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The physico‑chemical 
and antimicrobial properties 
of nano ZnO functionalised tannic 
acid
Nurul Akmal Che Lah 1,2* & Aqilah Kamaruzaman 2,3

Tannic acid (TA) has been reported as an efficient plant‑based compound with inhibitory activity 
against viruses and bacteria. The combination of TA with Zinc Oxide (ZnO) nanostructures with ZnO 
is one of the most widely used nanoparticles for antimicrobial properties, have not yet fully elucidate 
especially their mechanisms of overall physicochemical and antimicrobial actions. Hence, to observe 
the influence of TA adsorption on ZnO, the investigations on the TA concentration and the effect 
of pH towards the physicochemical, optical and antimicrobial properties are demonstrated. The 
pure ZnO are synthesised via the chemical reduction method and the ZnO‑TA nanostructures are 
further prepared using the dropwise methods to form variations of pH samples, which causes the 
formation of different mean particle size distribution, d

m
 . The findings reveal that the performance 

of physicochemical and optical properties of pure ZnO and ZnO‑TA are different due to the wrapped 
layers of TA which change the charged surface of all the particles. The protonation reactions yield 
strong pH dependence (pH 3 and 5), with uptake performance becoming more dominant at higher TA 
concentration loading (pH 3). The detailed optical energy bandgap and Urbach energy that concluded 
the nanoparticle growth and disorder condition of produced particles are presented. For antimicrobial 
efficiency, ZnO‑TA shows improved effectiveness in growth inhibitions of S. aureus 99.69% compared 
to pure ZnO nanostructure (99.39%). This work reveals that the TA concentration increases the overall 
performance, and the discussion gives added support to their potential performance related to the 
field of ZnO compound.

Keywords Zinc oxide, Tannic acid, Optical bandgap, Urbach energy, Physicochemical properties, 
Antibacterial action

Recently, one of the most widely studied natural plant constituents for good inhibitory activities against severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) activated by the activating  protease1–4 and the trans-
membrane protease serine 2 (TMPRSS2)3–7 for a broad range of respiratory viruses is the functionalised tannic 
acid (TA). Not only applicable to viruses but a range of bacteria also, including Pseudomonas aeruginosa (P. 
aeruginosa)8–10 and Staphylococcus aureus (S. aureus)10–12, the global primary factor of human infectious dis-
eases by affecting their enzymatic activities in the presence of phenolic hydroxyl groups of TA. In this respect, 
the phenolic compounds play a crucial role in determining the effectiveness of the antimicrobial activity, which 
is believed to be conquered by the mechanism action, such as reduced bacterial metabolism and induction of 
efflux  pumps13–16. The tannins of TA disrupt the cell wall of microorganism by passing through the internal 
membrane and interfere the metabolism reaction of the cell. Parallelly, an efflux pump is an advanced defence 
system against antimicrobials and tannin reduces the induction of the efflux pump and indirectly increases the 
concentration of drugs inside the microorganisms. In essence, TA is the most important representative of the 
hydrolysable tannins family. It consists of a monosaccharide core, often known as glucose, in the centre and is a 
weak acid. TA derivatives establish high occupancy in metal–organic coordination complex bonds with transi-
tion metal ions forming heterogeneous bionanostructures in the direction of green  chemistry17–21. In the view 
of green chemistry, the employment of TA is able to enhance biocompatibility and the features of metal-TA 
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complexes can yield metal-mediated self-assembly with good physicochemical and other properties capability. 
Among them, ZnO-TA is one of the emerging molecular nanostructures of metal-polyphenol, mostly used in 
theranostics (both therapy and diagnosis) applications due to the excellent integration of imaging moieties and 
therapeutic agents in one package.

ZnO proves to be one of the appealing antibacterial nano agents that have been heavily researched against 
a wide range of bacterial  species22–25. As noted for other nanometals, their increase in specific areas increases 
particle surface activity, leading to excellent interaction with the surface and/or the core of the bacteria, which 
gives specific bactericidal mechanisms to inhibit bacterial growth. So as ZnO nanostructures, their potent anti-
microbial properties against a multitude of microorganisms, antidiabetic and acaricidal activities depend on their 
concentration, size, morphology and  stability26–28. The surface modification of ZnO with TA could be one of the 
remarkable means that have not yet been widely implemented as newly generated bioactive  nanostructures29–33. 
On the antibacterial properties of these newly surface-modified nanostructures, there is scarce information 
available compared to existing publications on physicochemical properties. Hence, it is important to understand 
the intrinsic interaction between the ZnO and TA to improve its overall effectiveness and efficiency and make it 
regarded as a good contender in biocompatible applications.

To optimise the medium reaction condition and growth efficiency, appropriate molar concentration is essen-
tial to ensure the achieved aim. It shall be noted that TA typically belongs to the large natural  polyphenol34–36, 
which can easily bind to the various metal ions to form highly stable metal complexes via the produced poly-
dentate ligands. Therefore, unlike a small polyphenol molecule, a large one can induce the self-assembly of 
ZnO-TA34,37–39. However, it can also cause the ZnO nanostructures to be submerged entirely into the island 
phenotypes. The ideal concentration of chemical variants that yield specific moieties of pH is important to 
observe how chemical modification changes the activity level and further affects the overall properties of the 
as-produced ZnO-TA nanostructures.

Herein, the present study investigated the effect of different molar concentrations of hydrolysable TA for 
their ability to produce different particle sizes/morphologies of ZnO nanostructures and further modified the 
overall physicochemical properties based on the changes in pH. Understanding the effect of structural features 
from the consequences of finetuning of derivatisation at the molecular interaction permits hints related to the 
incorporation of tannin functionalisation with respect to the synthesised ZnO nanostructures. Therefore, the 
work endeavours to report the evidence of physicochemical and antimicrobial characteristics for TA-induced 
ZnO nanostructures. Also, the highlight of the overall changes in pH value due to the changes in particle size 
distribution is assessed further in terms of intrinsic optical Urbach energy and optical bandgap. The findings of 
the work fill the scarcity of structure–activity relationships and interaction mechanisms in the field of bionano-
catalyst phenolic compounds.

Material and method
Materials
ZnO-TA nanostructures were prepared using the simple hydrothermal method with an additional sodium citrate 
(SC) as the surface modification agent in an aqueous solution. Zinc acetate dehydrates Zn(CH3COO)2.  2H2O 
(> 99%, Merck, UK) is used as a precursor, tannic acid, TA  (C76H52O46) powder (R&M Chemical, Malaysia) 
as surface modification and trisodium citrate simply known as sodium citrate, SC  (Na3C6H5O7·2H2O, > 99%, 
R&M Chemical, Malaysia) as a refining agent. Distilled water (Material Laboratory Faculty of Manufacturing 
and Mechatronics Engineering Technology, Universiti Malaysia Pahang Al-Sultan Abdullah) is a solvent. All 
chemicals used were of analytical grade and without further purification.

Preparation of ZnO nanostructures
0.05 M zinc acetate dehydrate is vigorously mixed and added dropwise with 0.008 M SC with slow stirring for 
20 min at 70 °C to obtain a homogenous mixture. The formation of white suspension is observed and continu-
ously stirred for 5 h. Stock standard solutions of each chemical reactant are produced straightly by weighing and 
diluting with ∼90% water to a known volume. The white-coloured sediment formed is centrifuged (1000 rpm for 
10 min) and rinsed a few times with distilled water. The aim is to wash off those impurities that caused improper 
low stability.

Preparation of ZnO‑TA nanostructures
For the effect of TA solution on the synthesised ZnO nanostructures, each concentrated sample is diluted with 
50 ml of distilled water and added dropwise with TA to check the influence of TA on the aggregation formation 
of ZnO nanostructures. For this purpose, the effects of with and without TA in the as-synthesised ZnO nano-
structures sample are monitored compared to initial concentration reactant samples. The added concentrations 
of TA are 50 and 300 μl. The concentration of TA is calculated based on the  equation40:

where c refers to molar concentration (mol  l−1), m is the solute mass (gram), v is the solution volume (L), and 
MW is the molecular weight of the element (g  mol−1). The pH measurement for each sample is taken after each 
dropwise process.

(1)c =
m

v
×

1

MW
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pH measurement
The as-synthesised ZnO-TA samples were diluted for 50 and 300 μM of TA, and a pure ZnO sample was used 
for all spectroscopic measurements. The pH was measured using the pH strip (Natural Care, Park City, UT). The 
pHs before and after the dilution are shown in Table 1.

Morphological measurement
The morphological and particle size distribution analyses of the samples were carried out via transmission elec-
tron microscope (TEM, 3000F, JEOL, Japan) run at 300 kV. Samples for TEM were prepared by dropping the 
suspension of the ZnO nanostructure onto a lacey carbon copper-coated grid specimen holder and dried under 
ambient conditions for 24 h. The TEM micrographs were obtained at different magnifications and further exam-
ined using Gatan Micrograph software. Meanwhile, the surface morphology of the samples was observed using 
field-emission scanning electron microscopy (FESEM, JEOL JSM-7800F, JEOL, Japan) equipped with dispersive 
energy X-ray (EDX LSM880-FESEM, Carl Zeiss AG, Germany) with magnification of × 125,000 and × 20,000 at 
an accelerating voltage of 5 kV. For FESEM-EDX, the solutions were dropped onto the aluminium foil substrate 
and left to dry for 24 h prior to the observation.

Optical measurement
The optical absorption spectra evaluation was done using a UV–Vis spectrophotometer (Shimadzu- UV-1800 
UV–Vis Spectrophotometer, Japan) in the wavelength range of 200 to 800 nm at the rate of 200 nm/min. The 
solution sample was diluted based on the nanosolution to a solvent dilution ratio of 1:6. The 4.0 ml diluted sus-
pension was then pipetted into the quartz cell for the test. Prior to the test, a baseline measurement was conducted 
to measure a 0% correction for each wavelength in the scan to ensure accurate absorbance measurement. The 
range of absorbance spectra is between 200 and 800 nm. The obtained spectra are further used to plot the Tauc 
plot to determine the energy band gap of the sample. The variation in the optical band gap is based on the Tauc 
relation using the relation  of41,42:

where n is ½ for direct band gap materials and 2 for indirect band gap materials. The dependency of interband 
transition is on A, the absorbance, the photon energy is referred by hν and the optical band gap is designated 
by Eg.

In general, the absorption coefficient, α is often displays an exponential tail below the optical bands. These 
so-called Urbach tails, EU is defined using the following  equation43,44:

with the α referring to the spectral dependence of absorbance coefficient, α0 is the constant, E is known as hν 
that represents the photonic energy (eV) and EU is the Urbach energy quantifying the total energetic disorder 
of the system. The reciprocal slope of the linear fitting from the plot of ln α  (cm−1) versus photon energy (eV) 
gives the EU based on the following  equation45:

Besides, the emission properties were carried out using photoluminescence spectroscopy (Edinburgh Instru-
ments- NIR 300/2, UK) to analyse the prepared sample’s emission spectrum. All the PL measurements were 
set at an excitation wavelength of 900 nm using 325 laser excitations by a Xenon lamp with a 1.1 mm diameter 
optical aperture under the same optical conditions at room temperature. The incident laser power was varied 
using filters with different optical densities. The similar prepared solution, as mentioned for UV–Vis sample 
preparation, is used for PL measurement.

Chemical measurement
In evaluating the chemical bonding structure of the sample, the attenuated total reflectance (ATR) Fourier trans-
form infrared (FT-IR) Spectrometer (Perkin Elmer-Spectrum 100, USA) was run in the wavenumber region of 
4000–400  cm−1 with 32 scans at a resolution of 2  cm−1. FTIR is employed to identify the unknown organic com-
ponents in as-produced ZnO and ZnO-TA samples to determine the purity of elements/samples. The solution 

(2)(αhν)2 = A(hν − Eg )
n

(3)α = α0exp

(

E

EU

)

(4)EU =
1

slope

Table 1.  Parameters used in preparing pure ZnO and ZnO-TA via hydrothermal method. The concentration 
of TA varies to obtain different pH values.

Temperature (°C) Zn precursor (g) SC (g) TA (µL) Concentration of TA (M) pH

70 0.4 0.2

0 0 7

50 0.21 5

300 1.24 3
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samples were dropped onto the thick glass substrate positioned at the sample holder of the ATR-FTIR spectro-
photometer. The transmittance of the solution was then measured.

Structural measurement
The crystal phase composition and crystallinity of the sample were examined using X-ray diffractometry (XRD, 
Bruker AXSD8 Advance, Germany) with a Cu Kα radiation source ( � = 1.5405 Ȧ) operating at 45 kV and 100 mA. 
The spectra were measured in the range of 5–80° with a step size of 0.026°. The powdered sample was prepared 
using the drop method. The solutions of the suspension sample are dropped on the thin glass substrate and left 
to dry in a vacuum cabinet for 12 h. For the crystallite size, Debye–Scherrer’s equation is used to determine the 
crystalline size structure, D based on the plot of diffraction and relation to Bragg’s  Law46,47:

where K is referring the dimensionless shape factor with a value close to unity (0.9), λ is the X-ray wavelength 
while β refers to the line broadening at half the maximum intensity (FWHM) and θ refers to the Bragg angle 
in degree unit. Meanwhile, the crystallinity percentage of the sample is calculated from the area of XRD peaks 
using the relationship  of48:

Antimicrobial susceptibility measurement
The AATCC-100 method is applied to determine the minimum inhibitory concentration (MIC) to evaluate 
the pure ZnO and ZnO-TA nanostructures’s antimicrobial sensitivity in vitro. The test used the drug-resistant 
human pathogen S. aureus (ATCC 25,923). After a pure culture is isolated, MICs are determined using broth 
dilution methods (in liquid growth media). The bacterial reduction percentage is calculated based on the efficacy 
 calculation49:

where A is the number of bacteria recovered from the inoculated treated test specimen immediately after inocu-
lation (CFU/sample) and B is the number of bacteria recovered from the inoculated treated test specimen over 
the contact period (CFU/sample).

Result and discussion
Morphological analysis
The morphological properties of the as-synthesised pure ZnO and ZnO-TA nanostructures are analysed based on 
the micrograph of TEM and FESEM. As depicted in Fig. 1, it is clear that the TEM micrograph of pure ZnO and 
ZnO-TA shows distinctive dispersion conditions from each other due to the addition effect of TA. As presented 
in the images, all samples were primarily spherical in shape and dispersed within the island of tiny clusters of 
various sizes. For pure ZnO nanostructures (Fig. 1a), the mean particle diameter, dm are smaller compared to 
the ZnO-TA samples (Fig. 1b,c) with the dm ~ 8 ± 0.5, 18 ± 0.4 and 23 ± 1 nm, respectively.

The role of pH is significant where the pH value decreases when adding TA is increased. The pH is the fun-
damental indicator for materials’ properties and to determine the net charge of TA function on the samples. pH 
of pure ZnO (pH ~ 7) is considered the neutral pH and initial pH of the sample with zero added TA. In this case, 
pH 5 (50 µL) is regarded as the stable pH value where most of the particles are individually separated with better 
narrow Gaussian size distribution and cumulative percentage distribution. Meanwhile, a higher concentration 
(300 µL) of TA reached the pH of 3, leading to larger dm of nanostructures and the formation of connected flat 
haze particles surrounding the structures. These conditions proved that the aggregation and accumulation have 
occurred as the TA creates an acidic environment. The condition is due to the releasement of free electrons in 
the form of an oxygen ring, which then reacts with the phenolic groups of TA. As more phenols are introduced, 
a higher amount of protonation of active sites on positively charged Zn is created and alters the phenol adsorp-
tion, which yields more aggregation nanostructure of the system.

As the TA are added, aggregation is induced, resulting from the coalescence of small particles from the 
attachment growth that depends wholly on the volume of the projected particles of the samples. The merging 
of the particles is helped by the minor fluctuations caused by the acidic surroundings, which created a jump 
to contact. This condition is known as oriented attachment (OA) or oriented aggregations, a crucial crystal 
growth  mechanism50,51. This can be considered direct evidence of OA, which reveals the necessary changes in the 
structure and surface chemistry of the nanocrystals, the solvent between the crystal and the resulting particles’ 
response to the surroundings. In acidic conditions, proton attack at the surface of ZnO is  high52,53. Generally, 
at lower pH (pH 5 and 3), the tendency to produce a soluble  Zn2+ and Zn(OH)+ ion is higher. Therefore, the 
aggregation occurred as the phenolic group’s protonation took place, which reduced the functional group’s reach-
ability to squeeze between the ZnO nanocrystals (jump contact) and created a larger attached particle. Upon 
contact, the connecting neck between the particles has vanished. Apart from this, the drying process for TEM 
sample preparation also promotes non-homogeneous deposition. Thus, the aggregation of ZnO nanostructures 
is inevitable as the solvent evaporates.

(5)D =
k�

βcosθ

(6)Crystallinity =
Area of crystalline peak

Area of all peaks(crystalline + amorphous)
× 100

(7)Bacterial reduction efficiency from challenge inoculums % =
A− B

A
× 100%
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The micrographs of FESEM reveal the morphological characteristics of both pure ZnO and ZnO-TA nano-
structures, as depicted in Fig. 2. The pure ZnO nanostructures were shown to dominantly have cube-shaped 
structures that appeared to be aggregating together, causing agglomeration with different forms of irregular shape 
clusters, as indicated in Fig. 2a. It is noted that the aggregation of nanostructures is clearly visible for all samples 
and mainly formed during the drying process of the FESEM samples. Similar morphology and aggregation 
conditions were observed from a few reported works on ZnO nanostructures. The associated EDX of FESEM 
indicated the presence of Zn and O as significant elements with a mass of 77.33% and 19.92%, respectively. The 
results proved that the synthesised pure ZnO nanostructures are of high purity, representing high Zn and O ele-
ment compositions. Note that the small mass per cent of Al element (0.275%) is due to the aluminium foil used 
as a substrate for FESEM viewing. Interestingly, there is no trace of SC from the mass per cent, proving that the 

Figure 1.  TEM micrograph of synthesised (a) pure ZnO (pH 7), (b) ZnO-TA at pH 5 and (c) pH 3 
nanostructures with the dm ∼ 8 ± 0.5, 18 ± 0.4 and 23 ± 1 nm, respectively. The Gaussian (red line) and 
cumulative percentage (blue line) fittings for each sample are also included.



6

Vol:.(1234567890)

Scientific Reports |        (2024) 14:18596  | https://doi.org/10.1038/s41598-024-69632-9

www.nature.com/scientificreports/

emulsifying agent is entirely removed during centrifugation. As a comparison, the attained morphologies and 
size variations of ZnO-TA nanostructures at pH 5 and 3 are shown in Fig. 2b,c, respectively. The aggregation of 
nanostructures is significant and the initial morphology of cuboids changed into irregular bounded grain clusters 
with no specific geometry upon the influence of pH from the addition of TA. As mentioned beforehand, the 
nanostructures appeared to be bound together into a continuous aggregation of various sizes with a decrease 
in pH attributed to the increase of ionisation of TA. At low pH conditions (pH < 6), ionisation of TA is weak, as 
described by the equation:

(8)C76H52O46 ⇋ C76H52O
−

46 +H
+

Figure 2.  FESEM microscopic image with corresponding EDX graph on (a) pure ZnO, ZnO-TA at (b) pH 5 
and (c) pH 3 nanostructures. The small percentages of Al and Mg compositions are due to the use of aluminium 
foil as a substrate during viewing.
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Chemical bonding description
ATR-FTIR is one of the confirmatory techniques for chemical functional group and demonstrates the bond-
ing behaviour, such as the vibrational and rotational modes of the existing molecules, which help to identify 
the functional and possible phytochemical molecules involved in the stabilisation of pure ZnO and ZnO-TA 
nanostructures, as depicted in Fig. 3. For pure ZnO nanostructures (denoted as pH 7), the presence of broad 
peak at the region around 2069  cm−1 indicated the O–H stretching and deformation in the external band of 
pure ZnO nanostructures caused by the water adsorption on the surface of  Zn54. A small hump in the range of 
1385–1637  cm−1 demonstrated the presence of an O–C–O band and C=O  stretching55. Both types of stretching of 
O–C–O and C=O are due to the atmospheric absorption at the preparation time of the sample in the non-vacuum 
system. Additionally, several small humps have been formed around 708–1096  cm−1, proving the presence of C–H 
and =C–H functional  groups56. The effect of SC causes the minimal amount of carbon-hydrogen active group. 
Meanwhile, the presence of the peaks of 533  cm−1 is due to the stretching mode of  ZnO57.

In comparison, the presence of adsorbed TA molecules as functional groups on the surface of ZnO nanostruc-
tures are also provided. TA has yielded some chemical alterations on the surface of pure ZnO nanostructures 
during the formation process. As for ZnO-TA samples (pH 5 and pH 3), the sample showing combines region 
peaks as pure ZnO nanostructure and TA. A broadband of pure TA at 3467  cm−1, has altered the position of the 
intense peak in pure ZnO  nanostructures58, which is believed to have originated from the presence of polyphe-
nols of TA. This band is assigned to the broad hydroxyl groups (O–H)-stretching bonded and strong of C–H 
(aromatic medium), causing the shifting to 2063  cm−1 (pH 5) and 3447  cm−1 (pH 7) upon the addition of  TA59. 
TA also shows a slight hump at the peak of 2056  cm−1 which is due to the C–H stretching vibration of alkane 
groups with some aromatic esters due to the signal characteristics of carbonyl groups C=O stretching (1539  cm−1) 
and C–O (1349  cm−1)60. Besides, the significant difference between pure ZnO and ZnO-TA nanostructures is 
the increasing peak presence in the region between 700 and 1500  cm−1. This region indicates the stretching 
of the C=O and C–O bonds. The peak around this region is insignificant for pure ZnO at pH 7 as the carbon 
elements only present C–O due to non-vacuum conditions during synthesising. Meanwhile, the stretching is 
dominant for ZnO-TA due to the presence of element C=O in TA. A similar behaviour is reported in the recent 
literature that observed the bonding reaction between ZnO, TA and the waste bagasse  sample61. As we know, TA 
molecules are  C76H53O46. Thus, the increase of carboxylate element dominates in the associated  samples62. The 
spectral signatures of carboxylate impurities essentially increase, indicating the possible association of phenolic 
group form TA with zinc carboxylate and conversion to ZnO during synthesis. The intensity of the hydroxyl 
peak follows an increasing trend in ZnO-TA samples compared with the synthesised pure ZnO nanostructure 
sample. The peak at the 577 and 593  cm−1 region shows the Zn–O bonding in both pH5 and pH3, respectively. 
The peaks are slightly shifted compared to pure ZnO nanostructure samples. The shift may be associated with 
oxygen deficiency and oxygen vacancy defect complex in the ZnO  nanostructures63. The intensity of the oxygen-
deficiency-related defect-complex band does not appear to change much on the particle size, but it indicates the 
probability of bulk defects.

Figure 3.  Chemical bonding studies from ATR-FTIR indicate the bonding types available in pure ZnO (pH 
7) and ZnO-TA nanostructure (pH 3 and pH 5). The effect of functional groups present in TA structure is also 
evaluated for comparison.
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Brønsted‑Lowry acid–base relation
The conditions of ZnO-TA nanostructures are further discussed based on the Brønsted-Lowry acid–base interac-
tions. The Lewis hard and soft acids based on Brønsted-Lowry acid–base theory is commonly used in explaining 
the intrinsic interaction involving metal–ligand inorganic chemistry for the stability of nanostructures and their 
compounds. The information also provides an understanding of the related reaction mechanisms yielding the 
morphological transition phenomenon. In this case, as the TA is introduced to the ZnO nanostructures, the 
phenolic hydroxyl groups of TA adsorbed on the surface of ZnO, yielding a Brønsted base surrounding the highly 
acidic medium. The tendency to accept the protons created from the reaction is high.

This also can explain the increase in dm condition of the ZnO-TA nanostructures and the change in morpho-
logical structure upon introducing TA to the pure ZnO due to the changes in the pH medium (from neutral to 
acidic medium). TA is an acidic solution that has a high concentration of phenolic hydroxyl ions. This proved 
the increase of OH- ion density in the sample that gives effects on the morphological changes according to the 
net results of dynamic growth explained by the Ostwald ripening (OR)  phenomenon64. In this case, the classical 
crystal model of OR occurs as soon as the particles of ZnO react with an acidic solution, inducing small crys-
talline nuclei aggregation. As mentioned previously regarding the oriented attachment mechanism, this mode 
is a process that took OR as part of the reaction in which the dissolution, precipitation, and ripening during 
the particle motion, collision, and aggregation processes formed those unique crystallographic orientations of 
ZnO-TA. Hence, the difference is that the formation of complex nanostructure crystals with wide varieties of 
morphologies, including the irregular nano geometry, is mainly explained by oriented attachment, which cannot 
be justified by classical  OR65.

As mentioned beforehand, the morphological transition of the samples are due to the change of the pH. 
Hence, the pH changes are determined based on their surface conditions of acidity or basicity. Employing the 
concept of Lewis hard and soft acid bases, the stability condition of pure ZnO and their compound, ZnO-TA, 
including the associated reaction mechanisms and the prediction of reactivity of frontier molecular orbital 
(FMO) theory observing the interaction of Highest Occupied Molecular Orbital (HOMO)-Lowest Unoccupied 
Molecular Orbital (LUMO) activity can be  deduced66. ZnO nanostructures is considered as an hydroxylated due 
to the interaction of the atmospheric water vapour and oxygen, O, to a certain level under typical atmospheric 
conditions. Herein, the TA that consists of those phenolic hydroxyl acts as Brønsted base spots, which enable 
the acceptance of protons from the Zn ions  (Zn2+) from the exciton dissociation mechanism stimulated by the 
charge transfer. Notably, the cationic  Zn2+ centres acts as Lewis acidity site by accepting electron pair and giv-
ing the LUMO energy whilst the spin excitation of oxygen ion  (O2

−) acts as Lewis bases creates energy barrier 
for  HOMO67. In this case, the interaction of  Zn2+ (LUMO) coordinated with the hydroxyl TA ligand (HOMO) 
formed atomic bonding orbitals known for intimate orbital (HOMO–LUMO) interaction yielding the description 
of produced properties. High frontier orbital gap of HOMO–LUMO gives high kinetic stability which cause the 
reduce the chemical reactivity. Hence, the chemical reactivity bestows for the rate of morphological changes for 
different pH (mild acidic 3 > pH < 7) of ZnO-TA nanostructures.

Optical analysis
Absorption description
The absorbance spectra of the as-synthesised pure ZnO and ZnO-TA with the corresponding TA spectrum are 
presented in Fig. 4. The significant difference can be seen for pure ZnO at pH7, where the observed absorbance 
peak with low intensity is found at 298 nm wavelength. For ZnO-TA with pH 5 and 3, the exhibited peaks are 
at 308 and 313 nm, shifting towards longer wavelengths as the pH values decrease due to the increases in TA 
concentration. This is in line with the proof of morphologies of TEM and FESEM that have been discussed 
beforehand. As shown in the spectra, TA has a peak at 330 nm, and this indicates that the TA layer in ZnO-TA 
nanostructures has imparted noticeable changes in the absorbance of pure ZnO. One is assuredly the oxygen-
rich ZnO phase, whose absorption band is in the vicinity of that of the original pure ZnO phase. Theoretically, 
the TA tends to slowly dominate the ZnO nanostructure and causes an increase in the number of free electrons. 
This caused an increase in the acidity of the ZnO samples, which then affected the structure (tend to disaggre-
gate the structures) and increased the reactivity of the nanoparticle. The reactivity of phenolic hydroxyl groups 
contributed from the TA structure increased the amount of oxygen  anions68 which then imparted in the reaction 
with ZnO ions to establish a stable five-numbered ring complex. The condition encouraged the relocation of the 
lone pairs associated with the other two hydroxyl groups and stabilised the complex.

The second factor is the chemical inhomogeneity due to the presence of a higher amount of oxygen with 
the existence of a phenolic group of  TA34. In addition to the band shift, the absorption band becomes distinctly 
narrow with increasing oxygen elements. The narrow band in ZnO-TA is assigned to the overlap of multiple 
spectral phases with distinctive chemical bonding states and stoichiometry system (inhomogeneous broadening), 
as verified by the FTIR results in the previous section. Inhomogeneity appears naturally from the dissimilarity 
in the number of valence electrons between oxygen and the extension of H-bonding atoms. That is to say that 
pure ZnO and ZnO-TA are promoted by their own microscopic crystal structures, with the absence of crystal 
structure for ZnO-TA, thereby yielding ZnO-TA complexes.

Optical band gap
The changes in the optical bandgap structure with dm variation between the pHs were studied using the conven-
tional optical absorption technique, which involves measuring the optical absorption coefficient with the Tauc 
method. This typical method conclusively distinguishes between the different optical bandgaps correspond-
ing to the extrapolation of the linear region of the Tauc plot, as indicated in Fig. 5 for both pure and ZnO-TA 
nanostructures.
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Figure 5a shows the Tauc plot of the direct energy bandgap, Eg of pure ZnO nanostructure samples synthe-
sised with the obtained optical Eg values of 3.45 eV. This indicated that the synthesised ZnO has Eg relevant to 
the values range reported by other works on pristine ZnO nanostructures. Conventional semiconductors have 
Eg between 1 and 1.5 eV, whereas wide-bandgap materials such as ZnO nanostructures have Eg between 2 to 
4 eV. The corresponding experimental Tauc plot for ZnO-TA samples at pH 5 and pH 3 are shown in Fig. 5b,c. 
As TA concentration increases within the ZnO nanostructure system (decrease in pH), the shifting position of 
the UV absorption band to a shorter wavelength infers increasing Eg values to 3.56 and 3.59 eV for ZnO-TA at 
pH5 and pH3, respectively. As noted beforehand, as the higher concentration of TA is induced, the dm of the 
prepared ZnO –TA nanostructures ancreases. As the size of ZnO nanostructures increases, fewer donor atoms 
of Zn are available, which provides fewer carriers that yield the shifting of Fermi level towards the conduction 
band and causes the widening of Eg . Particularly, the Eg widening is explained by the interaction of the unshared 
electrons of oxygen in the isolated phenyl group of TA with the p-electron sextet of the aromatic  ring69. The p 
band of phenols located entirely overlapping with the oxygen 2p band becomes non-occupied. Therefore, it is 
masked by a much more absorbing conjugated system and accordingly gives rise to an overlapping complex 
band system, which causes the valence band maximum to increase. Besides, the Zn 4 s conduction band, which 
determines the minimum, is not affected by the addition of phenolic of TA. Nonetheless, due to the fusion effect 
of the valence band maximum shifting and the minimum conduction band, the Eg becomes wider compared to 
the pure ZnO nanostructure sample.

In fact, the application of a wider bandgap offers better merit for high-performance UV photodetector. This 
is also a core for the TA implication on ZnO nanostructures in terms of UV protection agents. It is noted that the 
calculations for both direct (αhv)2 and indirect (αhν)1/2 Eg of TA are compared and shown in Fig. 5d,e, respec-
tively. TA is an amorphous semiconductor as the values (3.50 eV for (αhv)2 and 3.501 for (αhν)1/2 are similar to 
those of each semiconductor alone. Specifically, the typical amorphous semiconductor behaviour would be able 
to dominate the optical transition to a first approximation, which causes a significant charge localisation that 
leads to a substantial difference between the size of Eg.

Urbach energy
As depicted in Fig. 6, the absorption coefficient, α in both the pure ZnO and ZnO-TA nanostructures were 
extracted from the absorption results in Fig. 5. The inverse slope, m obtained from the linear approximation 
of the α as a function of photon energy gives the value of Urbach energy, EU of the samples. A sharper onset of 
absorption represents the lower of EU which implies an inverse value of Eg . The EU is higher for pure ZnO with 
the value of 9.39 eV and further decreases at pH 5 giving the EU of 1.99 eV. The lowest obtained EU is at pH 3 with 
0.78 eV. The EU indicates the disorder phonon states decreases with increasing the amount of TA concentration 
(pH decreases) and causes the Eg to increase, which has been summarized in Table 2.

Figure 4.  Absorbance spectra for both the pure ZnO and ZnO-TA at pH 7, 5 and 3. The absorbance properties 
of TA are also included for comparison.
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Luminescence description
The emission spectrum of PL of pure ZnO nanostructures and the interaction condition between TA and ZnO 
nanostructures are presented in Fig. 7. The emission spectra for both pure ZnO and ZnO-TA nanostructures 
are normalised to confirm that the intensity of the NBE emission (zoom image) for the pure ZnO nanostructure 
sample is similar to that for the ZnO-TA nanostructures, as shown in Fig. 7a. The emitted emission intensity 
obtained at ∼ 366, ∼ 365 and ∼ 316 nm indicates the near band-edge emission (NBE) characteristic for pure 
ZnO and Zn-TA nanostructures, which arises from the recombination of the electrons in the valence band of the 

Figure 5.  Optical absorption properties of the direct bandgap from the Tauc plot for (a) pure ZnO, (b) ZnO-TA 
pH 5, (c) ZnO-TA at pH 3 nanostructure. Tauc plot of (d) direct and (e) indirect bandgap TA structures.
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ZnO. The wavelength of pure ZnO (pH 7) and ZnO-TA (pH 5) are not significantly shifted, while that ZnO-TA 
(pH 3) is clearly blue-shifted. Whilst the prominent, broad emission peak at longer wavelength in the range of ∼ 
576 to ∼ 581 nm arises from the recombination effect of photo-excited holes in its conduction band with singly 
ionised Zn + O deficiencies, Zn interstitials and O antisites, causing deep-level (DL) trap  emission70. However, 
the O deficiencies are primarily responsible for the DL emission. It shall be noted that the emission intensity in 
the visible spectrum region (phosphorescence band range) for these samples is relatively discernible because of 
the significant structural defects. It is noted that the relative DL intensity ratio of the pH 7: pH 5: pH3 samples 
is 11:5:1 and that the corresponding NBE intensity ratio is 4:3:2, demonstrating a decrease in the DL and NBE 
emission. Besides, the intensity ratio of DL to NBE of each sample is calculated where pure ZnO nanostructure 
(pH 7) shows a ratio of 52:1, which is higher compared to the ratio of ZnO-TA nanostructure with.

29:1 and 10:1 for samples of pH5 and pH3. The DL intensity for the ZnO-TA nanostructures was suppressed 
due to the increase in the excited electrons transferred from the ZnO to the TA, which reacts as an electron 
acceptor. Theoretically, the NBE emission from pure ZnO nanostructures is correlated with the excitons bound to 
shallow donors, whilst the DL emission is caused by the oxygen vacancy-related defects in ZnO nanostructures. 
For instance, the singly-ionised (Zn + O) oxygen vacancies create the recombination centres. The significant 
enhancement of the NBE emission from the ZnO-TA nanostructures formed due to the ZnO sheathing is indi-
cated by the combination of the few identified effects. This reveals that the electrons from the phenolic hydroxyl 
of TA migrate mostly to the defect levels of the Zn atom. The TA outer layer augmented the carrier transfer 
between the ZnO core and the TA outer layer. Theoretically, as the ZnO core nanostructures are excited due to 
the interaction of the electron–hole pair, the photoelectrons and photon holes through the interface between 
the ZnO core and TA are generated. Upon the electron–hole recombination occurrence in both the ZnO core 
nanostructure and the TA outer layer take place, the photons are generated. The total amount of recombination 
probability is remarkably higher, and thus, the production of more photons is expected in the TA outer layer than 
in the ZnO core nanostructure. Hence, the ZnO core nanostructure emission is less intense than the TA layer. 
The last effect is the visible emission and non-radiative recombination (the cause of lowering the light genera-
tion efficiency and increasing heat losses) is squashed down, which causes a formation of depletion region at the 

Figure 6.  Dispersion of absorption coefficient, α in both pure ZnO and ZnO-TA nanostructures with the 
straight dash lines correspond to the approximation of the slope, m of each sample as a function of photon 
energy.

Table 2.  The optical band gap, Eg and Urbach energy EU of the corresponding samples.

Sample Eg (eV) EU (eV)

Pure ZnO (pH 7) 3.45 9.39

ZnO-TA (pH 5) 3.56 1.99

ZnO-TA (pH 3) 3.59 0.78
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outer surface of the ZnO core nanostructure. This condition yields a condition where the Fermi energy level is 
reduced than the Eg levels at the defects related to visible emission (Zn interstitials and their complexes with O 
vacancies) and the non-radiative transition-related defects.

Structural analysis
The structural nature of the synthesised ZnO and ZnO-TA nanostructures is confirmed using XRD diffrac-
togram as shown in Fig. 8. It is revealed that the polycrystalline wurtzite structure of ZnO with the observed 
peak positions in agreement with reported data in Joint Committee on Powder Diffraction Standards (JCPDS, 
card no: 043-0002 obtained from library) are indexed for hexagonal ZnO as indicated for pure ZnO (pH 7) and 
slightly added ZnO-TA sample (pH 5). Three prominent peaks are observed corresponding to the reflections 
from (100), (002) and (101) atomic planes of the ZnO phase. It shows the stability and the probable directions 
for grain growth which is considered as the minimum energy growth phase of ZnO crystal. The presence of 
other low-intensity reflections was demonstrated at (001), (102), (110), (103), (112) and (201) atomic planes of 
the hexagonal ZnO lattice. In all the test samples for pure ZnO nanostructures, no peak corresponding to other 
phases or elements emerged in the XRD analysis.

Further increase of TA concentration at pH 5 demonstrates the presence of similar typical ZnO atomic planes 
but with a reduction in intensity. This might be due to the dominancy of TA molecular structure surrounding the 

Figure 7.  Normalised room temperature PL emission spectra by the defect emission band on (a) emission 
intensity of pure ZnO (pH 7) and ZnO-TA (pH 5 and pH 3) nanostructures and (b) wavelength of emission 
intensity of pure TA.
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ZnO nanostructures as evinced by the aggregation condition indicated in the FESEM micrograph beforehand 
(Fig. 2b). Surprisingly, the highest added TA concentration in as-synthesised ZnO-TA nanostructures samples 
at pH 3 inhibits the dominancy of the crystalline phase of ZnO indicated by vanishing the peak intensities. The 
dispel of the diffraction peaks positions of the ZnO nanostructures for the sample made at pH 3 implied the 
absence of any significant lattice on the ZnO wurtzite structure. Only TA molecules with amorphous spectrum 
structure in nature are exhibited as they imprinted over ZnO nanostructures in accordance with FESEM analysis.

The structural information on the crystallite size D, lattice parameters of α , c and V with position parameters 
u and ZnO bond length L for both pure ZnO and ZnO-TA nanostructures data obtained from the XRD results 
are tabulated in Table 3. The calculated D for pH 7 and pH 5 is 8.03 and 14.99 nm corresponding to pure ZnO 
and ZnO-TA nanostructures synthesised at 70 °C, respectively. The D of the pristine pure ZnO nanostructures 
is parallel to the particle size obtained from TEM which shows a significant decrease from 8 to 18 nm as the pure 
ZnO capped with TA molecule where the dominancy of TA is indicated by the decrement of the crystal plane 
intensity. The obtained crystalline size shows a minor variation with the synthetic conditions. The pH 3 sample 
is completely amorphous and no crystallite size can be measured. It shall be noted that the percentage of  Zn2+ 
release from the ZnO-TA nanostructures was contributed by the increase of TA concentration (decrease in pH). 
These results indicated that the TA caused the dissolution of ZnO nanostructures due to the modification effects 
of combined pH solution and complexation reaction.

The % crystallinity of the pure ZnO at pH 7 and ZnO-TA at pH 3 is compared. Only these two samples are 
valid since pH 3 is considered fully amorphous with the absence of ZnO peak. The % crystallinity indicated 
that pH 7 for pure ZnO nanostructures has approximately 43.75% crystallinity which is below 50%, having 
a semi-crystalline structure. This might be due to the variations in the synthesis parameters especially the 

Figure 8.  Powdered XRD diffractograms for pure ZnO (pH 7) and ZnO-TA prepared at pH 5 and pH 3 
synthesised at 70 °C. The spectrum of TA is provided for comparison.

Table 3.  The lattice parameters and the density of pristine ZnO (pH 7), and ZnO-TA (pH 5 and pH 3) 
evaluated from the XRD patterns. D is the crystalline diameter calculated from Debye–Scherrer’s equation. The 
lattice parameters include the lattice constant α and c represent basal and height parameters, respectively, with 
the length L, volume V, and u representing internal atomic position.

Pristine nanostructure pH D (nm)

Lattice parameters

Crystallinity (%)α(Å) c(Å) V(Å3) u L(Å)

ZnO 7 8.03 3.59 5.48 57.01 0.14 2.79  ~ 43.75

ZnO-TA
5 14.99 2.63 5.49 57.12 0.07 3.06  ~ 25.16

3 Amorphous

TA Amorphous
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ones synthesised through the sol–gel method. The pH 3 shows quite low crystallinity with value is approxi-
mately 25.16% which is confirmed by the weak diffraction spectrum corresponding to the elements discussed 
beforehand.

Antimicrobial against S. aureus
The pure ZnO (pH 7) and ZnO-TA (pH 3) nanostructure samples are tested against S. aureus microbe at ambient 
temperature (35 °C). The antibacterial activities of pure ZnO and ZnO-TA nanostructures are assayed based on 
the concentration of the bacteria recovered from the inoculated treated test. The results demonstrated that the 
suspended bacteria remained mostly viable over 5 min. In contrast, the survival rates of S. aureus exposed to 
pure ZnO and ZnO-TA nanostructures declined to 99.39% and 99.69% within 24 h. The observation is mainly 
attempted to quantify according to the bacterial survival rate based on the loss in microbial viability with time. 
The details of the test carried out for both samples are summarised in Table 4. Both samples showed positive 
performance in inhibiting the growth of th S.aureus microbe.

Figure 9 shows the pictures of S. aureus microbe exposed to pure ZnO and ZnO-TA nanostructures for 24 h 
in Fig. 9a,b, respectively. The cloudy brown colour shows the spot of S. aureus growth. These results indicated that 
the antibacterial efficacy of ZnO-TA nanostructures was slightly higher than that of pure ZnO nanostructures. 
This can be ascribed to the benefits of TA-capped ligands and the slight limitation of ZnO  nanostructures61. 
ZnO-TA nanostructure sample had a dm of 18 ± 0.4 nm that eased the attachment to the surface of the organism 
and the positive surface charge on ZnO-TA nanostructures enables a straightforward inter-particle interaction 
and the negatively charged organism membranes. Additionally, S. aureus, a strain organism representing Gram-
positive bacteria, displayed a delicate survival rate compared to other famous organism strains, such as E. coli. 
Hence, it reduces the resistant efficiency towards the antibacterial effect of the ZnO-TA nanostructures. These 
results support the previous assumption that S. aureus could not tolerate the ZnO-TA nanostructure medium.

It is also found that the pH of the nanostructure medium influences the amount of survival bacteria strain. 
It is shown that lowering the pH value enabled the quick and effective killing of up to 99.69% of S. aureus strain 
within 24 h. The explanations are based on these three reasons. First, the non-existence of the outer membrane 
layer and the existence of teichoic acid molecules of negatively charged bacteria within a thick peptidoglycan cell 
wall (20–80 nm) on the surface of S. aureus induced higher attraction towards the positively charged. It yielded 
a more specific site to be disrupted by positively charged molecules. Second, the S. aureus owns a minimal 
number of tiny channels of porins within the outer membrane that are used to block the access of the particles 
into the strain cell, making them defenceless. The last one, S. aureus, has a small dimension (sphere, internal 
diameter, ∼0.5 to 1 μm) that may account for more detailed interaction with the ZnO-TA nanoparticles, resulting 
in better antibacterial activity compared to the larger size bacteria strain. Caping TA with ZnO nanostructure 
also results in aggregation, and this nanoparticle aggregation influences macrophage cytotoxicity. As the nano-
structures aggregated, they were found to secrete more cytotoxin, degrading the cytoplasm of the microbe and 
inhibiting its growth.

Conclusion
Pure ZnO (pH 7) and ZnO-TA (pH 5 and pH 3) nanostructures are successfully synthesised with ZnO-TA 
samples, showing favour of aggregation as a higher concentration of TA is introduced to the nanostructure. The 
study reveals that the bonding description is monopolised by the TA in ZnO-TA nanostructure with significant 
stretching representing C=O (carboxylate) and slightly C–H bond (aromatic ester), which are associated with 
the phenolic group of TA. The outcome of the optical absorption analysis shows that the TA influenced the wider 
Eg of the ZnO-TA nanostructure from the interaction of the unshared electrons of oxygen in the isolated phenyl 
group of TA. The Urbach energy increased with the decrease of Eg with a low value obtained at pH 3 indicating 
a low structural system as evinced further by the crystallinity results. The reported results of PL emission dem-
onstrated that the ratio of DL to NBE for ZnO-TA samples is slightly smaller than the pure ZnO nanostructure. 
The truncation of the ratio is caused by the increase in the excited electrons transferred from the ZnO to the TA, 
which reacts as an electron acceptor. The crystallinity difference originated from the influence of TA concentra-
tion that yields different pH values. Higher TA concentration reduced the crystal quality of ZnO nanostructures 
and at pH 3, the sample became totally amorphous without any ZnO peaks. Also, with the addition of TA, the 
efficiency inhibits the growth of S. aureus is slightly improved as the acidic condition and the esther bond of TA 
influenced the destruction of the microbe’s cell membrane. Thus, adding a higher concentration of TA shows 

Table 4.  AATCC 100 assessment result of microbes inhibitory between pure ZnO (pH 7) and ZnO-TA 
(pH 3) nanostructure against S. aureus species. Notice that the performance of ZnO-TA nanostructure 
against microbes S. aureus is slightly better than pure ZnO nanostructure due to the presence of the phenolic 
compound and acidic condition. A bacterial colony counter machine counts bacterial concentration.

Nanostructure sample
Bacteria concentration 5 min after 
inoculation (CPU/sample)

Bacteria concentration 24 h after 
inoculation (CPU/sample)

Per cent of bacterial reduction after 24 h 
(%)

Pure ZnO 1.02 ×  105 6.22 ×  102 99.39

ZnO-TA 1.02 ×  105 3.08 ×  102 99.69

Controlled sample (S.aureus without treat-
ment) 1.02 ×  105  > 1.02 ×  105 Null
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slightly better performance in optical characteristics and the antimicrobial properties of ZnO nanostructure. The 
works hold significant importance in the field of ZnO nanostructures as surface function materials that possess 
efficient physicochemical and antibacterial properties.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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