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assification of synthetic methods
for zinc oxide nanoparticles: a comparative review
of sustainable green and conventional approaches
with their diverse applications

Mohga Basseem, *a Mohamed A. Salem,*b Islam Ibrahim,*cd

George V. Belessiotis, e Sobhi M. Gomha, f Magdi E. A. Zakig

and Ahmed Ragab *hd

Nanotechnology has significantly advanced the field of materials science, with zinc oxide nanoparticles (ZnO NPs)

emerging as versatile materials owing to their unique physicochemical properties, biodegradability, and tunability.

These features make them promising candidates for various biomedical and environmental applications. This

review summarizes the literature on ZnO NPs, with a particular emphasis on environmental considerations.

Conventional chemical synthesis methods, including sol–gel, emulsion, hydrothermal, solvothermal,

precipitation, co-precipitation, and mechanochemical techniques, facilitate precise control over particle size

and morphology; however, they frequently require the use of toxic reagents. Compared with green synthesis

methods, these methodologies offer enhanced repeatability, crystallinity, and performance in photocatalytic and

sensing applications; however, they impose a greater environmental burden. In contrast, the use of plant

extracts and microorganisms for green synthesis offers a viable alternative for producing safer, more sustainable

ZnO nanoparticles. Although bio-assisted reduction and the application of natural capping agents have

improved biocompatibility and surface functionality, these methods continue to face significant challenges. Key

issues include limited control over the particle size distribution, uniformity of morphology, and batch-to-batch

reproducibility, all of which can negatively impact the consistency and functional performance of nanoparticles.

Furthermore, characterization techniques are essential for understanding NP properties. XRD confirms

crystallinity and estimates particle size (Scherrer equation), whereas SEM and TEM reveal morphology and shape

variations, including spheres, cubes, rods, hexagonal flowers, and nanotubes. EDX can be used to determine

the elemental composition, XPS can be used for surface chemical analysis, UV-Vis can be used to determine

optical properties and band gap, and FT-IR can be used to detect functional groups and biomolecule capping

in green synthesis. BET analysis is done to measure surface area, and the zeta potential is used to assess

surface charge and stability. The applications of ZnO NPs encompass a wide range of fields, including

photodegradation, photosensing, electrochemical catalysis, gas sensing, chemical detection, photocatalysis,

agriculture, and biomedicine. Given the importance of both performance and sustainability, future research

should prioritize hybrid approaches that integrate the precision of chemical synthesis with the ecological

advantages of green methodologies, such as biosynthesis coupled with controlled thermal treatment.
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1 Introduction

Zinc oxide nanoparticles have garnered signicant attention
because of their exceptional physicochemical properties,
including high thermal stability, catalytic activity, antibacterial
efficacy, and ultraviolet-blocking capabilities. These properties
make them suitable for a diverse range of applications, such as
photocatalysis,1 environmental remediation,2 optical elec-
tronics,3 skincare formulations,4 drug delivery systems,5 and
various biomedical applications.6 However, as the production
and utilization of ZnO nanoparticles increase, there is growing
concern regarding the implications of their fabrication
processes for environmental integrity and human health.7

Consequently, a critical area of focus within nanotechnology
research is the development of sustainable and environmentally
benign methods for synthesizing ZnO nanoparticles.8

From the environmental perspective, the synthesis route is
crucial in determining the overall sustainability of ZnO nano-
particles. Traditional chemical synthesis processes, while effective
in achieving precise control over particle size, shape, and crystal-
linity, oen pose signicant environmental challenges. These
challenges include the use of toxic chemical precursors, hazardous
organic solvents, excessive energy consumption, and the genera-
tion of chemical waste, all of which threaten ecosystems and
human health. As the scale of ZnO nanoparticle manufacturing
continues to grow, these issues raise serious concerns about the
long-term environmental impact of current synthesis methods.
Consequently, it has become essential to analyze and categorize
ZnO nanoparticle synthesis methods on the basis of their envi-
ronmental impact, underscoring the urgent need for a greater
focus on green and eco-friendly synthesis strategies. Additionally,
the development of green synthesis over traditional chemical
processes has several benets, including cost-effectiveness, ease of
scalability for large-scale nanoparticle manufacturing, and
Fig. 1 Schematic diagram illustrating different methods for the synthesis
and applications.

Nanoscale Adv.
environmental friendliness. Furthermore, green synthesis is oen
safer and more environmentally friendly because it does not
require high temperatures, high pressures, excessive energy input,
or hazardous chemicals.9 Based on their environmental impact,
ZnO nanoparticle synthesis methods can be classied into two
categories: green (eco-friendly or biological) methods and chem-
ical (conventional) methods.10 Each category encompasses a range
of techniques that vary in terms of reagents, reactions, scalability,
toxicity, and energy requirements. This classication framework
facilitates an understanding of how different synthesis strategies
correlate with the principles of green chemistry and how nano-
materials can be produced sustainably.11,12

Furthermore, in terms of green synthesis, also referred to as
biological or eco-friendly synthesis, natural and renewable
resources, including plant extracts and microorganisms (such
as bacteria, fungi, and algae), are employed to produce zinc
oxide (ZnO) nanoparticles. This methodology has gained
increasing prominence due to its environmentally sustainable,
biodegradable, and safe attributes. Unlike traditional methods
that utilize toxic chemicals or hazardous solvents, green
synthesis typically operates at room temperature under elevated
pressure conditions.13,14 Moreover, microbial synthesis involves
the use of bacterial or fungal cultures that act as stabilizing and
bio-reducing agents. Through enzymatic activities and extra-
cellular secretions, microorganisms such as B. subtilis, A. niger,
and P. chrysogenum have been demonstrated to facilitate the
synthesis of ZnO nanoparticles.15–17 A comparable process is
observed in plant-mediated synthesis, which employs phyto-
chemicals (e.g., avonoids, alkaloids, and terpenoids) to reduce
zinc salts into ZnO nanoparticles. In addition to their
simplicity, cost-effectiveness, and scalability, plant-based
methods offer substantial advantages over conventional
approaches.18 Additionally, one of the most signicant positive
environmental impacts of green synthesis can be described as
of zinc oxide nanoparticles (ZnO NPs), along with their characterization

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the reduction of hazardous waste and the utilization of benign
solvents, such as water. Moreover, the ZnO nanoparticles
produced are oen treated with natural biomolecules,
enhancing their biocompatibility and potential applications in
the biomedical eld. Nonetheless, challenges remain, including
batch-to-batch variability, prolonged reaction times, and diffi-
culties in achieving uniform particle morphology19,20 (Fig. 1).

Furthermore, conventional techniques for the synthesis of
zinc oxide (ZnO) nanoparticles predominantly employ chemical
methods. These methods include sol–gel, emulsion, hydro-
thermal, solvothermal, precipitation, co-precipitation, and
mechanochemical techniques.21 Chemical synthesis typically
involves the use of chemical reagents and solvents to facilitate
particle formation and growth, utilizingmetal salts as precursors.
Compared with alternative methods, chemical processes exhibit
high reproducibility and enable precise control over parameters
such as particle size, shape, crystallinity, and purity, making
them compatible with industrial-scale applications.22,23 For
example, the sol–gel method involves the hydrolysis and poly-
condensation of zinc alkoxides or salts to produce homogeneous
ZnO nanoparticles.24 Similarly, hydrothermal and solvothermal
techniques allow for controlled crystallization andmorphological
modications through high-temperature processes conducted
within sealed vessels.25 These methods can be optimized by
adjusting the reaction time, temperature, and pH to yield the
desired nanostructures, including rods, wires, or ower-like
formations. However, chemical synthesis poses signicant envi-
ronmental challenges, including the generation of hazardous
waste products, substantial energy consumption, reliance on
organic solvents, and the use of toxic substances19 (Fig. 1). The
disposal of chemical waste raises concerns regarding human
safety, environmental sustainability, and the potential hazards
associated with residual solvents in the nal product. Ultimately,
a comparison between green and chemical synthesis methods
reveals a distinct trade-off between environmental safety and
synthetic precision. While chemical methods offer superior
accuracy and scalability, green approaches adheremore closely to
the principles of green chemistry, thereby mitigating ecological
and health risks.26 Future research will likely focus on hybrid
methodologies that leverage the benets of both chemical and
green synthesis techniques.

Based upon previous ndings and in the continuation of
review articles on ZnO nanoparticles,27–33 this review classies
the synthesis of ZnO nanoparticles into two primary categories:
conventional chemical methods and eco-friendly or biological
(green) methods. Initially, we illustrated chemical methods,
which encompass sol–gel, emulsion, hydrothermal, sol-
vothermal, precipitation, co-precipitation, and mechanochem-
ical techniques. These methods facilitate precise control over
particle size and morphology. Furthermore, the green synthesis
approach employs plant extracts and microorganisms, offering
a more environmentally sustainable alternative to produce ZnO
nanoparticles with diverse morphologies. In addition, for each
synthesis method, we present a comprehensive overview of the
conditions utilized, the chemical processes involved, the
analytical techniques employed by various authors for
© 2026 The Author(s). Published by the Royal Society of Chemistry
characterization, and the applications identied within the
existing literature.
2 Methods of synthesis

Many synthetic methods have contributed to the synthesis of
zinc oxide nanoparticles. In the current review, we classied the
synthesis methods of ZnO based on environmental impact.
2.1 Chemical synthesis (conventional methods)

The chemical synthesis method involves the utilization of
chemical reagents, solvents, and controlled conditions. This
approach allows for precise control over particle size and
morphology through various techniques, including sol–gel,
emulsion, hydrothermal, solvothermal, precipitation, co-
precipitation, and mechanochemical methods, as detailed in
Table 1. Furthermore, the advantages and disadvantages asso-
ciated with these chemical synthesis methods for the synthesis
of ZnO nanoparticles are illustrated in Fig. 2.

2.1.1 Sol–gel method. The sol–gel method is widely used
for producing metal-oxide nanoparticles because of its
simplicity, reliability, repeatability, and mild processing
conditions. Consequently, zinc oxide can be surface-modied
with specic substances, increasing its properties and broad-
ening its applications. Sol–gel processing has several advan-
tages, including a high degree of purity, narrow particle size
distribution, and low processing temperatures that result in
a uniform nanostructure. In addition to these benets, the sol–
gel technique is among the most attractive methods. In the sol–
gel method, methanol dissolves zinc acetate dihydrate to give
ZnO NPs at room temperature. It is necessary to increase the pH
of the solution by adding sodium hydroxide. At room temper-
ature, the modied sols were stirred ultrasonically for 60 min.
and then ltered. The ltrate was le to stand for 48 hs to nish
the gelation and hydrolysis. The precipitation of white ZnO
crystals was observed. To remove the starting components, the
white precipitate was ltered, thoroughly washed with excess
methanol, and dried for two hs at 120 °C. The sol–gel mecha-
nism showed that zinc acetate dihydrate dissolves in methanol.
At pH values higher than 7, acetate ions are hydrolyzed to
produce zinc hydroxide due to the increased availability of
hydroxyl ions. Upon ionization, zinc hydroxide forms Zn2+

cations and OH− anions. The Zn–O–Zn bridges created by the
polymerization of the hydroxyl complex eventually turn into
ZnO. The pH of the starting solution affects the crystallinity and
particle size of the ZnO powder. The size of the ZnO particles
gradually increases as the pH of the reaction mixture increases
from 6 to 9. These particles, however, disintegrate and recrys-
tallize as ZnO nanocrystallites as the pH increases above 9.
Fig. 3 depicts the mechanism of the sol–gel process.

Vignesh et al. synthesized zinc oxide (ZnO) nanoparticles via
a sol–gel method. Characterization of the synthesized nano-
particles was conducted utilizing XRD and SEM. The XRD
analysis conrmed that the synthesized pure zinc oxide nano-
particles had a crystallite size of 36 nm. SEM images show larger
Nanoscale Adv.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00954e


T
ab

le
1

C
h
e
m
ic
al

sy
n
th
e
si
s
m
e
th
o
d
s
o
f
Z
n
O

n
an

o
p
ar
ti
cl
e
s,
in
cl
u
d
in
g
p
re
cu

rs
o
rs
,s
yn

th
e
si
s
co

n
d
it
io
n
s,
ke

y
p
ro
p
e
rt
ie
s,
an

d
ap

p
lic

at
io
n
s

N
o.

M
et
h
od

Pr
ec
ur
so
rs

Sy
n
th
es
is

co
n
di
ti
on

sa
Pr
op

er
ti
es

a
A
pp

li
ca
ti
on

s
R
ef
.

1
So

l–
ge
l

Zi
n
c
n
it
ra
te

h
ex
ah

yd
ra
te

an
d

so
d
iu
m

h
yd

ro
xi
de

D
r:
ov
er
n
ig
h
t
an

d
C
al
:

3
h
,5

00
°C

D
w
as

36
n
m

w
it
h
fo
rm

of

oc
ks

A
n
ti
ba

ct
er
ia
l
ac
ti
vi
ty

34

2
So

l–
ge
l

Zi
n
c
ac
et
at
e
di
h
yd

ra
te
,o

xa
li
c
ac
id

us
in
g
et
h
an

ol
as

so
lv
en

t
D
r:
80

°C
fo
r
2
h
,C

al
:4

h
at

65
0
°C

St
:3

0
m
in

at
60

°C
D

w
as

20
n
m

w
it
h
un

if
or
m

sp
h
er
ic
al

Ph
ot
oc
at
al
yt
ic

de
gr
ad

at
io
n

79

3
So

l–
ge
l

Zi
n
c
ac
et
at
e
di
h
yd

ra
te

an
d

po
ly
vi
n
yl
py

rr
ol
id
on

e
(P
V
P)

D
r:
at

60
°C

,C
al
:1

h
at

60
0
°C

,S
t:
1
h
at

am
bi
en

tT
D

w
as

45
n
m
,a

n
d
M

ch
an

ge
d

fr
om

pl
at
el
et
s
to

ro
ds

—
80

4
H
yd

ro
th
er
m
al

Zi
n
c
ac
et
at
e
di
h
yd

ra
te
,c

it
ri
c
ac
id

an
d
de

io
n
iz
ed

w
at
er

as
so
lv
en

t
R
ea
ct
io
n
:m

ag
n
et
ic

st
ir
ri
n
g

at
40

°C
,p

H
:1

3,
au

to
.

(1
9
h
,a

t
15

0
°C

),
D
r:
80

°C
,1

2
h

H
ex
ag

on
al

ro
ds

(<
50

0
n
m
)
to


ow

er
/r
os
e
(∼

3–
4
m
m
)
an

d
ir
re
gu

la
r
n
an

os
ca
le

pl
at
es

w
it
h

in
cr
ea
si
n
g
T
(1
00

–2
00

°C
)

—
81

5
H
yd

ro
th
er
m
al

Zi
n
c
ac
et
at
e
di
h
yd

ra
te
,c

it
ri
c
ac
id

m
on

oh
yd

ra
te
,a

n
d
so
di
um

h
yd

ro
xi
de

Fi
rs
t
O
pt
.:
di
ff
er
en

t
pH

:
7.
5–
13

.5
,

(a
ut
o.

16
0
°C

,1
2
h
)

T
em

pe
ra
tu
re

eff
ec
t:
h
ex
ag

on
al

ro
ds

(1
6.
8
n
m
),

ow

er
-li
ke

st
ru
ct
ur
es

(1
7.
18

–2
0.
41

n
m
),

ro
se
/p
la
te
-li
ke

st
ru
ct
ur
es

(3
6.
9–
56

.2
n
m
),
pH

eff
ec
t:

h
ex
ag

on
al

pe
lle

ts
(3
3.
67

–5
9.
22

n
m
),

ir
re
gu

la
r/
sm

al
l
n
an

op
ar
ti
cl
es

(1
8.
98

–4
1.
10

n
m
)

—
82

Se
co
n
d
O
pt
.:
au

to
.:2

4
h
,

T
:1

00
–2
00

°C
,

dr
ie
d:

60
°C

,2
4
h

6
M
ic
ro
w
av
e-
as
si
st
ed

sy
n
th
es
is

Zi
n
c
ac
et
at
e
di
h
yd

ra
te

an
d

po
ta
ss
iu
m

h
yd

ro
xi
de

R
M
:a

t
18

0
W

fo
r
20

m
in

D
fr
om

14
5
to

18
5
n
m
,w

it
h

a
h
ex
ag

on
al


ow

er
n
an

or
od

w
ur
tz
it
e
st
ru
ct
ur
e

G
as

se
n
si
n
g
ev
al
ua

ti
on

82
D
r:
at

80
°C

fo
r
24

h
C
al
:a

t
40

0
°C

fo
r
2
h

7
M
ic
ro
w
av
e-
as
si
st
ed

sy
n
th
es
is

Zi
n
c
n
it
ra
te

h
ex
ah

yd
ra
te

or
zi
n
c

ac
et
at
e
di
h
yd

ra
te

an
d
h
yd

ra
zi
n
e

h
yd

ra
te

an
d
am

m
on

ia

pH
(1
1.
5)
,R

M
(1
):
51

0
W
,

15
m
in

(S
A
1)

an
d

68
0
W

–
10

m
in

(S
A
2)
,

R
M
(2
):
15

0
W

–
15

m
in

(s
ol
ut
io
n
B
),
D
r:

10
0
°C

–
2
h
.,
C
al
:

60
0
°C

–
3
h

N
ee
dl
e-
sh

ap
ed

pa
rt
ic
le
,

D
50

–1
50

n
m

—
83

8
M
ic
ro
w
av
e-
as
si
st
ed

sy
n
th
es
is

Zi
n
c
su

lf
at
e,
po

ta
ss
iu
m

h
yd

ro
xi
de

,
an

d
so
di
um

su
l
de

St
:f
or

30
m
in
,R

M
:a

t
18

0
W

fo
r
2
m
in
,D

r:
at

60
°C

fo
r
2h

D
is

∼2
5
n
m
,w

it
h
sp

h
er
ic
al

m
or
ph

ol
og

y
Ph

ot
oc
at
al
yt
ic

de
gr
ad

at
io
n
of

an
il
in
e

an
d
fo
rm

al
de

h
yd

e

84

9
Pr
ec
ip
it
at
io
n
m
et
h
od

Zi
n
c
n
it
ra
te

an
d
am

m
on

iu
m

ca
rb
on

at
e
so
lu
ti
on

V
ig
or
ou

s
St
,D

r:
at

10
0
°C

–
6
h

D
is

30
n
m

in
h
ex
ag

on
al

w
ur
tz
it
e
st
ru
ct
ur
e

—
85

C
al
:a

t
30

0
°C

fo
r
3
h

10
Pr
ec
ip
it
at
io
n
m
et
h
od

Zi
n
c
n
it
ra
te

h
ex
ah

yd
ra
te
,z

in
c

ac
et
at
e
di
h
yd

ra
te
,z

in
c
su

lp
h
at
e

h
ep

ta
h
yd

ra
te
,s

od
iu
m

h
yd

ro
xi
de

,
po

ly
vi
n
yl

al
co
h
ol
,p

ot
as
si
um

h
yd

ro
xi
de

,a
n
d
et
h
an

ol

M
ag

n
et
ic

St
:3
0
m
in

−2
h
at

60
°C

D
is

in
th
e
ra
n
ge

11
–2
1
n
m

fo
r

gr
ee
n
sy
n
th
es
is
,a

n
d
30

–4
0
n
m

fo
r
ch

em
ic
al

pr
ec
ip
it
at
io
n

m
et
h
od

s

A
n
ti
m
ic
ro
bi
al

86

Pr
ec
ip
it
at
io
n
:a

t
16

0
°C

–
10

h
C
al
:a

t
30

0
°C

fo
r
6
h

11
Pr
ec
ip
it
at
io
n
m
et
h
od

Zi
n
c
ac
et
at
e
di
h
yd

ra
te

as
a
zi
n
c

so
ur
ce
,e

th
yl
en

e
gl
yc
ol

(E
G
)
as

a
so
lv
en

t
an

d
po

ly
vi
n
yl

py
rr
ol
id
on

e
(P
V
P)

as
a
ch

el
at
in
g

ag
en

t

pH
:1

2.
7.

R
ep

la
ce
d
0.
2
g

PV
P-

E
G

So
l,
w
it
h
0.
3
or

0.
4
g
(s
ol
ve
n
t
eff

ec
t)
.R

ef
:

fo
r
30

m
in

–
25

°C
,T

(6
0,

70
an

d
80

°C
);

D
r:
at

70
°C

fo
r
3
h

D
of

sp
h
er
ic
al

(1
3.
0
�

1.
9
n
m

at
25

°C
an

d
9.
0
�

1.
3
n
m

at
80

°C
)

—
87

Nanoscale Adv. © 2026 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
0:

57
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00954e


T
ab

le
1

(C
o
n
td
.)

N
o.

M
et
h
od

Pr
ec
ur
so
rs

Sy
n
th
es
is

co
n
di
ti
on

sa
Pr
op

er
ti
es

a
A
pp

li
ca
ti
on

s
R
ef
.

12
So

lv
ot
h
er
m
al

m
et
h
od

T
ri
so
di
um

ci
tr
at
e
di
h
yd

ra
te
,

ce
ri
um

ch
lo
ri
de

h
ep

ta
h
yd

ra
te
,

zi
n
c
ac
et
at
e
di
h
yd

ra
te

an
d

et
h
yl
en

e
gl
yc
ol

A
ut
o
T
:2

00
°C

fo
r
10

h
U
n
if
or
m

ca
vi
ti
es

(9
.0

n
m
)
in

C
eO

2–
Zn

O
,w

it
h
sm

al
le
r
po

re
s

(∼
2.
4
n
m
)
in

th
e
w
al
ls

G
as

se
n
so
r
an

d
in

di
ag

n
os
is

of
di
ab

et
es

an
d
ch

em
ic
al

de
te
ct
io
n

88
C
al
:5

00
°C

fo
r
2
h

13
So

lv
ot
h
er
m
al

m
et
h
od

Zi
n
c
n
it
ra
te

h
ex
ah

yd
ra
te
,s

il
ve
r

n
it
ra
te
,p

la
ti
n
um

( II
)

ac
et
yl
ac
et
on

at
e,

so
di
um

h
yd

ro
xi
de

,e
th
an

ol
,a

n
d

ce
ty
lt
ri
m
et
h
yl
am

m
on

iu
m

br
om

id
e

T
:r
oo

m
te
m
p
fo
r
1h

,a
ut
o

T
:1

20
°C

fo
r
3
an

d
6h

,
D
r:
80

°C

D
,Z

n
O

(2
.5
–1

3.
3
n
m
)

n
an

ow
ir
es
,A

g
(1
7.
3–
24

.3
n
m
)

an
d
Pt

ar
ou

n
d
(6
.3

n
m
)
A
g/
Pt
:

qu
as
i-s

ph
er
ic
al

pa
rt
ic
le
s
M

Ph
ot
oc
at
al
yt
ic

de
gr
ad

at
io
n

89

14
So

lv
ot
h
er
m
al

m
et
h
od

Zi
n
c
ac
et
at
e
di
h
yd

ra
te
,e

th
an

ol
,

an
d
po

ta
ss
iu
m

h
yd

ro
xi
de

T
:6

0
°C

fo
r
3
h

W
ur
tz
it
e
st
ru
ct
ur
e;

cr
ys
ta
lli
te

si
ze

10
.0
8
n
m
;p

ar
ti
cl
e
si
ze

7.
4
�

1.
2
n
m

—
90

D
r:
at

ro
om

te
m
p

15
So

lv
ot
h
er
m
al

m
et
h
od

Zi
n
c
ac
et
at
e
di
h
yd

ra
te
,s
ur
fa
ct
an

ts
su

ch
as

so
d
iu
m

do
de

cy
l
su

lf
at
e

(S
D
S)
,p

ol
yv
in
yl
py

rr
ol
id
on

e
(P
V
P)
,

an
d
po

ly
et
h
yl
en

e
gl
yc
ol

(P
E
G
,M

W
=

10
00

0)
,

et
h
an

ol
,a

n
d
N
aO

H

T
:a

t
11

0
°C

fo
r
10

h
SD

S:
h
ex
ag

on
al

di
sk
s

(3
00

n
m

ed
ge
,2

00
n
m

th
ic
k)

Ph
ot
oc
at
al
yt
ic

de
gr
ad

at
io
n

91

PV
P:

bi
la
ye
r
di
sk
s

(6
m
m

ed
ge
,4

m
m

th
ic
k)

PE
G
:

ow
er
-li
ke

(3
–4

m
m
)

ag
gr
eg
at
io
n
of

n
an

or
od

s
(2
00

n
m
)

16
M
ic
ro
em

u
ls
io
n
sy
n
th
es
is

La
n
th
an

um
n
it
ra
te

h
ex
ah

yd
ra
te
,

co
ba

lt
(II
)
n
it
ra
te

h
ex
ah

yd
ra
te
,

ci
tr
ic

ac
id
,1

-p
en

ta
n
ol
,

2,
2,

4-
tr
im

et
h
yl
pe

n
ta
n
e,

h
ex
ad

ec
yl
tr
im

et
h
yl
am

m
on

iu
m

br
om

id
e
(C
T
A
B
),
an

d
po

ta
ss
iu
m

h
yd

ro
xi
de

St
:6

h
,C

al
:a

t
92

3
K
fo
r
3
h

D
is

10
0
n
m

w
it
h
a

sp
h
er
ic
al

sh
ap

e
E
le
ct
ro
ch

em
ic
al

ca
ta
ly
ti
c
ac
ti
vi
ty

92

a
D
:C

ry
st
al
li
te

si
ze
,M

:m
or
ph

ol
og

y,
O
pt
.:
op

ti
m
iz
at
io
n
,a

ut
o.
:a

ut
oc
la
vi
n
g
co
n
di
ti
on

s,
R
M
:r
ea
ct
io
n
m
ic
ro
w
av
e,

D
r:
D
ry
in
g,

C
al
:c

al
ci
n
at
io
n
,S

t:
st
ir
ri
n
g,

S:
so
lu
ti
on

,R
ef
:r
e

ux
in
g.

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.

Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
0:

57
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00954e


Fig. 3 Sol–gel mechanism for producing ZnO NPs.

Fig. 2 Key advantages and disadvantages of chemical synthesis methods for the synthesis of ZnO nanoparticles.
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ZnO nanoparticle size than XRD, indicating that SEMmeasures
aggregated particles rather than individual crystals.34

Behfar et al. utilized a sol–gel method at 80 °C to synthesize
doped ZnO with copper using Cu(NO3)2 and Zn(NO3)2. The
characterization of doped ZnO employed many techniques.
From UV-Vis data, they calculated band gaps and the following
results were obtained: undoped ZnO (3.1 eV), 10% Cu-doped
ZnO (2.3 eV), and 25% Cu-doped ZnO (1.8 eV). Additionally,
the particle size was determined using XRD spectra, which
showed a considerable decrease in the size of ZnO doped with
copper (undoped ZnO (180 nm), 10% Cu-doped ZnO (133 nm),
and 25% Cu-doped ZnO (40 nm)).35

Benamara et al. utilized the sol–gel method to prepare
indium-doped ZnONPs at different ratios, 0.01, 0.03, and 0.05, as
follows: I0ZO, I1ZO, I3ZO, and I5ZO, using indium chloride,
acetate dihydrate, and methanol. The prepared compounds were
characterized via X-ray diffraction (XRD) analysis, which revealed
a wurtzite hexagonal structure with a crystallite size of 65 nm,
whereas the sizes of the indium-doped ZnO NPs were I1ZO (53
nm), I3ZO (56 nm), and I5ZO (54 nm). SEM images revealed
spherical shapes with agglomeration. The smallest agglomerate
was observed for I3ZO. Moreover, EDS analysis exhibited peaks
related to oxygen and zinc elements, with a lower concentration
of indium. These results agree with the preparation ratios.
Nanoscale Adv.
Additionally, UV-visible showed a slight decrease in band gap
energy for indium-doped ZnO NPs (3.19 eV), compared to pure
ZnO (3.21 eV), which decreased slightly with rising indium
concentration. On the other hand, the authors conrmed the
doping process by XPS measurements, which demonstrated
distinct core-level spectra for the In 3d, Zn 2p, and O 1 s regions.
In the BET analysis, indium-doped ZnO NPs exhibited increased
surface area, pore size, and specic surface areas compared to
pure ZnO. All the results conrmed an improvement in the
performance of indium-doped ZnO NPs.36

Shahriiari and Ghorbanpour synthesizedMg-doped ZnONPs
using the sol–gel method. The authors utilized magnesium
nitrate, zinc nitrate, and citric acid as chemicals for this study.
Characterization techniques included scanning electron
microscopy (SEM), which revealed a spherical shape for the Mg-
doped ZnO NPs; X-ray diffraction (XRD), which conrmed that
the Mg-doped ZnO NPs exhibited a hexagonal wurtzite crystal
structure; and UV-Vis spectroscopy, which indicated that the
band gap of the Mg-doped ZnO NPs was modied to 3.18 eV,
whereas that of pure ZnO was 3.23 eV.37

Khamis et al. prepared co-doped lms of different concen-
trations using the sol–gel spin coating technique on a glass
substrate. The primary objective of this study was to examine
the effects of cobalt doping on the structural and optical
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00954e


Review Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
0:

57
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
characteristics of zinc oxide thin lms. The authors investigated
the structural and optical properties of zinc oxide thin lms. For
the assessment of structural properties, X-ray diffraction (XRD)
techniques were employed. The results indicated that these
lms exhibit a hexagonal crystal structure. Additionally, the
optical properties were analyzed using a UV-visible spectro-
photometer, revealing that absorbance increased with
increasing the percentage of dopant (1, 2, 3, and 4 mol%).
Furthermore, the energy gap values decreased ranging from
3.32 to 3.03 eV.38

2.1.2 Hydrothermal method. In the hydrothermal method,
nanoparticles are synthesized by exposing a precursor solution
to high temperatures and pressures. Several advantages make
this method one of the most popular methods for the synthesis
of nanoparticles. Hydrothermal methods make generating
nanoparticles of controlled size and shape possible.39 By care-
fully controlling parameters such as temperature, pressure, and
reaction time, researchers can achieve uniform size distribu-
tions and specic shapes of nanoparticles. Furthermore, the
hydrothermal method offers a convenient way to produce
nanoparticles on a large scale. This technique uses a closed
vessel that enhances heat transfer and contains reaction prod-
ucts. As a result, nanoparticle synthesis can be performed with
high yields. The hydrothermal approach also promotes green
synthesis because water is used as a solvent rather than
hazardous organic solvents.40 Researchers interested in
synthesizing nanomaterials nd them appealing options
because of their simplicity, scalability, and environmental
friendliness. Typically, autoclaves are used for this method. A
mixture of substrates (white Zn (OH)2 precipitate) was placed
inside an autoclave and gradually heated to 100–300 °C, as
shown in Fig. 4. Over a certain period, heating continued and
cooling followed. Hydrothermal treatment yielded ZnO NPs.

Chen et al. successfully prepared pure zinc oxide powder
(without organic additives) and zinc oxide powder with addi-
tives through hydrothermal processing. The particle
morphology, size, organic additives, and reaction temperature
were discussed. According to the results, as the reaction
temperature increased from 100 to 220 °C, the particle
morphology changed from a 1D rod-like shape to a 2D sheet-like
shape and then to a 3D crushed stone-like form. The particle
size of ZnO powders is inuenced by various reaction condi-
tions and the presence of additives. In the absence of additives,
Fig. 4 Graph illustrating the steps involved in the preparation of zinc
oxide nanoparticles (ZnO NPs) using the hydrothermal method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
particle sizes typically range from approximately 50 to 400 nm,
with an increase to 200 to 400 nm observed at elevated
temperatures, such as 200 °C. The utilization of templates, such
as hexamethylenetetramine and ethylene glycol, results in the
formation of smaller particles, ranging from 20 to 100 nm.
Conversely, the application of alternative templates can
produce signicantly larger particles, measuring up to 2 mm.
Consequently, it is evident that particle size can be effectively
modulated by meticulously adjusting the synthesis parameters
and the choice of templates.39

On the other hand, Bulcha et.al. synthesized ZnO NPs using
hydrothermal processing with sodium hydroxide and zinc
nitrate hexahydrate at 300 °C. The characteristics of ZnO NPs by
X-ray diffraction (XRD) showed a wurtzite hexagonal structure
with an average crystal size of 32 ± 49 nm. Scanning electron
microscopy (SEM) was utilized to examine the morphology of
the ower-shaped structures. The UV-Vis absorption spectrum
showed distinct peaks at 264 nm and 376 nm, corresponding to
band gap energies of 4.68 eV and 3.54 eV, respectively.41

Basseem et al. used a hydrothermal method to prepare pure
PZ and co-doped ZnO as Sm La CDZ NPs, La–Sr CDZ NPs, and
Sm–Sr CDZ NPs from chemicals zinc acetate dihydrate,
samarium nitrate hexahydrate, lanthanum nitrate, and stron-
tium nitrate. XRD analysis revealed a hexagonal crystalline
structure and increased average crystallite size for co-doped
ZnO NPs. Moreover, UV/Vis spectroscopy showed that the co-
doped ZnO revealed a blue shi compared to pure ZnO and
the calculated band gap energy increased with co-doped ZnONP
samples. Additionally, SEM and TEM analyses showed a ower-
like aggregation of hexagonal nanorods. Additionally, XPS and
EDX analyses conrmed the success of the doping process from
the signicant peaks for Sm3+, La3+, and Sr2+ ions. Moreover, the
zeta potential of pure and Co-doped ZnO NPs exhibited a posi-
tive surface charge.42

Zavaleta et al. utilized ammonium hydroxide, zinc acetate
dihydrate, ethylene glycol, and isopropyl alcohol as solvents for
the growth of ZnO nanorods. They prepared two types based on
a hydrothermal method: one ZnO NP without ammonium
hydroxide and another ZnO NP with ammonium hydroxide. In
the characterization of ZnO NPs, optimal control over
morphological properties was observed in samples that did not
contain ammonium hydroxide. X-ray diffraction (XRD) analysis
conrmed the existence of a hexagonal wurtzite crystalline
structure, with nanoparticle sizes ranging from 83 to 341 nm.
These ndings demonstrated consistent results across various
synthesis methods, thereby affirming the reproducibility of the
results. The estimated band gap values were found to be
between 3.45 eV and 3.48 eV, which are marginally higher than
that of bulk ZnO (3.37 eV). This variation is attributed to the
synthesis conditions, including reaction time and ammonium
hydroxide concentration.43

Anujency et al. employed a hydrothermal method to
synthesize doped ZnO nanorods, which advocate for their
potential application in commercial photodetector technolo-
gies. The doping process involved the incorporation of nickel
ions at concentrations ranging from 0% to 5%. The precursors
utilized in this synthesis were zinc nitrate and nickel nitrate.
Nanoscale Adv.
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Fig. 5 Microwave-assisted synthesis of zinc oxide nanoparticles.
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The prepared Ni-doped ZnO nanorods were analyzed via various
characterization techniques, such as XRD analysis, which
conrmed the hexagonal structure. SEM images revealed the
formation of homogeneous nanorods. The EDX spectrum di-
splayed prominent peaks corresponding to the elements zinc
(Zn), nickel (Ni), and oxygen (O), conrming the efficacy of the
doping process. The estimated band gap values for pure ZnO,
ZnO:Ni (1%), ZnO:Ni (3%), and ZnO:Ni (5%) samples are
roughly 3.20 eV, 3.16 eV, 3.15 eV, and 3.18 eV, respectively,
according to optical and UV-Vis spectroscopy measurements.
Interestingly, the 3% Ni-doped ZnO displayed the lowest band
gap value (3.15 eV) according to the UV-Vis measurements.
Furthermore, vibrating sample magnetometry (VSM) analysis of
synthesized nanomaterial samples at room temperature
demonstrated ferromagnetic characteristics. The samples were
evaluated for their performance as photosensors, with the 3%
Ni-doped ZnO sample yielding the most favorable results.44

Basseem et al. synthesized pure, single-doped (La DZNPs, Sm
DZNPs, and DZ NPs), and tri-doped ZnO (Sm, La, Sr, T DZ NPs)
using a hydrothermal method. The materials used in the
synthesis include zinc acetate dihydrate, lanthanum(III) nitrate
hexahydrate, samarium(III) nitrate hexahydrate, strontium
nitrate, sodium hydroxide (NaOH), and acetic acid. These
compounds affect the photodegradation of Reactive Red 43 dye.
The Sr DZ NPs recorded the best photodegradation percentage
value of 93.43% compared to pure ZnO. Aer characterization,
the authors applied the synthesized nanoparticles as photo-
catalysts for the degradation of Reactive Red 43. In the charac-
terization step, XRD exhibited a hexagonal crystal structure
aer doping and showed an increase in the average crystallite
size from 25.75 to 30.77 nm; FT-IR showed a shi in the
absorption of Zn–O, conrming the doping process for pure
ZnO (464.63 cm−1), while doped samples La DZ NPs, Sm DZ
NPs, Sr DZ NP, and Sm, La, Sr TDZNPs showed shied values of
455.14, 512.285, 465.98, and 514.93 cm−1, respectively. UV/Vis
spectra recorded an increase in the energy band gap
compared with pure ZnO (2.86 eV), but doped samples La DZ
NPs, Sm DZ NPs, Sr DZ NP, and Sm, La, Sr TDZNPs showed
values of 2.89, 2.93, 2.98, and 3.02 eV, respectively. These results
agree with theoretical calculations from DFT, with recorded
values of 2.73, 2.77, and 2.85 eV for samples PZ, La DZ NPs, and
Sr DZ NPs, respectively. SEM and TEM images exhibited
hexagonal and rod shapes that do not change aer doping; XPS
and EDX conrmed the doping process through the appearance
of signicant peaks related to doped ions, and pHpzc employed
a positive surface charge in all samples.45

2.1.3 Microwave-assisted synthesis. Microwave-assisted
synthesis has recently garnered signicant attention due to its
simplicity, reduced reaction time, high yield, and reproduc-
ibility. This method operates by converting electromagnetic
radiation into thermal energy. Given that various compounds
exhibit distinct microwave absorbance characteristics, selective
heating takes place within the reaction mixture, leading to the
formation of products.46 The advantages of this method over the
hydrothermal method are (a) a shorter reaction time, (b) an
inexpensive medium, (c) rapid and selective heating, and (d)
controlled morphology of the particles. We produced zinc oxide
Nanoscale Adv.
nanoparticles with various morphologies by combining micro-
waves with hydrothermal methods.47,48 A diagram is shown in
Fig. 5 illustrating the experimental methodology. In this
experiment, zinc hydroxide complexes were synthesized
utilizing aqueous solutions of zinc salts and precursor mate-
rials, followed by irradiation at 150 W for a specied duration.
The resulting complex underwent ultrasonic treatment for 30
minutes. Subsequently, the complex was allowed to rest over-
night to facilitate the precipitation of the produced ZnO nano-
particles (NPs).49

Verma et al. employed a microwave-assisted method along-
side a green method to prepare three concentrations of double-
doped ZnO using (Fe, Al) in the presence of a green leaf extract
from Murraya Koenigii. The three concentrations involved
changed the concentration of Al (0.001 M), whereas the
concentration of ZnO (nearly 0.046 M) and Fe (0.001 M)
remained nearly the same. XRD analysis of the double-doped
ZnO revealed crystallite sizes ranging from 17 to 31 nm,
which varied with the concentration of the Al dopant. SEM and
TEM images displayed spherical shapes with an average particle
size of approximately 20.56 nm. UV-Vis results indicated
improved electronic and optical properties, with the bandgap
decreasing from 2.99 to 2.88 eV.50

Nandhini et al. prepared zinc oxide nanoparticles using both
microwave radiation and natural reductants extracted from
Ocimum americanum and Euphorbia hirta. The optimal condi-
tions for synthesis included a zinc sulfate concentration of
12.8 mM, 12 min of irradiation, and a 26 : 1 ratio of plant
extract. Characterization using UV-Vis spectroscopy revealed
a peak at 292 nm, indicating the successful conversion of zinc
sulfate to zinc oxide. Scanning electron microscopy (SEM)
images showed that the nanoparticles had a cuboid shape and
an average size of 70.37 ± 7.8 nm. Fourier-transform infrared
spectroscopy (FTIR) conrmed the presence of various func-
tional groups associated with the components of E. hirta and O.
americanum extracts, verifying their role as reducing agents in
the preparation of ZnO nanoparticles. X-ray diffraction (XRD)
analysis indicated that the nanoparticles consisted of 24.1%
crystalline and 75.9% amorphous phases. The zeta potential of
the nanoparticles was measured to be 20 mV.51
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Rustembekkyzy et al. employed a microwave-assisted
method to synthesize various ZnO nanoparticles in a single
step, using different molar concentrations of zinc acetate di-
hydrate (0.035-ZnO, 0.07-ZnO, 0.14-ZnO, 0.28-ZnO, and 0.56-
ZnO). These nanoparticles were utilized in photocatalytic
activity studies to degrade methylene blue (MB) under solar
light illumination. The authors used SEM and TEM imaging
techniques to investigate the morphological structures of ZnO,
which revealed a transition from rod-like to sheet-like forms as
the concentration of the Zn precursor increased. Analysis of the
synthesized nanoparticles indicated a hexagonal phase of zinc
oxide, with XRD data used to calculate the crystallite size in the
range of 22.4–48.4 nm. The computed energy band gap, derived
from UV-Vis spectra data, was found to be between 2.84 and
2.98 eV. A sample with a sheet-like structure, specically 0.56
M–ZnO, exhibited the highest photocatalysis percentage of
96.6%.52

Porrawatkul et al. employed a reducing agent extracted from
Averrhoa carambola fruit and microwave assistance to synthe-
size pure and Ag-doped ZnO nanoparticles for coating cotton
fabrics. Different concentrations (0.05, 0.07, 0.10, and
0.15 mol L−1) of silver nitrate hexahydrate were used to prepare
the treated fabrics at various pH values. FT-IR spectroscopy
conrmed the successful preparation of ZnO and the incorpo-
ration of silver into ZnO. The XRD data revealed the crystalline
nature of ZnO nanoparticles, whereas the Ag/ZnO nanoparticles
exhibited a face-centered cubic structure. Additionally, SEM
images displayed spherical nanoparticles. In the presence of Ag,
the surface morphology of ZnO consisted of smaller, spherical
nanoparticles compared to those of undoped ZnO. The particle
size distribution ranged from 20 to 30 nm, which is smaller than
that of the synthesized Ag nanoparticles (30–70 nm). EDX data
further conrmed the successful green synthesis of Ag-doped
ZnO nanoparticles. SEM images of the untreated fabrics di-
splayed a clean and smooth surface, while the treated fabrics
revealed some natural patterns. The elemental compositions of
Zn, O, and Ag in the treated cotton were determined through
EDX analysis.53

2.1.4 Precipitation method or co-precipitation method.
The precipitation method is an established, controlled, and
reproducible procedure employed in the large-scale production
of powdered nanoparticles with predictable characteristics for
industrial applications.49 The process is divided into two stages:
(a) the precipitation of a ZnO precursor from solution and (b)
the thermal treatment of this precursor, followed by milling to
Fig. 6 Precipitation method of ZnO NPs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
induce physical disintegration of the calcined agglomerates and
removal of contaminants.27,54 A capping agent is utilized in this
process to prevent nanoparticle agglomeration. Temperature
and calcination strategies can inuence the production of ZnO
nanoparticles. ZnO nanoparticles were effectively synthesized
using a direct precipitation approach, which involved a zinc salt
and a precipitation agent. The reactants were agitated to create
a precipitate, which was then ltered and rinsed with distilled
water. Finally, thermal treatment was applied, as shown in
Fig. 6.

Kumar et al. synthesized ower-like zinc oxide nano-
structures using a precipitation method. These nanoparticles
were primarily created with a metal precursor (zinc acetate di-
hydrate) and a precipitating agent (sodium hydroxide). This
study involved the analysis of synthesized ZnO utilizing tech-
niques such as SEM and TEM. The results revealed the forma-
tion of crystalline ZnO structures resembling owers,
characterized by clusters of ZnO nanorods arranged in a leaf-
like conguration, followed by the emergence of ZnO nano-
structures with a oral morphology. XRD conrmed the
formation of hexagonal ZnO nanostructures of the space group
P63mc, CPDS Card No. 03-65-3411).55

Ghaznavi et al. synthesized copper-doped and undoped ZnO
NPs using the chemical co-precipitation method as new anti-
cancer agents against G-292 (bone cancer) and MRC-5 (normal
lung broblast) cells aer 24 and 72 h of exposure. X-ray
diffraction analysis of all synthesized nanoparticles revealed
a wurtzite crystal structure for both Cu-doped and undoped ZnO
NPs, while SEM analysis showed a spherical morphology for
undoped ZnO NPs with an average size of 15–39 nm. In contrast,
Cu-doped zinc oxide nanoparticles exhibited both rod-like and
grain-like structures, with a relatively large average grain size of
18–68 nm. Additionally, TEM analysis displayed a spherical
shape with an increased size for the Cu-doped zinc oxide
nanoparticles. Furthermore, zeta potential measurements
indicated a negative zeta potential for all synthesized
nanoparticles.56

Truong et al. synthesized zinc oxide nanoparticles (ZnO NPs)
using the chemical precipitation method, employing zinc
acetate dihydrate and sodium hydroxide as precursors. They
produced two types of ZnO NPs: one capped with poly(N-
vinylpyrrolidone) (PVP) and the other without PVP. Character-
ization via X-ray diffraction (XRD) showed that both types of
ZnO NPs matched the hexagonal wurtzite structure (JCPDS 00-
001-1136). Using Debye–Scherrer's formula, the calculated
crystallite sizes were 24.6 nm for ZnONPs-PVP and 26.1 nm for
ZnO NPs without PVP. Additionally, UV-Vis spectroscopy
revealed signicant absorption peaks in the 360–370 nm range,
indicating the formation of ZnO NPs, which were also used to
determine the energy band gaps via Tauc's method. The energy
band gap was found to be 3.4 eV for ZnONPs without PVP and
3.3 eV for ZnONPs-PVP. Furthermore, TEM images showed that
both types exhibited a hexagonal shape; however, the PVP-
capped ZnONPs displayed some shadowing effects.57

DIN et al. illustrated the synthesis of cobalt-doped zinc oxide
nanoparticles (ZnO NPs) using a co-precipitation method
involving zinc nitrate hexahydrate, cobalt nitrate hexahydrate,
Nanoscale Adv.
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ammonium hydroxide, and hexadecyltrimethylammonium
bromide (CTAB) as precursors. Characterization of both undo-
ped and doped ZnO NPs conrmed their successful preparation
through UV-visible spectroscopy, which showed an absorption
band at 654 nm. Additionally, FT-IR spectroscopy revealed
a peak at 1164 cm−1, indicating the presence of doped cobalt in
the ZnO lattice. SEM analysis demonstrated that the doped ZnO
NPs exhibited a spherical shape with a porous structure and
vacancies at their centers.58

In the study by Rezaei et al. zinc sulfate heptahydrate and
sodium hydroxide were used as precursors for the precipitation
of ZnO NPs. The synthesized nanoparticles were analyzed by
XRD aer the calcination process. The results indicated an
increase in crystallite size, as determined by Scherrer's equa-
tion, with an average diameter of 80–90 nm for the pyramidal
rod morphology and 800–900 nm for the star-like morphology.
Additionally, SEM analysis revealed that the morphology and
size of the synthesized ZnO particles are highly sensitive to
temperature, resulting in the formation of sphere-like, pyra-
midal, pyramidal-rod, rod-like, star-like, and plate-like
morphologies. Furthermore, zeta potential (ZP) measurements
showed values of 33.2 mV for the pyramidal rod morphology
and 11.8 mV for the star-like morphology.59

2.1.5 Solvothermal method. Solvothermal synthesis is
a solution-based process that produces ZnO nanoparticles in
a sealed autoclave under high pressure and temperature. This
method employs organic solvents as the reaction medium
instead of water, making it comparable to the hydrothermal
approach. An organic solvent, such as ethanol, methanol,
ethylene glycol, or dimethyl formamide (DMF), is used to
dissolve a zinc precursor, such as zinc acetate, zinc nitrate, or
zinc chloride. A base, typically NaOH or KOH, is then added to
initiate the precipitation process. Following this, the solution
was heated for several hours at temperatures ranging from 100
to 250 °C in a Teon-lined autoclave, as illustrated in Fig. 7.60

The high-temperature and high-pressure environment
promotes the formation of structured ZnO nanostructures.60 In
some preparations, a surfactant is mixed with the zinc salt while
Fig. 7 Schematic diagram outlining the sequential steps involved in the

Nanoscale Adv.
stirring for 20 minutes. The closed chamber is then placed in
a heated source to maintain the necessary temperature. Finally,
the precipitate was collected, washed several times with ethanol
and water, and dried at room temperature in air.

The solvothermal method presents several advantages,
particularly when organic solvents are utilized for the synthesis
of zinc oxide (ZnO) nanoparticles. One signicant benet is the
increase in precursor solubility in organic solvents, facilitating
the production of ZnO nanoparticles with uniform size, well-
dened morphology, and high crystallinity. Furthermore,
organic solvents can reduce particle agglomeration and
improve dispersibility by functioning as stabilizing agents. The
characteristics of the nanoparticles, including surface chem-
istry and aspect ratio, can be tailored by varying reaction
parameters such as temperature, pressure, and the type of
solvent employed. This method also allows for the incorpora-
tion of dopants and the formation of composite materials,
thereby broadening the functional applications of ZnO nano-
structures. Overall, solvothermal synthesis remains a robust
technique for the generation of high-quality metal oxide nano-
particles, owing to its inherent versatility, reproducibility, and
scalability.61,62

As previously reported, Ravbar et al. synthesized ZnO NPs
using a simple one-pot solvothermal method, followed by
microwave-assisted graing of transition metals onto the
surface of the NPs, starting from zinc acetate dihydrate and
nickel chloride precursors. Characterization was conducted
using various techniques. X-ray diffraction patterns demon-
strated that ZnO retains its wurtzite hexagonal structure, and
slight changes in the lattice parameters suggest surface
attachment rather than lattice substitution. Adsorption–
desorption isotherms indicated that nickel decoration
increased the specic surface area from 37 m2 g−1 to 39 m2 g−1,
although this difference was not statistically signicant. The
UV/Vis spectrum of Ni-modied ZnO shows a slight blue shi at
the absorption edge, which is correlated with a signicant
increase in band gap energy, thereby enhancing the photo-
catalytic activity of Ni-modied ZnO. TEM and XRD studies
solvothermal method used to synthesize ZnO nanoparticles (NPs).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic representation of ZnO nanoparticle synthesis using
emulsion or microemulsion techniques.
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indicate that bare ZnO nanoparticles have an average size of
∼13 nm, while Ni addition (0.5 wt%) does not appreciably alter
this size. Increasing microwave power leads to larger particles
(∼22 nm) and longer structures (80–150 nm). XRD reveals that
the size changes are mostly related to synthesis conditions, not
Ni inclusion. XPS analysis revealed the presence of Ni2+ species,
which do not signicantly integrate into the zinc oxide lattice
parameters, thus indicating successful surface graing.
Furthermore, zeta potential measurements demonstrated that
the nickel-decorated samples exhibited a more negative surface
charge than the non-decorated samples, which facilitated
improved adsorption of pollutants.63

Prayoga et al. investigated the generation, characterization,
and sensing efficacy of zinc oxide (ZnO) nanoowers as active
materials for ethanol detection. The ZnO nanoowers were
synthesized utilizing a solvothermal technique, with glycerol
serving as a capping agent and 2-propanol as a solvent. XRD
analysis conrmed the formation of highly crystalline wurtzite-
phase ZnO, while SEM provided morphological insights,
revealing that the ZnO nanoowers comprised of one- and two-
dimensional nanostructures arranged into a three-dimensional
hierarchical architecture. The synthesized ZnO demonstrated
optimal sensing performance as an ethanol sensor.64

Segovia et al. reported that the solvothermal treatment of
nanometric zinc oxide as a zinc ion source enables the produc-
tion of three distinct types of one-dimensional zinc oxide nano-
structures. This method involves an agglomeration/melting
mechanism that produces large nanoneedles. When stearic acid
is present, a similar process yields nanorods. The signicantly
reduced aspect ratio (d/l) observed with this addition appears to
result from a lower pH in the medium and the probable inter-
action of the carboxylic acid with the [0001] crystal plane surface.
ZnO nanowires are also formed by using the layered hybrid
nanocomposite ZnO/stearic acid as a zinc source under the same
reaction conditions as those used for the ZnO-fatty acid mixture.
In this case, the development mechanism of one-dimensional
nanostructures seems to involve a rolling-up/surfactant-
segregation process rather than typical ZnO crystallite growth.
By varying the precursor and reaction times, they were able to
create morphologically uniform phases corresponding to ZnO
nanoneedles, nanorods, or nanowires. Compared with bulk zinc
oxide, the photocatalytic activities of the prepared nanostructures
in degrading methylene blue were comparable.65

Muhammad et al. employed an absolute ethanol-based
solvent and reducing agent to fabricate Cu2O/TiO2 and Cu2O/
ZnO (CZ) heterojunction photocatalysts using a one-pot sol-
vothermal technique. The two heterojunction nanocomposites
are cuprous oxide/titanium dioxide (CT) and cuprous oxide/zinc
oxide (CZ). Characterization via studying XRD patterns revealed
that Cu2O exists in its cubic phase, while TiO2 and ZnO exist in
their respective crystalline states. Pure Cu2O had a computed
average crystallite size of 11.190 nm. The CT (1.5–1.5) and CZ
(1.5–1.5) nanocomposites had average crystallite diameters of
22.890 nm and 29.240 nm, respectively. TEM analysis showed
that Cu2O nanoparticles, measuring approximately 5–7 nm, were
uniformly and securely dispersed on irregular ZnO and TiO2

particles. Electron diffraction revealed clear lattice stripes
© 2026 The Author(s). Published by the Royal Society of Chemistry
corresponding to the component materials, conrming the
formation of p–n heterojunctions. UV-vis absorption spectra
indicated that Cu2O, TiO2, and ZnO absorb a broad range of
wavelengths from 220 to 800 nm, effectively utilizing visible
light.66

2.1.6 Emulsion or microemulsion synthesis. Emulsions are
dened as continuous liquid phases that are dispersed by
a second discontinuous, immiscible liquid phase, as depicted
in Fig. 8. Depending on the characteristics of the external phase,
emulsions can be classied into two primary types: oil-in-water
emulsions and water-in-oil emulsions. In this context, “water” is
understood to refer to any highly polar, hydrophilic liquid,
whereas “oil” signies hydrophobic, nonpolar liquids.23 A liquid
solution formulated in this manner exhibits thermodynamic
stability and optical isotropy. In the present study, zinc oxide
nanoparticles were synthesized utilizing reverse
microemulsion.67

Yıldırım and Durucan synthesized ZnO nanoparticles
employing a modied reverse microemulsion process, system-
atically examining the inuence of calcination temperature and
surfactant concentration on particle size andmorphology. Their
ndings indicated that the utilization of a low surfactant
concentration (5 : 5: 90) produced spherical ZnO nanoparticles
with an average size of approximately 15 ± 1 nm; this size
increased to approximately 24 ± 1 nm at elevated calcination
temperatures. Conversely, a higher surfactant concentration
(30 : 5 : 65 ratio) resulted in the formation of rod-like structures
at calcination temperatures of 300 °C and 400 °C, resulting in
lengths of 66–72 nm and diameters of 22 ± 3 and 28 ± 1 nm. At
a calcination temperature of 500 °C, the particles transitioned
back to a spherical morphology, a change attributed to defect
accumulation and thermodynamic stabilization. The increase
in the calcination temperature was associated with enhanced
green emission at 530 nm, indicative of oxygen vacancies and
Nanoscale Adv.
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Fig. 9 Mechanochemical synthesis of ZnO NPs.
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zinc interstitials. SEM and TEM images conrmed the
morphological alterations resulting from the variety of
synthesis conditions.68

Gholami et al. developed an innovative pH-responsive
nanocarrier composed of polyethylene glycol (PEG), polyvinyl
alcohol (PVA), and zinc oxide nanoparticles (ZnO NPs) charac-
terized by a substantial surface area. The synthesis of a nano-
carrier encapsulating quercetin (QC) was achieved through
a water/oil/water (W/O/W) emulsication method. Subsequent
characterization was conducted utilizing X-ray diffraction (XRD)
and Fourier-transform infrared spectroscopy (FT-IR). The
nanocarriers were further analyzed using scanning electron
microscopy (SEM), dynamic light scattering (DLS), and zeta
potential measurements to assess particle size, surface charge,
and stability. The incorporation of ZnO NPs signicantly
enhanced the loading and encapsulation efficiencies of QC.
Drug release studies demonstrated controlled and pH-sensitive
release proles at pH values of 5.4 and 7.4. Comparative anal-
yses of PEG/PVA/ZnO nanocomposites against the PEG/PVA and
control groups revealed a marked reduction in cell viability
upon treatment with the PEG/PVA/ZnO nanocomposites.69

To synthesize copper-zinc mixed oxides, Pawlonka et al.
employed a microemulsion technique that utilized a water-in-
oil (W/O) microemulsion. The continuous oil phase consisted
of cyclohexane, while the dispersed phases included aqueous
solutions of copper nitrate and zinc nitrate. Hexa-
decyltrimethylammonium bromide (CTAB) served as the
surfactant, and isopropanol functioned as a co-surfactant. The
authors explored various synthesis phase sequences, including
co-precipitation within a microemulsion, reduction with
hydrazine, and subsequent calcination at 350 °C. Additionally,
sodium carbonate was utilized as the precipitating agent. The
CuO–ZnO-1 sample was obtained by co-precipitation in the
microemulsion, whereas the CuO–ZnO-2 sample was obtained
by reducing copper with hydrazine before mixing with micro-
emulsions containing zinc and carbonate ions. Under these
conditions, CuO–ZnO-4 was prepared with twice the amount of
surfactant. Aer applying hydrazine to a microemulsion con-
taining Zn(NO3)2 and Na2CO3, a CuO–ZnO-3 sample was
formed. Furthermore, from XRD it was observed that the CuO–
ZnO-2 sample has the smallest CuO and ZnO particles. With
increasing surfactant concentration, the ZnO size changes from
13.9 to 35.4 nm. This is more noticeable in copper oxide crys-
tallites, whose size increases from 11.4 to 20.1 nm.
Temperature-programmed reduction (TPR) was conducted to
evaluate redox characteristics; it was found that an increase in
surfactant concentration during synthesis led to a decrease in
the reducibility of CuO. The most signicant reduction in
reducibility was observed for the CuO–ZnO-3 sample. BET was
utilized to assess the surface area and porosity. With a specic
surface area of 27.3 m2 g−1, CuO–ZnO-1 had the highest specic
surface area. In the SEM images, the CuO–ZnO-4 samples differ
morphologically from the remaining samples. In the presence
of a smaller amount of surfactant, sponge-like morphologies
are observed.70

Cuenca et al. developed a bicontinuous microemulsion
method using sodium dodecyl sulfate (SDS), sodium bis2-
Nanoscale Adv.
ethylhexyl sulfosuccinate (AOT), Zn(NO3)2, NaOH, and toluene
to synthesize high-purity ZnO NPs. Varying the Zn(NO3)2
concentration, NaOH feeding time (100–150min), and surfactant/
toluene ratio (50/50–60/40) affected particle size and distribution.
The 60/40 ratio conrmed bicontinuous structure (high conduc-
tivity), yielding ∼98% pure, highly crystalline hexagonal ZnO.
Particle size decreased (z21.7 to 6.0 nm) with increasing
Zn(NO3)2 content, and TEM showed particles of 3–9 nm.71

Lim et al. synthesized aluminum-doped ZnO (AZO) nanorods
via a microemulsion method by mixing surfactants such as
sodium benzene sulfonate (SBS) and dodecyl benzene sulfonic
acid sodium salt (DBS) with zinc acetate in xylene, followed by
the addition of an aluminum nitrate precursor and reux
heating. The samples synthesized with the two surfactants were
AZO-SBS, AZO-DBS, ZnO-SBS, and ZnO-DBS. XRD conrmed
a hexagonal wurtzite structure, with slight lattice shrinkage in
AZO due to the smaller Al3+ ion. SEM showed uniform rod-like
structures (∼80 nm diameter, several microns long). PL spectra
displayed strong emission at 383 nm; the two different surfac-
tants were measured at 2.8 × 103, 3.3 × 103, 7.0 × 106, and 3.3
× 107 Ucm for the samples AZO-SBS, AZO-DBS, ZnO-SBS, and
ZnO-DBS, respectively. These results indicate that Al-doped ZnO
exhibits lower resistivity compared to undoped ZnO, conrming
successful doping into the ZnO lattice.72

2.1.7 Mechanochemical process. Mechanochemical or
solid-state reactions represent a suitable method for
manufacturing nanoparticles on a large scale due to their
inherent simplicity and low cost.73 The advantages of this
method include that it does not utilize organic solvents.
However, a signicant limitation of this method is the pro-
longed reaction time, which can extend from several hours to
several weeks.74 The process typically involves dry milling at low
temperatures, where precursor materials are subjected to high-
energy ball-powder impacts, thereby initiating the desired
chemical reactions. Moreover, during this reaction, the
precursor materials are oen diluted with a diluent, commonly
sodium chloride (NaCl), as illustrated in Fig. 9. Aer milling,
the powder mixture underwent calcination, followed by the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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thermal decomposition of zinc carbonate (ZnCO3). The diluent
acts as a reaction medium, facilitating the separation of nano-
particles and inhibiting their growth, thereby effectively
reducing the risk of signicant agglomeration.

Stanković et al. synthesized ZnO nano-powders using
mechanochemical processing with thermal treatment. Initially,
the reaction mixture of oxalic acid and zinc chloride was milled
for 0.5h-4hs before being subject to thermal treatment at 450 °C
for 1 hour. This study examined how milling duration, and the
presence of oxalic acid affected the morphology, crystallite size,
average particle size, and overall structure of the ZnO nano-
powders. XRD and Raman spectroscopy were employed to
characterize the samples. The XRD analysis of the prepared ZnO
revealed a well-dened long-range order and a pure wurtzite
structure in the synthesized ZnO powders; however, Raman
spectroscopy indicated a different middle-range order. Addi-
tionally, the Raman spectra showed that the lattice defects and
impurities introduced into the ZnO crystal structure depend on
the milling duration, regardless of the thermal treatment
applied. Laser diffraction was used to assess particle size
distribution, while scanning electron microscopy (SEM) was
used to determine the powder morphology. Inductively coupled
plasma analysis was used to investigate impurity contamina-
tion. The results indicated that the two-step technique
employed is effective for producing highly crystalline ZnO
nanopowders, which are characterized by uniformly spherical
particles with diameters ranging from 20 to 50 nm. This study
illustrates the signicant role of an aqueous oxalic acid solution
in preventing agglomeration of the nal product.75

Dumitrescu et al. prepared a ZnO/hydroxyapatite nano-
composite by combining zinc oxide (ZnO) with hydroxyapatite
(HA) at various mass ratios. The nanopowders were prepared
using ethanol and subjected to ball milling for 0.5 hours at
a speed of 400 rpm, followed by drying at 0 °C. The photo-
catalytic degradation of methyl orange (MO) as a synthetic dye
was assessed under stirring conditions and UV (ultraviolet)
irradiation. The photodegradation percentages demonstrated
that the most effective removal of MO from aqueous solutions
via photodegradation was achieved with the samples CZH3
(containing 75% ZnO) and CZH4 (containing 25% ZnO), both
exhibiting similar photocatalytic activity. Conversely, sample
CHZ2 (composed of 100% HA) demonstrated minimal photo-
catalytic degradation. The high absorbance of the suggested
nanocomposites indicates their potential application as
Fig. 10 Key advantages and disadvantages of green methods for the sy

© 2026 The Author(s). Published by the Royal Society of Chemistry
photocatalysts in wastewater treatment, facilitating the reten-
tion of organic contaminants. The ability of the composite
nanopowders to retain MO dye was evaluated using XRD,
whereas differential scanning calorimetry and thermogravi-
metric analysis were employed to assess the MO dye retention
capacity. These ndings indicate that the produced composites
can be used as cutting-edge materials to cleanse wastewater and
prevent dye-type organic contaminants.76

Nazir et al. described a mechanochemical method for
synthesizing polypyrrole/Ag–ZnO (Ppy/Ag–ZnO) hetero-
structures. The synthesized catalyst was characterized using
XRD, which conrmed the hexagonal wurtzite structure corre-
sponding to JCPDS le No. 36-1451. A crystallite size of 2.30 nm
was calculated using Debye–Scherrer's equation for the Ppy/Ag–
ZnO nanocomposite. GA showed that the thermal stability of
Ppy/Ag–ZnO is greater than that of pure Ppy. FT-IR showed
a peak at 596 cm−1, which is attributed to the presence of Ag-
doped ZnO, whereas SEM images showed aggregated particles
with an average diameter of 2.65 mm. The BET surface area was
47.08 cm3 g−1, and zeta potential measurements showed
a negative charge of the nanocomposite.77

Zinc oxide (ZnO) nanoparticles were synthesized by Otis et
al., using a solvent-free mechanochemical process that involved
high-energy ball milling of 3-Zn(OH)2 crystals at a 1 : 100
powder-to-ball mass ratio under ambient conditions. During
milling, crystalline 3-Zn(OH)2 was transformed into amorphous
Zn(OH)2, which then decomposed into ZnO and water. Various
characterization techniques have been employed, including X-
ray Diffraction (XRD), which revealed both crystalline and
amorphous phases in the powders. It produced uniform ZnO
nanoparticles with sizes of 10–30 nm, based on the milling
duration. TEM data displayed small spherical nanoparticles,
while DLS indicated a uniform size distribution of approxi-
mately 500 nm. UV-Vis spectroscopy, using Tauc plots, was
utilized to determine the band gap of the ZnO nanopowders,
which was found to be 3.22 eV. The TGA analysis data identied
three main steps in the decomposition process. The photo-
catalytic activity of the synthesized nanoparticles was evaluated
using methyl orange (MO) dye, and the authors demonstrated
that photocatalytic efficiency increased with the number of
milling cycles due to increased concentration of ZnO.78
nthesis of ZnO nanoparticles.
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2.2 Green synthesis for the synthesis of ZnO NPs (eco-
friendly/biological methods)

An efficient and environmentally sustainable method for
synthesizing nanoparticles is the green method, which uses
natural, non-toxic, and renewable resources such as plants and
microorganisms. This method operates at mild temperatures
and pressures, minimizing or eliminating the use of hazardous
chemicals and solvents, as illustrated in Fig. 10. The biosyn-
thesis of nanoparticles involves using microorganisms and
plants for synthesis, as detailed in Table 2. This approach is
environmentally friendly, safe, cost-effective, green, and
biocompatible.93 Green synthesis is dened as a process that
avoids toxic and dangerous chemicals.94 As green methods have
gained popularity, various studies have been conducted to
synthesize ZnO NPs from diverse sources, including bacteria,
algae, fungi, plants, etc. A biomimetic approach facilitates the
large-scale production of ZnO nanoparticles free from addi-
tional impurities, demonstrating higher catalytic activity while
limiting the use of toxic chemicals. Moreover, it is important to
note that while this review highlights and compares the re-
ported green synthesis procedures, detailed mechanistic
differences, including the specic roles of phytochemicals or
microbial metabolites and their inuence on nanoparticle
formation, are not systematically discussed in most of the
referenced studies.

2.2.1 Green synthesis of ZnO NPs using plant extracts.
Owing to their high content of phytochemicals, plant parts,
including leaves, stems, roots, fruits, and seeds, have been used
for centuries, which facilitate the synthesis of ZnO NPs. Notably,
the presence of antioxidants in plants, such as amino acids,
vitamins, polysaccharides, alkaloids, polyphenols, saponins,
avonoids, and terpenoids, exhibits reductive properties.
Consequently, plant extracts can work as reducing and capping
agents in zinc salt solutions, thereby enabling the formation of
ZnO NPs. Through bio-reduction, phytochemicals can effec-
tively reduce metal ions and metal oxides to zero-valence metal
Fig. 11 Schematic diagram representing synthesized ZnO NPs using pla

Nanoscale Adv.
NPs. Moreover, natural extracts derived from plant materials are
environmentally friendly, cost-effective, and do not necessitate
the use of intermediate base groups. This method is charac-
terized by its efficiency, minimal time requirements, lack of
expensive equipment or precursors, and the production of
a pure product that is enriched in quantity and free from
contaminants. Consequently, it represents a widely employed
approach for the synthesis of ZnO NPs from plant sources.95

The simple extraction process begins with the careful
washing of the plant material in running tap water, followed by
rinsing with double-distilled water. The plant parts are then air-
dried at room temperature, weighed, and crushed into small
pieces. Milli-Q H2O is added to the ground plant parts at the
desired concentration, and the resulting mixture undergoes
thermal treatment while being stirred continuously with
a magnetic stirrer and subsequently ltered. Following ltra-
tion, a clear solution is obtained, which is designated the plant
extract (sample), as illustrated in Fig. 11. Additionally, the ob-
tained extract is mixed with a certain volume of zinc salt, then
the mixture is heated to the desired temperature and main-
tained for a specic duration to ensure effective mixing. Finally,
the mixture is washed and dried to yield crystalline
nanoparticles.96

Sana Zahoor et al. used the leaf extract of Senecio chrys-
anthemoides which included avonoids, alkaloids, polyphenolic
derivatives, and other macromolecules. These substances are
believed to be physiologically active, acting as reducing agents
that facilitate the conversion of zinc ions (Zn2+) into zinc oxide
nanoparticles (ZnO NPs) and using zinc acetate-2-hydrate in the
synthesis of ZnO NPs. ZnO nanoparticles are formed through
a biomolecule-mediated reduction process, where polyphenols
and avonoids reduce Zn2+ ions. Moreover, proteins and func-
tional groups present in the extract act as natural capping and
stabilizing agents, controlling nucleation, growth, and particle
morphology. Subsequent thermal treatment removes organic
residues and enhances crystallinity. The reduction process and
nt extract as a green synthesis method.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stability of the nanoparticles can be inuenced by the pH of the
reaction mixture, which may alter the charge of both the zinc
ions and biomolecules. ZnO NPs have demonstrated high
stability within the pH range of 3 to 11. Employing a UV-Vis
spectrophotometer, they identied a distinct absorption peak
at 349 nm that conrms the formation of ZnO NPs. Moreover,
FT-IR showed a strong band obtained at 349 cm−1, indicating
the presence of ZnO NPs in the mixture. Based on SEM analysis,
the ZnO NPs exhibited a morphology resembling crushed ice,
characterized by a uniform particle size, whereas the elemental
composition was elucidated through energy-dispersive X-ray
spectroscopy (EDX). Additionally, XRD analysis conrmed that
the ZnO NPs had an average particle size of 31 nm and showed
hexagonal wurtzite crystallinity.97

Kocabas and Dogan prepared ZnO NPs using a biosynthetic
method that involved treating zinc acetate with Veronica multi-
da leaf extract. The primary metabolites in plant biological
systems include alkaloids, terpenoids, polyphenols, and
carbohydrates. These substances are essential for converting
metal ions into nanoparticles (NPs). In the described study, the
green synthesis of ZnO NPs was specically conducted using
leaf extract from Veronica multida. These ndings indicate that
the production process is facilitated by the active compounds
present in Veronica multida leaves. They characterized the bi-
osynthesized ZnO NPs using UV-Vis (ultraviolet-visible) spec-
troscopy, which showed absorption peaks at 240 nm for pH 7
and 360 nm for pH 12. X-ray diffraction (XRD) revealed a more
intense peak at pH 12 compared to pH 7. FT-IR exhibited
stronger bands at pH 12 at 480, 709, 1034, and 1088 cm−1 than
at pH 7. Additionally, transmission electron microscopy (TEM)
conrmed that the size of the ZnO NPs ranged from 10 to
100 nm.98

Abomuti et al. prepared biosynthesized ZnO nanoparticles
utilizing phytochemicals derived from an aqueous leaf extract
of S. officinalis in conjunction with a zinc nitrate solution. The
leaves are rich in various phytochemicals that function as
stabilizing and reducing agents during nanoparticle synthesis.
In this process, Zn2+ ions are reduced to ZnO nuclei by phenolic
compounds and avonoids, which additionally act as capping
agents to stabilize and regulate the formation of the nano-
particles. The concentration of the zinc nitrate solution (e.g., 0.2
M), temperature (e.g., 50 °C), stirring duration (e.g., 2 hours for
the rst reaction and 2 hours for precipitation), and pH
adjustment (e.g., maintaining pH 12) are crucial factors in the
synthesis of ZnO NPs. Together, these elements inuence ZnO
NP nucleation, stability, and electrostatic interactions between
Zn2+ and biomolecules.

The characterization of the biosynthesized ZnO NPs was
conducted through multiple analytical techniques. Ultraviolet-
visible (UV-Vis) spectroscopy revealed an absorption peak at
368 nm, with the bandgap calculated via the Tauc plot to be
2.96 eV. Additionally, the application of Scherrer's equation,
derived from X-ray diffraction (XRD) analysis, indicates that the
average crystallite size is 11.89 nm. Scanning electron micros-
copy (SEM) revealed a rough, irregular material with little
accumulation, while EDX showed high-intensity peaks for zinc
metal, oxygen, and carbon, likely associated with biological
© 2026 The Author(s). Published by the Royal Society of Chemistry
molecules. Transmission electron microscopy (TEM) demon-
strated an average particle size of 26.14 nm ± 2.46 nm for the
biosynthesized ZnO NPs. Moreover, FT-IR conrmed the char-
acteristic spectral features of the aqueous leaf extract of S. offi-
cinalis. Photoluminescence spectra further validated the
potential of S. officinalis extract as both a reducing and stabi-
lizing agent. BET surface area analysis indicated a surface area
of 53.001 m2 g−1, a pore volume of 0.240 cc g−1, and a pore
diameter of 3.052 nm. Thermogravimetric/differential scanning
calorimetry analysis (TGA/DTG) revealed three different stages
of signicant weight loss without any weight loss occurring
above 780 °C.99

Alharbi et al. prepared ZnO NPs using a phytochemical
method, utilizing A. absinthium leaves. The main active phyto-
chemicals involved in the production of ZnO NPs include
polyphenols and avonoids. These substances are rich in
hydroxyl and carbonyl groups and serve as effective capping and
reducing agents that inuence the size and dispersion of
nanoparticles. Tannins are phenolic compounds that can
strongly adhere to ZnO nuclei, regulating growth and prevent-
ing aggregation. Saponins may affect surface charge and
stability due to their surfactant properties. Although the role of
alkaloids is less dened, they may contribute to stabilization
and reduction. These authors employed several techniques to
analyze the biosynthesized ZnO NPs in comparison to those
synthesized without the extract. FTIR results showed an
absorption band for green ZnO NPs at 432.05 cm−1, while ZnO
without extract exhibited a band at 439.77 cm−1. UV-Vis spec-
troscopy was employed to determine the band gap of green ZnO
and ZnO nanoparticles (without extract), yielding values of
2.65 eV and 2.79 eV, respectively.

Furthermore, SEM analysis showed spherical shapes, while
XRD analysis revealed a hexagonal structure with an average
particle size that decreased from 24.39 to 18.77 nm. EDX anal-
ysis showed three signicant peaks at energies of 1 keV, 8.7 keV,
and 9.8 keV corresponding to zinc, and a peak at 0.5 keV related
to oxygen, all of which are characteristic of ZnO nanoparticles.
BET analysis provided values for pore volume and average pore
diameter, with BET surface areas of 4.003 m2 g−1 for ZnO
without extract and 6.032 m2 g−1 for green ZnO NPs, while the
pore volumes were 0.011 cm3 g−1 for ZnO without extract and
0.017 cm3 g−1 for green ZnO NPs.100

Fouda et al. utilized the peel aqueous extract of Punica
granatum to biosynthesize ZnO NPs. The aqueous peel extract of
Punica granatum served as the active component in this study
for synthesizing ZnO nanoparticles. Various bioactive metabo-
lites in the peel extract, including polyphenols such as avo-
noids, tannins, anthocyanidins, and phenolic acids, reduce zinc
acetate to form ZnO nanoparticles. The characterization of the
biosynthesized ZnO NPs was conducted using UV-Vis spec-
troscopy, which revealed an absorption peak in the range of
350–380 nm, indicative of ZnO NPs. FT-IR analysis identied
various functional groups referring to compounds present in
the plant extract, suggesting their role in the reduction of ZnO
NPs. X-ray diffraction (XRD) analysis demonstrated the absence
of numerous peaks in the diffraction pattern, indicating high
purity, and the crystallite size was calculated to be 43 nm. TEM
Nanoscale Adv.
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exhibited an average particle size of 25.1 nm, which ranged
from 10 to 45 nm for the biosynthesized ZnO NPs. SEM images
showed that the particles had spherical shapes.101

2.2.2 Green synthesis of ZnO NPs using microorganisms.
Microorganisms play a crucial role as nano-factories for the
accumulation and detoxication of heavy metals. This process
primarily involves various reductase enzymes that convert metal
salts into metal nanoparticles. Research has shown that
different microorganisms, including bacteria, fungi, and algae,
can produce nanoparticles both inside and outside their cells.
These microbes are capable of synthesizing organic materials
within their cells and transporting them externally.102 Microor-
ganisms, including bacteria, fungi, and algae, can synthesize
zinc oxide (ZnO) nanoparticles via biological mechanisms. This
process primarily involves the reduction of zinc ions to ZnO,
a reaction facilitated by enzymes and biomolecules synthesized
by microorganisms, which also act as natural capping and
stabilizing agents. The synthesis of ZnO nanoparticles occurs
via two predominant pathways: extracellularly and intracellu-
larly. In extracellular synthesis, proteins and metabolites
produced outside the microbial cells reduce the concentration
of zinc ions in the surrounding environment. Conversely,
intracellular synthesis transpires within the microbial cells,
where zinc ions are bio-reduced and subsequently accumulate
as nanoparticles.103 Eco-friendly synthesis methods are advan-
tageous because they avoid the use of toxic chemicals; however,
they may yield lower yields and pose challenges for separation
from biolms.

Furthermore, the use of microbes for the environmentally
sustainable production of metal nanoparticles offers several
benets, including a rapid, cost-effective, clean, non-toxic, and
environmentally friendly approach to generating nanoparticles
with diverse sizes, shapes, compositions, and physicochemical
properties.104,105 The main disadvantages of microorganism-
based metal nanoparticle production include challenging steps
such asmicrobiological sampling, isolation, culture, and storage.
Additionally, recovering the nanoparticles produced through this
method requires downstream processing. Microorganisms can
synthesize NPs via the enzymatic reduction of metal ions in their
environment, effectively trapping them to form elemental forms.
Fig. 12 Schematic diagram representing the green synthesis of ZnO nan

Nanoscale Adv.
Enzymes, proteins, and other microbial components play
signicant roles in the reduction process106 (Fig. 12).

Barsainya and Singh et al. utilized P. aeruginosa, a microor-
ganism known for producing the siderophore pyoverdine in
response to zinc ion stress, to synthesize zinc oxide (ZnO)
nanoparticles through the bio-reduction of zinc nitrate. In this
process, pyoverdine interacts with zinc ions (Zn2+) via func-
tional groups such as hydroxamate, amino, and carboxyl
moieties. This interaction facilitates the reduction and trans-
formation of zinc ions into ZnO nanoparticles at ambient
temperature, eliminating the need for external chemical
reducing agents. The effectiveness of the green synthesis
mediated by pyoverdine was conrmed through various char-
acterization techniques, which demonstrated that the bi-
osynthesized ZnO nanoparticles exhibited a polycrystalline
wurtzite phase, with predominantly spherical morphology,
a size range of 50–100 nm, stabilization through hydroxamate
and amino groups, and an absorption peak at 416 nm.107

Iqtedar et al. utilized a B. cereus strain to synthesize ZnO NPs
from eighteen bacterial isolates, with eight demonstrating
conrmed synthesis of ZnO NPs. The primary mechanism for
producing these nanoparticles is extracellular enzymatic
reduction. In this process, bacteria release NADPH-dependent
reductase enzymes into the culture medium, facilitating the
conversion of NADPH to NADP+. The electrons generated during
this reaction are captured by zinc ions at the cell surface,
leading to their reduction and the formation of elemental zinc
oxide nanoparticles. The authors characterized ZnO NPs using
UV-Vis, FTIR, XRD, and SEM techniques. The ZnO NPs exhibi-
ted a sharp peak at 352 nm and had a band gap of 3.5 eV. FT-IR
spectra conrmed that the stabilizing agents are related to
carbohydrates and amines by determining the characteristic
bands related to specic functional groups. SEM images
exhibited irregular rod shapes, whereas a zeta sizer indicated
a size range of 58.77–63.3 nm. Moreover, the zeta potential was
measured at −7.39 mV.108

Yusof et al. investigated the biosynthesis of ZnO NPs utilizing
the zinc-tolerant probiotic Lactobacillus plantarum TA4, derived
from both the cell-free supernatant (CFS) and cell biomass (CB).
The proposed biosynthesismechanism involves the participation
of enzymes, proteins, and other organic compounds present in
oparticles using microorganisms.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the CFS and CB, which function as reducing agents for Zn2+ ions.
These ions are subsequently converted into ZnO nanoparticles
through the action of functional groups on the bacterial cell
surface and associated proteins. The characterization of the bi-
osynthesized ZnO NPs derived from CFS and CB was conrmed
through various analytical techniques. UV-Vis spectroscopy
revealed absorption peaks at 349 nm for ZnO NPs-CFS and at
351 nm for ZnO NPs-CB, indicating the successful synthesis of
the ZnO NPs. FT-IR analysis showed the presence of carboxyl,
hydroxyl, and amide functional groups associated with both
types of biosynthesized ZnO NPs. These ndings suggest that the
biosynthesis process of ZnO involves reducing and stabilizing
agents. DLSmeasurements showed dispersity indices of less than
0.4 for both ZnO NPs-CFS and ZnO NPs-CB, reecting their
stability in suspension. Additionally, TEM imaging revealed that
ZnO NPs-CFS exhibited a ower-like morphology with a particle
size of 291.1 nm, whereas ZnO NPs-CB displayed an irregular
shape with a particle size of 191.8 nm109.

Devendra et al. demonstrated the biosynthesis of ZnO NPs
utilizing the zinc-tolerant bacterium Serratia nematodiphila.
These bacteria employ unidentied enzymes to facilitate the
reduction of zinc ions (Zn2+) to elemental zinc (Zn). This initial
reduction process is essential for the nucleation and subse-
quent formation of ZnO nanoparticles. Following the formation
of zinc atoms, the residual Zn2+ ions are further reduced to their
oxide form (ZnO). Additionally, the authors conrmed the
synthesis of ZnO NPs using UV-vis spectroscopy, which showed
a surface plasmon resonance (SPR) absorption peak at 379 nm.
XRD analysis indicated high purity and a crystallite size of
24.79 nm corresponding to the (101) peak. These results agree
well with the TEM results, which revealed similar size ranges of
15 to 30 nm, with an average diameter of 23.09 ± 4.23 nm and
shapes that were roughly spherical. The DLS results indicated
uniform sizes ranging from 10 to 30 nm, supporting the TEM
ndings, whereas the zeta potential was recorded at −33.4 mV,
conrming the stability of the biosynthesized ZnO NPs. Finally,
the authors utilized these compounds to investigate their anti-
fungal and antimicrobial properties, as well as their effective-
ness in the photodegradation of methyl orange.110

Abdullah et al. utilized the bacterial strain P. aeruginosa
(NMJ15) isolated from mangrove sediment samples to synthe-
size zinc oxide nanoparticles (ZnO-NPs) through a green
biosynthesis approach. This environmentally friendly synthesis
process is predicated on the bacterial metabolites present in the
cell-free ltrate (CFF), which function as reducing and stabi-
lizing agents. Functional groups such as carbonyl (C]O),
hydroxyl (O–H), amine (NH), and thiol (SH) groups facilitate the
reduction of zinc ions from zinc acetate dihydrate to form ZnO
nanoparticles, initially yielding a white precipitate. This
precipitate underwent calcination at 150 °C to yield crystalline
nanoscale ZnO. The synthesis procedure commences with
inoculating the bacterial strain into nutrient broth, followed by
incubation, centrifugation, washing, and a subsequent incu-
bation to isolate the CFF. The addition of zinc acetate to the CFF
at a pH of 8.5 induces the formation of hydrated ZnO, which is
thereaer converted into stable nanoparticles. The formation of
ZnO-NPs was conrmed through various characterization
© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv.
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techniques: UV-Vis spectroscopy demonstrated a surface plas-
mon resonance (SPR) absorption peak at 380 nm, indicating
successful nanoparticle synthesis; transmission electron
microscopy (TEM) images revealed spherical nanoparticles with
dimensions ranging from 6 to 21 nm, which was consistent with
XRD analysis conrming a crystalline structure with an average
particle size of 21 nm by using the Debye–Scherrer equation. FT-
IR analysis further identied the involvement of O–H, C]O,
NH, and SH (thiol) functional groups in the bacterial metabo-
lites, which play a crucial role in reducing and stabilizing the
nanoparticles.111

Finally, an evaluation of various synthesis routes of ZnO-NPs
was conducted, focusing on critical factors, such as particle size
control, environmental toxicity, cost, and scalability (Table 3).
Traditional chemical methods enable precise control over
particle size and morphology through techniques such as sol–
gel, hydrothermal, solvothermal, precipitation, and micro-
emulsion processes. However, these traditional methods oen
rely on hazardous chemicals, organic solvents, and high-energy
conditions, which result in increased toxicity and higher
production costs. In contrast, green synthesis methods that
employ natural reducing and stabilizing agents, such as plant
extracts, bacteria, or fungi, offer an environmentally sustainable
alternative. This methodology signicantly reduces chemical
waste and mitigates environmental hazards; nevertheless, it is
limited by challenges related to reproducibility, variability in
extracts, and inadequate control over particle size distribution.
3 Applications of ZnO NPs

Zinc oxide nanoparticles (ZnO NPs) have attracted considerable
scholarly interest owing to their distinctive physicochemical
properties, which encompass a high surface area, a broad band
gap, tunable morphology, and multifunctional reactivity. These
attributes enable their utilization across diverse domains,
including environmental remediation, optoelectronics, ultravi-
olet protection, biomedical applications, industrial applica-
tions, and agriculture.
3.1 Environmental (photocatalysis)

ZnO NPs are excellent photocatalytic materials under both UV
and visible light, which allows them to efficiently degrade
organic pollutants, dyes, and pharmaceutical contaminants in
water. In addition to their high surface reactivity, they can
generate reactive oxygen species (ROS), which makes them ideal
for the purication of water and self-cleaning of surfaces.

Benamara et al. utilized indium-doped ZnO NPs to test the
photodegradation activity of Rhodamine B dye, and recorded
the best photodegradation percentage under visible light irra-
diation of 93% for 3% indium-doped ZnO.36 Moreover, the
degradation of RR43 dye showed that the Sm–Sr CDZ NPs had
the best photodegradation percentage value of 91.31%, and the
degradation process followed the pseudo-rst-order kinetics
model. A recyclability test employed degradation of RR43 dye
under UV irradiation more than once and conrmed the
stability of the prepared nanoparticles.42Double-doped ZnO (Fe,
Nanoscale Adv.
Al) nanoparticle samples were utilized in water purication to
remove Rhodamine dye, achieving a photodegradation
percentage value of 97%.50 The nanoparticles modied with
cobalt were tested for methylene blue (MB) degradation. A
recyclability test conducted over four cycles demonstrated the
stability of the synthesized Co-doped ZnO nanoparticles. The
highest degradation rate for these nanoparticles was recorded
at a reaction time of 14 min (Kapp = 0.053 min−1). This outcome
can be attributed to the increased band gap and surface area
resulting from the doping process.58 The nanoparticles were
applied in two key areas of application. First, in the photo-
catalytic process, these nanoparticles nearly doubled the effi-
ciency of reducing hexavalent chromium (Cr(VI)) to the less toxic
trivalent form (Cr(III)) when the nickel content was 0.5 wt%.
However, when microwave power was used during the synthesis
of ZnO, structural elongation occurred, resulting in a reduction
in performance. Second, the materials exhibited strong perfor-
mance in an immobilized photoreactor, effectively degrading
ve pharmaceutical contaminants. Notably, the addition of
nickel signicantly increased naproxen removal from 65% to
75%.80

Heterojunction photocatalysts of Cu2O/TiO2 and Cu2O/ZnO
(CZ) were tested under visible illumination to assess their
photocatalytic activity, with the CZ (1.5–1.5) nanocomposite
achieving rapid and complete dye degradation. Enhanced
charge separation at the heterojunction interfaces contributed
to high efficiency by minimizing recombination and promoting
the formation of reactive radicals, which facilitated dye
decomposition. BET surface area measurements conrmed that
the photocatalysts exhibited excellent adsorption capabilities.
Due to their combined structural, optical, and surface proper-
ties, these materials demonstrate outstanding photocatalytic
performance, providing an effective and rapid method for dye
removal from the environment.66 Researchers utilized an
aqueous extract of Punica granatum peel for the biosynthesis of
ZnO NPs. They tested the biosynthesized ZnO NPs for catalytic
activity toward methylene blue dye. The highest degradation
percentage of methylene blue dye, achieved using UV-light
irradiation, was 93.4 ± 0.2% under conditions of 20 g mL−1

aer 210 minutes of exposure to UV light.101

The exceptional photocatalytic activity of the ZnO@HAp
nanocomposite underscores its signicant potential for envi-
ronmental remediation. The material's remarkable ability to
remove organic dyes from aqueous solutions was evidenced by
a rapid degradation efficiency of 96.6% for methylene blue
within a mere 30 minutes. Furthermore, 62% of the widely
utilized antibiotic ciprooxacin was degraded within the same
timeframe, demonstrating the composite's effectiveness in the
removal of pharmaceutical contaminants. ZnO@HAp exhibited
a notable capacity for reducing chemical oxygen demand (COD)
in wastewater treatment applications, with household sludge
experiencing an 88% reduction aer 150 min of irradiation,
indicating its efficacy in decomposing complex organic mate-
rials. The pH of the solution was found to signicantly inuence
the photocatalytic degradation behavior of pollutants when
utilizing ZnO@HAp. Experimental results indicated that the
maximum degradation efficiency (96.4%) was achieved in 30
© 2026 The Author(s). Published by the Royal Society of Chemistry
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minutes at a neutral pH of 7. The observed decline in perfor-
mance under acidic conditions (pH < 7) was attributed to the
partial solubility of ZnO, which may lead to catalyst dissolution
and reduced activity. Conversely, at alkaline pH values (pH > 7),
lower adsorption and degradation efficiency were noted, as the
catalyst surface becomes more negatively charged, thereby
weakening the electrostatic interactions with positively charged
dye molecules. These ndings illustrate that a neutral pH
environment enhances electrostatic interactions and catalytic
efficiency, rendering it optimal for the degradation of methy-
lene blue. Therefore, precise pH regulation is essential for
wastewater treatment systems to achieve optimal photocatalytic
activity and efficient pollutant removal. Aer ve consecutive
cycles of reuse, the material exhibited over 87% efficiency,
indicating exceptional stability and favorable reusability. The
signicantly higher specic surface area of the ZnO@HAp
composite (110.124 m2 g−1) compared to pure ZnO (30.2 m2 g−1)
contributes substantially to its enhanced photocatalytic
performance, providing increased adsorption capacity and
active sites for photocatalytic processes.112

The examination of the potential of zinc oxide (ZnO) nano-
structures for photodegradation highlights the critical inuence
of particle size on photocatalytic efficiency. Two distinct
morphologies were synthesized: ZnO nanoparticles (ZnO NPs)
exhibiting a crystallite size of approximately 35 nm, and ZnO
quantum dots (ZnO QDs) with a size of approximately 7.5 nm.
Both nanostructures were utilized as photocatalysts under UV-Vis
irradiation to decompose organic dyes, including uorescein,
methylene blue (MB), and Rhodamine 6G (Rh6G). UV-Vis spectral
analysis, which monitored the degradation process, revealed
a signicant reduction in the characteristic absorbance peaks of
each dye with prolonged irradiation time. Aer 60 min of UV
irradiation at a catalyst concentration of 100 mg mL−1, ZnO QDs
demonstrated superior photocatalytic activity, achieving degra-
dation rates of up to 92.64% for MB and 53.62% for Rh6G, as
determined by quantitative analysis. Conversely, ZnO NPs ach-
ieved degradation rates of 44.95% for Rh6G and approximately
61.32% for uorescein under identical conditions. The enhanced
photocatalytic efficacy of ZnO QDs can be ascribed primarily to
their reduced size, which increases the surface area-to-volume
ratio, thereby increasing the number of active sites available for
dye adsorption and facilitating more effective charge transfer.
Kinetic analyses employing the Langmuir–Hinshelwood model
indicated that the degradation of the dyes followed pseudo-rst-
order kinetics, with signicantly higher rate constants (k) for
the ZnO QDs, indicating accelerated degradation rates.113

Through effective dye removal under UV/visible irradiation,
the biosynthesized ZnO and C-doped ZnO photocatalysts
demonstrate considerable potential for wastewater treatment
applications. The carbon-doping process signicantly enhances
photocatalytic activity, as evidenced by the degradation of
crystal violet (CV) and methyl orange (MO), which serve as
model cationic and anionic dyes, respectively. At an initial dye
concentration of 10 mg L−1, the most effective catalyst—5% C-
doped ZnO calcined at 500 °C—achieved degradation rates of
92.7% for CV and 87.8% for MO within 200 minutes. The
incorporation of carbon reduced the optical band gap from
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.09 eV (for pure ZnO) to 2.93 eV, thereby enhancing the charge-
separation efficiency and increasing visible-light absorption.
With a carbon concentration of 5%, the photocatalytic activity
followed pseudo-rst-order kinetics, with rate constants
increasing from 0.00438 to 0.00746 min−1 for CV and from
0.00554 to 0.00998 min−1 for MO. The correlation coefficients
(R2 = 0.99) conrmed the adequacy of the kinetic tting model.
Furthermore, operational parameters signicantly inuenced
degradation efficiency: at a catalyst dose of 75 mg, complete
removal (100%) of both dyes was achieved; however, when the
initial dye concentration was increased to 50 mg L−1, the
degradation efficiency decreased to 68.84% for CV and 29.67%
for MO. pH levels also proved critical; acidic conditions
promoted MO removal through electrostatic interactions,
whereas alkaline conditions facilitated CV degradation.114

Overall, ZnO-based photocatalysts exhibit signicant efficacy
in degrading dyes, pharmaceuticals, and hazardous
compounds when exposed to both UV and visible light, partic-
ularly when optimized via methods such as doping, hetero-
junction formation, or size reduction. Despite their consistently
high degradation efficiencies, the photocatalytic performance
of these materials is markedly affected by various operational
parameters, including pH, catalyst loading, and pollutant
concentration. Furthermore, the instability of ZnO under acidic
conditions, along with the predominance of laboratory-scale
studies using model contaminants, imposes signicant limita-
tions on its practical application.
3.2 Optoelectronics

Zinc oxide nanoparticles (ZnO NPs) are extensively utilized in
optoelectronic devices due to their signicant band gap of
approximately 3.37 eV and their robust exciton binding energy
of approximately 60 meV. Their applications encompass gas
sensors, photodetectors, light-emitting diodes (LEDs), and
ultraviolet (UV) light emitters. The high electron mobility and
chemical sensitivity of ZnO NPs render them particularly suit-
able for integration into photonic and electrical devices. A
piezoelectric system developed by depositing a ZnO nano-
particle lm on the surface of a steel beam utilized a 20 MHz
DDS function generator and a Fotonic MTI-2100 sensor to
measure the displacement of the beam in response to square
wave voltages ranging from 1 to 10 V at frequencies of 1 Hz and
50 Hz. The displacements observed due to the ZnO nanoparticle
lm conrm its piezoelectric behavior. The consistent
displacement under constant voltage further demonstrates the
stability and functionality of the ZnO lm.43

Furthermore, ZnO NPs produced from Cordyline fruticosa
extract exhibited optoelectronic characteristics, making them
suitable for use in electron transport layers. The ZnO NP lms
demonstrate variable transmittance and absorbance depending
on their thickness. For instance, a layer with a thickness of
4175.95 nm exhibited the lowest optical transmittance but the
highest absorbance, peaking at 1.40 at 346.4 nm. The study
investigated ve different lm thicknesses: 883.43 nm,
2450.50 nm, 3715.25 nm, 4175.95 nm, and 4625.35 nm. The
energy band gap was calculated using the Tauc plot equation.
Nanoscale Adv.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00954e


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
0:

57
:2

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Electrically, the ZnO$NPs demonstrated enhanced conductivity.
This enhancement reduces electron–hole recombination by
increasing electron mobility and injecting photoexcited elec-
trons into the conduction band. The electrical behavior was
evaluated using a four-point probe device. X-ray diffraction
(XRD) analysis revealed a hexagonal wurtzite crystalline struc-
ture for ZnO$NPs, with distinct peaks at 2q values of 32°, 34°,
36°, 47°, 56°, 63°, and 68°. The nanoparticles exhibited good
crystallinity, as indicated by narrow and strong diffraction
peaks, and were free of undesirable contaminants. Using the
Debye–Scherrer formula, the average crystallite size was deter-
mined to be 25 nm based on the peak at 36°, which corresponds
to the (101) plane. Furthermore, SEM images revealed a crys-
talline form with a hexagonal structure and TEM analysis esti-
mated the nanoparticle size to be between 25 and 52 nm,
conrming their nanoscale dimensions.115 The produced zinc
oxide lms show great promise for a range of optical applica-
tions. The large band gaps of these materials, which range from
3.14 eV to 3.9 eV, make them suitable for use in optical devices.
Additionally, the materials exhibit a signicant absorbance
peak at 350 nm, indicating UV sensitivity, which makes them
ideal for UV detectors. The strong UV absorbance and high
visible reectance (up to 90%) of these lms suggest potential
for energy conversion in transparent structures, such as solar
cells integrated into windows. Overall, their optical character-
istics, particularly their high transmittance and low absorption
of visible light, indicate their suitability for various optoelec-
tronic applications.116

Zinc oxide (ZnO) nanoparticles (NPs) and doped ZnO NPs
exhibit optoelectronic properties, making them useful for
various applications, including photovoltaic systems. Higher
concentrations of doped Sn led to an increase in the optical
band gap of ZnO NPs. Pure ZnO has a band gap of 3.55 eV. As
the Sn doping increases, the band gap shis: 1% Sn-doped ZnO
NPs had a band gap of 3.72 eV, 3% showed 3.74 eV, 5% showed
3.79 eV, 7% showed 3.81 eV, and 10% had 3.85 eV. The Burstein-
Moss shi, where Sn4+ ions replace Zn2+ ions or occupy unoc-
cupied sites, causes an increase in carrier concentration and
a decrease in carrier mobility. All Sn-doped ZnO NP thin lms
demonstrate high transparency in the visible range, which
rapidly decreases in the UV region. Pure ZnO thin lms have an
average optical transmittance of approximately 87%, with an
absorption edge at approximately 369 nm. While 1 wt% doped
lms exhibit lower transmittance than pure lms due to
increased optical scattering from rougher surfaces, the 10 wt%
Sn-doped ZnO thin lm shows the highest transparency among
the doped samples, with an average transmittance of 98.65%.
Both pure and Sn-doped ZnO thin lms display n-type semi-
conductor characteristics. The bulk carrier concentration in
pure ZnO thin lms is 2.46 × 1011 cm−3. This concentration
increases signicantly with Sn doping, reaching 3.03 × 1013

cm−3 at 10% Sn doping. This increase is attributed to Sn4+ ions
replacing Zn2+ ions or occupying unoccupied sites, resulting in
additional free electrons. However, mobility tends to decrease
as the Sn doping concentration increases. The resistivity of thin
lms decreases from 1.46 × 104 U cm for pure ZnO to
Nanoscale Adv.
a minimum of 9.60 × 102 U cm with 5% Sn doping, aer which
it increases with increasing doping level.117

This research demonstrated that optoelectronic switching
memory systems based on ZnO nanoparticle-embedded poly-
mer matrices exhibit highly concentration-dependent electrical
performance. When ZnO nanoparticles were loaded beyond
a threshold mass concentration (Rm) of approximately
0.05 wt%, conductance increased signicantly, by about three
orders of magnitude. ZnO nanoparticles formed inhomoge-
neous percolative conducting channels connecting the top and
bottom electrodes, leading to a substantial increase in
conductivity above Rm = 0.03 wt%. A suitable concentration
window of approximately 0.05–2 wt% ZnO was identied for
reliable memory operation through systematic optimization;
devices with 0.05–0.1 wt% ZnO nanoparticles displayed
consistent and repeatable resistive switching over multiple
cycles. Notably, the highest ON/OFF resistance ratio was ach-
ieved near Rm = 0.03 wt%. During a positive voltage sweep (0–1
V), the devices exhibited repeatable bipolar resistive switching
behavior, transitioning from a high-resistance state (HRS) to
a low-resistance state (LRS). The SET process occurred at
approximately 0.5 V, while the RESET process took place under
a reverse bias of about −0.75 V. This low-voltage operation,
along with a clear distinction between the HRS and LRS, high-
lights the devices' potential for low-power nonvolatile memory
applications.

Electrical transport analysis indicates that the conduction
mechanism adheres to a space-charge-limited current (SCLC)
model, with ohmic conduction dominating the HRS at low
voltages (0–0.4 V), followed by trap-controlled SCLC (If V2) and
a trap-lled limit at higher elds, before reverting to ohmic
behavior in the LRS. In addition to electrical switching, the
devices demonstrated reversible optical modication of resis-
tive states. Illumination with circularly polarized light reduced
the conductance by nearly one order of magnitude, shiing the
I–V characteristics to lower current levels due to photome-
chanical expansion of the polymer matrix, while subsequent
exposure to linearly polarized light restored the original
conductance through polymer contraction. This reversible
optical control was particularly pronounced at Rm = 0.05 wt%,
when conducting pathways were most susceptible to interrup-
tion. The observed behavior was attributed to trans-cis-trans
photoisomerization within the polymer, resulting in thickness
changes that disrupt or reconnect ZnO nanoparticle percolation
pathways, rather than traditional ZnO photoconductivity
effects.118 This work examined how different concentrations of
graphene oxide (GO), specically 1.5, 2.5, and 5%, affected the
optical and luminescence properties of zinc oxide nanorods
(ZnO NRs)/GO nanocomposites. Several important insights
were gained from the analyses, including photoluminescence
(PL) measurements and ultraviolet-visible (UV-Vis) absorption
spectroscopy. First, the energy band gap of the ZnO nanorods
remained constant regardless of the GO concentration. In
comparison to pure ZnO NRs, the UV-Vis spectra of the nano-
composites exhibited a redshi in absorption peaks, with the
strongest absorption occurring at approximately 370 nm. The
estimated band gap values for the ZnO NR nanocomposites
© 2026 The Author(s). Published by the Royal Society of Chemistry
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were approximately 3.10 eV. Second, the PL spectra revealed
a redshi and a notable decrease in intensity within the visible
light range, indicating a charge transfer process. Along with
broad visible emission bands spanning 500–650 nm, the PL
spectra also displayed signicant near-band-edge UV emission
in the 350–400 nm range. Finally, the estimated chromaticity
coordinates of the nanocomposites in the CIE 1931 color space
were (0.33, 0.34). These values closely resemble those of pure
white, so the authors mentioned that these nanocomposites
may be suitable for a variety of optoelectronic applications,
including commercial LED technologies.119

In conclusion, ZnO-based nanostructures possess tunable
optoelectronic properties that can be systematically modied
through controlled doping, composite engineering, and varia-
tions in nanoparticle concentration. These characteristics make
them suitable for applications in photodetection, energy
conversion, and resistive memory devices. However, their
performance is signicantly affected by factors such as the
defect density, dopant concentration, and percolation thresh-
olds, which can negatively impact charge-transfer efficiency and
operational stability.
3.3 UV protection

Owing to their signicant ultraviolet (UV) absorption and scat-
tering properties, zinc oxide (ZnO) nanoparticles are frequently
employed in a variety of applications, including sunscreens, UV-
blocking coatings, textiles, and polymers. These nanoparticles
contribute to photostability, thereby safeguarding both materials
and human skin from UV-induced damage. Moreover, their inte-
gration into textiles and packaging materials not only enhances
UV resistance but also prolongs the longevity of these products.

Zinc oxide nanoparticles (ZnO NPs) were applied to 100% of
raw cotton to prepare untreated and treated cotton textiles to
protect human skin from UV radiation. Aer that, UV-vis spec-
troscopy was used to evaluate the treatment results, quantifying
the ultraviolet protection factor (UPF) and the percentage of
transmitted radiation (%T). Cotton textiles treated with UPF
61.50% were detected to transmit 2.65% ultraviolet radiation.
Consequently, untreated cotton textiles have 1.63% of UPF and
transmit 74.56% of ultraviolet radiation. As a result, compared
with untreated cotton textiles, treated cotton textiles are highly
protective.41 The treated fabrics demonstrated a higher level of
UV protection than zinc oxide, with an increase in the UPF index
corresponding to higher silver concentrations. Additionally, the
materials exhibited a high ultraviolet protection factor (UPF) of
69.67 ± 1.53, indicating a remarkable UV-blocking ability.53

The production of nanoscale zinc oxide (ZnO) particles was
investigated, along with their effectiveness for UV protection of
cotton and polyester/cotton textiles. Untreated woven cotton
displayed UPFs of 1.05 (UV-A) and 1.07 (UV-B), whereas
untreated knitted cotton had UPFs of 0.98 (UV-A) and 1.00 (UV-
B). The untreated woven polyester/cotton (P/C) blend had UPFs
of 2.30 (UV-A) and 5.50 (UV-B), and the untreated knitted P/C
blend had UPFs of 1.80 (UV-A) and 4.40 (UV-B). These values
were signicantly enhanced by the application of ZnO nano-
particles, produced using two distinct synthesis techniques (Z1
© 2026 The Author(s). Published by the Royal Society of Chemistry
and Z2). Z1 treatment yielded UPFs of 4.92 (UV-A) and 5.23 (UV-
B) for 100% woven cotton fabrics, whereas Z2 treatment resul-
ted in UPFs of 8.45 (UV-A) and 10.29 (UV-B). For 100% knitted
cottonmaterials, Z1 treatment achieved UPFs of 4.00 (UV-A) and
4.70 (UV-B), while Z2 treatment provided UPFs of 8.80 (UV-A)
and 9.50 (UV-B). In the case of woven polyester/cotton blends,
Z1 treatment produced UPFs of 10.23 (UV-A) and 15.76 (UV-B),
and Z2 treatment yielded UPFs of 11.80 (UV-A) and 16.20 (UV-
B). For knitted polyester/cotton blends, Z1 treatment resulted
in UPFs of 9.62 (UV-A) and 14.53 (UV-B), while Z2 treatment
achieved UPFs of 11.10 (UV-A) and 15.87 (UV-B).

Overall, ZnO nanoparticles synthesized using technique Z2
consistently exhibited higher UPF values than those produced
with technique Z1. The treatment materials demonstrated
exceptional wash fastness, showing “no signicant change in
sunscreen activity” aer 25 washes. Additionally, woven fabrics
consistently outperformed knitted fabrics in terms of UV
blocking capabilities across all treatments.120 ZnO-coated cotton
textiles have been widely reported as highly effective multi-
functional materials for UV protection and self-cleaning appli-
cations, demonstrating nearly perfect ultraviolet attenuation
and substantial photocatalytic activity. The reported UV
protection factor (UPF) values for ZnO-functionalized fabrics
consistently exceed the criterion for “excellent protection”
(UPFs > 50), with some systems reaching UPF values over 800
and even 1000. Such strong UV-shielding performance is asso-
ciated with UV-A and UV-B blocking efficiencies nearing 99.9%,
far surpassing uncoated cotton fabrics, which typically exhibit
lower UPF values and visible photodegradation under pro-
longed light exposure. In addition to UV-blocking, ZnO-coated
textiles show robust self-cleaning properties under solar irra-
diation through the photocatalytic degradation of organic
stains. Optimized ZnO coatings have achieved discoloration
efficiencies of approximately 70–73% for UV-sensitive dyes like
methylene blue within the rst hour of sunlight exposure,
which rise to 84–90% aer 24 hours. These degradation rates
are nearly double those observed in previous textile-based
photocatalytic systems. ZnO-functionalized fabrics demon-
strate signicantly better stain removal than uncoated cotton,
even for more common pollutants, such as coffee stains. Aer
24 hours of light exposure, reported discoloration efficiencies
exceeded 80%, whereas untreated materials showed little to no
clearance. The development of hierarchical or ower-like ZnO
nanostructures, which provide increased surface area,
improved light harvesting, and more effective charge separa-
tion, is oen credited with these enhanced performances.121

Cotton fabric coated with ZnO nanoparticles offers signi-
cantly better UV protection compared to untreated cotton
fabric, as evidenced by lower UV transmittance values. This
improvement indicates that the treated fabric is more effective
at blocking harmful UV radiation. The UV protection properties
were assessed by measuring the transmittance curves of
samples using a PerkinElmer UV-visible spectrophotometer,
model LAMBDA 1050+, at wavelengths ranging from 200 to
700 nm. The quantitative ndings revealed a strong correlation
between UV protection and ZnO nanoparticle concentration.
For the untreated fabric, the transmittances were as follows: UV-
Nanoscale Adv.
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A (320–400 nm) at 60%, UV-B (280–320 nm) at 50%, and UV-C
(200–280 nm) at 51%. In contrast, the transmittance dramati-
cally decreased for textiles treated with ZnO nanoparticles.
Specically, Cot-1 (0.5% nano ZnO) showed a transmittance of
32% in the UV-B range, indicating 68% UV blockage, and 40%
transmittance in the UV-A region, reecting 60% UV light
blocking. Cot-2 (1.0% nano ZnO) exhibited 78% UV blocking in
the UV-B range, with a transmission of 22% in both the UV-A
and UV-B regions. The highest concentration, Cot-3 (2.0%
nano ZnO), yielded the best results with only 5% transmission
in the UV-A region and 6% in the UV-B region, corresponding to
an impressive 98% UV blockage in the UV-B range.

Overall, the fabric treated with 2% ZnO nanoparticles
demonstrated approximately 96% UV blocking. Using pub-
lished literature and the AS/NZS 4399 standard, these trans-
mittance values were converted into Ultraviolet Protection
Factor (UPF) ratings. Untreated fabric was classied as “Poor,”
with a UPF of 7 ± 2. Cot-2 (1.0% nano ZnO) received a “Good”
rating with a UPF of 20 ± 4, while Cot-1 (0.5% nano ZnO) had
a “Moderate” UPF of 12 ± 3. The Cot-3 sample (2.0% nano ZnO)
achieved an average UPF of 31 ± 3, indicating “Very Good” UV
protection. This demonstrates that increasing the concentra-
tion of nano zinc oxide signicantly enhances the UV protection
of cotton fabric.122

Strong and consistent UV protection is demonstrated by
textiles coated with biofunctionalized zinc oxide (ZnO) nano-
owers, indicating their appropriateness for functional clothing
applications. With approximately 92% UV-A and 94% UV-B
attenuation, the treated fabrics showed signicant UV block-
ing efficiency, above 90% overall, demonstrating the efficacy of
the nanoower shape in protecting against harmful radiation.
When the ultraviolet protection factor (UPF) is quantitatively
evaluated using transmission and erythemal spectral data, the
result is a UPF value of approximately 15, which is within the
“good” protection category (UPF 15–24) and equates to blocking
approximately 93.3–95.9% of incident UV light. According to
durability tests, the UPF decreased by approximately 13% aer
ve cycles of washing in distilled water, but the fabric still has
a signicant amount of UV-blocking power. From a material
standpoint, the ZnO nanoowers' direct bandgap of roughly
3.25 eV in the UV region allows for effective UV photon
absorption and electron–hole production, and their large
surface area further improves UV absorption.123 The study
found that addition of zinc oxide (ZnO) nanoparticles to cotton
fabric signicantly improved its self-cleaning and UV protection
qualities. For self-cleaning, the plasma-treated sample (P1)
exhibited a photocatalytic efficiency of approximately 77%,
while the citric acid-treated sample (P2) demonstrated a 63%
efficiency in decomposing methylene blue. This self-cleaning
effect is attributed to the ZnO photocatalyst's ability to
produce electron–hole pairs when exposed to UV light, facili-
tating redox reactions that break down dye molecules. The
plasma treatment further enhanced this effect by creating
functional groups on the fabric's surface and increasing the
density of the loaded ZnO nanoparticles.

The unloaded cotton fabric had UVA and UVB blocking
percentages of 70.92% and 76.54%, respectively, resulting in an
Nanoscale Adv.
Ultraviolet Protection Factor (UPF) of 70.02 units. Aer loading
ZnO, samples P1 and P2 exhibited signicantly higher UPF
values of 95.27 and 91.22, respectively. Specically, UVB
blocking was 94.11% for P1 and 92.65% for P2, while UVA
blocking was 95.27% for P1 and 91.22% for P2. The pre-coating
plasma treatment marginally improved the UV-blocking
capacity of the ZnO-loaded cotton fabric.124

ZnO nanoparticle-functionalized textiles exhibit signicantly
enhanced ultraviolet (UV) protection, demonstrating substan-
tial attenuation of both UV-A and UV-B radiation, with ultravi-
olet protection factor (UPF) values ranging from good to
exceptional. This efficacy is attributable to robust UV absorp-
tion, scattering mechanisms, and specically engineered
nanostructured morphologies. Although increased ZnO
loading, advanced nanostructures, and surface treatments
enhance UV-blocking effectiveness and wash durability, overall
performance is notably inuenced by factors such as nano-
particle concentration, synthesis methods, fabric architecture,
and coating uniformity. Future challenges include enhancing
long-term durability, standardizing UPF assessments, and
balancing UV protection with comfort, breathability, and envi-
ronmental safety of fabrics for widespread textile applications.
3.4 Biomedical

ZnO NPs exhibit antimicrobial, antifungal, anti-inammatory,
and anticancer properties through mechanisms such as the
generation of reactive oxygen species (ROS), the release of Zn2+

ions, and disruption of cell membranes. They are utilized in drug
delivery, wound dressings, bio-imaging, and as antimicrobial
coatings for medical devices. Antibacterial activity against E. coli
(PTCC 1270) was tested and it was found that Cu-doped ZnO
showed a higher antibacterial activity than undoped ZnO. Anti-
bacterial activity was assessed against E. coli (PTCC 1270) bacteria
for doped and non-doped zinc oxide using the agar diffusion
method. The antibacterial activity was evaluated under both dark
and visible light conditions. The authors reported that non-
doped zinc oxide exhibited limited antibacterial activity in the
dark (inhibition zone = 19.13 mm) and visible light (inhibition
zone = 15.58 mm). Moreover, doping zinc oxide with copper at
concentrations of 10% and 25% improves activity against E. coli
under both light conditions. Specically, the 10% Cu-doped zinc
oxide demonstrated inhibition zones of 25.67 mm and 17.95 mm
under dark and light conditions, respectively. Similarly, the 25%
Cu-doped zinc oxide exhibited comparable inhibition zone values
to those of the 10% Cu-doped variant, with measurements of
26.67 mm and 17.62 mm for dark (UV) and light conditions,
respectively. These results suggest that the reduction in particle
size and the narrowing of the energy band gap in doped zinc
oxide contribute to improved antibacterial activity. Furthermore,
the authors concluded that exposure of Cu-doped zinc oxide to
light appears to enhance antibacterial efficacy, potentially
through the activation of reactive oxygen species (ROS) produc-
tion as described previously.125

The antibacterial activity of Mg doped and undoped ZnO NPs
was evaluated against S. aureus bacteria and E. coli using the
agar well diffusion method. The results indicated that the Mg-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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doped ZnO NPs demonstrated zones of inhibition of 8.3 and
9.1 mm against E. coli and S. aureus, respectively, compared to
undoped ZnO NPs that revealed zones of inhibition of 7.7 and
6.1 mm against the same strains, indicating that Mg doping had
a positive effect against S. aureus bacteria and E. coli.37

Furthermore, the antimicrobial activity of co-doped ZnO NPs
showed improvement in the antimicrobial activity against
different pathogenic strains including two Gram-positive (B.
pumilis and E. faecalis), two Gram-negative (E. coli and E.
cloacae), and two fungal strains (S. cerevisiae and C. albicans).
The authors evaluated the zone of inhibition, minimal inhibi-
tory concentration (MIC), and minimal bactericidal and fungi-
cidal concentration (MBC/MFC), and the results showed that
the majority of these NPs demonstrated bactericidal and
fungicidal properties. The authors reported that modication of
ZnO with rare earth metals (La and Sm) and an alkali earth
metal (Sr) enhanced antimicrobial activity. Finally, the authors
conducted molecular docking simulations comparing pure and
doped ZnO and demonstrated that the antibacterial activity was
linked to the inhibition of DNA gyrase, the inhibition of cell wall
synthesis (Upps and Fos A), and the inhibition of biolm
formation (PqsR). This analysis aimed to identify the appro-
priate mode of action responsible for bacterial inhibition, and
the results indicated that co-doped nanoparticles exhibited
higher binding energies than pure ZnO.42

Additionally, the antibacterial activity of double-doped ZnO
incorporating iron and aluminum was evaluated at three
concentrations (5, 15, and 25 mg mL−1) against E. coli, B. sub-
tilis, and S. aureus. The results indicated that the zone of inhi-
bition increased with higher concentrations of the doped
particles and with an increased concentration of aluminum in
the doped samples, suggesting that the bacterial inhibition is
inuenced by a concentration-dependent effect. The synthe-
sized nanoparticles exhibited enhanced antibacterial activity,
especially against S. aureus. Additionally, the antioxidant
activity was determined using the DPPH assay concentrations
(25, 50, 100, 200, 400, and 800 mg mL−1), compared to ascorbic
acid. The results indicated that all samples exhibited signicant
antioxidant activity with the sample containing a high concen-
tration of aluminum demonstrating strong scavenging activity.
The percentage values ranged from 11.72 to 88.41%, compared
to ascorbic acid (15.56–90.49%).50

Furthermore, the synthesized ZnO nanoparticles exhibited
signicant antioxidant properties with inhibitory percentage
values of 85.75 ± 0.33 and 90.23 ± 0.82% at concentrations of
40 and 50 mg mL−1, respectively. In comparison, ascorbic acid
displayed inhibitory percentages of 87.89 ± 1.34 and 91.23 ±

0.82% at the same concentrations. Additionally, the IC50 values
were calculated and the results showed that ZnO NPs had an
IC50 value of 6.33 ± 3 mg mL−1, whereas ascorbic acid exhibited
an IC50 value of 5.40 ± 3 mg mL−1. These results indicate that
ZnO NPs possess robust antioxidant activity, comparable to that
of the standard drug ascorbic acid. Additionally, the anti-
inammatory activity of ZnO NPs was evaluated by
a membrane stabilization assay, and the results revealed that
ZnO exhibited an effect of 53.05 ± 1.06%, which was slightly
lower than that of sodium diclofenac, which had an inhibitory
© 2026 The Author(s). Published by the Royal Society of Chemistry
percentage value of 57.14% ± 0.91% at 10 mg mL−1. Moreover,
the authors reported that at high concentrations of 40 and 50 mg
mL−1, the ZnO NPs showed an inhibitory percentage that was
comparable to or even exceeded that of diclofenac sodium in
terms of membrane stabilization. The antibacterial activity of
ZnO NPs was evaluated against various wound pathogens,
including Pseudomonas species, E. coli, and S. aureus at different
concentrations (25, 50, and 100 mg mL−1) and exhibited
signicant antibacterial activity as well as inhibited the forma-
tion of biolms. The ZnO NPs were evaluated in time-kill assays
against three wound pathogens: S. aureus, P. aeruginosa, and E.
coli. The results showed a signicant reduction in bacterial
count. A study on the toxicity of zebrash embryonic nano-
particles revealed minimal toxicity at concentrations ranging
from 5 to 20 mg mL−1; however, higher concentrations (40 to 80
mg mL−1) negatively impacted hatching and survival rates. In
addition to promoting accelerated tissue regeneration, in vitro
wound healing assays demonstrated enhanced migration and
proliferation of broblasts.51

The coated ZnO and Ag/ZnO nanocomposites demonstrated
excellent antibacterial activity, particularly against S. aureus,
which persisted even aer 20 wash cycles. Firstly, the antibac-
terial activity of fabric-coated ZnO and Ag/ZnO nanocomposites
was evaluated against S. aureus and E. coli using the agar well
diffusion method. The results revealed that modifying ZnO with
silver to form Ag/ZnO NPs produced strong antibacterial
activity, with inhibition zone (IZ) values of 26.21 ± 1.53 mm
against S. aureus and 13.02 ± 1.00 mm against E. coli. In
contrast, the ZnO NPs exhibited no zone of inhibition under the
same conditions. Furthermore, treating the fabric with Ag/ZnO
NPs resulted in excellent zones of inhibition, measuring 55.48±
2.52 mm against S. aureus and 36.24± 2.08 mm against E. coli.53

Furthermore, it was reported that the synthesized ower-like
zinc oxide nanostructures demonstrated good antibacterial
activity with an MIC/MBC value of 25 mg L−1 against E. coli
(strain ATCC 25922) and S. aureus (strain ATCC 25923).55

Besides, the synthesized copper-doped and undoped ZnO NPs,
used as new anticancer agents against G-292 (bone cancer) and
MRC-5 (normal lung broblast) cells aer 24 and 72 h of
exposure, were evaluated for their cytotoxic and anticancer
properties using both in vitro and in vivo assays. The Cu-doped
ZnO nanoparticles exhibited greater cytotoxicity compared to
the undoped ZnO and showed moderate anticancer activity
against the tested cell lines.56

On the other hand, two types of ZnO NPs: one capped with
poly(N-vinylpyrrolidone) (PVP) and the other without PVP, were
used to assess the antifungal activity against Phytophthora
capsica, which was isolated from infected pepper plants and
measured as the percentage of growth inhibition (E%). The PVP-
capped ZnONPs showed signicant inhibition of fungal growth
indicating that the activity increased with increasing the incu-
bation time.57 In vitro cytotoxicity of the nanocomposites (PEG/
PVA/ZnO nanocomposites and PEG/PVA) was assessed using
the MTT assay on MCF-7 cells. The results indicated that PEG/
PVA/ZnO reduced cell viability to 91%, compared to 98% for
PEG/PVA and 100% for the control group. This suggests that the
presence of ZnO nanoparticles enhances the cytotoxic activity of
Nanoscale Adv.
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the nanocomposite. Furthermore, the application of PEG/PVA
hydrogel encapsulated with ZnO nanoparticles shows signi-
cant promise for pH-sensitive controlled drug release.69

The leaf extract of Senecio chrysanthemoides was utilized as
a reducing agent in the synthesis of biosynthesized ZnO NPs.
Furthermore, researchers had compared the anti-inammatory
properties of biosynthesized ZnO NPs with those of diclofenac
sodium using the heat-induced hemolysis method (human red
blood cells). The experimental results demonstrated that the
biosynthesized ZnO NPs exhibited signicant anti-
inammatory activity at relatively high concentrations,
achieving a 73.01% inhibition compared to that of the leaf
extract (70.31%) and standard drug (86.71%), respectively.97

Zinc oxide nanoparticles (ZnO NPs) were synthesized through
a biosynthetic method with an extract derived from the leaves of
Veronica multida. The researchers tested the biosynthesized
ZnO NPs on microorganisms to investigate their antimicrobial
activities. The antimicrobial activity was evaluated against
Gram-positive strains, including S. aureus, B. subtilis, and B.
licheniformis, as well as Gram-negative strains such as E. coli, P.
aeruginosa, and S. typhimurium, utilizing the agar well diffusion
method. Notable antibacterial activity was observed at
a concentration of 2.5 mg mL−1. MIC and MBC were deter-
mined, revealing a pronounced bacteriostatic effect rather than
a bactericidal effect on the tested strains. Additionally, the
antibiolm activity of ZnO NPs was assessed against S. aureus
and P. aeruginosa, demonstrating inhibition of biolm forma-
tion in a dose-dependent manner. Finally, the authors
concluded that the biosynthesized ZnO NPs exhibited antimi-
crobial activity against both Gram-negative and Gram-positive
bacteria and effectively inhibited the biolm formation of P.
aeruginosa and S. aureus.98

Furthermore, the biosynthesized ZnO NPs were prepared
utilizing phytochemicals derived from an aqueous leaf extract
of Salvia officinalis in conjunction with a zinc nitrate solution.
The in vitro antifungal activity was evaluated against two stan-
dard C. albicans strains (coded as SC5314 and 4175) and one
resistant isolate C. albicans (5112). The results revealed that ZnO
NPs showed MIC values of 1.95 mg mL−1 against C. albicans
(SC5314) and C. albicans (4175) compared to uconazole, which
exhibited MIC values of 0.25 and 0.125 mg mL−1 against the
same strains. Moreover, the bio-fabricated ZnO NPs demon-
strated an MIC value of 7.81 mg mL−1 and MFC value of 31.25 mg
mL−1 compared to uconazole (MIC = 64 mg mL−1) against
uconazole-resistance strains. The authors further investigated
the mechanism of action of ZnO NPs on antifungal activity by
examining estrogen biosynthesis in various strains of C. albi-
cans. Their ndings revealed that bio-fabricated ZnO NPs
signicantly reduced estrogen biosynthesis in a dose-
dependent manner compared to untreated control cells.
Specically, the study reported a decrease in ergosterol content
of 59–69%, 63–74%, and 87–98% at 1/4 MIC, 1/2 MIC, and MIC
of ZnO NPs, respectively. The morphological study using SEM
on C. albicans (SC5314) was conducted with bio-fabricated ZnO
NPs. The results showed a disruption of membrane integrity,
indicating that the synthesized ZnO NPs exhibited multiple
Nanoscale Adv.
drug targets and were ultimately developed as a novel anti-
fungal agent.99

On the other hand, the aqueous extract of Punica granatum
peel for the biosynthesis of ZnO NPs was evaluated for their use
as antimicrobial agents. The antimicrobial activity was tested
using Gram-positive bacteria (S. aureus ATCC 6538 and B. sub-
tilis ATCC 6633), Gram-negative bacteria (P. aeruginosa ATCC
9022 and E. coli ATCC 8739), and unicellular fungi (C. albicans
ATCC 10231). The synthesized ZnO NPs exhibited their activity
in a dose-dependent manner with MIC values ranging between
6.25 and 12.5 mg mL−1. The bio-synthesized ZnO-NPs were
highly effective against P. aeruginosa, as indicated by large
inhibition zones and low MIC values. This was followed by
notable activity against S. aureus, E. coli, and C. albicans under
light conditions.101 Additionally, through bio-reduction of zinc
nitrate, zinc oxide nanoparticles were synthesized in the pres-
ence of the siderophore pyoverdine, which is produced by
Pseudomonas aeruginosa. The synthesized ZnO NPs demon-
strated signicant antibacterial activity against both Gram-
positive bacteria (S. aureus and Bacillus sp.) and Gram-
negative bacteria, including E. coli. Additionally, they showed
fungicidal effects against various phytopathogenic fungi, such
as Fusarium sp., Rhizoctoniasolani, and Penicillium sp., and the
results were obtained as zones of inhibition, which revealed
that the activity increased with an increase in the concentration
of ZnO (25–100 mg per well). With 100 mg of ZnONPs in an 8 mm
agar well, the antibacterial activity exhibited a zone of inhibi-
tion of 28 mm against Bacillus sp., followed by 24 mm against E.
coli and 21 mm against S. aureus. In terms of antifungal activity,
the maximum zone of inhibition was observed against R. solani
at 65mm, followed by Penicillium sp. at 53 mm and Fusarium sp.
at 48 mm.107

The Bacillus cereus strain was utilized to synthesize zinc
oxide nanoparticles employing eighteen bacterial isolates. The
antimicrobial activity of biosynthesized ZnO NPs was evaluated
against three multidrug-resistant bacteria: S. aureus (BTCB203),
E. coli (BTCB201), and S. typhi (BTCB202). The results indicated
that the inhibitory effect of zinc oxide nanoparticles increased
with concentration. For E. coli, the ZnO NPs demonstrated an 8-
fold increase in activity at a concentration of 0.6 mg mL−1

compared to 0.1 mg mL−1. In the case of S. aureus, the activity of
the synthesized ZnO NPs resulted in an 11-fold increase in the
inhibitory zone at a concentration of 0.3 mg mL−1, whereas no
zones of inhibition were observed at 0.1 and 0.2 mg mL−1.
Additionally, for S. typhi, the ZnO NPs at a concentration of 0.6
mg mL−1 produced an inhibitory zone of 24 mm, which was
1.71-fold greater than that observed at 0.2 mg mL−1, whereas no
inhibitory zone was detected at 0.1 mg mL−1.108

The antibacterial activity of ZnO NPs derived from the cell-
free supernatant (CFS) and cell biomass (CB), abbreviated as
ZnO NPs-CFS and ZnO NPs-CB, was evaluated against Gram-
negative bacteria (E. coli and Salmonella sp.) and Gram-
positive bacteria (S. aureus and S. epidermidis) using the agar
well diffusion method, with results expressed in millimeters
(mm). This was followed by determining MIC and MBC
expressed in mg mL−1. As the concentration of ZnO NPs
increased, the inhibitory effect also increased, indicating that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the biosynthesized ZnO NPs exhibited varying degrees of anti-
bacterial activity.

Generally, ZnO NPs-CB exhibited higher activity than ZnO
NPs-CFS, as indicated by the MIC values. ZnO NPs-CB showed
the best MIC value against S. aureus (MIC = 312.5 mg mL−1,
MBC = 2500 mg mL−1) and E. coli (MIC = 625 mg mL−1, MBC =

8000 mg mL−1), while ZnO NPs-CFS had MIC values of 2500 mg
mL−1 against S. aureus and S. epidermidis, and 2500 mg mL−1

against E. coli and Salmonella sp. The ZnO NPs-CFS revealed
MBC values of 2500 mg mL−1 against S. aureus and S. epi-
dermidis, while showing MBC values of 4000 mg mL−1 against E.
coli and 8000 mg mL−1 against Salmonella sp. The biocompati-
bility of ZnO NPs-CFS and ZnO NPs-CB was assessed using the
MTT assay on Vero cells. The results indicated IC50 values of
55.0 mg mL−1 for ZnO NPs-CFS and 100.0 mg mL−1 for ZnO NPs-
CB, which may be attributed to the unique nanoower
morphology of the nanoparticles.109 The antibacterial activity of
the ZnO nanoparticles showed a clear inhibition zone when
tested against the bacterial phytopathogen Xanthomonas oryzae
pv. oryzae at a concentration of 100 mg mL−1. However, at lower
concentrations, they did not produce distinct inhibition zones.
In addition, the antifungal activity of ZnO nanoparticles was
evaluated against Alternaria sp., and the results demonstrated
a dose-dependent inhibition of fungal growth, with maximum
inhibition of 92.22% observed at 250 mg mL−1.110

Furthermore, the biological activity of the synthesized ZnO-
NPs against pathogenic microbes, including both Gram-
positive and Gram-negative bacteria, as well as fungal strains,
was accessed and the results showed that the ZnO NPs exhibited
signicantly higher antibacterial efficacy compared to bulk zinc
acetate (Zn(CH3COO)2$2H2O). The antimicrobial activity of the
ZnO-NPs was evaluated using the agar well diffusion method,
revealing their effectiveness against pathogenic microbes. At
a concentration of 200 ppm, the measured zones of inhibition
were as follows: S. aureus 12.3 ± 0.9 mm, B. subtilis 29.3 ± 0.3
mm, E. coli 19.2 ± 0.3 mm, P. aeruginosa 11.7 ± 0.2 mm, and C.
albicans 22.3 ± 0.3 mm. The synthesized ZnO NPs demon-
strated MIC values of 200 ppm against P. aeruginosa and S.
aureus while exhibiting MIC values of 50 ppm for C. albicans, E.
coli, and B. subtilis. The biosynthesized ZnO nanoparticles
exhibited markedly higher mortality rates in Culex pipiens,
achieving a mortality rate of 100 ± 0.0% at a concentration of
200 ppm aer 24 hours. In comparison, zinc acetate at the same
concentration and duration induced a mortality rate of only
44.3 ± 3.3%.111

Zinc oxide (ZnO)-based nanomaterials are characterized by
a diverse array of biological activities, which encompass anti-
bacterial, antifungal, anti-inammatory, antioxidant, and anti-
cancer properties. These activities are primarily attributed to
mechanisms such as the generation of reactive oxygen species,
the release of Zn2+ ions, and the disruption of cellular and
biomolecular structures. Various techniques, including doping,
co-doping, surface modication, and bio-fabrication, have been
employed to enhance their biological efficacy. However, the
performance of these nanomaterials is signicantly inuenced
by several factors, including nanoparticle concentration,
morphology, and exposure conditions, with toxicity becoming
© 2026 The Author(s). Published by the Royal Society of Chemistry
evident at elevated doses. Although these materials demon-
strate substantial in vitro efficacy, their limited effectiveness in
vivo, coupled with variability in biological assays and dose-
dependent safety concerns, poses signicant challenges that
continue to impede their potential for biomedical applications.
3.5 Industrial

Zinc oxide nanoparticles (ZnO NPs) are extensively utilized in
various industrial applications, including rubber, plastics, adhe-
sives, coatings, and chemical catalysis. They function as ultravi-
olet (UV) stabilizers, antimicrobial agents, and functional llers,
thereby improving the performance and durability of industrial
products. Furthermore, ZnO NPs are employed in sensor tech-
nology and packaging materials to increase food safety.

The ZnPCP (ZnO@plant polyphenols/cellulose/polyvinyl
alcohol) bio-composite material has been developed as an
innovative active food packaging solution, offering numerous
advantages for extending food shelf life and ensuring safety. Its
antibacterial properties, improved water resistance, light-
shielding capabilities, antioxidant effects, and ability to
preserve food freshness make it particularly suitable for food
packaging applications. ZnPCP lms exhibit exceptional UV
and visible light shielding properties. The bio-composite
signicantly diminishes light transmission, whereas a pure
polyvinyl alcohol (PVA) lm permits approximately 80% UV
light and 90% visible light to pass through. Plant polyphenols
(PPLs) alone provide adequate light shielding; however, at
a modest dosage of 0.2 weight percent ZnO@PPL/cellulose
(ZnPCP-2), only 3% of UV light and 25% of visible light can
penetrate the lm. Increasing the dosage to 0.8% (ZnPCP-8) and
1% (ZnPCP-10) ZnO@PPL/cellulose enhances the lms' capa-
bility to block nearly all UV and visible light. This improved light
shielding is instrumental in preventing food deterioration
resulting from light exposure.

ZnPCP lms exhibit strong antibacterial activity against
common food spoilage bacteria, particularly Gram-positive S.
aureus and Gram-negative E. coli. In contrast, the PVA lm
shows minimal antibacterial activity. The ZnPCP-10 lm, with
the highest concentration, displays the most signicant anti-
bacterial effects, with inhibition zones of 4.4 mm against E. coli
and 6.3 mm against S. aureus. This efficacy is attributed to the
combined action of cellulose, ZnO (which generates reactive
oxygen species), and PPL (which contains phenolic groups). The
water content of ZnPCP lms was approximately 9.4%, similar
to that of PVA (9.86%), indicating that the addition of
ZnO@PPL/cellulose has a negligible effect on the water content.
However, compared with PVA, ZnPCP lms exhibited reduced
water solubility (ranging from 8.9% to 6.6% with increasing
dosage), suggesting enhanced water resistance due to interac-
tions between PPL, cellulose, and PVA.

Furthermore, ZnPCP lms possess superior water-vapor
barrier properties compared with those of PVA. The water
vapor permeability (WVP) for PVA is 12.7 g m−2 h−1, whereas for
ZnPCP lms it ranges from 10.8 to 7.5 g m−2 h−1. A lower WVP
minimizes water transfer between food and the environment,
which is essential for food preservation. The antioxidant activity
Nanoscale Adv.
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of the lms was evaluated by their ability to scavenge DPPH free
radicals. The ZnPCP-10 lm exhibited a radical scavenging
activity of 40.2%, indicating good oxidation resistance and the
potential to extend food shelf life. Compared to control or PVA-
packaged apple slices, ZnPCP lms signicantly reduced weight
loss and delayed browning. Apple slices in PVA bags showed
noticeable caramelization aer 48 hours, while those exposed to
air browned within 24 hours. In contrast, apple slices wrapped
in ZnPCP lm only slightly browned aer 72 hours, demon-
strating superior food preservation capabilities.126

Gelatin lms containing 10% nanobers and 5% ZnO
nanoparticles exhibited signicant antibacterial activity while
maintaining the organoleptic characteristics of cheese and
chicken llets. Bovine skin gelatin composite lms containing
2% zinc oxide nanorods (under 100 nm) and clove essential oil
enhanced shrimp shelf life. Carboxymethyl cellulose (CMC)
coatings with varying ZnO nanoparticle concentrations (0, 5, 10,
20, and 40% w/v) effectively reduced fungal growth and black
spots on tomato and persimmon fruits, using ZnO nano-
particles with a size range of 25–55 nm. CMC, okra mucilage,
and ZnO nanoparticle-containing nanocomposite lms also
prolonged the shelf life of chicken breast meat. Chitosan–
cellulose acetate phthalate lms with 5% ZnO nanoparticles (30
nm) extended black grapefruit shelf life by up to nine days.
Chitosan/CMC/ZnO lms containing 2%, 4%, and 8% ZnO
nanoparticles extended the shelf life of Egyptian so white
cheese for 30 days of storage at 7 °C. Polybutylene succinate
(PBS) composite lms with 2 to 10 weight percent ZnO nano-
particles (10 nm) produced inhibition zones of 1.31 cm and
1.25 cm, respectively, with 6% ZnO nanoparticles needed to
inhibit E. coli and S. aureus.

Otolithes ruber sh, which demonstrated reduced Zn 2+

migration below standard limits, experienced an extension of
their shelf life through the application of PLA/ZnO nano-
particles infused with essential oils. The shelf life of green
grapes was signicantly prolonged by agar-ZnO nanocomposite
lms, characterized by an average ZnO nanoparticle size of
24.75 ± 0.78 nm; lms incorporating 2% and 4% ZnO nano-
particles maintained a fresh appearance for durations of up to
14 and 21 days, respectively. Over a storage period of 72 days,
semolina our lms containing rod-type ZnO (50–100 nm in
diameter and 0.5–2 mm in length) and nano kaolin effectively
inhibited microbial growth while preserving the sensory attri-
butes of mozzarella cheese. LDPE/ZnO nanocomposites, con-
taining 1%, 3%, and 5% ZnO nanoparticles in conjunction with
10% polyethylene-graed maleic anhydride, extended the shelf
life of strawberries in petroleum-based applications, maintain-
ing microbial counts below 5 log CFU g−1 for 16 days. Addi-
tionally, the shelf-life of fresh lemon juice was enhanced by the
addition of 70-nm ZnO nanoparticles to polypropylene (PP)
sheets at concentrations of 0.5, 1, 3, and 5%.127

A recent study reported the presence of nanoparticles in all
twenty cosmetic products examined. Specically, een
samples of zinc oxide (ZnO) and nineteen samples of titanium
dioxide (TiO2) were found to comply with the European Union
criteria for nanomaterials, which stipulates that more than y
percent of the particles must be smaller than 100 nanometers.
Nanoscale Adv.
The TiO2 nanoparticles exhibited geometric mean diameters
ranging from 71.4 to 112 nanometers, with weight concentra-
tions between 1% and 30.7%. In contrast, the ZnO nanoparticle
concentration ranged from 1% to 9.14%, and the geometric
mean diameter ranged from 57.7 to 144.4 nm.128 By altering
synthesis parameters, such as the choice of starting materials,
potassium hydroxide (KOH) concentration, and input speed,
researchers have successfully synthesized various morphologies
of ZnO particles, including needle-, planar-, and vertical-wall
types. The D50 (average particle size) values for the produced
non-nanosized particles ranged from 0.13 mm for low aspect
ratio (LAR) needle-type ZnO to 0.36 mm for high aspect ratio
(HAR) planar-type ZnO. Specically, HAR needle-type ZnO
measured 400 nanometers in length and 50 nanometers in
thickness, while LAR needle-type ZnO measured 100 nanome-
ters in length and 50 nanometers in thickness. The planar-type
ZnO particles exhibited lengths ranging from 200 to 700 nano-
meters and thicknesses between 15 and 30 nanometers, with
vertical wall-type ZnO particles measuring 150 nanometers in
length and 20 nanometers in thickness. All measurements
conrmed that these particles adhered to non-nanosized stan-
dards by exceeding 100 nanometers in all dimensions.

Furthermore, the synthesized powders exhibited higher
crystallinity than commercially available nanosized zinc oxide
(ZnO). The individual ZnO powders demonstrated signicant
light absorption and ultraviolet (UV) blocking efficiency. Within
the 200–600 nm wavelength range, low aspect ratio (LAR)
needle-type ZnO achieved the highest light absorption rate at
98.1%, while the high aspect ratio (HAR) planar-type ZnO
exhibited the lowest absorption rate at 82.7%. The vertical wall-
type particles absorbed 93.2% of the light. In contrast to bulk
ZnO, which possesses an optical band gap (Eg) of approximately
3.37 eV, the synthesized powders exhibited a band gap range of
3.06 to 3.15 eV. A 1 : 1 combination of LAR needle-type ZnO and
vertical wall-type ZnO demonstrated remarkable performance
in cosmetic formulations. This blended powder achieved low
light transmission rates of 1.7% in the UVB range and 3.8% in
the UVA range, providing excellent light-blocking capabilities.
The 1 : 1 blended powder resulted in a sun protection factor
(SPF) of 40.3± 2.6 (SPF40) and a Protection Grade of UVA (PA) of
8.2 ± 1.2 (PA+++) in in vivo testing.129

Recent research has identied zinc oxide–cellulose nano-
ber (ZnO–CNF) hybrid materials as highly promising candi-
dates for cosmetic applications, particularly in sunscreen
formulations, due to their improved safety proles and superior
optical performance. The ZnO–CNF hybrids achieved enhanced
safer-by-design structures, resulting in high absorbance values
of approximately 3.05 a.u. in the UV-B region and 2.80 a.u. in the
UV-A region, demonstrating exceptional UV-blocking efficiency.
This improved shielding efficacy is primarily due to the
controlled size and uniform distribution of ZnO nanoparticles
adsorbed onto the CNF surface, which enhances UV absorption
while minimizing aggregation. Notably, the ZnO–CNF hybrid
exhibited minimal photocatalytic activity, degrading rhoda-
mine B by only 8.8% under irradiation, indicating limited
production of reactive species. Such inhibited photocatalysis is
critical for cosmetic safety, as UV lters with high photocatalytic
© 2026 The Author(s). Published by the Royal Society of Chemistry
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activity can exacerbate skin photodamage and compromise
formulation integrity. The CNF matrix serves as both a physical
and chemical barrier, restricting radical production by pre-
venting charge transfer from photoexcited ZnO. Additionally,
the high aspect ratio and network structure of CNFs likely
impede the penetration of ZnO nanoparticles into the skin,
addressing a signicant safety concern associated with nano-
scale UV lters.130

The nanoparticle-polymer composite of zinc oxide (ZnO)
exhibited multifunctional properties, encompassing robust
antibacterial efficacy, antioxidant capabilities, and improved
water and light barrier performance, thereby rendering it an
exemplary candidate for active food packaging applications. Its
ability to block ultraviolet and visible light, reduce water vapor
permeability, and mitigate food browning surpasses that of
traditional packaging materials. Empirical evidence from
analogous nanoparticle-polymer systems indicates that particle
size, shape, and concentration play signicant roles in deter-
mining antibacterial activity and extending shelf life. None-
theless, challenges remain in achieving uniform distribution of
nanoparticles and ensuring consistent performance across
diverse food matrices.
3.6 Agriculture

In agriculture, zinc oxide nanoparticles (ZnO NPs) are used as
nanofertilizers, seed priming agents, and foliar applications.
These nanoparticles have been shown to enhance germination
rates, promote vegetative growth, increase tolerance to abiotic
stresses such as drought and salinity, and simultaneously
improve nutrient uptake. Moreover, ZnO NPs offer protection
against a range of plant pathogens and play a signicant role in
the remediation of agronomic soils.

The use of nanoscale ZnO particles as seed treatments
resulted in signicant, concentration-dependent enhance-
ments in the performance of fodder maize. Coating seeds with
20 mg L−1 ZnO NPs resulted in the most substantial improve-
ments in vegetative growth, as evidenced by the highest
measurements of plant height, shoot biomass, fresh root
weight, and total stover yield, surpassing both bulk ZnSO4 and
untreated control groups. Furthermore, seed coating demon-
strated greater efficacy than seed priming in increasing leaf
number and plant height. ZnO nanoparticles applied at
a concentration of 40 mg L−1 maximized the availability of soil
nitrogen (N), phosphorus (P), and potassium (K), whereas the
20 mg L−1 concentration resulted in the highest soil zinc (Zn)
content. Both ZnO nanoparticles and bulk ZnSO4 treatments
effectively increased NPK and Zn concentrations in maize
shoots and roots. Seed priming increased neutral detergent
ber and hemicellulose content, while seed coating raised acid
detergent ber and cellulose levels; notably, ZnO nanoparticles
at 40 mg L−1 signicantly increased both neutral detergent ber
and cellulose. Photosynthetic pigments, including total chlo-
rophyll and carotenoids, reached their peak levels at 60 days
post-sowing, particularly in response to the 20 mg L−1 ZnO NP
treatment. The addition of 40 mg L−1 ZnO nanoparticles to the
soil signicantly enhanced nutrient availability and biological
© 2026 The Author(s). Published by the Royal Society of Chemistry
activity, leading to increased levels of available N, P, K, and Zn,
as well as higher populations of benecial microorganisms
(including bacteria, fungi, pseudomonas, actinobacteria, and
non-symbiotic nitrogen xers), and improved activities of
dehydrogenase, acid phosphatase, and alkaline phosphatase.131

The application of ZnO nanoparticles at various concentra-
tions signicantly enhanced wheat growth, productivity, and
physiological functions. At a concentration of 25 mg L−1, plant
height increased by 23%, whereas increases of 13.8, 10.7, and
21.4% were observed at 50, 100, and 200 mg L−1, respectively.
The number of leaves increased by 32% at 25 mg L−1, 12% at
50 mg L−1, and 8% at 200 mg L−1. Leaf area exhibited
substantial increases of 153% at 25 mg L−1, 83% at 50 mg L−1,
and between 104% and 129% at 100–200 mg L−1. Root and
shoot growth were signicantly stimulated, with root length
increasing by up to 93% at 200 mg L−1 and shoot length
increasing by 30–38.9% across the 25–200 mg L−1 treatments.
Biomass accumulation improved markedly with increasing ZnO
nanoparticle concentration, with fresh weight increases ranging
from 18% to 241% and dry weight increases ranging from 38%
to 194.3%. Yield-related characteristics also showed improve-
ments, including spike length (up to 27.2% at 25 mg L−1),
spikelets per spike (up to 25% at 200 mg L−1), grains per spike
(ranging from 108% to 235% across treatments), and grain
weight (an increase of 15.4% to 42%). Chlorophyll content
increased by up to 57%, carotenoid levels rose by 62% to 196%,
and grain protein content increased by 26.8% at 100 mg L−1.
Proline content increased by up to 3.5%, while the activities of
antioxidant enzymes such as peroxidase (12% at 50 mg L−1),
superoxide dismutase (up to 79.7% at 100 mg L−1), and catalase
(up to 39% at 50 mg L−1) demonstrated signicant stimulation,
indicating an enhancement of stress-related metabolites and
antioxidant defenses.132

Approximately one-third of arable soils worldwide are decient
in zinc, which adversely affects human nutrition. In soils located
in arid regions, the availability of zinc typically ranges from 0.1 to
2.0 mg kg−1. Excessive application of phosphate fertilizers can
exacerbate zinc deciency in plants, leading to imbalanced
nutrient levels. Zinc plays a critical role in over 300 physiological
processes and is an essential trace element for plant growth.
Research indicates that the topical application of ZnO nano-
particles is more effective than traditional soil application for
enhancing crop yield. Specically, the application of 50 ppm ZnO
nanoparticles in conjunction with the maximum recommended
dose of phosphorus fertilizer (100% P) yielded a signicant
increase in crop productivity, with yields 1.4 times greater than
those of the control treatment with 100% P alone and 1.9 times
greater than the control treatment lacking both zinc and phos-
phorus. Under these conditions, soybean grain yields reached
2369.4 kg fed−1, while wheat yields increased to 6171 kg fed−1.

Furthermore, the application of ZnO nanoparticles improved
crop quality by increasing the levels of protein, carbohydrates,
crude lipids, nitrogen, phosphorus, potassium, and zinc in both
soybean and wheat. The oil content in soybeans increased to
22.83% and 23.09% with foliar applications of 5 mg L−1 and
50 mg L−1 nano zinc, respectively, whereas protein content
increased to 39.29% and 39.48%. In wheat, the carbohydrate
Nanoscale Adv.
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content reached 74.96% and 74.68%, and the protein content
reached 13.42% and 13.29% with the foliar application of
50 mg L−1 nano Zn and 100% P. Post-harvest soil analysis
revealed that the incorporation of nano Zn and phosphorus
fertilizers increased the soil concentrations of zinc and phos-
phorus. In contrast, foliar spraying resulted inminimal changes
in soil nutrient levels, accompanied by a slight reduction in
nitrogen concentration.133

The application of ZnO nanoparticles showed dose-dependent
effects on soil properties, nutrient accumulation, and potato
performance. Low treatment rates (#200 mg kg−1) signicantly
enhanced vegetative growth, increasing plant height by 23.11%
and leaf dry weight by 19.90%. In contrast, higher concentrations
($500 mg kg−1) decreased growth indices. Mean tuber weight
increased with ZnO NP treatments, but overall biomass produc-
tion and the number of tubers per plant declined. The highest
dose (800 mg kg−1) produced fewer tubers but resulted in the
highest individual tuber mass, a 56.61% increase compared to
the control. All treatments with ZnO NPs improved marketable
production by shiing the tuber size distribution toward larger
tubers, with the 200 mg kg−1 treatment yielding the most
balanced results. Zinc concentrations in potato tissues increased
in line with ZnO NP concentration, peaking at 800 mg kg−1.
Notably, zinc accumulation increased by 1915% in roots, 2140%
in stems, 514% in leaves, 1970% in stolons, and 149% in tubers
compared to the control group. Soil analyses indicated that the
highest dosage of ZnO NPs increased soil pH and decreased total
organic carbon by 13.33%, while all treatments led to a reduction
in soil ammonium-N and nitrate-N, without signicantly
affecting total nitrogen levels. The 500 mg kg−1 treatment
increased available soil phosphorus to 1.25 times the control
value. Low ZnO NP application (50 mg kg−1) slightly increased
bacterial diversity, whereas higher concentrations suppressed it.
Additionally, ZnO NP treatments reduced fungal diversity
compared to the control.134

Salinity stress negatively impacts the growth of wheat and
rice by increasing Na+ accumulation in roots, shoots, and grains
by up to threefold. This stress also resulted in decreased K+

levels and a reduced K+/Na+ ratio, disrupting nutrient balance
and adversely affecting crop production. Furthermore, zinc
deciency exacerbated reductions in crop yields, particularly in
cereal-based diets, despite zinc's critical role in over 300 enzy-
matic and structural processes in plants. The application of
ZnO nanoparticles (20–60 nm in size, with an average crystallite
size of approximately 22.96 nm and spherical particles aver-
aging 51 nm) signicantly improved zinc biofortication and
overall plant performance under both normal and saline
conditions, outperforming traditional zinc sources. Under
salinity stress, the grain zinc concentration in wheat increased
from 18.5 to 45.7 mg kg−1 with ZnO-NP treatment, whereas it
increased from 25.6 to 52.9 mg kg−1 under normal conditions.
In rice, the shoot zinc concentration increased from 15 to 25 mg
kg−1 under saline stress and from 22 to 34 mg kg−1 under
nonsaline conditions. Additionally, the growth and yield char-
acteristics signicantly increased. Under normal conditions,
the wheat plant height increased by 6.04%, the number of tillers
per pot increased by 17.39%, the grain yield increased by
Nanoscale Adv.
31.53%, and the total chlorophyll content increased by 7.25%.
These benets were even more pronounced under saline
conditions. In rice, notable improvements included a 12.08%
increase in shoot length, a 37.25% increase in the number of
tillers per pot, a 64.66% increase in paddy yield, and a 5.08%
increase in total chlorophyll content.135

Nanoscale ZnO particles consistently increase crop growth,
yields, nutrient uptake, and stress tolerance across various plant
species, demonstrating pronounced concentration-dependent
effects. Foliar treatments and seed coatings generally exhibit
greater effectiveness than soil applications and priming in
improving vegetative growth, photosynthetic pigments, and
biochemical markers, including antioxidant content and protein
concentration. The observed increase in nutrient uptake corre-
lated with increased soil microbial activity and enzyme function,
leading to increased soil fertility and plant health. However, it is
imperative to optimize dosage, as excessively high concentrations
of ZnO nanoparticles may diminish growth indices, microbial
diversity, and overall biomass. Collectively, these ndings
suggest that nanoscale ZnO has the potential to enhance crop
productivity, nutritional quality, and resilience under both
optimal and stress conditions.

4 Conclusion

In recent years, there has been growing scholarly interest in the
green synthesis of zinc oxide nanoparticles (ZnO NPs) using
plant extracts and microorganisms, owing to their environ-
mental sustainability, reduced toxicity, and cost-effectiveness.
Bio-assisted synthesis offers enhanced sustainability and
biocompatibility compared to traditional chemical methods,
which oen rely on hazardous reagents, while facilitating
precise control over nanoparticle size, shape, and crystallinity.
Research has demonstrated that reaction parameters, including
the type of biological agent, pH, temperature, and concentra-
tion, signicantly impact the size, shape, and uniformity of
nanoparticles. Nevertheless, several challenges persist,
including low yield, poor reproducibility, difficulties in scaling
up production, and limited understanding of the mechanisms
governing biomolecule-mediated reduction, capping, and
stabilization. Future investigations should prioritize hybrid
methodologies that enhance control over nanoparticle proper-
ties through mechanistic studies, rigorous improvements in
biological procedures, and the ecological advantages of green
synthesis in conjunction with the precision of chemical tech-
niques. Moreover, the development of scalable, efficient, and
environmentally benign ZnO nanoparticles for applications in
energy, agriculture, medicine, and environmental remediation
will necessitate interdisciplinary collaboration among chem-
ists, materials scientists, biologists, and engineers. By bridging
the gap between laboratory-scale research and industrial
applications, these initiatives can ultimately augment the
sustainability and efficacy of ZnO nanoparticles.
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Abbreviations
ZnO NPs
© 2026 The Auth
Zinc oxide nanoparticles

XRD
 X-ray diffraction

FESEM
 Field emission scanning electron microscopy

SEM
 Scanning electron microscopy

EDS
 Energy dispersive spectroscopy

EDX
 Energy-dispersive X-ray spectroscopy

XPS
 X-ray photoelectron spectroscopy

UV-Vis
 Ultraviolet-visible spectroscopy

FT-IR
 Fourier-transform infrared spectroscopy

TEM
 Transmission electron microscopy

BET
 (Brunauer–Emmett–Teller) surface area

analysis

DLS
 Dynamic light scattering

PL
 Photoluminescence spectroscopy

TGA/DTG
 Thermogravimetric/differential scanning

calorimetry analysis

TGA
 Thermogravimetric analysis

ZP
 Zeta potential

VSM
 Vibrating-sample magnetometry

UV protection
 Ultraviolet protection

SPR
 Surface plasmon resonance

UPF
 Ultraviolet protection factor

RR43
 Reactive red 43 dye

MO
 Methyl orange dye

MB
 Methylene blue dye

PEG
 Polyethylene glycol

PVP
 Poly(N-vinylpyrrolidone)

Ppy
 Polypyrrole

CZ
 Cu2O/ZnO

AZO
 Aluminum-doped ZnO

CZH
 ZnO/hydroxyapatite nanocomposite

DBS
 Dodecyl benzene sulfonic acid sodium salt

DMF
 Dimethylformamide

NaCl
 Sodium chloride

ZnCO3
 Zinc carbonate

PS
 Pistia Stratiotes

E. hirta
 Euphorbia hirta extract

O. americanum
 Ocimum americanum extract

W/O/W
 Water/oil/water

QC
 Quercetin

W/O
 Water-in-oil

CTAB
 Hexadecyltrimethylammonium bromide

TPR
 Temperature-programmed reduction

HA
 Hydroxyapatite

SBS
 Sodium benzene sulfonate

E. coli
 Escherichia coli

S. aureus
 Staphylococcus aureus

CFS
 Cell-free supernatant

CB
 Cell-biomass

MIC
 Minimum inhibitory concentration

MBC
 Minimal bactericidal concentration

MFC
 Minimal fungicidal concentration
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