asymmetric in plane bending, o – 

symmetric in plane bending, and p – rocking mode). [25, 26] CH3 group is a constituent group 

of the acetate ion and the time evolution of these peaks correlates with the decrease of 

intensities at 1548 and 1392 cm-1 testifying thus the decrease of acetate amount in prepared 

materials. Similarly as for COO- group, some residual spectral densities at these wavenumbers 

are observable even in mature samples. 

The bands at wavenumbers lower than 1000 cm-1 can be ascribed to various vibrations of C-C 

and H-O-H without the need of being studied further in detail. 

3.6 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) of prepared material was conducted in dynamic air 

atmosphere in order to clarify stoichiometry of composition of samples with respect to the 

ZnO content. The material decomposes by evolution of volatile products or products of 

oxidation according to other above discussed structural investigations and assumptions based 

on used materials; the analysed samples must contain zinc formally in (II+) oxidation state 

being coordinated by groups with high content of oxygen in (-II) oxidation state containing 



hydrogen and carbon too. The rest of the material can be composed of water, acetyl, hydroxyl 

or carbonate moieties. Hence, the final product of heating of any such sample in oxidative 

atmosphere must be ZnO, if its decomposition temperature is not exceeded. The results of TG 

analysis are shown in Figure 4. Three main decomposition steps were observed for S2 

material. As the reaction time increases, the total mass loss decreases with the steepest change 

between samples S4 and S5 which generally correlates with the second synthesis stage. The 

theoretical mass loss for LBZA identified by XRD based upon the formula 

Zn5(OH)8(CH3CO2)2.4H2O is 37.7 %  if the char contains pure ZnO only. Observed total mass 

loss for S2 was 37.1 % which is in agreement with theoretical predicted value for the 

tetrahydrate, although the amount of intercalated water could slightly vary. The first (A) and 

second (B) decomposition steps are overlapped and their separation was made at the position 

of the first valley on the -dTG curve. According to stoichiometric formula of the layered 

tetrahydrate, the total mass loss corresponding to the loss of four water molecules from the 

interlayer galleries per structural unit would be 11.03 %. The second decomposition step can 

be considered as dehydroxylation connected with the evolution of other four water molecules 

[19]. Among them, three H2O molecules can be evolved at the expenses of hydroxyl groups 

attached to zinc atoms, the fourth H2O molecule can be formed from two acetates while 

leaving acetanhydride in the solid phase. The total weight loss connected with these first two 

decomposition steps would be 22.06 %. This is in agreement with observation for S2 sample, 

where the mass loss was 22.2 %. Other interpretations of mechanisms for the second step of 

thermal decomposition of Zn5(OH)8(CH3CO2)2.4H2O were published in the literature too. The 

second decomposition step was attributed to the collapse of the interlayer structure releasing a 

variety of products generated by multiple reaction mechanisms [29]. The third major 

decomposition step (C) is clearly separated on the –dTG curve and is followed by a small 

feature at the temperature nearly 400°C (D). The liberation of acetate groups can proceed as 

the release of molecular acetic acid and acetone [30-32], or other various organic compounds 

resulting from pyrolytical transformations of acetate anion catalysed by ZnO containing 

inorganic matrix [29] According to the literature [19], the last step is caused by volatilization 

of acetanhydride with theoretical mass loss of 15.63%. The acetate group may be lost as CO2

and H2O under air atmosphere through the reaction with oxygen as well. Our experimental 

value of the weight loss in the third step is 14.8%. The slightly pronounced high temperature 

feature observed in the right shoulder of the peak C on -dTG curve cannot be interpreted so 

straightforwardly as the major peaks. At the final stage (D) of thermal decomposition, residual 

species can be evolved from the moieties embedded in collapsed layered structure of the 



material with the total mass los about 0.7 %. Although no evolved gas analysis was made 

during this study, the observed weight losses and temperature maxima for the three major 

decomposition steps of S2 material are most compatible with observation and interpretation of 

Biswick et al [19].  

The total mass loss for S3 was 35.0 %. For trihydrate and dihydrate, the expected weight loss 

would be 35.93, and 34.06 %, respectively. The mass loss for the first two steps was 20.5 % 

(8.6 + 11.9 %). The third step corresponded with the mass loss of 14.5 %. These values fit 

best to the stoichiometry of trihydrate form of zinc hydroxy acetate (LBZA), where the 

release of 7.H2O would correspond to mass loss of 19.86 % and the acetanhydride would 

make 16.07 %, both together 35.93 %. However, the stoichiometric coefficient of intercalated 

water needs not to be necessarily an integer. Hence, initial formation of tetrahydrate and 
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successive loss of intercalated water is deduced for the first synthesis stage. With the 

decreasing content of hydrate water would the weight loss corresponding to the first two 

decomposition steps decrease and the mass loss for the third step would relatively increase. 

Such behaviour was not observed for materials S4 and S5. The corresponding TGA curves on 

Fig. 4 show rather overall flattening of signal than changing proportion between major steps. 

It is a manifestation of ZnO presence in material as the ZnO phase does not contribute 

significantly to observed weight losses, hence the observed pattern resemble mixing of the 

layered material with ZnO which should be virtually undetectable by TGA over this 

temperature range. It means in next, that monohydrate or anhydrate forms are most likely not 

present in the obtained product, which confirms the structural formula 

[Zn3
oct(OH)8Zn2

tet(H2O)2]2+ of the positively charged hydroxide slabs, as the two water 

molecules there must be bonded strongly that those two located in the interlayer space. It 

seems, that this complex unit balanced by two acetate counterions is that what is often 

indicated by the formula Zn5(OH)8(CH3COO)2.2H2O used elsewhere. Moreover, XRD 

analysis discussed above did not reveal any reasonable decrease of the interlayer distance of 

prepared LBZA phase with increasing synthesis time. This corresponds with the structural 

model involving two water molecules in direct coordination with zinc ions and free acetate 

anions stacked in two layers in the interlayer gallery of the LBZA thus being the main 

contributors to the interlayer spacing while the intercalation water molecules do not influence 

the distance too much. The IR absorption study discussed above supports this model strongly 

as well. To summarize briefly in other words, LBZA compound comprised in the S2 sample is 

actually a dihydrate and the chemical formula should be better written as 

[Zn3(OH)8Zn2(H2O)2](CH3CO2)2.2H2O rather than Zn5(OH)8(CH3CO2)2.4H2O forcing an 

improper notion of the compound being a tetrahydrate. Consistently, the formula 

[Zn3(OH)8Zn2(H2O)2](CH3CO2)2 has to be used instead of wrong Zn5(OH)8(CH3COO)2.2H2O 

as this compound is not a hydrate in strict sense of that term at all. 

According to this TG analysis, the second stage of synthesis can be centred between fourth 

and fifth minute of reaction time (materials S4 and S5) which is in agreement with the results 

of other instrumental analyses above. TGA curves for materials S6 keep some step-like 

structure resembling the three step decomposition, but the weight losses are almost negligible. 

The triad of TGA curves for materials S7 to S60 shows only minor decrease of weight caused 

by decomposition of surface impurities and dehydration of surface located hydroxyl groups. It 

can be straightforwardly concluded with respect to the results of all other analyses performed 



on these samples that maturation and densification of the particles proceed with the increasing 

synthesis time from S7 to S60 which corresponds to the third stage of material synthesis.  

Conclusions 

ZnO with specific morphology of twinned frustums can be obtained through a MW assisted 

synthesis with all its advantages. The reaction time is shortened from tens of hours up to tens 

of minutes in comparison with conventional hydrothermal methods. Moreover, if needed, the 

developed method allows synthesizing well crystallized LBZA material in even shorter 

synthesis time too just by stopping the procedure in its early stage after 2 minutes.  

The use of zinc acetate salt contributes to a robust buffer system formation during the 

synthesis. Although HMTA serves as source of hydroxyl anions and ammonium cations, the 

hydroxyl groups are built in the structure of the precursor LBZA during its formation 

formation while ammonium cations and acetate ions induce the buffering effect of a weak 

acid – weak base salt solution.    The mechanism of ZnO formation does not involve neither 

ZnOH nor direct ZnO formation as observed for single source methods or for ZnCl. It is the 

intermediate product LABZA, which is subsequently transformed into ZnO.  

Imparting the understanding of the reaction and crystal growth mechanisms and further 

development of the MW assisted solvothermal methods of ZnO synthesis will contribute to 

the environmental sustainability due to the enormous decrease of the synthesis time, energy 

and possibly material savings as well as it will conduce to the development of high 

performance functional materials.   
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1. Introduction

Layered materials consisting of stacked two-dimensional
charged layers with nano-dimensional interlayer spacing occupied
by water molecules and charged chemical species compatible to
those layers have attracted considerable attention from both
academia and industry. The interest in these materials mostly
stems from their ability to exchange interlayer cations/anions by
various organic and inorganic molecules of the same charge, giving
rise to rich intercalation chemistry. A great variety of layered
materials that have exchangeable cations balancing negatively
charged layers such as cationic clays or metal phosphates and
phosphonates are known for a long time and can be widely found
in nature. In contrast, the family of layered materials that possess
anion-exchange properties is comparatively rare [1,2].

Among them, layered double hydroxides (LDH) and layered
hydroxide salts (LHS) which comprise positively charged metal
hydroxide layers with exchangeable charge-balancing anions and
water molecules in the interlayer galleries are regarded as the most
representative members of anionic layered materials.

LDH can be described by the general formula:
[M2+

1�xM
3+

x(OH)2]
x+ (Am�)x/m�nH2O, where M2+and M3+are divalent

and trivalent metal cations, respectively, A is a counter-ion with m�

charge, and (x) is the stoichiometric coefficient within the range from
0.1 to 0.5. Layered hydroxide salts (LHS) are structurally similar to
LDH, possessing the generic formula M2+(OH)2�x(A

m�)x/m�nH2O. The
identities of cations and interlayer anions together with the value of
the stoichiometric coefficient may be varied over a wide range,
allowing a plethora of materials with vastly different properties to be
prepared towards the intended application [3,4].

In this respect, a variety of LDH and LHS have been successfully
synthesized. Various approaches have been employed for the
synthesis of both LDH and LSH. Among them, solution based routes
such as hydrolysis of salts and oxides or precipitation with alkaline
solution are most common [3,5]; however, methods employing
other principles such as the mechanochemical synthesis [6] or the
structural memory effect [7] can be found in literature as well.
These materials are used in a diverse set of application areas such
as catalysis, polymer additives, pharmaceutics, water purification,
and ion exchangers [8,9] and references therein. Furthermore, both
LDH and LHS are regarded as green materials in terms of their
stability, inertness and biocompatibility, and research focused on
their use in medicine as drug carriers or biomolecule reservoirs is
ongoing [10,11]. Besides, LDH and LHS are widely used as
precursors for various mixed and single metal oxides.

Here we report on the microwave-assisted hydrothermal
synthesis of zinc hydroxide sulphate Zn4(OH)6SO4�nH2O (ZHS), a
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member of layered hydroxide salts, by simple precipitation of zinc
sulphate monohydrate with hexamethylenetetramine. Although
microwaves have been widely used in the modern organic
synthesis for almost three decades, it is only recently when
microwave-assisted heating has experienced a renaissance in the
liquid-phase synthesis of inorganic materials. A unique combina-
tion of thermal (kinetic), non-thermal, and specific microwave
effects offers several advantages in comparison to conventional
heating such as rapid and selective heating, higher reaction rates,
increased product yields, an improved reproducibility, and energy
savings. Generally, a 10–100-fold reaction rate enhancement can
be achieved [12,13]. In the case of our study, the synthesis was
completed quickly within 3 min in microwaves. For the sake of
illustration, the use of conventional heating sources in the ZHS
synthesis instead of microwave prolonged the reaction time to
20 min [14], 45 min [15], or even to 5 h [16].

In the next step, the obtained ZHS powder was used as the
precursor for the preparation of ZnO. Due to its unique
physicochemical properties, ZnO is regarded as mature engineer-
ing material and, as such, covers a broad field of applications
ranging from pharmaceutics and medicine, catalysis, rubbers and
plastics industry, to optoelectronics and piezoelectric devices,
chemical and biological sensing, etc. As the physico-chemical
properties are intimately dependent on crystal size, shape,
orientation, grain size, etc.; a lot of efforts have been devoted to
the synthesis of various ZnO structures [17].

Among them, porous ZnO micro- and nanostructures have
received great interest recently, as being shown to possess
properties superior to the corresponding solid structures in
applications such as catalysis, sensing, and batteries or magnetic
devices [18,19]. A variety of methods have been employed for
producing porous structures, however, pore directing agents or
templates are usually involved and must be subsequently removed
by either dissolving or by thermal treatment [20,21].

In this regard, the thermal decomposition of LHS precursors
represents an easy way for the preparation of porous 2D ZnO
structures that are otherwise difficult to obtain due to ZnO crystal
grow habits without any capping or directing agents [22]. LHS
precursors that have been used for the preparation of ZnO include
zinc hydroxide nitrate Zn5OH8(NO3)2�2H2O [23], zinc hydroxide
chloride Zn5(OH8)Cl2�2H2O [24–26] zinc hydroxide sulphate
hemihydrate Zn4(OH)6SO4�0.5H2O [15,16], or zinc hydroxide
acetate Zn5OH8(CH3COO)2�2H2O [27,28].

It has been shown that the microstructure of ZnO obtained by
thermal decomposition retains the morphology of the LHS
precursor and enables 2D porous ZnO structures to be prepared.
Furthermore, apart from using pore-directing agents or templates,
the porosity resulted from the release of internally born gaseous
side-products [29].

2. Experimental

2.1. Materials

Zinc sulphate monohydrate ZnSO4�H2O and hexamethylenetet-
ramine (CH2)6N4 were both purchased from PENTA (Czech
Republic) and used as received without further purification.
Demineralized water with conductivity about 10�7 S cm�1 was
used throughout experiments.

2.2. Synthesis of zinc hydroxide sulphate

The zinc hydroxide sulphate precursor was synthesized by
precipitation of zinc sulphate monohydrate with hexamethylene-
tetramine. The precipitation reaction was performed in the
microwave open vessel system MWG1K-10 (RADAN, Czech

Republic; 1.5 kW, 2.45 GHz) operated in a continuous mode (zero
idle time, maximum power) with the temperature monitored by an
industrial contactless thermometer (Raytek CM, Germany).

The synthesis process was carried out as follows: 0.05 mol of
zinc sulphate monohydrate and 0.05 mol of hexamethylenetetra-
mine were dissolved in 100 mL and 50 mL of demineralised water,
respectively. The obtained solutions were mixed together in a
reaction bottle, placed in microwave oven cavity, and exposed to
microwave irradiation immediately. The temperature of the
reaction mixture increased steeply during the first 2 min, reaching
a maximum of 97 8C at the beginning of the third. It should be
noted that the thermometer collected a signal from a certain solid
angle which is slightly bigger than the reaction bottle subtends,
hence the measured temperature value is only indicative for
reaching the maximum temperature, and the mixture was
intensively boiling at that point. The microwave system was
switched off after 3 min of microwave exposure and left to cool
down naturally. The white precipitate was filtered (0.23 mm pore
size membrane), washed thoroughly with demineralised water
several times and dried in a laboratory oven at 40 8C for 24 h.

2.3. Preparation of ZnO

ZnO was obtained by thermal decomposition of dried ZHS
precursor powder. ZHS was loaded into an open alumina crucible
and heated to 900 8C at a heating rate of 5 8C min�1 in a furnace
with a static air atmosphere. After reaching the desired tempera-
ture, the sample was calcined for 2 h and than left to cool down
slowly in a closed oven.

2.4. Characterization

Phase compositions of powder samples before and after
calcination were characterized by the multi-purpose X-ray
diffractometer PANalytical X’Pert PRO MPD (The Netherlands)
with a Cu Ka X-ray source (l = 1.5418 Å) in the diffraction angle

Fig. 1. XRD patterns of the precursor (ZHS) and calcined powder (ZnO).
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range of 5–858 2u. The morphology and structure were observed by
the scanning electron microscope Vega II/LMU (Tescan, Czech
Republic). The thermogravimetric analysis (TGA) was carried out
by the thermogravimeter Q500 (TA instruments, United States) in
the temperature range from 25 to 850 8C at a heating rate of
10 8C min�1 in flowing air (30 sccm). Fourier transform infrared
(FTIR) spectra were collected on the Nicolet 6700 FT-IR spectrom-
eter (Thermo scientific, United States) equipped with an attenuat-
ed total reflectance (ATR) accessory utilizing a diamond crystal.

3. Results and discussion

Powder X-ray diffraction patterns of both zinc hydroxide
sulphate (ZHS) and zinc oxide (ZnO) obtained by its calcination are
shown in Fig. 1. At the first sight, the X-ray diffractions patterns of
ZHS precursor (Fig. 1a) exhibits features typical for a layered
structure, with sharp diffraction peaks in the range of small Bragg
angles and broader asymmetric diffraction peaks in the range of
high angles [3].

A careful analysis of the XRD pattern revealed the presence of
two phases of basic zinc sulphate; zinc hydroxide sulphate
pentahydrate Zn4SO4(OH)6�5H2O (JCDD PDF-2 entry 00-039-
0688), and its lower hydrate, zinc hydroxide sulphate tetrahydrate
Zn4SO4(OH)6�4H2O (JCDD PDF-2 entry 00-044-0673). In fact, the
multiphase pattern corresponding to basic sulphate with various
degrees of hydration is quite common, with the relative composi-
tion dependent strongly on the condition of ageing and even on the
ambient temperature and humidity.

The interlayer distance can be obtained simply from the Bragg
equation for a doublet of peak at 2u angles of 8.178 and 8.538,
corresponding to ZHS pentahydrate and tetrahydrate, respectively
[30,31]. The calculated decrease of interlayer distance from 10.82
to 10.37 Å is attributed to the loss of one water molecule per
structural unit. These values are almost identical with those
reported elsewhere where a structural model can be found [31].

The powder XRD pattern for material obtained from ZHS
calcinated at 900 8C for 2 h shown in Fig. 1b corresponds well to the
hexagonal wurtzite ZnO structure (JCDD PDF-2 entry 01-079-
0207) with no other phase detected. In this regard, the calcination
temperature and time were found to be sufficient for converting
the ZHS precursor to ZnO completely.

The scanning electron micrographs of precursor ZHS powder
are shown in Fig. 2a and b. It consists of hexagonal sheets, bimodal
in particle size distribution with one fraction being about 1 mm
and the second approximately 10 mm. The sheets thickness can be
estimated to be in order of several tens of nanometers from higher
resolution image in Fig. 2b. The morphology of ZnO obtained by
calcination can be seen in Fig. 2c and d. At first sight, the release of
volatile products during the calcination process resulted in the
formation of a mesh-like ZnO structure. The triclinic ZHS
nanosheets crystal lattice parameters are similar to the hexagonal
cell of the ZnO wurtzite structure, moreover, the ZHS hemihydrate
cell is pseudohexagonal, which results in a topotactic conversion of
the precursor into the newly born ZnO grains keeping their
orientation along c-axes. The porous structure is developed at the
expense of mass removal due to the release of water and sulphate

Fig. 2. SEM images of the precursor (ZHS – a, b) and calcined powder (ZnO – c, d).
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during annealing due the sintering of ZnO crystals after the
decomposition, with the overall morphology of LHS being retained
but the crystals are very small as can be seen in Fig. 2d [32].

However, a slight decrease in dimension can be expected due to
the mass losses during the dehydration and dehydroxylation
during calcination of the precursors [33].

The thermal analysis confirmed the composition of the
prepared precursor material; however, the stoichiometry of the
ZHS�5H2O and ZHS�4H2O compounds cannot be derived straight-
forwardly from the TGA curve record. As it can be seen in Fig. 3, the
material loss mass in the dynamic air-flow atmosphere even at
isothermal conditions (25 8C). Hence, the initial balance equilibra-
tion and thus the precise estimation of the initial sample weight
were somewhat problematic and the curve was plotted on the raw
data unit (mg) instead of the weight loss fraction (%). First
derivative of the mass change, i.e. mass change rate, enhanced the
resolution of decomposition steps. Isothermal drying was man-
ifested as the step A on the TGA curve during the first 10 min. The
deliberation of physically adsorbed and intercalated water with
the maximum release rate at 98 8C (step B) was accelerated by the
start of heating with a rate of 20 8C. According to the literature, the
ZHS�5H2O can be precipitated from the solution. Discrete lower
hydrates, namely tetra- and tri-hydrates, could be prepared by
dehydration of the pentahydrate, either thermally or by drying
over desiccants; the monohydrate could only be prepared by
dehydration of the higher hydrates over desiccants; the hemihy-
drate and anhydrate could only be prepared by thermal dehydra-
tion [31]. Therefore, the steps A and B ending at 160 8C are ascribed
to a consecutive formation of lower hydrates from the starting
material by a process requiring a small amount of energy only. The
less pronounced step C corresponds to the loss of hemihydrate
water. The following steps are associated with the dehydroxylation
of the basal hydroxide layers in two stages, i.e. step D at 282 8C and
E at 372 8C. The final mass loss step F corresponds to the
decomposition of sulphate groups solely.

The stoichiometry of the thermal decomposition process can be
assessed with the aid of the unambiguity of the last step F, where
SO3 is released from sulphate groups and disproportionate to SO2

Fig. 3. TG analysis of the precursor (ZHS) material. The lower graph panel shows

temperature programme divided into three zones: (1) isothermal at laboratory

temperature 23 8C, (2) linear heating at 10 8C min�1, and (3) isothermal at 850 8C.
The upper graph window shows TGA curve with steps labelled by capital letters, the

downwards peaks of the first derivative associated to the right are correspondingly

labelled by primed capitals.

Table 1
Analysis of thermogravimetric data for ZHS. For details see text.

Decom-

positi on 

step

Maximum 

weight l oss  rate 

temperat ure 

[°C]

Weight 

loss

[mg]

Deliberated 

gas

Stoichio-

 met ry
Comm ent

A n/a 0.27

H2O

> 1/2

Physic ally  ad sorbed and inte rcalate d 

water  (pentahydrate)

B 98 1.80 >3 and 1/2 Sum slightly > 4  (tet rahydrate)

3½ interc alate d water 

and ½ for  hemi hydrate  step
C 25 0 0.24 1/2

D 28 2 1.32 2 and 2/3 Sum = 3

Three H2O are equiv ale nt t o (OH)6 in 

the struct ural f ormula of ZHSE 37 2 0.16 1/3

F 84 4 2.18
SO3

(SO2 + 1 /2O2)
1

Unity

One SO3 is equiv ale nt t o on e SO4
2- group 

in the  struct ural f ormula of ZHS
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and O2 according to Eqs. (1) and (2)

SO3 ! SO2 þ 1=2O2; (1)

2SO3 ! 2SO2 þ 2O2: (2)

As the amount of SO3 is proportional to the amount of sulphate
groups in the starting material in the ratio of 1:1, the sudoku of
stoichiometry can be calculated. It is obvious that all decomposi-
tion steps at lower temperatures (from A up to E) are associated
with the evolution of water molecules. Stoichiometric ratios in
Table 1 were calculated from the observed mass losses with the
help of SO3 and H2O molar masses, and the decomposition of the
material can be described by the following consecutive equations
adopted from [34].

Steps A and B

Zn4ðSO4ÞðOHÞ6�xH2O ! ZnðSO4Þ � 3ZnðOHÞ2�1=2H2O

þ ðx � 1=2ÞH2O; (3)

where x is 4 or 5.
Step C corresponds to the hemihydrate dehydration and to the

anhydride ZHS formation

ZnðSO4Þ � 3ZnðOHÞ2�1=2H2O ! ZnðSO4Þ � 3ZnðOHÞ2�1=2H2O

The intermediate structure between steps D and E was not
revealed, thus, both steps are described by one summary equation

2½ZnðSO4Þ � 3ZnðOHÞ2� ! 5ZnO þ Zn3OðSO4Þ2 þ 6H2O

The final step F is described as follows:

Zn3OðSO4Þ2 ! 3ZnO þ 2SO2 þ O2

According to the thermogravimetric analysis, ZnO was prepared in
bigger amounts (20 g) from the parental ZHS by calcination at
900 8C. The calcination time was set to 2 h assuring a complete
conversion of the starting material in static air atmosphere. The
amount of the prepared ZnO was 59% with respect to the initial
batch weight, which is in good agreement with the theoretical

content of ZnO in the ZHS pentahydrate (59.22%) and confirms
suitability of this process to be scaled-up easily.

FTIR ATR spectra of the precursor and of the prepared ZnO are
shown in Fig. 4. The crystal structure of ZHS has two main layers
consisting of six- and four-coordinated zinc atoms and sulphates
(SO4

2� tetrahedrons) separated by an intermediate layer of
intercalation water molecules [30]. Although the MW enhanced
synthesis proceeds very fast and such extreme conditions may be
considered as non-suitable for a regular crystal phase development
and growth, there can be identified seven very well resolved
hydroxyl group vibration modes at the wavenumbers 3631, 3542,
3504, 3426, 3297, 3237 and 3172 cm�1, the eighth band is located
within the right shoulder of the hydroxyl absorption peak at
3054 cm�1. Isolated absorption bands testify for a high structural
order in the vicinity of each hydroxyl group bound either in
hydroxide slabs or even in intercalated water. In this region,
stretching vibration modes of hydroxo-complexes Zn–O–H can be
expected. Asymmetric and symmetric stretching vibrations of H–
O–H are observed too as confirmed by the presence of concomitant
bands at 1700–1600 cm�1. The stretching vibration bands of water
molecules can be shifted to lower wavenumbers, but without
losing their sharpness which again testifies for a highly ordered
hydrogen bonding. A manifestation of lattice bonded water as well
as aquo-complexes can be expected. A strong broad absorption
between 1700 and 1600 cm�1 can be associated with bending
modes of hydration water or with physically adsorbed water
molecules. Bending vibrations of hydroxo-complexes are not
manifested near 1600 but close to 1200 cm�1 where a sharp band
is observed at 1161 cm�1, however if the OH group is a part of a
bridging hydroxo-complex, the bending vibration mode is even
more shifted close to 950 cm�1 as manifested by a sharp peak
observed at 958 cm�1. The four bands emerging in the region
limited by these two hydroxo-complex deformation modes (1116,
1076, 1045 and 1022 cm�1) can be ascribed to the sulphate group
which points towards lowering of sulphate anion symmetry, as
four IR active stretching bands may be expected for bidentate or
bridging coordination [35], the latter is appropriate for the ZHS
structure. The same number of the sulphate ion deformation
vibration modes can be found at lower wavenumbers [35];
however, wagging, twisting and rocking modes of H–O–H that

Fig. 4. FTIR spectra of the precursor (ZHS – upper curve, magnified 2� in the left panel window) and calcined powder (ZnO – lower curve).
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can be found only in coordinated water molecules, but not in
lattice bound water, are manifested in the region 910–650 cm�1 as
well. Thus, seven bands in total were identified at the positions
910, three peaks at 875, 838 and 809 hidden in the left shoulder of
the 781 peak, 677 and 652 cm�1. Lattice (or crystal) water
vibration modes are expected to be observable below 600 cm�1 at
597, 513, 469 and 428 cm�1. However, the exact assignment of all
features in the region below 1000 cm�1 would be speculative
without a model calculation and the X-ray monocrystal structure
analysis. No peaks for HMTA were found confirming thus the
precursor’s purity from the organic moieties. Moreover, the CO2

absorption manifested as carbonate vibration bands in IR spectra
was not observed, which confirms the precursor’s stability at the
ambient condition [30,36–40].

The infrared absorption spectrum of the prepared ZnO shows
the typical strong band at the position of about 450 cm�1.
According to the literature [36], pure ZnO has week absorption
bands in the regions from 560 to 550 cm�1 and from 520 to
500 cm�1, a significant and a very strong band centred at about
450 cm�1. In our case, the weak bands merged with the strong one
and they are slightly visible in the edge of the large peak. No water,
sulphate or organic contaminations are manifested in the spectra
of the calcined product.

4. Conclusion

An extremely fast synthesis yielding high quality crystalline
layered zinc hydroxide sulphate was developed. The use of
microwave energy speeds up the reaction starting from zinc
sulphate and the hexamethylenetetramine water solution to be
completed within 3 min. The structure of the prepared product
was unambiguously assigned to zinc hydroxide sulphate pentahy-
drate Zn4SO4(OH)6�5H2O and tetrahydrate Zn4SO4(OH)6�4H2O. The
bonding configuration of the sulphate anion was identified as a
bridging coordination type from the well-resolved IR absorption
spectra.

The precursor was further successfully converted into a porous
ZnO mesh-like structure by calcination at 900 8C. The thermal
decomposition process was elucidated in a detailed TG study and
the stoichiometry of the prepared ZHS hydrate was confirmed, too.
The observed hexagonal porous plates kept the original shape of
the precursor’s crystals, which testifies for the prevailing
topotactic conversion mechanism. Moreover, it was demonstrated
that the preparation of hexagonal ZnO porous plates can be
performed in a larger scale.
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Abstract 

Three different ZnO-based antibacterial fillers with a different morphology of microparticles 

structured on a mesoscale were prepared by the use of the microwave assisted synthesis and 

additional annealing in one case. PVC composites containing 0.5 – 5wt% of ZnO based

antibacterial fillers were prepared by melt mixing and characterized by scanning electron 

microscopy and X-ray diffractometry. Mechanical testing showed no adverse effect either of 

the used fillers or the applied processing conditions on the prepared material in comparison 

with the neat medical grade PVC. The surface antibacterial activity of the prepared PVC 

composites was assessed against Escherichia coli ATCC 8739 and Staphylococcus aureus

ATCC 6538P according to ISO 22196: 2007 (E). All materials at almost all filler loading 

levels were efficient against both bacteria. The material with the most expanding morphology 

assuring the largest contact between filler and matrix achieved an excellent level of more than 

99.9999 % reduction of viable cells of E. coli in comparison to untreated PVC and performed 

very well against S. aureus, too. A correlation between morphology and efficacy of the filler 

was observed and, as a result, a general rule was formulated which links the proneness of the 

microparticles to perform well against bacteria to their shape and morphology. 
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1. Introduction 

Microbial colonization of medical devices’ surfaces and the subsequent biofilm formation 

represents one of the most serious issues in healthcare-associated infection. It is estimated that 

more than half of nosocomial infections are connected with some type of implanted medical 

device [1]. A worrying feature of biofilm-based infections is represented by an inherent 

resistance of bacterial cells growing as a biofilm to antibiotics when compared with 

planktonic cells. Such inherent resistance may be caused by one or more of the following: 

delayed penetration of antimicrobial agent through the biofilm matrix, an altered growth rate 

of biofilm organisms, and other physiological changes due to the biofilm  mode of growth [2]. 

Biofilms antibiotic resistance two or more orders greater in magnitude than those displayed by 

planktonic bacteria of the same strain depending on the species-drug combination have been 

reported [3-5]. Therefore, the common antibiotic therapy is often sufficient to kill planktonic 

cells and those dispersed from the biofilm, but insufficient to kill cells living in the biofilm, 

and infection symptoms are cyclic in nature. Moreover, as the overuse of antibiotics leads to 

the prevalence and development of genes encoding antibiotic resistance (GEAR), the rapidly 

increasing antibiotic resistance to even planktonic cells presents another critical issue [6].  

As the bacterial adhesion to surfaces is an essential step for the onset of biofilm formation, 

medical devices’ surfaces that can inhibit initial bacterial attachment by varying the degree of 

hydrophobicity/hydrophilicity or the surface structure have been proposed [7-9]. However, 

such surfaces are susceptible to fouling immediately upon contacting physiological fluids, 

and, despite the fact that the surface energy and other surface related properties may improve 

the medical device performance, an active antibacterial agent that inhibits bacterial growth is 

needed. Considerable research has been focused on polymers whose antibacterial activity is 

conferred via modification of their backbones by grafting of various low or high molecular 

antibacterial moieties, such as quaternary ammonium groups [10, 11], natural or synthetic 

peptides [12, 13], halogens, phospho and sulpho groups [14-16].  

Although a great variety of approaches have been successfully explored up to now, the 

majority of antibacterial polymeric materials nowadays are made up by polymer 

compounding with either organic or inorganic antibacterial agents. Among the latter, metal 

(Ag, Au, Cu, etc.) [17, 18] and metal oxides (ZnO, TiO2, CuO, CaO, MgO, etc.) nanoparticles 

or their combination [19, 20] are of particular interest as they have been shown to possess 

strong antibacterial activity against representatives of both gram-positive as well as gram-

negative bacteria strains [21, 22]. In addition, the use of inorganic nanoparticles as 

antimicrobial agents has several benefits in  comparison with the organic antimicrobials, such 
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as improved stability and low toxicity towards mammalian cells, although the safety issues of 

nanoparticles application are still a matter of vivid discussions [23].  

Nanocomposites made up of inorganic nanoparticles and polymers exhibit an improved 

performance when compared with their microparticle counterparts, mainly due to a larger 

surface in comparison to the volume ratio. However, this inevitably leads to an increase in the 

surface energy and interactions between particles such as van der Waals and electrostatic 

forces become stronger, causing a tendency to agglomeration. A plethora of chemical and/or 

physical treatment strategies has been utilized for nanoparticles to reduce the surface energy 

and, thus to avoid formation of clusters or agglomerates and achieve a uniform particle 

distribution in the polymer matrix, as documented in reviews [24-27]; nevertheless, these 

methods are often too sophisticated and cost demanding. 

In this article, we report on a different and originally developed concept how to circumvent 

these unavoidable disadvantages of inorganic nanoparticles by a simple use of relatively large 

microparticles, yet with nanostructured morphology. Structural nanocomponents impart the

beneficial features of the nanosize effects to their assembly on a mesoscale into a bigger 

particle. The shape of a snowflake inspired this study at the beginning.   

Zinc oxide was chosen as the model material of the inorganic antibacterial filler due to its 

large variability of forms in which it can be prepared and because the antibacterial activity of 

its nanoparticulate forms is well known and their efficacy as an antibacterial agents is well 

documented in the literature [28]. Hierarchically, mesoscale structured ZnO microparticles 

can be prepared relatively simply by precipitation from solutions of zinc salts. We developed 

a microwave (MW) assisted synthesis improving the classical synthesis methods by 

shortening the reaction time, material, energy and, therefore, we achieved cost savings for the 

preparation of various ZnO powders [29]. Three different materials were selected among the 

possible candidates to be investigated. In first, a two-dimensional zinc hydroxide acetate 

layered system analogous to nanoclays was obtained; as the second material, twinned ZnO 

frustums were synthesized and, as the third material with the most complex morphology, 

mesh-like porous platelets were prepared by a slightly more elaborate method [30]. 

The antibacterial activity of various polymer additives (namely nanoparticles) is usually 

evaluated quantitatively or qualitatively against model organisms representing gram negative 

and gram positive bacteria by estimation of the minimum inhibitory concentration (MIC), 

minimum bactericidal concentration (MBC), disk diffusion method, growth inhibition 

method, Halo test, agar or broth dilution techniques. For the function of a plastic medical 

device, the antibacterial effect of the surface of the plastic component itself has relevancy 
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rather than the effect of the released species on planktonic cells in its surrounding 

environment. Therefore, a method to determine the antibacterial efficacy of the surface of a 

finished plastic article is the best and only option giving reliable data that can be quantitative, 

qualitative and time related [31]. The standard ISO 22196:2007 (E) [32], formerly JIS Z 2801 

[33], meets these criteria and was applied throughout this study.  

Lastly, in order to asses the efficacy of synthesized fillers, a model composite material is 

required, as it is the surface antibacterial activity which is the key performance factor for the 

medical materials as emphasized above. Plasticized PVC is the most widely used plastic in 

medical device applications because of its bio- and hemocompatibility, transparency, 

flexibility, durability, sterilizability and low cost. Typical medical products made thereof 

include blood bags and tubing, gloves, dialysis equipment, catheters, or device packaging [34, 

35]. Therefore, medical grade PVC was used as the polymer matrix for the incorporation of 

ZnO based antibacterial fillers, and the antibacterial activity on the plastic surface of the 

prepared composites was evaluated. 

 

2. Experimental 

2.1 Materials 

Zinc sulphate monohydrate ZnSO4.H2O, zinc acetate dihydrate Zn(CH3COO)2.2H2O and 

hexamethylenetetramine (CH2)6N4 were purchased from PENTA (Czech Republic) and used 

as received without further purification. Medical grade PVC RB3 was delivered by 

Modenplast (Italy). Distilled water was used throughout experiments.   

 

2.2 Biological materials 

Nutrient Broth w/1% Peptone, Nutrient Agar No. 2, Soyabean Casein Digest Medium, and 

TWEEN 80 were all supplied by HIMEDIA (India). Lecithin natural was purchased from 

Mogador (Czech Republic). 

 

2.3 Microorganisms 

Escherichia coli ATCC 8739 and Staphylococcus aureus ATCC 6538P were both obtained 

from the Czech Collection of Microorganisms (Czech Republic). 

 

2.4 Preparation of antibacterial fillers  

As antibacterial fillers, the basic zinc hydroxide acetate (ZHA) and two zinc oxide (ZnO) 

powders denoted as ZnO 1 and ZnO 2 were prepared.  
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The synthesis of ZHA was performed in the microwave open vessel system MWG1K-10 

(RADAN, Czech Republic; 1.5 kW, 2.45 GHz) operated in a continuous mode (zero idle time, 

maximum power) with the temperature monitored by an industrial contactless thermometer 

(Raytek CM, Germany). The synthesis process was carried out as follows; 0.05 M of zinc 

acetate dihydrate and 0.05 M of hexamethylenetetramine were dissolved in 100 mL and 50 

mL of distilled water, respectively. The obtained solutions were mixed together in a reaction 

bottle, placed into the microwave oven cavity and exposed to microwave irradiation. The 

temperature of the reaction mixture increases steeply reaching a maximum of 97 °C after 

approximately 90 s. The microwave system was switched off after 2 minutes of microwave 

exposure and left to cool down naturally. The white precipitate was filtered (0,23µm pore size 

membrane), washed thoroughly several times with distilled water and dried in a laboratory 

oven at 40 °C for 24 hours. As the second filler, ZnO 1 was prepared under the same 

conditions as ZHA, only the synthesis time was extended from 2 to 10 minutes. Finally, the 

ZnO powder denoted as ZnO 2 was prepared via two steps method described elsewhere [30].

Briefly, the solution obtained by mixing 0.05 M of the zinc sulphate monohydrate and 0.05 M 

of hexamethylenetetramine, dissolved in 100 mL and 50 mL of distilled water, respectively, 

was exposed to microwaves for 10 minutes in the first step. After the filtering and washing 

procedure had been completed, ZnO 2 powder was obtained by thermal decomposition of the 

dried zinc hydroxide sulphate precursor by heating to 900 °C at a heating rate of 5 °C/min in a 

furnace with a static air atmosphere. After reaching the desired temperature, the sample was 

calcined for 2 hours and than left to cool down slowly in a closed oven. 

2.5 Preparation of PVC/ZnO composites  

Composites containing 0.5, 1, 2, and 5 wt% of ZHA, ZnO 1 and ZnO 2 were prepared by melt 

mixing of PVC pellets with an appropriate amount of the prepared filler in a Brabender 

measuring mixer W50 EHT PL at the temperature of 175 °C. The rotor speed was kept at 20 

rpm for first 2 minutes followed by an increase to 50 rpm for another 4 minutes. After this 

time, a constant torque was reached, suggesting a homogeneous mixing of the filler into the 

matrix. Then, 1 mm thick sheets were produced by hot press procedure involving preheating 

at 175 °C for 2 min followed by compressing for 4 min and subsequent cooling under 

pressure. The neat PVC reference sample was prepared in the same way. The obtained sheets 

were used as a testing sample for an evaluation of the antibacterial activity and of mechanical 

properties.  
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2.6 Characterization 

X-ray diffraction (XRD) patterns of the prepared fillers and PVC composites made thereof 

were recorded by the multi-purpose X-ray diffractometer X´Pert PRO MPD (PANalytical, 

The Netherlands) with a Cu-Kα X-ray source (� = 1.5418 Å) in the diffraction angle range of 

5-85° 2θ. The morphology of fillers was observed by the scanning electron microscope Vega 

II/LMU (Tescan, Czech Republic). The scanning electron microscopy examination was also 

performed on composites fractured surfaces in order to evaluate the degree of homogeneity 

and to gain insight into the composites’ internal structure. Mechanical properties (Young’s 

modulus, tensile strength) of composites were evaluated using the Testometric universal-

testing machine M 350-5CT (LABOR machine, Czech Republic) at the crosshead speed of 

500 mm/min and a gauge length of 50 mm with a cell-load 1kN, in accordance with ISO 527-

2:1996. Tensile tests were repeated on 10 specimens cut for each sample to ensure the 

reproducibility of the data.   

 

2.7 Antibacterial activity testing 

The antibacterial activity of the prepared ZnO/PVC composites was assessed against 

Escherichia coli ATCC 8739 and Staphylococcus aureus ATCC 6538P according to ISO 

22196: 2007 (E) with a slight modification [32]. Incubator HERAcell 150i (ThermoScientific, 

USA) was used in this part of the work. For the sake of clarification, a brief description of this 

standard assay for the evaluation of the antibacterial activity on plastic surfaces is given. First, 

a test inoculum was prepared by transferring one loop of the pre-incubated bacteria into a 

small amount 1/500 diluted nutrient broth so that the bacteria concentration was in between 

2.5 × 105 and 10 × 105 cells /mL. The test specimens (three treated and three untreated 

specimens) with dimensions of 50 mm x 50 mm x 1 mm were placed in Petri dishes and 

inoculated by 0.4 mL of the test inoculum. The inoculated specimens’ surface was covered 

with a thin piece of polypropylene film (40 mm x 40 mm) and pressed down gently so that 

test inoculum spread to the edges. After incubation for 24 h at 35 °C under humid conditions 

(95 %), the test inoculum remaining on covers polypropylene film and the test specimen was 

completely recovered by 10 mL of SCDLP broth (prepared by adding 1 g of lecithin and 7 g 

of polysorbate per liter of Tryptone Soya Broth). The recovered SCDLP broth was 10-fold 

serial diluted in phosphate-buffered physiological saline and 1 mL of each dilution was placed 

together with 1 mL of undiluted recovered SCDLP into separate Petri dishes. Then, 15 mL of 

plate count agar was poured into each Petri dish, swung gently to disperse bacteria and 

incubated for 48 h at 35 °C under humid conditions (95 %). After incubation, the number of 
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colonies was counted in the Petri dishes containing from 30 – 300 colonies and the number of 

viable bacteria recovered was determined according to Eq. 1.  

N = (100×C×D×V)/A,         (1)            

where 

N is the number of viable bacteria recovered per cm2 per test specimen; 

C is the average plate count for the duplicate plates; 

D is the dilution factor for the plates counted; 

V is the volumeof SCDLP in mL added to the specimen  

The results are expressed in terms of the antibacterial activity R, which is defined as the 

difference in the logarithm of the viable cell count found on an antibacterial-treated sample 

and on an untreated sample after inoculation with an incubation of bacteria  

R=(Ut-U0)-(At-U0)=Ut-At, (2)            

where 

R is the antibacterial activity; 

U0 is the average of the common logarithm of the number of viable bacteria, in cells/cm2,

 recovered from the untreated test specimens immediately after inoculation;   

Ut is the average of the common logarithm of the number of viable bacteria, in cells/cm2,

 recovered from the untreated specimens after 24 h; 

At   is the average of the common logarithm of the number of viable bacteria, in cells/cm2,

 recovered from the treated test specimens after 24 h.   

At this point, we have omitted the evaluation of the number of viable bacteria recovered from 

the untreated test specimens immediately after inoculation because of the extensiveness of the 

experiments, and the value of the antibacterial activity R was determined simply according to

R=Ut-At,           (3)            

3. Results and discussion 

3.1 Characterization of the prepared fillers 
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Powder XRD patterns of the prepared fillers are shown in Fig. 1. The structure of the sample 

prepared in 2 minutes via MW-assisted hydrothermal precipitation of ZAD with HMTA 

exhibits sharp reflections at a low angle and relatively weak reflections at a high degree angle 

(Figure 1, diffractogram a). In general, XRD patterns with similar features are typical for 

layered materials, therefore, a compound that belongs to the family of layered double 

hydroxides (LDH) and hydroxide double salts (HDS) should be expected to be based on the 

chemicals used. The low angle region of the diffraction pattern is dominated by three distinct 

peaks at 2θ = 6.6°, 13.3° and 20.0° with the most intense one being that at 6.6°. Similar XRD 

patterns were reported elsewhere [36, 37] as 001 primary, secondary and tertiary order 

reflections and assigned to the zinc hydroxide acetate (ZHA), a compound with the idealised 

composition Zn5(OH)8(CH3COO)2.nH2O. A search-match database analysis for verifying the 

structure and composition under our experimental conditions indicates the best agreement 

with the formula Zn(OH)1.58 (CH3COO)0.42 .0.31H2O  (JCDD PDF-2 entry 00-056-0569). The 

diffractogram b in the Figure 1 shows XRD patterns of ZnO 1 prepared under the same 

conditions as ZHA but with the synthesis time prolonged to 10 minutes. All diffraction peaks 

observed at 2θ = 31.7°, 34.4, 36.2°, 47.5°, 56.5°, 62.7°, 66.3°, 67.8°, 69°, 72.5°, 76.9° and 

81.2° are characteristic for the wurtzite ZnO structure (hexagonal phase, space group P63mc) 

and are in a good agreement with the JCDD PDF-2 entry 01-079-0207. Moreover, the 

sharpness and narrowness of the diffraction peaks implies a well developed crystalline 

structure of the synthesized ZnO with no level traces of crystalline impurities detected.   

 

HERE FIGURE 1 

 

The powder XRD pattern for the sample denoted as ZnO 2 obtained by calcining of the 

precursor at 900 °C for 2 hours (Figure 1, diffractogram c) corresponds well to the hexagonal 

wurtzite ZnO phase (JCDD PDF-2 entry 01-079-0207). Although both samples, i.e. ZnO 1 

and ZnO 2, can be assigned to the hexagonal wurtzite ZnO phase, there are significant 

differences between the ratios of peaks intensity. Without any microscopic observation, this 

clearly indicates different morphologies of the prepared fillers.   

 

The morphologies of the prepared fillers can be seen in Figure 2(a-f). In compliance with the 

XRD patterns interpretation, the ZHA exhibit the two-dimensional plate-like morphology 

typical for layered materials. At a closer look, the plates are rectangular in shape with 

dimensions of about one to ten micrometers and a thickness of several tens of nanometers 
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(Figure 2a,b). The synthesis time increasing from 2 to 10 minutes resulted in the 

transformation of the ZHA plate-like structure into ZnO particles resembling twinned

truncated frustums (sample ZnO 1) as documented in Figure 2c,d. The higher resolution 

image shows that ZnO crystal possesses a relatively high degree of imperfection and a

broader particle size distribution, with the bigger particles having the length of between 3-

4 �m and a diameter of about 2 �m.  

HERE FIGURE 2 

The scanning electron micrographs of the powder denoted as ZnO 2 are shown in Fig. 2e,f. It 

consists of mesh-like ZnO platelets with a porous morphology developed at the expense of 

mass removal due to the release of intercalation and structural water and sulphate groups 

during precursor annealing. The powder is bimodal in the particle size distribution with one 

fraction being about 1 �m and the second approximately 10 �m. The sheets thickness can be 

estimated to be in the order of several tens of nanometers from the higher resolution image in 

Fig. 2f.  

3.2 Characterisation of the prepared composites 

The XRD patterns (diffractograms b,c and d) of the prepared composites as well as the plain 

PVC matrix (diffractogram a) are shown in Fig. 3.  For the sake of brevity, the results are 

exemplified in samples loaded by 5 wt% of fillers. Due to the absence of the long-range 

atomic order in amorphous polymers, the XRD patterns of the plain softened PVC sample 

exhibit only broad scattering peaks. The analysis of diffractogram b in Figure 3 reveals 

structural changes in the filler ZHA that occurred during the mixing of the filler into the 

matrix. The almost negligible diffraction line intensity remains at 2θ = 6.6° while a strong and 

sharp peak raised at 2θ = 11.9° for composite material which points towards a large and well 

defined change of the basal spacing of the compounded filler in comparison with the free 

powder ZHA. The shift of the 001 peak corresponds to the decrease in the interlayer distance 

from 13.4 to 7.4 Å. Such decrease cannot be attributed to the loss of intercalated water 

molecules only but also the contribution of the loss of an acetate ion per structural unit must 

be accounted, similarly as can be observed in re-intercalation processes with the use of 

carboxylic acids with different alkyl chain lengths [38]. Moreover, judging by the values of 

the full width at the half maximum (FWHM) obtained for both peaks (0.23° for the peak at 

6.6° and 0.09° for the peak at 11.9°) even without correction for instrumental broadening, it
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can be estimated that the free powder ZHA consists of a smaller number of less ordered 

crystalline layers in stack than the ZHA compounded into the polymer matrix.  In other 

words, it means that the ZHA powder undergoes a certain compacting of the structure caused 

by external shear force, pressure and elevated temperature (175°C) which is higher than 

during synthesis (100°C). On the other hand, the material evidently keeps its layered structure 

although the presence of the newly created ZnO hexagonal wurtzite phase is clearly indicated 

by the presence of the characteristic peaks in the diffractogram. ZnO originates at the expense 

of the water and acetate groups liberation from ZHA, as can be confirmed by the pungent 

acetic odor released from the samples experienced during the mixing of the filler with PVC 

matrix. The acetate groups are released more likely as acetic acid, rather than acetanhydride 

because the temperature of 175°C is quite low and intercalated water molecules are present in 

excess in the system over acetate groups under elevated pressure [36].  

 

HERE FIGURE 3 

 

In contrast to above described ZHA composite, the interpretation of XRD patterns recorded 

for materials containing ZnO 1 and ZnO 2 fillers (Figure 3, diffractograms c and d 

respectively) is straightforward. All observed diffraction peaks can be found at the same 

positions as for original powder materials. However, the differences in ratios of peak intensity 

testify for an increasing preferential orientation of the fillers which means that a texture was 

developed during sample preparation. The diffractogram for ZnO 2 is dominated by the 002 

reflection as the most intensive line which is unambiguously related to the basal planes 

perpendicular to the c-axis of ZnO crystallites. According to this observation, a parallel 

alignment of ZnO 2 hexagonal porous plates with the flat sample plane can be expected. A 

less pronounced orientation effect was observed for ZnO 1 containing material, favoring the 

100 reflection line over the line corresponding to the 101 reflection.  

The morphology of the prepared composite materials was observed by SEM on freeze fracture 

surfaces. The images are shown in Fig. 4; the left column shows low magnification images 

giving an overview of a large area to demonstrate the very good distribution of fillers ZnO 1 

and 2 (images e and g respectively). The ZHA filler (image c) can be identified as white 

lumps with a bad distribution. A detailed image d in the right column shows a bad dispersion 

for the material ZHA as no single platelets similar to those in Fig. 2 can be seen. This 

observation is in agreement with the result of XRD analysis implicating a reasonable 

compacting of the material. On the other hand, the good dispersion of materials ZnO 1 and 2 
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is demonstrated with the aid of images of single particles embedded into the polymer matrix 

(see image f for ZnO 1 and h for ZnO 2). The perfect alignment of particles in the direction of 

the material flow can be seen in the image g, which confirms a strong orientation effect of hot

press compression molding manifested in the XRD diffractogram for ZnO 2. Moreover, the 

detailed image h exemplifies resistance of the porous platelets against disintegration by shear 

forces during compounding with a viscous PVC melt. The captured micrographs of neat PVC 

are shown in images a and b for comparison.  

HERE FIGURE 4 

The addition of small amounts of fillers as active antibacterial additives should not reasonably 

influence the mechanical properties of the prepared materials. Moreover, the compounding 

process has to be performed under conditions that do not deteriorate the material properties of 

the used PVC material in order to maintain the full range of its applicability.  

Two basic characteristics, i.e. the Young’s modulus and the tensile strength, were chosen to 

characterize the mechanical performance of the prepared composites according to the ISO 

527-7:1996 [39]. The obtained results are summarized in Table 1. The comparison of the neat 

PVC matrix with all prepared composites showed no adverse effect on the prepared material 

either of the used fillers or of the applied processing conditions.   

HERE TABLE 1 

3.3 Surface antibacterial activity evaluation 

A quantitative assessment of the surface antibacterial activity of the prepared composites 

tested against Escherichia coli ATCC 8739 and Staphylococcus aureus ATCC 6538P 

according to ISO 22196: 2007 (E) is summarized in Tables 1.,2. The values for the 

antibacterial activity were determined but there is no unique absolute pass/fail criterion 

defined and the assessment of the surface antibacterial performance is an arbitrary matter. The 

earlier standard JIS Z 2801 preceding the ISO 22196: 2007 (E) specified a value of 2.0 or 

greater as the demonstrated antibacterial activity. Therefore, most of the prepared composite 

materials can be categorized as having an imparted antibacterial activity on their surface 

through  compounding with tested fillers. The critical value of 2.0 can be successfully 

accepted for hygienic and similar applications. On the other hand, the value of 6.0, i.e. the 
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99.9999 % reduction in cell count against controls, is considered for advanced medical 

plastics applications [31]. Even with regard to such strict criteria, the ZnO 2 based material 

can be ranked as having an excellent efficacy against E. coli at any used filler concentration 

and can be classified as performing very well against S. aureus at the concentration of 2 wt% 

or higher. The difference in susceptibility between gram-positive and gram-negative bacteria 

is often assigned to changes in the interaction mechanisms of ZnO with the bacterial 

membrane. Gram-positive bacteria have much thicker peptidoglycan cell walls compared with 

gram-negative bacteria, which results in a decreased susceptibility to the membrane damage 

induced by ZnO nanoparticles [40].  

 

HERE TABLE 2 

 

 
It is widely recognized that the antibacterial properties of nanoparticles depend on their size, 

shape, and even morphology and size distribution [41, 42]. However, these findings hold on 

straightforwardly for nanoparticles suspended in a liquid medium acting against planktonic 

forms of bacteria. The cell killing mechanism is often ascribed to the mechanical damage of 

the cell membrane [43] which is not a plausible mechanism for composite systems where the 

particles are embedded in the continuous polymer matrix. Therefore, another mechanism must 

be taken into account. Most likely it is the release or generation of active species which can 

reach the surface of the plastic article and have a localized effect there. In case of ZnO, the 

release of Zn2+ cations or its complex forms is one of the proposed mechanisms [44]. The 

generation of reactive oxygen species (ROS) is another relevant explanation of ZnO’s activity 

[45], but it requires illumination of the material by light with at least some portion of energy 

transferred by photons in the UVA region, e.g. the daylight unfiltered by window glass. 

However, the testing procedures are usually performed in the dark, the cultures of 

microorganisms being for the main part of the time closed in incubators, the same as it was in 

our case as well, so the photochemical mechanism cannot be considered as the exclusive 

cause of the observed antibacterial effect. Presumably, a combination of these two effects 

imparts the antibacterial activity to the surface of the prepared composites. If so, it can be 

deduced that the most efficient system will be that one with the largest surface in contact with 

the polymer matrix, because it is the filler-matrix interface where the active species are 

entering the continuous polymer matrix. Material ZnO 2 has obviously the best morphological 

arrangement to expect the biggest effect and, indeed, it was observed. On the other hand, it 
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must be stressed out that the active species of inorganic antibacterial systems, denoted 

commonly as non-migrating in contrast to diffusive organics denoted as migrating systems, 

work at a short distance only, as they either have low diffusivity through the polymer matrix 

(the case of the cations), or a short lifetime limiting their diffusion length (the case of ROS). 

Therefore, the distance between particles is the critical parameter, which depends 

straightforwardly on their concentration and particle shape and it can explain the observed 

thresholds in the efficacy of compacted ZHA and ZnO 1 material with a low aspect ratio. 

According to this, it is not only the size of the specific surface area what matters but the 

specific particle-matrix interface area per unit mass of the composite which can be more 

likely the key parameter. A particle with rugged, furcated or extended morphology can 

influence a larger volume of the polymer matrix in proximity of its surface than that one with 

a compact shape and internal pores. In next, particles with the extended morphology must 

have smaller distance between particles than compact shape particles at a given concentration 

in the composite. This can be generalized as follows: The ideal inorganic nanostructured 

microparticle intended to be used as an antibacterial filler has to have the lowest ratio possible 

between the envelope and true material density.  

4. Conclusion 

The present study showed that the antibacterial effect of ZnO based materials is strongly 

dependent on their particle morphology. Although ZnO is strain specific and performed better 

against representative gram negative bacteria than against gram positive bacteria, the two best 

composite materials based on the medical grade flexible PVC compounded with the prepared 

filler ZnO 2 were shown as an excellent antibacterial polymer system with a considerable 

surface antibacterial activity value higher than 6 against Escherichia coli and higher than 5 

against Staphylococcus aureus which represents, in other words, the 106x and 105x reduction 

of viable cells respectively, in comparison to untreated PVC. Almost all prepared composite 

materials were found as efficient for less demanding applications according to the weaker 

criterion of minimal antibacterial activity being at least 2.  

It is noteworthy that the prepared fillers consist of nanostructured particles with the overall 

particle size greater than one micrometer and behave like common powders which make them

unproblematic for mixing with plastics, avoiding all technical difficulties usually related to 

the nanoparticles. Besides, the filler and the mixing procedure demonstrated no adverse effect 

on good mechanical properties of the used medical grade PVC. These facts suggest that the 
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studied ZnO based nanostructured microfillers, namely ZnO 2, have potential in medical 

plastics industries as additive materials for PVC medical devices.  

As the final conclusion of this pilot study, a general rule for the proneness of the inorganic 

nanostructured microparticles to be efficient as antimicrobial additives can be formulated. The 

ideal inorganic nanostructured microparticle intended to be used as antibacterial filler has to 

have the lowest ratio possible between the envelope and true material density to maximize the 

particle-matrix interface area and to assure the shortest average distance between particles at 

the given filler concentration. However, further detailed studies will be needed to confirm the 

validity of this rule over the large spectrum of possible inorganic antibacterial polymer 

systems.  
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Table 1.: Selected mechanical properties of the prepared composites 

Filler content 

 
[wt.%] 

Filler code Young’s modulus 

 
[Mpa] 

Tensile strength 

 
[Mpa] 

0  – 9.4 ± 1.1 19.9 ± 0.7 

 

0.5  

 

ZHA 

ZnO 1  
ZnO 2 

10.5 ± 1.1 

9.6 ± 1.1 

9.3 ± 0.9 

20.1 ± 0.7 

20.4 ± 0.7 

19.9 ± 0.6 

 

1  

 

ZHA 

ZnO 1  
ZnO 2 

10.4 ± 1.0 

10.0 ± 1.2 

9.0 ± 0.9 

20.1 ± 0.5 

20.6 ± 0.5 

20.3 ± 0.8 

 

2  

 

ZHA 

ZnO 1  
ZnO 2 

10.4 ± 0.9 

10.4 ± 1.0 

10.5 ± 1.2 

20.0 ± 0.6 

21.0 ± 0.3 

19.5 ± 1.4 

 

5  

 

ZHA 

ZnO 1  
ZnO 2 

10.6 ± 1.1 

9.5 ± 1.1 

10.1 ± 0.5 

19.2 ± 0.9 

20.3 ± 1.1 

20.3 ± 0.9 
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Table 2.: Summary of surface antibacterial activity against E. coli and S. aureus evaluation 

for the prepared composite materials.    

Filler content 

[wt.%]

R – value for E. coli

[-]

R – value for S. aureus

[-]

Filler code Filler code

ZHA ZnO 1 ZnO 2 ZHA ZnO 1 ZnO 2

0.5 4.0 1.2 > 6.6 1.8 0.9 0.2

1 4.5 3.6 > 6.6 1.8 2.4 2.3

2 4.6 3.5 > 6.6 1.9 2.4 > 5.1

5 5.4 5.2 > 6.6 2.5 3.3 > 5.1
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Figure captions: 

 

Figure 1.: Powder XRD patterns of the prepared fillers. Labeling of diffractograms: ZHA – a, 

ZnO 1 – b, ZnO 2 – c.  

 

Figure 2.: SEM images of the prepared fillers. The upper row shows ZHA, the middle row 

shows ZnO 1, the lower row shows ZnO 2. For a detailed description of the labels a – f, see 

the text.  

 

Figure 3.: Powder XRD patterns of the prepared composites with 5 wt% filler loading and 

neat PVC. Labeling of diffractograms: Neat PVC – a, PVC:ZHA – b, PVC:ZnO 1 – c, 

PVC:ZnO 2 – d.  

 

Figure 4.: SEM images of freeze fractured surfaces of the prepared composites with 5wt% 

filler loading and neat PVC. The upper row shows the morphology of neat PVC, the second 

row shows ZHA, the third row shows ZnO 1, the lowest row shows ZnO 2. For a detailed 

description of the images labels a – h, see the text.  
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Click here to download high resolution image



Figure 3
Click here to download high resolution image



Figure 4
Click here to download high resolution image
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