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ABSTRACT

Mg/B co-doped ZnO nanoparticles were synthesized by using the sol–gel

technique to investigate the role of the defects on the structural, biological and

photocatalytic properties. Single phases with ZnO wurtzite hexagonal structures

were observed in the X-ray diffraction measurements. Scanning electron

microscopy and transmission electron microscopy were used to determine the

surface, particle size, and shapes of the nanoparticles. Electron dispersive

spectroscopy was used to determine the elemental compositions of the

nanoparticles. Photoluminescence spectrophotometry and positron annihilation

lifetime spectroscopy were used to study the defect type, density and crystal

quality of Mg/B co-doped ZnO nanoparticles. A broad visible emission band

(including violet–blue-orange and red emissions) was observed. The violet–

blue-orange and red emissions could be attributed to the O vacancies (VO),

interstitial Zn (Zni), Zn vacancies (VZn), and the double charged oxygen vacancy

(VO
(??)), which were strongly dependent on the synthesis conditions and

doping ratio. SEM images revealed that Mg/B-co-doped ZnO nanoparticle

magnifications were dense, quasispherical, and agglomerating. The photocat-

alytic activities and blood compatibilities of Mg/B co-doped ZnO nanoparticles

were studied by the photocatalytic degradation tests of crystal violet (CV) and

hemolysis tests, respectively.
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1 Introduction

Especially in the last decades of the century, research

on metal oxides has attracted the increasing attention

of many researchers from various fields, such as

materials science, chemistry, physics, and medicine.

Nanomaterials with high structural stability, impro-

ved/tuned mechanical and electrical properties,

photocatalytic and antibacterial properties, and blood

and tissue compatibility can be used in medical

fields, magnetic hyperthermia applications, and

controlled drug release, alone or as organic–inorganic

nanocomposites [1, 2]. Zinc oxide (ZnO) particles are

metal oxide nanostructures that are in high demand

for many different applications. ZnO nanoparticles

show structural and thermal stability [3] and possess

enhanced electronic [4], optical [5] and semiconduc-

tor properties. The most important features that make

ZnO nanostructures suitable for almost an infinite

number of applications are their wide direct band

gap energy (3.37 eV) [6] and high exciton binding

energy (60 meV) at room temperature [7]. In addi-

tion, ZnO nanoparticles have lower toxic effects on

various cell lines and show higher biocompatibility

than other nanosized metal oxides [8]. The critical

biological properties of ZnO nanoparticles, such as

anti-inflammatory, antimicrobial, antidiabetic and

anticancer properties, make them high-potential

materials in terms of medicine.

Improved mechanical properties and structural

stability of Mg/B co-doped ZnO under physiological

conditions as well as tunable photoactivity by

adjusting particle size [9] will make these nanopar-

ticles an efficient and tough competitor toward other

nanosized materials in the field. In this context, the

level of photocatalytic activity of ZnO can be

enhanced by using methods such as adding transi-

tion metals, using coupled semiconductors, and

doping nonmetals [10]. In the study of Samanta et al.,

a chemical precipitation method was followed using

hydroxy oxalate precursors to synthesize Zn1-xMgxO

nanoparticles with enhanced photocatalytic activity

[11]. The positive effects of the presence of magne-

sium in the structure on the photocatalytic properties

of ZnO have been tried to be improved in various

studies by adding a second component to the ZnO

structure together with Mg [12–15]. In these studies,

synthesized nanostructures were obtained by meth-

ods such as coprecipitation and solid-state reactions.

AlMgZnO films synthesized by the sol–gel method

were offered as a promising solution for CO and CO2

detection in biomedical applications [16]. Another

study that focused on the type of precursor zinc salts

on morphology and photocatalytic properties

revealed that zinc sulfate showed the strongest

enhancing effect over nitrate, acetate and chloride

precursors [17]. However, the main goal is to syn-

thesize nanomaterials with the general structural

properties required for the targeted application area.

For example, for a nanometal oxide-based/doped

material that is planned to be used in biological

applications, while significant photocatalytic activity

has a positive effect on the antibacterial properties of

the material, reactive oxygen species, which are the

source of this effect, may cause oxidative stress and

related damage to living tissue. Since the US Food

and Drug Administration approved ZnO nanoparti-

cles as Generally, Recognized as Safe (GRAS) mate-

rials for human health, they have the potential to be

used in drug delivery applications [9, 18]. In a related

literature study, heparin-loaded ZnO nanoparticles

were embedded in a hydrogel matrix and investi-

gated for their in vivo and in vitro properties as

wound dressings [19]. In this study, it was empha-

sized that ZnO improves the physical and mechanical

properties of wound dressings designed for acute

wounds, does not show toxic effects on skin cells, and

shortens the wound healing process. MgZnO

nanoparticles were found to have the ability to create

interactions with biological molecules such as RNA

and proteins [20]. Mn-, iron (Fe)-, nickel (Ni)-, and

cobalt (Co)-doped ZnO nanoparticles were also

investigated, and valuable preclinical data were

published for their antiviral and anticancer activities

[21]. Based on this, it was predicted that Mg and B co-

doped ZnO could also result in improved biocom-

patibility properties. However, nanosized particles

may change the physiology and integrity of cell

membranes and may cause necrosis [22, 23]. At this

point, the necessity of blood compatibility tests of a

new synthetic material that is about to be presented

to the literature is undoubted. According to ISO/TR

7406, materials causing less than 5% hemolysis are

considered safe for human use. Tanweer et al. (2022)

investigated the material properties as well as the

biocompatibility of restorative composite materials

for dental use [24]. The researchers emphasized that

1–2.5% Mg doped into the ZnO nanostructure causes

hemolysis below 5% at the end of the incubation

period under physiological conditions; therefore, it
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does not have a toxic effect on human erythrocytes.

Moreover, in a study investigating the potential of

hydrothermally synthesized ZnO and neodymium

(Nd)-doped (4%) ZnO nanostructures for therapeutic

applications, it was stated that pure ZnO nanoparti-

cles were nonhemolytic at concentrations lower than

5 mg/ml. In the same study, it was also stated that

ZnO nanoparticles were better in terms of blood

compatibility than NdZnO nanostructures [25].

Another feature of metal oxide nanoparticles that

has been extensively researched is their ability to

degrade organic molecules such as textile dyes,

antibiotics, and pesticides through photocatalytic

reactions [26–28]. In particular, waste from the textile

and dye industries plays an important role in

increasing contamination hazards, which can result

in serious health problems for human beings and

damage to the environment [29]. Nanomaterials and

methods that can reduce or remove organic or inor-

ganic pollutants from the environment have recently

gained great interest. The methods that have become

quite popular and economic for the degradation and

mineralization of organic pollutants in aqueous

matrices are advanced oxidation processes (AOPs).

These processes are mostly based on the generation

of highly reactive species but are quick and act non-

selectively in nature [30]. The ability to degrade

hazardous organic wastes in an aqueous medium

using natural sunlight and UV irradiation is an

important property of nanocomposites. Therefore,

the photocatalysts that take place in employing these

processes (AOPs) are under the investigation of

researchers and are extensively studied [31, 32].

AOPs can be used for the complete degradation of

organic contaminants. The photocatalytic process is

one of the developing AOPs. Photocatalysts that play

an important role in these processes and are mostly

studied can be summarized as ZnO, TiO2, and CdS.

Even though TiO2 is considered the best photocata-

lyst among the semiconductors mentioned above, its

uneconomical widespread use is a very important

disadvantage [33]. High redox potential and superior

chemical and physical stability are the advantages of

ZnO compared with other semiconductors. Espe-

cially when compared with TiO2, ZnO can absorb

and utilize larger fractions of the solar spectrum [34].

ZnO is not only a photocatalyst but also an antibac-

terial agent. A doping element can change the level of

photocatalytic activity of nanomaterials [35]. ZnO’s

ability to degrade various pollutants is because of its

high photosensitivity [36].

The doping process causes some structural, optical,

magnetic, and electrical changes in the properties of

ZnO [37–41]. By doping metaloxides, properties such

as transmittance, refractive index, optical band gap,

conductivity, etc., can be tuned [42]. Due to their

excellent optical and electrical properties and chem-

ical stability, doped ZnO nanomaterials have been

used in solar cells, smart windows, and light-emitting

diode technologies [43]. In the studies related to

B-doped ZnO nanoparticles, they found that the

sensitivity of the films to some gases such as CO

increases as a result of grain size decrease and

increase in roughness. The sensitivity of the film is

directly proportional to the concentration of B [44].

The optical band gap of B-doped ZnO films gradually

decreases with B concentration [45]. The carrier con-

centration of B-doped ZnO is lower than that of ZnO

doped with Al [38]. Additionally, ZnO doped with B

shows improved semiconductor properties as a result

of a decrease in wurtzite crystallite size and nar-

rowed Eg value together with enhanced photocat-

alytic activity [46]. The surface morphology of ZnO is

also affected by the doping concentration of B [47].

The increase in B concentration results in an increase

in carrier concentration, a decrease in Hall mobility

and a decrease in electrical resistivity at room tem-

perature. These results show that B atoms act as

electron donors in ZnO, causing an increase in elec-

trical conductivity and a decrease in transparency

[48]. Since the transmittance decreases with increas-

ing B concentration, the refraction index is also

affected, and it increases with increasing B concen-

tration [49].

Mg doping on ZnO causes an increase in the

bandgap value. Additionally, a decrease in crystalline

size with an increase in the doping ratio of Mg and an

increase in antibacterial activity are observed [50].

This process can result in the enhancement of the

optical and electrical properties of ZnO [51]. An

increase in Mg concentration can cause agglomera-

tion in the sample. Doping with Mg, ZnO shows

ferromagnetic properties when pure ZnO is param-

agnetic at room temperature [52]. By changing the

Mg concentration, tuning of the bandgap of ZnO

from 3.3 to 7.8 eV is possible [34]. It is among the

important points emphasized by the studies pre-

sented in the literature that the structural and mate-

rial properties of metal oxide nanoparticles are
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strongly affected by the type of precursor, solvent

type, whether calcination is applied and calcination

temperature [53–55]. In one of the limited number of

studies examining ZnO nanostructures with Mg and

B doped together, MgBZnO nanoparticles were syn-

thesized in organic solvent by a one-pot method [56].

In a related study, nanoparticle synthesis was initi-

ated with acetylacetonate precursors and proceeded

in the presence of oleylamine (surfactant), oleic acid

(sol stabilizer) and octadecene (solvent). In that study

presented in the literature, the researchers reported

that the codoping of Mg and B preserves the wurtzite

structure, that increasing the amount of B increases

the dislocation density, and that increasing the

amount of Mg promotes the microcrystalline

structure.

In this study, the physical effects of Mg/B co-

doping into ZnO nanoparticles were investigated.

Although there are many studies investigating

MgZnO and boron-doped ZnO structures, only a few

studies have been reported in which these two ele-

ments are used together as dopants. Additionally,

our literature search shows that ZnO and its deriva-

tives are promising materials, especially for medical

applications. However, the interactions between the

structural components in nanosized materials and the

material-living tissue/blood interactions are still an

incomplete issue. Thus, there are still open questions

on whether these nanomaterials have potential in

medical applications and in vivo applications or show

adverse effects on living cells. After a comprehensive

literature review, it was predicted that the use of

boron and magnesium together as dopants may have

possible improving effects on the structural proper-

ties as well as the photocatalytic and biocompatibility

properties of the material. As a result, this study

investigates and reports the effect of defects on the

structural and photocatalytic properties of ZnO after

co-doping with Mg and B. Thus, this study will also

contribute to understanding how these novel B/Mg

co-doped ZnO nanoparticles affect the integrity of

erythrocytes. The collected data provided valuable

data on the biocompatibility of the ZnMgBO struc-

ture and could be adapted to other cell types in living

tissues in future studies.

2 Materials and methods

2.1 Nanoparticle synthesis

As precursor materials, we used zinc acetate dihy-

drate (Zn(CH3COO)2.2H2O, Merck), boric acid

((H3BO3) Merck), and magnesium acetate tetrahy-

drate (Mg(CH3COO)2�4H2O, Alfa Aesar) without

further purification.

Moreover, we also used HPLC grade methanol

(Merck) to arrange clear homogenous solutions and

added monoethanolamine (Merck) as a sol stabilizer.

The concentrations of precursor solutions (Zn(CH3-

COO)2.2H2O and Mg(CH3COO)2�4H2O) were pre-

pared to be 0.25 mol/L and mixed with a magnetic

stirrer at room temperature overnight. It was dried

under magnetic stirring in an ambient atmosphere to

obtain the gel phase.

Zn0.98-xMg0.02BxO NPs (x = 0.0–0.05 with a 0.01

increment) were synthesized by using the sol–gel

method (Fig. 1), which is described in detail below.

After the amounts of materials calculated are

weighed with sensitive scales, they are transferred

into a 50 ml beaker. Additions are made according to

the rates in %. First, 40 ml of methanol (99.8% pure)

was added to each beaker, and then 600 lL of

monoethanolamine was added. The magnetic stirrer

fish was placed into the beaker, and its open side was

covered with stretch or parafilm. This solution was

mixed at 300 rpm for at least 5 h in the mixer without

heating. Then, the solvent is evaporated, leaving the

mouth open.

In our studies, the mixing period is 24 h. After that,

the beaker was placed in an ash oven, as shown in

Fig. 2, and preheated at 400 �C for 10 min under air

to burn the organic material and evaporate the

remaining solvent. As the last step, to obtain the

preferred phases and physical possessions, we

applied 60 �C temperature for each sample sepa-

rately. After the nanoparticles were synthesized, their

structural, photocatalytic, antibacterial activities, and

blood compatibility tests were conducted.

2.2 Structural analysis

The X-ray diffraction technique for synthesized

B/Mg co-doped ZnO NPs with a Cu Ka radiation

source in the scan range of 10� B 2h B 90� with a scan

speed of 3�/min was used to provide the structural

phase definition by using a Rigaku diffractometer.
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The surface morphology images of the Mg/B co-

doped ZnO nanoparticles were determined by using

a scanning electron microscope (SEM) of the JEOL,

JSM-5910LV model and Transmission Electron

Microscope. An Agilent Cary Eclipse Fluorescence

Spectrophotometer was used to determine photolu-

minescence properties.

2.3 Photocatalytic activity measurements

The photocatalytic properties of magnesium and

boron co-doped ZnO NPs were investigated by pur-

suing the degradation of a model dye (crystal violet—

CV) in an aqueous solution at 254 nm irradiation. The

concentrations of Zn0.98-xMg0.02BxO dispersions and

CV in aqueous solution were adjusted to 1.0 mg/ml

and 2.5 9 10-6 M, respectively. The photocatalytic

property measurements were conducted using a

simple setup comprised of a Teflon-coated magnetic

stirring bar and a borosilicate beaker containing

1.0 mg/ml of the photocatalyst (Zn0.98-xMg0.02BxO) in

a 50 mL aqueous solution of CV. Zn0.98-xMg0.02BxO

dispersions were irradiated under continuous stir-

ring with a couple of 254 nm UV lamps (45 W each),

which were placed vertically on the reaction vessels

at a distance of 40 cm. At specific time intervals,

1.5 ml aliquots were taken and centrifuged at

4000 rpm for 3 min to precipitate suspended

nanoparticles. Supernatants were analyzed using a

Shimadzu UV mini UV–visible spectrophotometer at

591 nm.

Changes in the concentration of CV were calcu-

lated from the spectrophotometric data. Distilled

water was used as a reference for all samples.

The photocatalytic degradation rate constants of

Zn0.98-xMg0.02BxO nanoparticles were calculated by

first-order kinetic Eq. 1;

ln
A0

A

� �
¼ kt ð1Þ

where A0 and A are the absorbance values of the

supernatant equilibrium conditions (t = 0) and at a

given time (t), respectively, and k is the first-order

photocatalytic degradation rate constant.

2.4 Hemolytic activity tests

The hemolytic activities of Zn0.98-xMg0.02BxO

nanoparticles were measured as described previously

[57]. Whole blood samples provided by healthy

donors were first anticoagulated using 0.108 mM

trisodium citrate solution before dilution with Ca-

Fig. 1 Flowchart for Zn0.98-

xMg0.02BxO polycrystalline

nanopowder synthesis

Fig. 2 The ash used for the synthesis of Zn0.98-x
Mg0.02BxO nanoparticles
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and Mg-free phosphate buffer solution (PBS). Then,

blood samples were centrifuged at 4000 rpm for

5 min for the separation of erythrocytes from blood

plasma. After the supernatant was decanted, ery-

throcytes were diluted to 50 ml using PBS. In each

test, 1.0 ml of erythrocyte stock solution was incu-

bated with two different concentrations (1.0 mg/ml

and 5.0 mg/ml) of Zn0.98-xMg0.02BxO nanoparticles.

Distilled water and PBS were used in positive and

negative control tests corresponding to 100% and 0%

hemolysis of all erythrocytes, respectively. After 3 h

of incubation at 37 �C, the samples were centrifuged,

and the absorption spectra of the supernatant were

recorded from 200 to 800 nm to investigate hemo-

globin release from erythrocytes due to destruction of

the cell membrane. The average of two separate

experiments was used to evaluate the hemolytic

potential of each sample.

Percent hemolysis values were calculated using the

equation given below. The results were expressed as

the percentage of hemolytic activity (Eq. 2).

%Hemolysis ¼
ABStest sample � ABSnegative control

ABSpositive sample � ABSnegative control
� 100 ð2Þ

2.5 Positron annihilation lifetime
spectroscopy

Positron annihilation lifetime spectroscopy (PALS) is

a nondestructive spectroscopy technique that allows

the study of various phenomena and material prop-

erties at the atomic scale. The key point of the PALS

system is solely to measure the time interval between

the start signal as 1274 keV promt gamma and the

stop signal as 511 keV annihilation gamma. The

employed system for this purpose is the fast–fast

coincidence system. The positron source we used was

prepared by evaporating approximately 30 lCi of
22NaCl aqueous solution on a thin aluminum foil

(5 lm thick). We placed the source between two film

samples of at least 2 mm thickness.

Two detectors with plastic scintillators (BC422,

Saint-Gobain Crystals, Ohio, USA) mounted on the

PMTs (photon multiplier tubes) (PMT R2059,

Hamamatsu Photonics Deutschland GmbH Herrsch-

ing, Germany) with PMT Bases (265A, Ortec AME-

TEK GmbH, Meerbusch, Germany) were used to

detect the gammas. Two constant fractional differ-

ential discriminators (CFDD 583B, Ortec AMETEK

GmbH, Meerbusch, Germany) were used for window

settings and timing signals of 1274 keV and 511 keV

gammas. A time-to-amplitude converter (TAC 566,

Ortec AMETEK GmbH, Meerbusch, Germany)) con-

verts the time difference from both CFDDs to signal

heights and then fed in a multichannel analyzer

(ASPEC 927 MCA, Ortec AMETEK GmbH, Meer-

busch, Germany). Spectroscopic data from MCA

were analyzed to obtain lifetimes and their intensi-

ties. For such work, we need one million data points

for good statistics to extract the lifetime parameters.

In general, there are three lifetime components

with states: the short-lived component para-Ps (p-Ps)

lifetime (s1) and its intensity (I1), direct annihilation

lifetime (s2) and its intensity (I2), and the longest-

lived component ortho-Ps (o-Ps) lifetime (s3) and its

intensity (I3). We employed the program LT9.2

[58, 59] to obtain these values from the analysis of the

spectra. The o-Ps lifetime can be used to compute the

free volume size. O-Ps is assumed to be localized in

an infinite spherical potential well of radius R. Tao–

Eldrup had a model using the overlapping integra-

tion of the Ps wave function in a surrounding elec-

tron layer of a thickness dR = R0-R in the spherical

potential well as

1

s0
¼ 2 1 � R

R0
þ 1

2p
sin

2pR
R0

� �
ð3Þ

where dR = 0.1656 nm is an experimentally obtained

value [59–62]. The hole-free volume (tf) can then be

calculated as follows:

tf s3ð Þ ¼ 4

3
pR3 ð4Þ

[59, 63, 64] Kobayashi et al. (1989), Yu et al. (1994),

and Schrader (2003) suggested that the free volume

fraction (ftf) is linearly related to the intensity and free

volume by

ftf ¼ AI3tf s3ð Þ ð5Þ

where the constant A typically depends on material-

related properties such as the positronium formation

probability and the local electron density. In the lit-

erature [59, 63], the value of A is given by 0.0018 Å3,

and we employed it to show at least its trend as a tool

of the free volume fraction.
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3 Results and discussion

3.1 Structural analysis

Preparation technique and defects of the Zn0.98-x-

Mg
0.02

BxO (x = 0.00–0.05) NPs effect on the structural,

photocatalytic, and hemolytic properties. In Fig. 3,

X-ray diffraction (XRD) applying the Rietveld

refinement method was performed in the range of

10� B 2h B 80� to display the crystal structure prop-

erties and the existing phases of the Mg/B co-doped

ZnO NPs. The XRD patterns of Mg/B co-doped ZnO

NPs show all sample peak positions, which is in good

agreement with standard JCPDS files (JCPDS Card

no. 36-1451) for ZnO, which indicates the hexagonal

structure with the space group of P63mc, as shown in

Fig. 3a.

As shown in Fig. 3a, a single ZnO phase was

obtained for all samples. More comprehensive

research was conducted with Reitveld analysis, and

the obtained results were compared. According to the

Rietveld analysis results, B/Mg co-doped ZnO

nanoparticles exhibited a ZnO phase without any

secondary phase, as shown in Fig. 3b. This is due to

the smaller ionic radii of B?3 and Mg?2 (0.23 Å and

0.57 Å, respectively) compared to Zn?2 (0.74 Å). B

and Mg can be replaced with Zn. The concentration-

dependent lattice parameters, particle sizes, atomic

packing factor (c/a), microstrain, stress, dislocation

density, cell volume, and bond length were com-

puted and depicted in Tables 1 and 2 by using XRD

analysis of Mg/B co-doped ZnO NPs. How these

parameters were calculated is given below. More-

over, detailed evaluations of these parameters can be

found in references [65, 66].

The crystal structure and supercell of Zn0.97-

Mg0.02B0.01O nanoparticles are shown in Fig. 4. The

random Mg(2%)/B(1%)-doped ZnO crystal structure

and supercell (Fig. 4) were visualized with the

VESTA visualization package using the experimen-

tally obtained parameters, depicted in Tables 1 and 2.

The Debye-Sherrer Eq. 6 was used to calculate the

average particle sizes (D):

D ¼ Kk
b cosh

ð6Þ

where h is the angle of Bragg diffraction and b is the

intensity at the full width at half-maximum (FWHM).

The X-ray wavelength k is 0.15406 nm, and K is 0.9.

The calculated average nanoparticle sizes are shown

in Table 1. Lattice parameters (a) and (c) with data

from the XRD diffraction pattern were calculated

using Eq.

1

d2
hkl

¼ 4

3

h2 þ hk þ k2

a2

� �
þ l2

c2
ð7Þ

The graph of lattice parameters a and c versus B

concentration is plotted in Fig. 5 for Zn0.98-xMg0.02-

B
x
O NPs.

Equation 8 was used to calculate the unit cell vol-

ume (V) of the Mg/B co-doped ZnO NPs

Fig. 3 a XRD patterns of Zn0.98-xMg0.02BxO (x = 0.00–0.05)

nanoparticles and b Rietveld analysis of Zn0.93Mg0.02B0.05O

Table 1 The average particle sizes D, lattice parameters a and c,

atomic packing factor (c/a) and cell volume of Zn0.98-xMg0.02BxO

(x = 0.00–0.05) nanoparticles

Sample Name D(nm) a(Å) c(Å) c/a Volume(Å3)

Zn0.98Mg0.02O 28.44 3.24 5.20 1.603 47.27

Zn0.97Mg0.02B0.01O 32.79 3.24 5.19 1.601 47.18

Zn0.96 Mg0.02B0.02O 27.41 3.24 5.20 1.601 47.27

Zn0.95 Mg0.02B0.03O 24.87 3.24 5.19 1.601 47.18

Zn0.94 Mg0.02B0.04O 24.59 3.26 5.22 1.599 48.04

Zn0.93 Mg0.02B0.05O 23.89 3.24 5.18 1.600 47.09
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V ¼ 0:866a2c ð8Þ

The graph of c/a and cell volume versus B con-

centration is plotted in Fig. 6 for Zn0.98-xMg0.02BxO

NPs. The c/a values were between 1.599 and 1.603, as

shown in Fig. 6 and Table 1. c/a = 1.633 for the ideal

ZnO wurtzite structure. Considering the obtained

values, it was seen that c/a decreased with B con-

centration and was smaller than the ideal wurtzite

structure. The smallest c/a ratio was observed at

x = 0.04 B concentration. The bond length (L) of the

nanoparticles is calculated using Eq. 9;

Table 2 The dislocation density (d), the locality of the atoms and their displacement (u), bond length (L), microstrain (e), and stress (r) of
Zn0.98-xMg0.02BxO (x = 0.00–0.05) nanoparticles

Sample Name Microstrain (e) Stress (r) Dislocation density (d) Displacement (u) Bond length (L)

Zn0.98Mg0.02O 0.00122 - 23.7229 0.00124 0.37941 1.97292

Zn0.97Mg0.02B0.01O 0.00106 - 23.2840 0.00093 0.37991 1.97172

Zn0.96 Mg0.02B0.02O 0.00126 - 21.8882 0.00133 0.37941 1.97292

Zn0.95 Mg0.02B0.03O 0.00139 - 22.6979 0.00162 0.37991 1.97172

Zn0.94 Mg0.02B0.04O 0.00141 - 24.7126 0.00165 0.38001 1.98365

Zn0.93 Mg0.02B0.05O 0.00145 - 23.8116 0.00175 0.38041 1.97052

Fig. 4 Representation of

crystal structure and supercell:

Mg(2%)/B(1%) ions were

replaced to host Zn using the

VESTA visualization package

Fig. 5 B concentration-dependent a and c lattice parameters for

Zn0.98-xMg0.02BxO nanoparticles
Fig. 6 B concentration-dependent c/a and cell volume for Zn0.98-

xMg0.02BxO nanoparticles
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L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2

3
þ 0:5 � u2ð Þc2

r
ð9Þ

where a and c are lattice constants of Mg/B co-doped

NPs and u represents the atomic position parameter.

It can be computed for the wurtzite structure as

u ¼ a2

3c2
þ 1

4
ð10Þ

If u = a2/3c2 ? 1/4, then the nearest four cation–

anion pairs are equidistant and u = 3/8 (0.375) for the

ideal ZnO wurtzite structure. The calculated u values

are greater than 0.375 and increase with B concen-

tration. Factors affecting stress and strain in a struc-

ture might be listed as the doping element and its

ratio, synthesis methods, and annealing temperature.

Thus, Eqs. 11 and 12 were used to calculate the

microstrain (e) and stress (r), respectively

e ¼ 1

4
b1=2cosh ð11Þ

r ¼ � 4:536 � 1011 c � c0

c0

� �
ð12Þ

The calculated microstrain and stress values of

Zn0.98-xMg0.02BxO NPs are listed in Fig. 7 and Table 2.

The stress (r) values of Mg/B co-doped ZnO NPS

are negative and show compressive stress, as seen in

Fig. 8 and Table 2. The maximum microstrain and

stress were obtained at x = 0.03 and x = 0.04,

respectively.

The physical defects and dislocations in Zn0.98-x-

Mg
0.02

BxO NPs might be caused by the existence of

stresses and strain. Hence, Eq. 13 was used to cal-

culate the number of defects in the NPs.

d ¼ 1

D2
ð13Þ

As a result, the dislocation density (d) values are

shown in Table 2 and Fig. 9. When the calculated

values are compared with previous studies

[65, 67, 68] and the values in the literature, it is seen

that Mg/B co-doped ZnO NP values are compatible

and very low (d), which is a good crystallinity indi-

cator. The obtained data showed that the dislocation

density increased with increasing B doping ratio, in

line with the literature [56]. To better understand the

crystallinity and defects of the Mg/B co-doped ZnO

NPs, the photoluminescence properties of the sam-

ples were examined.

Fig. 7 B concentration-dependent stress and microstrain for

Zn0.98-xMg0.02BxO NPs

Fig. 8 B concentration-dependent stress and microstructure for

Zn0.98-xMg0.02BxO nanoparticles

Fig. 9 B concentration-dependent dislocation density and bond

length for Zn0.98-xMg0.02BxO nanoparticles
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3.2 Morphology of B/Mg co-doped ZnO
nanoparticles

The Mg/B co-doped ZnO nanoparticles were ana-

lyzed using energy dispersive X-ray spectroscopy

and mapping (SEM–FEI Quanta FEG 250) to find the

concentrations of elements and their qualitative ele-

mental constituents. The shape, nanoparticle distri-

butions, surface mapping, and elemental composition

of the Zn0.93Mg0.02B0.05O nanoparticles annealed at

600 �C for 30 min are given in Fig. 10. Agglomeration

and cone structures were observed. The size of the

nanoparticles was measured to be between 42 and

62 nm. The Zn0.98-xMg0.02BxO NP compositions were

examined by the EDAX spectrum. Only Zn, Mg, B,

and O peaks are seen in the obtained EDAX spectra,

and the absence of an extra peak indicates that we

have obtained the correct structure in Fig. 10d. In

addition, Zn, Mg, and B contents were found to be

compatible with the synthesized NPs. Figure 11a–c

shows the TEM image of the Mg/B co-doped ZnO

NPs with different scales ranging from 50 to 200 nm.

In the TEM image, most of the nanoparticles appear

to agglomerate. As seen from the TEM measure-

ments, the dimensions of the nanoparticles were

measured between 39.68 and 44.53 nm. Although the

sizes of the nanoparticles are on the nm scale in TEM

and SEM measurements, the main reason for the

different values obtained is due to the agglomeration

of the nanoparticles.

3.3 Photoluminescence

An Agilent Cary Eclipse Fluorescence Spectropho-

tometer was used to perform PL measurements of the

Mg/B codopped ZnO nanoparticles at a wavelength

of 300 nm in the range of 350 nm to 900 nm. As

shown in Fig. 12, two main emission peaks were

observed: a broad visible emission band and an

ultraviolet (UV) emission peak. The ultraviolet (UV)

emission peak is responsible for the crystallization

quality, while the broad visible emission band is

responsible for the intrinsic defects in ZnO.

Fig. 10 SEM images of Zn0.93Mg0.02B0.05O composition for a 2 lm, b 100 nm, c the EDX mapping images, and d the EDX graph of

Zn0.93Mg0.02B0.05O sample
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A sharp transition peak corresponding to band

edge emission was observed at approximately

392–395 nm for ZnO nanorods in the UV region. This

emission in the UV region was generally attributed to

the near band edge (NBE) transition as a common

optical property of a wide bandgap of ZnO. NBE

emission originated from the excitonic transitions

between electrons and holes in the conduction band

and the valance band, respectively [69]. Stronger

ultraviolet emission is observed in ZnO with higher

crystallization quality and fewer defects. Since all

samples were grown at the same temperature and

time, the NBE emission is almost the same height.

Thus, good crystal quality Mg/B co-doped ZnO

Fig. 11 a–c TEM images of Zn0.98-xMg0.02BxO nanoparticles under different magnifications

Fig. 12 PL spectra of the B/Mg co-doped ZnO nanoparticles
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nanoparticles could be produced at 600 �C for

30 min.

The second dominant broad emission band is a

visible region, which consists of violet–blue–green–

yellow-orange and red emission peaks. This visible

emission is also known as the deep-level (DL) emis-

sion and is assigned to impurities or defects such as

O vacancies (VO), Zn vacancies (VZn), interstitial O

(Oi), interstitial Zn (Zni), and substitution of O at a Zn

position (OZn). These defects are divided into two

parts: interstitial zinc (Zni) and oxygen vacancies

(VO), which are donors, and interstitial zinc vacancies

(VZn), interstitial oxygen (Oi), and oxygen antisites

(OZn), which are acceptors.

It is very difficult to obtain information about how

the defects change in the visible region. Therefore, a

detailed examination of the origin of the defects in

the visible region is needed. Therefore, the photolu-

minescence spectra were subjected to Gaussian

decomposition to the subpeaks according to their

origination. ‘‘Fityk’’ software was used to obtain

Gaussian decomposition. The spectrum curve model

in Gaussian decomposition is determined by

f kð Þ ¼ ae� k�bð Þ2=2c2 ð14Þ

As seen in Fig. 13, the eleven main Gaussian

decompositions of photoluminescence spectra were

plotted versus emission wavelength for B

Fig. 13 Gaussian decompositions of PL spectra of a Zn0.98Mg0.02O, b Zn0.97Mg0.02B0.01O, c Zn0.96Mg0.02B0.02O, d Zn0.95Mg0.02B0.03O,

e Zn0.94Mg0.02B0.04O, and f Zn0.93Mg0.02B0.05O nanoparticles
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concentration. The peak labels with height and

position center of the different B concentrations of

ZnMgO NPs are indicated in Table 3. The emissions

of these peaks are (Peak 1 and Peak 2) two ultraviolet

emissions, (Peak 3, Peak 4, and Peak 5) three violet

emissions, (Peak 6) one blue emission, (Peak 7) one

orange emission, (Peak 8, Peak 9, and Peak 10) three

red emissions, and (Peak 11) one near-infrared peak,

as shown in Fig. 13 and Table 3.

The emission regions shown in Table 3 could be

explained as follows: ultraviolet emissions from 375

to 392 nm could be ascribed to the near band emis-

sion (NBE) of ZnO as an indication of the excitonic

characteristic; violet emissions (392–450 nm) could be

attributed to the transition of electrons from zinc

interstitials (Zni) to the valance band; blue emission

(450–495 nm) might be due to zinc vacancies (VZn),

orange emissions (590–620 nm) could be due to

double-charged oxygen vacancies (Vþþ
O ), and red

emissions (620–690 nm) and (690–750 nm) could be

ascribed to oxygen interstitials (Oi) and oxygen

vacancies (VO), respectively. The near-infrared (NIR)

region (750–768 nm) was related to secondary UV

diffraction. Peak 11, which is NIR emission, was

observed by Senol et al. [69], and it could be caused

by oxygen vacancies.

The illustrative energy level diagram is shown in

Fig. 14 drawings of transitions located between the

valence band (VB) and conduction band (CB) guiding

various emissions in the UV and visible regions

according to the results of Gaussian decompositions

of PL spectra.

It can be concluded that the reactions during the

synthesis of Zn0.98-xMg0.02BxO NPs by the sol–gel

technique cause Zn vacancies (VZn), O vacancies

(VO), interstitial Zn (Zni), and double-charged oxygen

vacancies (Vþþ
O ), as shown in Fig. 15. When the

heights of the peaks given in Table 3 and Fig. 15 are

examined in detail, it is seen that O vacancies (VO),

interstitial Zn (Zni), and the double-charged oxygen

vacancy (Vþþ
O ) defects are dominant and showed that

B/Mg-doped ZnO NPs had more donor defects.

These defects (O vacancies (VO), interstitial Zn (Zni),

and the double-charged oxygen vacancy (Vþþ
O )) act as

electron donors, giving rise to free electrons, and they

affect the structural, luminescence, and photocat-

alytic properties of Zn0.98-xMg0.02BxO NPs.

3.4 PALS results

We took the lifetime spectra of the Zn0.98-xMg0.02BxO

(x = 0.00–0.05) samples sandwiched around the

positron source (on a 5 lm Al folio) at approximately

30 lCi and one million counts for each spectrum.

Fig. 14 Schematic energy diagram of Zn0.98-xMg0.02BxO NPs

Fig. 15 Defects as a function of B concentration (x) of Zn0.98-

xMg0.02BxO nanoparticles

Fig. 16 The o-Ps lifetime (with the corresponding free volume on

the left axis), the o-Ps intensity and the free volume fraction versus

B content
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When analyzing the PALS spectrum using the LT9.2

program, we fixed the p-Ps lifetime as s1 = 125 ps,

and we obtained a system resolution of approxi-

mately 350 ps. All the other PALS parameters, such

as direct annihilation lifetime (s2) and intensity (I2),

o-Ps lifetime (s3) and intensity (I3), hole-free volume

radius (R), and free volume fraction (ftf), are shown in

Table 4 for all the samples. In Fig. 16, we plotted the

o-Ps lifetime (left vertical axis) with the correspond-

ing hole-free volume (right vertical axis), the o-Ps

intensity (I3), and the free volume fraction (ftf) with

respect to B contents. The o-Ps lifetime and hole-free

volume decrease up to approximately 3% B content

and then increase. The B contents reduce the free

volume to the lowest value of 39.2 Å3 at 0.03 B con-

tent from 78.7 Å3 with no B content. On the other

hand, the o-Ps intensity as a measure of the number

of holes has a bump at low B content with the max-

imum at 0.01 and right after 0.03 B content, it has a

very slight increase, that is, it is almost constant.

Comparing the PALS results with the structural

parameters, we observe some reduction in the free

volume hole size at higher B concentrations, say 0.03

and 0.04 fractions, and the lattice constants a and

c and the cell volume have an increase at 0.04 B

content. A reduction in the defect hole size likely has

an increasing effect on the lattice parameters and the

cell volume.

The sizes of the nanoparticles increase at a 0.01

fraction of the B content and then decrease abruptly

but saturate just after 0.03 B fraction. This reflects

similar behavior in the o-Ps intensity as a measure of

the number of holes or free volume fraction in Fig. 16.

This implies that the greater the increase in the sizes

of the nanoparticles, the more holes or free volume

produced in the nanoparticles. Particle sizes are in

the range of 23.9 to 32.8 nm, while the hole sizes

change from 0.266 to 0.211 nm. Therefore, we may

attribute the change in the o-Ps intensity to the

change in nanoparticle sizes with the B content

change. If we compare the microstrain in Fig. 7 and

the dislocation density in Fig. 9 with the o-Ps inten-

sity in Fig. 16, they behave as inversely related. The

dislocation density is inversely related to the square

of the particle sizes, as in Eq. 11. From the discussion

between the o-Ps intensity and the particle size, we

deduce that the microstrain and the dislocation

density must obey the inversely related observation

with the number of defects as holes calculated from

the o-Ps technique.

The compressive stress values shown in Fig. 8 are

related to the defect holes or dislocations so that we

may correlate the free volume fraction. Therefore,

comparing the respective quantities in Fig. 8 and

Fig. 16, we observe that the higher the free volume

fraction is, the lower the stress, and vice versa. We

may interpret that the free volume in the material

causes relaxation of the stresses on the structure of

the lattice.

The photoluminescence spectra discussed in the

previous section showed that with B/Mg-doped ZnO

NPs, donor defects are produced, such as O vacancies

(VO), interstitial Zn (Zni), and the double-charged

oxygen vacancy (Vþþ
O ), as shown in Fig. 15. The

donor nature of these defects attracts positrons to be

in positronium states. Hence, VO and Vþþ
O vacancies

are expected to be closely related to the o-Ps intensity

as the number of holes increases. The interstitial Zn

(Zni) defects increase with B content and then

decrease slightly, as shown in Fig. 15. On the other

hand, Zni reflects an inverse relation in the o-Ps

lifetime since the Zn ions likely compress the defect

volume when occupying the interstitial space.

Table 4 PALS parameters as lifetimes (s2 and s3) and intensities (I2 and I3) with hole radius (R) in terms of B content

B content (%) s2 (ns) (± 0.047) I2 (%) (± 0.8) s3 (ns) (± 0.30) I3 (%) (± 0.47) R (Å) (± 0.38) ft (%) (± 0.16)

0 0.362 82.1 1.80 2.28 3.09 0.40

1 0.355 78.7 1.77 2.89 3.55 0.60

2 0.357 81.8 1.67 2.61 3.35 0.48

3 0.353 86.2 1.31 1.91 2.76 0.21

4 0.362 84.7 1.57 1.90 2.75 0.25

5 0.353 85.7 1.74 1.99 2.84 0.30

The intensities were normalized as I1 ? I2 ? I3 = 1
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3.5 Photocatalytic activity measurements

The photocatalytic study on Zn0.98-xMg0.02BxO

nanoparticles was performed by following the

degradation of an aqueous CV solution. The

absorption maxima of CV molecules were found to

be at 590 nm. Since photodegradation of organic

pollutants such as aromatic phenolics, hydrocarbons,

drugs, herbicides, or dyes predominantly occurs on

the surface of photocatalytically active nanoparticles

[70], CV-Zn0.98-xMg0.02BxO dispersions were kept in

the dark in the first 30 min to avoid photodegrada-

tion. Since a surface adsorption/desorption equilib-

rium is established between nanoparticle surfaces

and dye molecules, the actual CV concentration was

considered equal to the equilibrium concentration of

CV at the beginning of irradiation [10].

UV–Vis absorption spectra of CV decolorization in

the presence of Zn0.98-xMg0.02BxO nanoparticles are

given in Fig. 17a–f. Decreasing absorption band

intensities corresponding to 590 nm indicated the

degradation of CV by both Zn0.98Mg0.02O and

B-doped Zn0.98Mg0.02O nanoparticles. The intensity

of the characteristic band at the absorption maxima of

CV (590 nm) significantly weakened after 390 min

under the effect of 254 nm irradiation and indicated

the successful photodegradation of CV. Mg-B co-

doped nanoparticles (Zn0.98-xMg0.02BxO) showed

lower decolorization efficiencies than Zn0.98Mg0.02O.

The ionic radius of B3? is 0.27 Å, which is much

smaller than that of Zn2? ions, 0.82 Å [71]. Theoreti-

cally, as an n-type dopant, B3? ions can either be

dissolved in the ZnO lattice so that they substitute for

Zn2? ions and/or occupy the locations in interstitial

regions, or boron oxide cophase can be formed.

However, according to the Hume-Rothery rules,

ZnO-B2O3 alloys improbably occur since the ionic

radii of Zn2? and the substitutional element B3? are

different by more than 25%. Moreover, Zn2? and B3?

ions have different electronegativity values and

valencies. Thus, the occupation of interstitial cavities

of the ZnO lattice by B3? ions is preferred over the

formation of ZnO-B2O3 alloys. This kind of replace-

ment disturbs the charge neutrality of the lattice and

can be compensated by the formation of Zn2?

vacancies [72].

Fig. 17 Absorption spectra of CV decolorization in the presence of a Zn0.98Mg0.02O, b Zn0.97Mg0.02B0.01O, c Zn0.96Mg0.02B0.02O,

d Zn0.95Mg0.02B0.03O, e Zn0.94Mg0.02B0.04O and f Zn0.93Mg0.02B0.05O
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The degradation rate constants calculated by using

the linear plot of ln(A/A0) vs time graphs corrobo-

rated the reduced photocatalytic activity of Zn0.98-x-

Mg
0.02

BxO nanoparticles, which is mainly attributed to

the zinc vacancies and inhomogeneous defect densi-

ties in the ZnMgO lattice (Fig. 15 and Table 5).

The photocatalytic performance of metal oxide

nanoparticles depends on the surface properties,

dispersity in the solution, and dopant type/concen-

tration [73]. Boron doping generally reduced the

photocatalytic performance of Zn0.98Mg0.02O

nanoparticles. While the degradation percentages of

Zn0.98-xMg0.02BxO nanoparticles were between 77.8

and 94.6% after 390 min, the corresponding value of

Zn0.98Mg0.02O was found to be 97.7%. Varying pho-

tocatalytic performances were observed among

boron-doped Zn0.98-xMg0.02BxO nanoparticles, which

were mainly attributed to the lattice defects arising

from the chemical properties of B. Additionally,

highly ‘‘deformed’’ materials where the structure is

disrupted by the dopant elements possess high dis-

location density values [74]. Although structural

defects were increased in Zn0.97Mg0.02B0.01O com-

pared to Zn0.98Mg0.02O (Fig. 15), the dislocation

density was found to be quite low in Zn0.97Mg0.02-

B0.01O. When the photocatalytic performances of

these two samples are evaluated, it is shown that the

dislocation density is more decisive on the photo-

catalytic properties of the samples. Thus, the low

dislocation density of Zn0.97Mg0.02B0.01O (Table 5)

could be a reasonable explanation for the unexpect-

edly low photodegradation ability of this sample.

With increasing B doping ratios (0.02–0.05), photo-

catalytic activities were observed depending on the

VO and Vþþ
O values.

3.6 Blood compatibility tests

Investigation of nanomaterial interactions with

model cell membranes allows a wide range of

applications from diagnostics to therapeutics. Deter-

mination of the blood compatibility of nanomaterials

is a well-accepted method for in vivo testing of bio-

logical properties [75]. The nanoparticle-induced he-

molysis ratios of human erythrocytes exposed to two

different concentrations of Zn0.98-xMg0.02BxO

nanoparticles (1.0 mg/ml and 5.0 mg/ml) are given

in Fig. 18. The results are given as the average of two

independent experiments. Variable percentages of

hemolysis were observed in the presence of Zn0.98-

xMg0.02BxO nanoparticles at both concentrations.

Necrosis was much greater at higher concentrations

of nanoparticles for all samples, as expected.

Figure 18 also shows considerably low hemolysis

ratios of Zn0.98Mg0.02O and Zn0.95Mg0.02B0.03O

nanoparticles at 1.0 mg/ml concentration. Hemolysis

ratios that are less than 5% are regarded as safe by the

standard test method for the analysis of hemolytic

products of nanoparticles (ASTM E2524-08). At a

1.0 mg/ml concentration, Zn0.98Mg0.02O and Zn0.95-

Mg0.02B0.03O nanoparticles showed 3.7% and 4.4%

hemolysis, respectively, and were determined to

have negligible hemolytic activity and low in vitro

toxicity.

It was shown that Mg/B codoping on the ZnO

matrix disrupted the layered crystalline structures of

ZnO, leading to the formation of a considerable

amount of lattice defects (Fig. 15). Fluctuations in

both hemolysis percentages and CV photodegrada-

tion efficiencies were attributed to oxygen vacancies,

Table 5 Photocatalytic degradation rate constants of Zn0.98-

xMg0.02BxO nanoparticles and degradation percentages of CV

after 390 min of irradiation

Sample %CV degradation k (min-1) R2

Zn0.98Mg0.02O 97.7 0.0068 0.9634

Zn0.97Mg0.02B0.01O 77.8 0.0032 0.9926

Zn0.96Mg0.02B0.02O 90.4 0.0050 0.9837

Zn0.95Mg0.02B0.03O 83.0 0.0041 0.9950

Zn0.94Mg0.02B0.04O 94.6 0.0060 0.9893

Zn0.93Mg0.02B0.05O 88.8 0.0048 0.9885

Fig. 18 Zn0.98-xMg0.02BxO-induced hemolysis ratios with respect

to distilled water-treated cells (( ?) control)
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which were emphasized as affecting the ROS-pro-

ducing properties of NPs [76].

4 Conclusion

Zn0.98-xMg0.02CuxO (x = 0.00–0.05) NPs were synthe-

sized by the sol–gel technique to investigate their

microstructural, structural, photoluminescence,

optoelectronic, photocatalytic, and biological prop-

erties for use in optoelectronic and sensor applica-

tions. By introducing B and Mg together as dopants,

the intrinsic environment of ZnO changed. Rietveld

analysis showed that Mg and B replace Zn substitu-

tionally, yielding a ZnO single phase.

Defect studies of Mg/B co-doped ZnO NPs

showed more donor defects. These defects (O

vacancies (VO), interstitial Zn (Zni), and doubly

charged oxygen vacancies (VO
??) act as electron

donors, giving rise to free electrons, and they affect

the structural, luminescence, and photocatalytic

properties of Zn0.98-xMg0.02BxO NPs.

Varying photocatalytic performances were

observed for Zn0.98-xMg0.02BxO nanoparticles, sup-

porting these results and mainly attributed to defects.

The degradation percentages of Zn0.98-xMg0.02BxO

nanoparticles were between 77.8 and 94.6%, while the

corresponding value of Zn0.98Mg0.02O was found to

be 97.7%. In terms of blood compatibility, Zn0.95-

Mg0.02B0.03O stood out among the B-doped samples

and showed a very low hemolytic effect at a con-

centration of 1.0 mg/ml. Similar fluctuations

observed in both blood compatibility assays and CV

photodegradation test results indicate that the ROS

generation ability of the samples has effects on both

biological and photocatalytic properties. This study

might guide the development of nanosized metal

oxides with enhanced biocompatibility and sufficient

structural properties with further research and

modifications.
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