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1. Introduction

Nickel-based superalloys have found extensive applications in gas 
turbine industries due to their excellent thermo-mechanical properties 
[1–4]. Oftentimes, these materials are employed in the manufacturing of 
turbine blades to combat the failure arising from the mechanical aspect, 
which is provided by increasing the content of refractory elements, such 
as W, Mo, and Re for creep strength improvement [1]. This, in turn, re-
sults in lower environmental degradation resistance due to the reduction 
in Al content (normally < 7 wt.%), which is critical for the formation of 
a protective oxide scale [5,6]. In this regard, the surfaces of these ma-
terials are typically protected by two types of coatings, namely overlay 
and diffusion coatings [7  16]. The former coatings are often applied by 
thermal spray methods which require sophisticated equipment and the 
operation cost is high. On the other hand, the diffusion coatings can be 
obtained by simple and cost-effective processes such as pack cementa-
tion and slurry aluminizing [17].  

Application of the diffusion coatings for airfoils was first employed 
by using the pack cementation technique in the late 1960s [18]. This 
process is still considered the most widely used method for applying dif-
fusion coatings and the formation mechanism of coating is well-studied 
[19,20]. Generally, the protection mechanism provided by the diffusion 
coatings relies on the enrichment of protective alloying elements at the 
surface of substrate, which leads to the formation of a uniform oxide 
scale during exposure to harsh conditions at high temperatures. For 
this purpose, the enrichment of surface layer with silicon (siliconizing), 

chromium (chromizing), and aluminum (aluminizing) elements were 
carried out. It should be mentioned that for applications at temperatures 
of higher than about 1000 ℃, the most crucial element is Al [21]. 

Currently, slurry aluminizing has received considerable attention as 
an alternative method [22,23]. This is because of the advantages in the 
processing compared to the conventional pack cementation. In addition, 
among the above mentioned processes, only the slurry aluminizing is 
capable of providing coatings for the interior surfaces (cooling passage) 
of the turbine blades [17]. In recent years, there are ongoing studies that 
are focused on the improvement of high-temperature corrosion behavior 
of the simple aluminide coatings by the addition of beneficial elements 
like Zr, Hf, Pt, and Co [24–28]. Chemical modification of the aluminide 
coatings is considered to be one of the efficient methods in improving 
the microstructural and oxidation/corrosion properties. A simple and 
effective strategy to fabricate the modified aluminide coatings is by in-
corporating an electrodeposited intermediate layer [29–32]. Karimzadeh 
and Sabour Rouhaghdam [33] investigated the influence of pre-plated 
Ni layer on the oxidation performance of aluminide coatings. They have 
pointed out that the presence of a primary electroplated Ni layer could 
inhibit the formation of Kirkendall pores during aluminizing, as well as 
improving its oxidation resistance. Furthermore, Safari et al. [34] have 
reported that the chemical modification of the aluminide coating through 
electrodeposition of Ni-CeO2 layer could improve the cyclic oxidation 
resistance of the obtained coating. In another study by Qiao and Zhou 
[35], it has been shown that the addition of Co into the simple NiAl 
coating could lower the oxidation kinetics which was attributed to the 
formation of a thin and compact film of a-Al2O3 onto the coating sur-
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Ni/Co-modified aluminide coatings were prepared on the Hastelloy-X superalloy by a combined process of elec-
trodeposition and slurry aluminizing. In this regard, pure layers of Ni and Ni-50wt.%Co were initially applied 
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interdiffusion zone. Moreover, the presence of pre-electrodeposited layers inhibited the outward diffusion flux 
of elements from the substrate and effectively suppressed the formation of Kirkendall pores. The hot corrosion 
studies of the obtained coatings indicated that the addition of a pre-electrodeposited layer could enhance the 
high-temperature corrosion performance of the coatings when exposed to sulfate salt.
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face. In a subsequent study conducted by the same authors, it has been 
found out that the Co-modified NiAl coating exhibited superior hot cor-
rosion resistance and it was ascribed to the formation of a-Al2O3 scale 
promoted by the presence of cobalt [36]. The objective and novelty of 
this study are to propose a new and efficient approach to the fabrication 
of Ni/Co-modified aluminide coatings through a combined process of 
electrodeposition and slurry aluminizing. In addition, the hot corrosion 
performance of coatings is evaluated and discussed.

2. Materials and methods

2.1. Starting materials and sample preparation

A nickel-based superalloy Hastelloy® X was selected as the sub-
strate material and its chemical composition, determined by the optical 
emission spectroscopy (OES), are given in Table 1. Several sets of cou-
pons (15ⅹ 5ⅹ 2 mm3) were cut by electro-discharge machining.

2.2. Electrodeposition process

At the first stage of experimental procedure, the coupons were pre-
pared for electrodeposition by polishing to 600 grit SiC paper, degreas-
ing by acetone and electrochemically activating by anodic oxidation at 
current density of 10.75 A.dm-2 within H2SO4 solution for 60 seconds. A 
typical Watts-type bath, containing nickel sulfate (NiSO4.6H2O, 200 g/l), 
nickel chloride (NiCl2.6H2O, 35 g/l), cobalt sulfate (CoSO4.7H2O, 0-50 
g/l), boric acid (H3BO3, 30 g/l), and sodium dodecyl sulfate as surfactant 
(SDS, 0.6 g/l) was used as the electrodeposition electrolyte. The oper-
ating conditions such as current density and temperature were adjusted 
as 5 A.dm-2 and 50 ℃, respectively. Moreover, the pH of the electrolyte 
was kept constant at 4.0 and two pure Ni plates were used as anode. Af-
terward, two specimens with pure Ni and Ni-50Co pre-electrodeposited 
layers were produced. 

2.3. Slurry aluminizing process

Initially, the samples were activated by immersion in an acidic solu-
tion comprised of 50 ml H2SO4, 75 ml HNO3, 33 ml distilled water, 
and 1 g NaCl. Then, they were sprayed by a slurry containing spherical 
aluminum powder as the diffusion coating element source dispersed in a 
water/ polyvinyl alcohol (PVA) (10:1) mixture. The application of slurry 

layer was mass-controlled and adjusted in the range of 15-20 mg/cm2. 
It should be noted that the application of slurry layer above this range 
would result in the spallation of slurry layer due to the thermal stress-
es generated during heating. Prior to placing the samples, the furnace 
chamber was circulated with argon for three times to eliminate oxygen. 
Subsequently, the coupons were placed in an alumina crucible and then 
heated to the processing temperature of 750 and 1050 ℃ for 2 and 1 h, 
respectively, followed by furnace cooling. An electric tube furnace op-
erating at a heating rate of 10 ℃/min in an Ar atmosphere was used for 
slurry aluminizing process. 

2.4. Hot corrosion test

A muffle furnace with an accuracy of ± 5 ℃ was used to perform the 
hot corrosion experiments in static air at 900 ℃. Prior to the experiment, 
all faces of the specimens were hand-brushed with a Na2SO4 saturated 
aqueous salt solution at about 1-2 mg/cm2 and followed by hot airflow 
drying. In order to precisely control the mass/area ratio of the applied 
salt, the samples were weighed before and after supplying the salt. The 
salt composition used in this study is a typical approach to simulate the 
environment of materials exposed to regions with high levels of pol-
lutants and it has been previously used by many researchers [37–40]. 
The samples were subjected to the hot corrosion test for 100 h and were 
withdrawn from the furnace after the cooling stage. In this study, the cor-
rosion performance was evaluated by comparing the thickness of formed 
corrosion layer on the coatings’ surface, which were measured by using 
ImageJ software [41]. This method does not involve the common errors 
associated with the mass change records due to the remaining salt depos-
its and formation of volatile compounds during the test [42]. 

2.5. Characterization techniques

The morphological assessment of the specimens was carried out 
by scanning electron microscopy (SEM, Zeiss, model Evo15) coupled 
with an X-ray energy dispersive (EDS) analyzer. The microstructure and 
chemical composition of the hot-corroded samples were also examined 
by SEM-EDS. In this regard, first the remaining salt was removed by 
washing the samples in boiling distilled water, then, one of the tested 
samples was warm-mounted in a plastic resin, ground with SiC abra-
sive papers (400-3000 grit) and polished to a mirror finish to reveal the 
cross-section microstructure of the coating and corrosion products layer. 
The phase analysis was performed by X-ray diffraction (XRD, Philips 

Fig. 1. Cross section of the (a) pure 
Ni and (b) Ni-50Co electrodeposit-
ed layers (the dashed line indicates 
the interface).

Table 1.
Chemical composition (wt. %) of Hastelloy® X 

Element Ni Co Cr Fe Mo W Al C Mn Si B

OES 
Values

Bal. 1.26 20.8 19.67 8.1 0.34 0.21 0.07 0.51 0.22 0.002
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PW1730, CuKα radiation) and the identification of XRD patterns was 
made on the basis of the ICDD database [43].

3. Results and discussion

3.1. As-electrodeposited samples

Among the surface engineering techniques, electrodeposition is 
a common and well-known method owing to its flexibility, moderate 
costs, and simple procedure [44–47]. Fig. 1 displays the cross-section of 
the electrodeposited coatings on the superalloy substrates. The average 
thickness of the mono-layer electrodeposited coatings was within the 
range of 15-18 mm. It can be noticed from the EDS analysis results 
that the chemical composition was homogeneous throughout the entire 
layer and was almost identical in upper, middle, and lower regions. The 
uniform structure of Ni-Co electrodeposits have been reported in other 
studies as well [48  50]. Although the samples were etched, no distinct 
interface between the substrate and the electrodeposited layer was evi-
dent from the SEM images. This is because of the nearly identical com-
positions of the two regions. 

3.2. As-aluminized samples

The specimens were followed by slurry aluminizing. Fig. 2 shows 
the surface morphology images and the corresponding chemical com-
positions and crystalline structures determined by EDS and XRD anal-
yses, respectively. According to the EDS analyses, it was revealed that 
only the modified samples showed the main elements of the β-(Ni,Co)
Al intermetallic phase. This could be due to the presence of pre-electro-
deposited layer onto the surface of the Hastelloy X, where only outward 
diffusion of Ni and Co occurred. On the other hand, concerning the sim-
ple aluminide coating, small amounts of Fe and Cr were detected. These 

observations may suggest that the electrodeposited layer hinders the 
outward diffusion from the substrate during slurry aluminizing process 
[33]. Moreover, the formation of β-phase was confirmed for all of the 
specimens by the XRD results. That being said, additional NiFe phase 
was detected for the simple aluminide coating, which may be the con-
sequence of outward Fe diffusion. In addition, strong peaks of metallic 
Al were detected, which can be the result of un-reacted liquid Al in the 
slurry. 

The formation of slurry diffusion coatings can be explained by the 
Ni-Al combustion synthesis process [18]. During this process, the melt-
ing of Al component is the initiating step. Afterward, through wetting of 
Ni by Al melt, it dissolves Ni from the surface and the Ni-Al reaction 
proceeds in the molten state. Based on the Ni concertation in the Al 
melt, which is dependent on the temperature of the process, one or more 
phases of NiAl3, Ni2Al3, and NiAl can be formed. Taking into account 
that the processing temperatures used in this study were high and the 
maximum solubility of Ni in molten Al increases with temperature, the 
formation of NiAl as the thermodynamically stable phase was anticipat-
ed. This was true for the modified coatings, since at the initial stage, the 
liquid Al came in contact with the pure pre-electrodeposited layers in-
stead of superalloy substrate. It has been reported that pure Ni substrates 
result in the higher exothermic reactions, which makes it easier for Al to 
react and form the intermetallic phases [18]. 

The cross-section SEM-EDS mapping and EDS line scan analyses 
of the aluminized samples are depicted in Fig. 3 and Fig. 4, respectively. 
All of the specimens exhibited the formation of a distinct outer NiAl 
layer with an interdiffusion zone (IDZ), which is a typical microstructure 
of the aluminide diffusion coatings [33]. This structure, in turn, provides 
the excellent adhesion of these coatings due to the metallurgical bond-
ing with the substrate [17]. Moreover, the diffusion layer obtained by 
the slurry process was compact with no evident cracks or segmented 
parts. The EDS line scan analyses illustrate that the concentration of 

Fig. 2. Surface characteristics of the diffusion coatings; (a) simple, (b) Ni-modified, and (c) Ni/Co-modified aluminide coating.
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Al was decreased from top surface toward the depth of the superalloy, 
which contains less Al content. The Al-rich zone indicates the formed 
aluminide coating and the average thickness was 68±2.71, 75±1.10, 
and 85±1.59 mm in the case of simple, Ni-modified, and Ni/Co-modi-
fied aluminide coatings. As previously mentioned, the presence of pure 
pre-electrodeposited layers makes the exothermic reactions easier in a 
Ni-Al diffusion couple, which may result in the increased thickness of 
the aluminide coating. Moreover, given the fine-grained microstructure 
of the electrodeposited layers in comparison with the pure substrate, the 
aluminizing kinetics could be enhanced for the samples with pre-electro-
deposited layers, resulting in faster atomic diffusion and larger coating 
thickness [30].

The main microstructural differences between the simple and mod-
ified aluminide coatings can be attributed to the presence of Kirkendall 
pores and the outward diffusion of substrate elements (Cr and Fe). These 
phenomena have been reported in other cases of the diffusion aluminide 
coatings and are mainly related to the microstructural inhomogeneities 
in the substrate [33]. According to the EDS mapping analyses of the 
modified coatings, the pre-electrodeposited layers have effectively in-
hibited the outward diffusion of the major elements of the substrate. 
Moreover, the formation of Kirkendall pores were suppressed in the case 
of aforementioned coatings. A close-up of the interdiffusion zone for the 
Ni/Co-modified aluminide coating is shown in Fig. 5. According to the 
EDS point analyses, it is evident that the strip-like bright precipitates 
present in the IDZ are rich in Cr (Point 2) compared to the dark gray area 
of the diffusion coating, which is rich in Al (Point 1). Since the thick-
ness of the outer diffusion coating is larger than the X-ray penetration 
depth; thus, the XRD results only indicate the presence of β-phase and 
identification of the phases present in the IDZ cannot be done via this 
technique. Based on the composition of the substrate, these phases can 
vary. Fan et al. explained the formation of Cr(W) enriched phases in the 
IDZ during the phase transformation from γ/γ' microstructure of the su-
peralloy to the β-phase of diffusion coating [51]. It should be noted that 
the solubility of Cr and W in the dual phase γ/γ' microstructure is higher 
than that of β-phase [52]. 

3.3. Hot corrosion behavior

Fig. 6 displays the average thickness of the formed corrosion product 
layer on the coatings’ surface and its phase identification. It is worth 
noting that the phase composition of the corrosion product revealed by 

the XRD analysis was similar in all three of the coatings and the only 
difference was noted on the peak intensities. With this in mind, further 
characterization was conducted by means of SEM-EDS analysis of the 
exposed samples.

According to Fig. 6, a considerable improvement in the hot corrosion 
behavior was observed for the modified coatings, with the NiCo-mod-
ified coating exhibiting the best performance. By comparing the XRD 
patterns before and after the hot corrosion test, it can be noticed that the 
singular dominant β-phase (Fig. 2c) has been replaced by the γ' phase. 
Moreover, the diffraction peaks of b phase are still detectable as well as 
Al2O3, indicating the consumption of Al to form the protective alumina 
layer [24]. In addition, some sulfides and spinels were revealed in the 
XRD pattern. This could signify the sulfur penetration into the coating; 
however, it should be studied form microscopic point of view to con-
firm. It should also be noticed that no peaks corresponding to the oxides 
of Ni or Co were detected. Although it is possible for these oxides to be 
formed at the early exposure times; however, they might have been de-
oxidized by Al (more active) or have been reacted with Al2O3, resulting 
in the formation of (Ni,Co)(Cr,Al)2O4 [7, 24].

Fig. 7 presents the SEM-EDS analyses of the hot-corroded samples 
after 100 h. These analyses clearly confirm the hot corrosion perfor-
mance of the coatings, reported in Fig. 6. As is evident from Fig. 7c, 
the NiCo-modified coating exhibited the best resistance to the corrosion 
attack and a large part of the coating remained unaffected, which implies 
its capability of maintaining and reestablishing the protective alumina 
scale for prolonged exposure times [24]. In particular, the importance 
of scale healing is essential during hot corrosion. This is because cata-
strophic attack will proceed, if the molten salt comes in contact with the 
underlying depleted substrate, which is unable to reestablish a protective 
scale [40]. According to the XRD and EDS analyses’ results, the corro-
sion product layer formed on the coatings was primarily consisted of 
Al2O3. This result was expected due to the alumina-forming nature of the 
diffusion coatings, which arise from their high Al content enabling its 
selective oxidation [53]. Furthermore, in addition to the sporadic Cr-rich 
bright precipitates detected within and near the IDZ (Fig. 5), a Cr-rich 
belt was observed for the NiCo-modified coating after the hot corrosion 
test (see the inset in Fig. 7c). It is possible that under the high-tempera-
ture condition, the Cr atoms have diffused towards the coating surface. 
Owing to the fact that the γ' phase has partially replaced the β-phase at 
the sub-surface regions, and considering the high solubility of Cr in the 

Fig. 3. Cross-section SEM-EDS mapping analyses of the coated samples; (a) simple, (b) Ni-modified, and (c) Ni/Co-modified aluminide coating.
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former phase, no distinctive Cr enriched precipitates were found in the 
upper regions of the coating.

Both the simple aluminide and Ni-modified coatings have consider-
ably suffered from corrosion damage in comparison to the NiCo-mod-
ified coating. The prominent mode of accelerated attack below the salt 
deposit occurs via the penetration of S, which can penetrate into the 
coating through cracks or voids [54]. It has been reported that S could 
penetrate as the SO4

2- ions and then interact with alloy elements, espe-
cially Cr, to form internal sulfides (reaction 1) [51]. This phenomenon is 
in accordance with the high tendency of S to combine with Cr, which can 
be determined by the standard Gibbs free energy changes for the forma-
tion of CrS (reaction 2) [55]. Moreover, the consumption of S can accel-
erate the SO4

2- decomposition (reaction 3), which in turn increases the 
basicity of the molten salt to a point where it can dissolve Al2O3 (reaction 
4) [56]. The basic fluxing of Al2O3 is reported to be the main degradation 
mechanism of simple aluminide coatings [36]. Due to the concentration 
gradient, it is possible for AlO2- to migrate from the salt deposit/oxide 
scale interface to the salt deposit/air interface, where Al2O3 can re-pre-
cipitate (reaction 5). However, the newly developed oxides are porous 
and prone to the transportation of the released O2- back to the salt depos-
it/oxide scale interface. This process can lead to the increased alkalinity 
and further fluxing of the Al2O3 as a consequence [56]. In this study, a 
similar scenario was observed for the case of simple aluminide coating 
(Fig. 7a) and it seems that the discussed self-sustaining process is the 
reason for this sample’s weak corrosion performance.

2Cr + 2SO4
2- = 2O2- + 2CrS + 3O2 			      (1)

2Cr + S2 = 2CrS (ΔG0 = -405000 + 112.14T) 		    (2)
SO4

2- = SO3 + O2-					       (3)
Al2O3 + O2- = 2AlO2- 					        (4)
2AlO2- = Al2O3 + O2- 					        (5)

According to Fig. 7, internal sulfidation is discernible for the simple 
aluminide and Ni-modified coatings, which indicates a deep penetra-
tion of S. On the other hand, the internal sulfidation was significantly 

suppressed in the case of NiCo-modified coating. It is assumed that Co 
addition to the aluminide coatings can enhance their hot corrosion re-
sistance due to its strong ability to fix S and prevent internal sulfidation 
[56]. According to the EDS mapping analysis shown in Fig. 7e, a high 
Co content was still present at the outer regions of the coating and pre-
sumably has participated in retarding the S transport. In addition, it has 
been proposed by Beltran and Shores that the diffusion rate of S in Co is 
lower than that in Ni by two orders of magnitude [57]. In view of this, 
the presence of Co in NiAl aluminide coating could alleviate the sulfida-
tion reactions and reduce the internal sulfidation.

4. Conclusions

In this study, Ni/Co-modified aluminide coatings were successful-
ly prepared on the Hastelloy-X superalloy by a combined process of 
electrodeposition and slurry aluminizing. The following conclusions can 

Fig. 4. EDS line scan 
analyses of the coated 
samples marked in Fig. 3; 
(a) simple, (b) Ni-modi-
fied, and (c) Ni/Co-modi-
fied aluminide coating.

Fig. 5. Cross-section SEM-EDS anal-
yses of the Ni/Co-modified aluminide 
coating (The arrows point out the peaks’ 
intensities for Al and Cr).

Fig. 6. The measured average thickness of the corrosion product layer for each 
specimen (the inset shows the XRD results for the NiCo-modified coating after 

being exposed to Na2SO4 for 100 h).
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be drawn from microstructural study and hot corrosion behavior of the 
obtained coatings:

1.	 It was established that pre-electrodeposition treatment can be 
utilized to develop modified slurry aluminide coatings.

2.	 Both simple and Ni-modified aluminide coatings were com-
posed mainly of thermodynamically stable b-NiAl phase. 
A singular β-(Ni,Co)Al phase was detected in the case of 
NiCo-modified coating, in which some of the Ni atoms were 
replaced by Co. Moreover, some part of Al was remained 
un-reacted in the case of simple aluminide, which was attribut-
ed to the kinetics of aluminization.

3.	 It was shown that presence of the pre-electrodeposited layers 
inhibited the outward diffusion flux of elements from the sub-
strate and effectively suppressed the formation of Kirkendall 
pores.

4.	 In terms of hot corrosion resistance, the NiCo-modified coat-
ing outperformed the other two coatings. This was mainly at-
tributed to the beneficial effect of Co in preventing the internal 
sulfidation. 
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1. Introduction

In today’s modern world, it is well-known that the gas turbines have 
dominated the electricity generation and aerospace industries [1]. The 
incentive and driving force for further developing the advanced gas tur-
bines arise from the society’s increasing demand for aviation and elec-
tricity industries [2]. This could be achieved through increasing the inlet 
temperature of these engines, which translates to their higher efficiency. 
In addition, the higher efficiency plays a key role in the carbon emission 
reduction due to lower fossil fuel consumption. That being said, higher 
operating temperatures lead to more aggressive conditions for engine 
components; therefore, new materials with enhanced thermo-mechani-
cal properties along with more efficient protective coatings are vital for 
successful prolonged operation of the engines [3–6]. 

It has been reported that up to 50% of the total weight of a gas turbine 
powered aircraft is manufactured from Ni-based superalloys [7]. How-
ever, it should be taken into account that the primary role of these alloys 
is to endure the heavy mechanical loads at the elevated temperatures; 
therefore, the design strategy is to maximize the mechanical strength at 
the expense of environmental degradation resistance [8]. In this respect, 
the protective coatings came into being. The most commonly used coat-
ings for the protection of superalloy components consist of chromia- and 
alumina-forming alloys. Oftentimes, these coatings are applied via diffu-
sion treatments and thermal spraying methods, which have gained pop-
ularity in the industry [9–12]. MCrAlY-type alloys (M: Ni and/or Co) 
are considered the state-of-the-art materials for thermal spray coatings 
and have proven to be effective in most engine applications [13]. Fur-

thermore, it has been shown that MCrAlY coatings can be deposited by 
HVOF process, which enjoy equivalent, and sometimes superior, pro-
tection properties compared to the plasma-sprayed counterparts [14–16].

Although utilizing the conventional coatings have enabled the su-
peralloy components to serve at harsh conditions, further advancements 
in gas turbine efficiency are conditional to the development of thermo-
stable and oxidation-resistant coatings [17]. One of the practical ap-
proaches for this purpose is the microstructural modification of coatings. 
In this regard, some routes have been proposed and pursued by other 
researchers, some good examples of which are: powder processing, la-
ser treatment, and shot peening [18–21]. Among these approaches, the 
powder processing via mechanical milling technique has been widely 
adapted due its simplicity and versatility [14, 22].

The mechanical milling is a solid-state powder processing technique 
which is applicable to a number of purposes, including grain refine-
ment, inducing preferred orientation, and homogeneous dispersion of 
reinforcements in a multicomponent powder system [22]. In a study by 
Tahari et al., CoNiCrAlY/YSZ composite powders with nanocrystalline 
structure and uniform dispersion of strengthening ceramic particles were 
produced via mechanical milling process [23]. Studies conducted by Aj-
delsztajn et al. have confirmed the capability of HVOF process to pro-
duce the nanostructured MCrAlY coatings by virtue of its high kinetic 
energy and low spraying temperature [24–26]. Despite research efforts 
highlighting the characteristics of nanostructured MCrAlY powders and 
coatings, it is essential to examine the effects of mechanical milling 
conditions and their influence on the quality of final coatings in terms 
of the desired microstructure and oxidation performance. Given this 

A B S T R A C T A R T I C L E  I N F O R M A T I O N

Metallic MCrAlY coatings have been widely utilized to protect the high-temperature materials operating in ag-
gressive conditions of gas turbines. However, with more demands on the turbine inlet temperature rise for efficien-
cy gains, there is a need to further improve the high-temperature performance of the MCrAlY coatings. A possible 
way to meet this challenge is by microstructure modification. The aim of this study is to produce nanocrystalline 
MCrAlY powders via wet and dry mechanical milling techniques and deposit the obtained feedstock powders by 
the high-velocity oxygen fuel (HVOF) spraying method. Comprehensive characterization and comparison of the 
different powder processing techniques and the corresponding coatings were studied. It was established that the 
nano-scaled MCrAlY feedstock powder with low contamination levels could be achieved by mechanical milling. 
Moreover, the powder samples were well-deposited by the HVOF process and the correlation between powder 
properties and coating characteristics was investigated.
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background, the objective of current work concerns with the feedstock 
powder characteristics-microstructural evolution relationship of the 
nanostructured MCrAlY coatings produced by the mechanical milling.

2. Material and methods

2.1. Powder materials and processing

A commercially available gas-atomized MCrAlY powder supplied 
by Oerlikon Metco was used as the starting powder material (Fig. 1). 
The preparation of the nanostructured feedstock powder was carried out 
by using a two-body planetary ball milling machine. Prior to the milling, 
the vials were purged with argon gas to prevent possible powder oxida-
tion. Two modes of milling, namely dry and wet milling, were conduct-
ed. The sample coding along with the milling conditions of each powder 

are given in Table 1. As is known from the selected milling parameters, 
the only difference is the amount of process control agent, also known 
as surfactant or lubricant, used for each mode. Typically, PCAs are or-
ganic compounds commonly used in the milling processes. Basically, 
these compounds are surface-active agents which can be adsorbed on 
the powder particles’ surfaces, by which they control the milling mech-
anism [22]. As will be discussed in the next section, the WM powder 
was followed by an additional spray drying process to provide the suit-
able morphology of the powder for thermal spraying. This process was 
performed using a high-speed centrifugal spray drier with the inlet and 
outlet temperature values of 350 and 120 ℃, respectively. The rotating 
speed of the atomizing disc was set to 10500 rev/min. It worth noting 
that no binder was added to the powder slurry before feeding into the 
spray dryer and the final product was used as the feedstock powder with-
out any post calcination treatments. 

2.2. HVOF thermal spraying

A commercial HVOF system was used for the deposition of MCrAlY 
coatings. Ground and degreased mild steel coupons (60 ⅹ 30 ⅹ 2 mm3) 
were used as the substrate. Owing to the fact that in this study, the coat-
ings were characterized in the free-standing form, no traditional prepa-
ration of the substrate, such as grit blasting, was conducted prior to the 
thermal spraying. The spraying parameters, for all three types of the 
powders, were chosen based on the conventional powder manufactur-
er’s recommendation. With this respect, the thermal spraying was car-
ried out with an oxygen flow rate of 200 l/min, propane flow rate of 55 
l/min, and at a spraying distance of about 28 cm. It is worth noting that 
the maximum flame temperature of 2828 ℃ can be reached using the 

Fig. 1. Morphology and chemical composition of the as-received NiCoCrAlY powder; (a) optical light micrographs of powder cross-section, (b) SEM images (the inset images 
show the secondary electron (SE) and backscattered electron (BSE) mode images from the surface and cross-section, respectively), (c) EDS analysis, and (d) EDS elemental 

mapping.

Table 1.
Sample coding and milling conditions for the powder specimens.

Sample (Code) / Parameter Revolution 
Speed 
(RPM)

Ball to 
Powder Ratio 

(wt.%)

Process 
Control 
Agent 
(PCA)

Milling 
Time 
(h)

Conventional (CN) - - - -

Dry Milled (DM) 200 20:1 Ethanol 
(1 wt.%)

10

Wet Milled (WM) 200 20:1 Ethanol 
(5 wt.%)

10
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propane-oxygen mixture with the oxygen to propane ratio of 4.5 [27].

2.3. Characterization techniques

The microstructure of the obtained powders and coatings were ob-
served by optical light microscopy (OM, Olympus BX51, Olympus 
Optical Co., Ltd., Japan). The surface morphology and cross-section 
examinations were performed by scanning electron microscopy (SEM, 
Ziess EVO MA15) equipped with an EDS detector (EDAX Genesis and 
Oxford Instruments). In addition, the high-magnification images were 
taken with a field-emission scanning electron microscope (FESEM, 
Nova NanoSEM 450). According to the ASTM E-384 standard, a mi-
crohardness tester instrument (MicroMet 1, Buehler) was used for the 
hardness measurements, using a load of 300 g [28]. The reported values 
are based on the average of at least ten measurements. 

3. Results and discussion

3.1. Powder characterization 

Fig. 2 shows the OM and SEM-EDS analyses of as-milled WM 
powder. Compared to the original spherical morphology, severe particle 
deformation can be clearly observed with the morphological transforma-
tion to the flaky particles. Despite the fact that the NiCoCrAlY powder 
is consisted of a ductile g-matrix with FCC crystal structure, the typi-
cal tendency for cold-welding was inhibited, primarily due to the active 
presence of ethanol [14]. Also, some micro-cracks were observed on the 
surface of particles (Fig. 2b) which indicates the fracturing stage as the 
dominant mechanism controlling the milling process. A combined effect 
of the ethanol inhibiting the cold welding and the work-hardening of 
particles through the milling process led to the dominance of fractur-

ing stage. According to the EDS mapping analysis (Fig 2c), the milling 
process did not affect the chemical composition homogeneity. Further, it 
has been confirmed that high-energy ball milling could induce nanocrys-
tallization in the milled powder samples [22]. This is true in the case of 
as-milled WM powder and the nano-scale structure of the powder par-
ticles were confirmed through high-magnification FESEM images (Fig. 
3). As is well-known, the nanocrystalline materials have significantly 
higher diffusion rates in comparison to the materials with conventional 
grains size; typically, greater than 1 mm. This specific property favors 
the oxidation performance of MCrAlY coatings owing to the fact that 
the protective oxide former element (Al) benefits the higher diffusion 
flux to the coatings surface and developing a protective alumina scale 
in less time [29  31]. 

Analyzing the microscopic morphologies shows that the as-milled 
WM powder particles do not satisfy the suitable powder properties for 
the HVOF spraying process, namely the spherical morphology with a 
size distribution of 10–45 mm [32]. This is because the small-sized par-
ticles have small mass inertias and they might not track the motion of 
HVOF jet stream, which in turn reduces the deposition efficiency [33]. 
With this in mind, a subsequent spray drying process was utilized to 
obtain powder particles which meet the requirements of HVOF feed-
ing system. Fig. 4 depicts the OM and SEM images of the spray-dried 
WM powder. It can be seen that the obtained granules are composed 
of semi-spherical shaped particles with diameters in the range of 10-
50 mm. With respect to these characteristics, it is reasonable to predict 
that the spray-dried powder particles benefit from good flowability in 
the HVOF jet stream. Moreover, it is evident that each particle contains 
building blocks of flaky-shaped fractures shown in Fig. 2b. Based on 
the cross-section and surface morphology of the particles, it is clear that 
the granules are not completely dense and compact. Since the particle 
formation during the spray drying process involves the agglomeration 
of small particles, some hollow or porous particles might be observed in 
the final product [34]. 

Fig. 5 displays the OM and SEM images of the DM powder. As can 
be observed, the milling process in the dry condition has resulted in the 
semi-spherical powder particles. As opposed to the spray-dried sample, 
DM powder particles are compact and intensely cold-welded. It should 
be taken into account that the amount of PCA used for the milling of DM 
powder was lower than that of WM powder; therefore, the milling me-
dium was dry for most of the milling time. Considering this, it appears 
that the absence of ethanol has promoted the cold-welding mechanism, 
producing the semi-spherical agglomerates which did not require any 
granulation process for using as the HVOF feedstock powder.

Despite the advantages of the mechanical milling, powder contami-
nation has been remained as one of the main limitations of this process. 
Owing to the nanostructure characteristics of milled powder particles, 
namely large surface area and small size of the particles, some precau-
tions should be taken to minimize the introduction of impurities. That 
being said, it can be surmounted by optimizing the milling parameters 
and using the proper materials as the PCA and grinding medium. The 
different results reported by the researchers, showing different levels of 
impurities, indicate the significant role of the milling conditions, includ-
ing atmosphere, intensity and time of milling. The inherent properties of 
the powder samples, such as strength and hardness, influence the pow-
der contamination as well [13]. Fig. 6 reports the EDS analysis results 
from the final powder samples in this study. It is apparent that the level 
of Fe impurity is higher in the case of dry milling condition. This can 
be attributed to the wear of the grinding balls and vials, which occur 
at a higher rate in the dry milling conditions. It should be noted that 
the impurity levels detected in this study are relatively low; hence, it 
would neither affect the microstructure nor the oxidation properties of 
the MCrAlY coatings [16, 35].

Fig. 2. As-milled WM powder; (a) OM images, (b) secondary electron SEM images 
(the inset image in the right presents the BSE-SEM image from the cross-section), and 

(c) SEM images with the corresponding EDS elemental mapping.
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Fig. 3. (a) High-magnification FESEM images of the as-milled WM powder and (b) a schematic representing the mechanical milling process.

Fig. 4. Spray-dried WM powder; (a) cross-sectional OM image and (b) secondary electron SEM image.

Fig. 5. DM powder; (a, b) secondary electron SEM images and (c, d) cross-sectional OM images.
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3.2. Coating characterization 

The conventional NiCoCrAlY powder as well as the milled powders 
were sprayed by HVOF technique. Fig. 7 presents the characteristics of 
the CN coating. To better explain the coating characteristics, the HVOF 
deposition mechanism is briefly reviewed. In HVOF process, the de-
sired feedstock material is injected into a high-velocity jet stream and 
heated up to get fully and/or partially melted. This is accompanied by 
the acceleration of the powder particles, followed by propelling onto 
the substrate and impinging in a semi-solid state. Upon the impact, the 
bonding of coating material takes place by mechanical interlocking. 
After the solidification of the impacted particles, they form splats in a 
lamellar manner [36]. 

Based on the Fig. 7a, it can be seen that a number of un-melted parti-
cles have maintained their original spherical morphology. This is mostly 
true for the larger particles which do not get as easily melted as the 
smaller ones. It is worth noting that the surface particles lack the impact 
pressure from the subsequent deposition pass; therefore, there is a higher 
possibility for the particles to experience a minor degree of deformation 
[14]. Moreover, splashed regions were also observed on the coating sur-
face, as a result of molten particle impingement. The EDS point analysis 
from these areas showed a higher content of oxygen, which is probably 
due to the oxygen pick-up during the atmospheric spraying [37]. 

The cross-sectional investigations were performed in both SE and 
BSE modes of SEM. The SE-SEM image confirms the highly compact 
structure of the deposited coating, without any large pores. It should be 
mentioned that the pores are associated with some depth in the SE mode 
SEM images [38]. Some dark veins can be observed in the BSE-SEM 
image, indicating the splat boundaries. These dark lines were formed 
as a consequence of slight in-flight oxidation and are mainly composed 
of Al oxide. Moreover, the gray-colored b precipitates were remained 
within the splats. These precipitates are rich in Al, as detected by the 
EDS analysis, and are present in the as-received powder as well (see the 
inset in Fig. 1b). 

The characteristics of the coating obtained from depositing the 
spray-dried WM powder are depicted in Fig. 8. It is clear that a surface 
with less roughness level compared to the CN coating has been formed. 
Moreover, the cross-section images exhibit a considerable number of 
dark veins between the splats, known as the oxide stringers. This has to 
do with the excessive heating of the small powder particles, resulting in 
significant in-flight oxidation. Further, the small splat sizes may imply 
the scattering of the spray-dried powder particles within the HVOF jet 
stream. More precisely, the high-velocity of the jet stream causes a drop 
in the pressure, which in turn, can lead to the scattering of porous pow-
der particles [39]. 

Fig. 9 shows the characteristics of the coating attained from spray-
ing the DM powder. Similar lamellar structure was formed due to the 
spreading of splats; however, slightly higher content of inter-particle 
pores was notable for the DM coating. This is mainly due to the insuffi-
cient localized particle deformation. The lower deformability of the DM 
powder particles originates from their high work-hardening level during 
the milling process. As can be seen from the coating surface, presence of 
the un-deformed particles leads to the formation of pin-holes. It should 
be mentioned that these pores are not inter-connected; therefore, they 
would not exacerbate the penetration of corrosive elements through the 
coating [40]. 

When looked at in detail, a sporadic distribution of dark dots was 
observed for the DM coating (Fig. 10). According to the EDS elemental 
mapping analysis, these dots are rich in Al and O. Aside from the dark 
veins in the splat boundary regions, it appears that the dispersed dots 
stem from the alumina formation and dispersion during the milling pro-
cess. It should be noted that based on the EDS analysis, it was revealed 
that the DM powder exhibited higher oxygen content (Fig. 6c). Although 
the milling process was conducted in a high-purity Ar ambient, the slight 
powder oxidation occurred due to the temperature rise during milling. 
The generated temperature is dependent on the energy input into the 
powder, which can be up to 30 kJ/mol [41]. It has been reported that 
the addition of fine-grained alumina particles strengthens the high-tem-

Fig. 6. EDS analysis results from (a) WM and (b) DM powders with a comparison of mean values of O and Fe contents shown in (c).
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perature wear and oxidation resistance of the MCrAlY coatings [4, 42].
The Vickers hardness results of the coatings with a typical OM im-

age showing indents from hardness measurements are shown in Fig. 
11. As is apparent from Fig. 11b, the measured hardness values vary 
across the cross-section of the coating. This is due to the discrepancies 
in the resistance of different regions to the indenter force and the stan-
dard deviations in the measurements were indicated by the error bars. 
Both of the coatings obtained from the milled powders, exhibited higher 
hardness values compared to the CN coating. The DM coating owns the 
highest hardness of 519±21 HV300. This is attributable to the combined 
effect of the presence of work-hardened powder particles and alumina 
dispersoids within the coating. Furthermore, as discussed earlier, the 
near-surface regions of the coating lack the hammering effect from the 

subsequent deposition pass; thus, exhibit slightly lower hardness values 
(note the large indent size shown in Fig. 11b).

4. Conclusions

The main objective of the work presented in this paper concerned 
the development of nanocrystalline NiCoCrAlY coatings. In this regard, 
mechanical milling approach was taken to produce nano-scaled NiCo-
CrAlY feedstock powder, and then the coatings were applied by means 
of HVOF spraying method. The key findings are as follows:

1.	 The wet milling process resulted in the small-sized flaky par-
ticles, which required an additional agglomeration step to be 
used as a sprayable powder. With this in mind, a spray dry-

Fig. 7. Characteristics of the CN coating; (a) surface SE-SEM image, (b) cross-section SE-SEM image, (c) cross-section BSE-SEM image, (d) cross-section OM image, and (e) 
EDS analysis performed on the marked spots.
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Fig. 8. Characteristics of the WM coating; (a) surface SE-SEM image, (b) cross-section BSE-SEM image, (c) cross-section OM image, and (d) EDS analysis performed on the 
marked spots.

Fig. 9. Characteristics of the DM coating; (a) surface SE-SEM image, (b) cross-section BSE-SEM image, (c) cross-section OM image, and (d) EDS analysis performed on the 
marked spots.
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ing process was conducted, by which porous particles with 
semi-spherical morphology were achieved.

2.	 The powder particles obtained by dry milling process were 
compact with semi-spherical morphology, which met the suit-
able properties for thermal spraying. It appeared that the dry 
medium gave rise to a higher energy input into the powder.

3.	 A slightly higher contamination level was observed for the dry 
milled powder and it was attributed to the higher wear rates 
associated in this condition. 

4.	 The coatings’ investigations exhibited some discrepancies in 
terms of porosity and oxide content. These differences were 
mainly ascribed to the deformability and in-flight oxidation of 
the powder particles.

5.	 The coating obtained from spraying the dry milled powder 
(DM) showed the highest hardness values. This is due to the 
combined effect of powder particle work-hardening during the 
milling process and the presence of alumina dispersion within 
the coating.
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1. Introduction

In dry environments, fiberglass has a high mechanical and electrical 
performance. Nevertheless, under humid conditions, it retains moisture 
and serves as a weak insulator [1]. Because of its potential to have en-
hanced thermal, electrical, and mechanical characteristics and offering 
promising properties related to each component  [2-6], polymer nano-
composites design is an exciting field of advanced science [7]. While 
employing polymer nanocomposites in the electrical insulating technol-
ogy sector has started recently, due to their strong dielectric capabilities, 
lightweight, better pollution efficiency, low price, and easy production, 
polymeric materials have provided various benefits to external insula-
tion systems [8]. 

Silicon rubber (SR), ethylene-propylene-diene monomer (EPDM), 
and ethylene-propylene rubber (EPR) are widely used polymeric com-
ponents for electrical insulators. Notably, owing to affordable price, a 
high percent of elongation, being lightweight, thermal resilience, and 
improved wear resistance, the use of EPDM rubber materials has been 
expanded in tire sidewalls, wires, vibration, and noise isolation, cables, 
and outdoor insulation system products. It also exhibits superior tem-

perature, oxygen, and ozone resistance [9, 10]. However, because of its 
low rigidity, EPDM rubber cannot be employed for primary structural 
uses without including fillers such as carbon nanotubes (CNTs) or clay 
particles [2, 11]. Insulators made of SR exhibit excellent characteris-
tics of hydrophobicity transference in action. As a result, SR insulators 
exhibit high electrical efficiency in damp and contaminated areas and 
they are commonly used in toxic settings. However, they struggle with 
cost, mechanical characteristics, and resistance to tracking [12, 13]. The 
electrical and mechanical characteristics of EPDM/SR blends in vari-
ous proportions were analyzed by Raja Prabhu et al. [14]. In addition to 
dissipation factor, due to silicone’s low freezing temperature, low sur-
face tension, and high oxidation resistance, an improvement in electri-
cal properties including tracking resistance, comparable tracking index, 
dielectric constant, and surface and volume resistivity was observed 
with increasing amounts of SR. Due to their promising mechanical and 
physical characteristics, rubber/layered silicate (such as montmorillon-
ite (MMT)) nanocomposites have recently attracted much interest . The 
distribution of MMT clay particles could lead to either exfoliated and/or 
intercalated structures in the polymer matrix  [15]. Rana et al. [9] studied 
the crystallographic, thermal, electrical, and mechanical behavior of out-
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door insulating EPDM/clay nanocomposites and found that these quali-
ties are improved by incorporating clay into the composite. Vijayaleksh-
mi [16]  studied the mechanical, electrical, and thermal characteristics of 
organically modified MMT (OMMT) clay distributed in an EPDM/SR 
(50:50) blend nanocomposites with variable clay content (1, 3, 5 and 7 
phr). Increasing OMMT loading to 5 phr was shown to improve electri-
cal and mechanical properties, and a further increase in the filler content 
led to the reduced properties, which could be related to a low particle 
dispersion at high clay loadings. Although there are some studies on 
mechanical and electrical properties of EPDM/SR/clay nanocomposites, 
to the best of our knowledge, limited researches were made to charac-
terize the electrical and dielectric properties of nanocomposites based 
on EPDM, SR, and hybrid SR/EPDM matrices [17, 18]. Therefore, the 
main purpose of the present study is to compare the electrical and dielec-
tric characteristics of these blend composites for high-voltage insulators.

2. Materials and method

2.1. Materials

Vinyl methyl siloxane (HD-9170, Hongda Co., Ltd, China) was 
the employed silicone rubber. The hardness and density of SR were 70 
(Shore A) and 1.18 g/cm3, respectively. EPDM (commercial name: KEP 
270) was supplied from Kumho Polychem Co., Ltd., Korea; its Mooney 
viscosity (ML (1 + 4) at 125 °C) was 70 along with a density of 0.86 g/
cm3, with a 4.5%ethylene norbornene content and ethylene content of 
57.0%. Dicumyl peroxide (DCP; Hercules Inc., USA) with 98% purity 
was used as the curing agent and the nanoclay was Cloisite 15A fabricat-
ed by Southern Clay, USA.

2.2. Preparation of the samples 

To prepare the samples, EPDM gum was first softened on a two-roll 
mill manufactured by Polymix 200L, Schwabenthan, Germany, for 3 
min at 50 °C (rotor speed=15 rpm, friction ratio=1.6), followed by the 
SR addition and blending for a further 3 min. Subsequently, the addition 
of 3, 6, or 9 phr nanoclay and mixing for 3 min were done. Eventually, 1 
phr of DCP was added for 2 min. In a 100-ton hydraulic hot press fabri-
cated by Bucher, Switzerland, the mixture was molded by compression 

and cured for 15 min at 160 °C. Specimens were later post-cured at 150 
°C for 2 hours in an oven. Prior to testing, the samples were allowed to 
rest for 24 h at 25°C. Table 1 presents the composition and coding of the 
nanocomposites.

2.3. Microstructural studies

Microstructural images were obtained from cross-sections of differ-
ent samples fractured in liquid nitrogen by a VEGA TESCAN scanning 
electron microscope (SEM), operating at 10 kV. An ion-sputter device 
was employed to gold-coat the specimens in order to minimize charging 
and enhance electrical conductivity.

2.4. Surface and volume resistivity

The measurements of the surface and volume resistivity of the nano-
composites were performed by a high-insulation resistance meter device 
from Shanghai Precision & Scientific Instrument Co., Ltd, following the 
procedure indicated in the IEC 60093 standard, The determination of 
surface resistivity was done by placing the electrodes on the surface and 
volumetric resistivities were measured applying 500 V  for 60 s to the 
opposite surfaces of the samples. Specific volume resistance was calcu-
lated by the following equation (Eq. 1):

x
AR
h

ρ = 						        (1)

where Rx, A, and h denote the measured resistance, surface area of 
the electrode, and thickness of the specimen, respectively. 

2.5. Dielectric properties

Dielectric spectroscopy specifies the dielectric characteristics of ma-
terials, including permittivity (ε') and loss tangent (tan δ), based on the 
interaction of the applied field and the specimen’s internal electric dipole 
moments. Dielectric properties were measured in an E4980A Precision 
LCR meter (Agilent Technologies, Inc.). The ε' and tan δ of the nano-
composites were assessed at low frequency (50 Hz).

2.6. Dielectric breakdown strength 

The characterization of the DBS was carried out according to IEC 
60243-1 using a semiautomatic dielectric test set (DTS90, BAUR), 
equipped with copper parallel plates as electrodes. For the room tem-
perature estimation, insulating oil was used as an embedding medium. 
Between the two electrodes, the specimen with a thickness of 1 mm was 
held, and an incremental alternating voltage of 3 kV/s was applied until 
the specimen could no longer withstand the flow of current, therefore 
the electrical breakdown takes place. The breakdown voltage was de-
termined as the value at which the electric breakdown (represented by 
sparking) occurs. Notice that all of the reported values were the peak 
voltage (Vp). For every sample, 20 different locations were measured.

3. Results and discussion

3.1. Microstructural studies

As shown in our previous report [19], nanoclay was efficiently dis-
tributed and due to good compatibility between EPDM rubber chains 
and Cloisite 15A surfactant (2M2HT1), an exfoliated morphology was 
obtained in the dispersed EPDM phase. Consequently, higher filler-rub-
ber interaction leads to clay migration into the EPDM phase by blend-
ing, enhancing its elasticity. The polarity differences between Cloisite 
15A and SR, on the other hand, caused nanoclay particles to become ag-
glomerated. As shown in Fig. 1, In the Q70E30C0 sample that is a blend 
of SR and EPDM blend has a droplet-matrix morphology and good dis-

Table 1.
Composition of the composites

Sample code* EPDM SR Cloisite 15A

Q100C0 0 100 0

Q100C3 0 100 3

Q100C6 0 100 6

Q100C9 0 100 9

E100C0 100 0 0

E100C3 100 0 3

E100C6 100 0 6

E100C9 100 0 9

Q70E30C0 30 70 0

Q70E30C3 30 70 3

Q70E30C6 30 70 6

Q70E30C9 30 70 9

*Curing of all the samples was performed with 1 phr of DCP
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persion of EPDM is observed in the SR matrix. The incorporation of 
nanoclay filler into the SR/EPDM blend led to an enhanced distribution 
of the dispersed phase of EPDM in the SR matrix (Q70E30C9). The 
stabilization effect of the nanoclay in the blend could be inferred to be 
the result of a decrease in interfacial tension; moreover, the rigid layer of 
nanoclay prohibits the dispersed droplets from coalescing through steric 
hindrance [20, 21].

The change from spherical EPDM droplets to oval shapes could be 
described by the relationship of elasticity and viscosity of the phases. 
The morphology evolves towards a co-continuous configuration because 
of the nanoclay presence in the dispersed phase and matrix and the con-
sequent drop in viscosity. Additionally, owing to their high interactions, 
the trapping of nanoclay in EPDM led to an increase in the elasticity of 
this phase, a decrease in shape relaxation associated with the droplets, 
and maintaining the oval-shaped droplets. Therefore, nanoclay showed a 
potential compatibilizing effect in these nanocomposites [22].

3.2. Surface and volume resistivity

Besides analyzing the electrical performance of different compo-
nents to define industrial applications, the electrical characterization can 
be used as a suitable complement to study the molecular behavior of 
polymers, as well as their thermal and optical properties in combination 
with mechanical properties. The key electrical properties that determine 
the characteristics of insulating material are dielectric constant, dielec-
tric strength, and surface and volumetric resistance.

As observed in Fig. 2, the surface and volume resistance of all sam-
ples were decreased with increasing filler content but were still main-
taining a high value. No polymer is entirely free of conduction mech-
anism; therefore, all of them are able to have a low number of charge 
carriers. Conduction is often carried out by impurities that introduce 
charge carriers in the form of electrons or ions. Therefore, the addition of 
impurities such as clay, which can supply ions and electrons in the bulk 
of materials, reduces its electrical resistance. In addition, the electrical 

resistance of EPDM is about 10 times that of SR, and adding it to the 
mixture increases its electrical resistance. Khodaparast et al. [23] report-
ed that the reason for the decrease in electrical resistance of TiO2/PVDF 
nanocomposite obtained from in situ method compared to commercial 
nanocomposite was the presence of ion and electron supply introduced 
from impurities left by the sol-gel method. By studying the electrical 
properties of EPDM and clay nanocomposites, Kang et al. [24] showed 
that the addition of impurities plays an important role in electrical con-
ductivity. 

Hidayah et al. [25] observed that the addition of nanofillers reduced 
the volume resistivity of low-density polyethylene (LLDPE)/SR nano-
composites, regardless of the kind of filler. The volume resistivity of all 
forms of nanocomposites also decreased significantly with increasing 
SR content. Nevertheless, the addition of a larger amount of nanofiller 
had a negligible influence on its volume resistivity. Rajini et al. [26] 
produced reinforced hybrid polyester composites using coconut sheath/
clay. The findings revealed that resistivity values were reduced with the 
inclusion of MMT nanoclay. It was discussed that, owing to the conduc-
tive properties of crystalline clay materials, the inclusion of clay allows 
the movement of electrons in the clay/polyester blend.

3.3. Dielectric constant

According to Fig. 3, the dielectric constant of all nanocomposites 
has increased with the increase of nanoparticles due to the high number 
of polar groups and the increase of polarization capability. Applying an 
electric field to a polymer causes the redistribution of any charge on the 
polymer, which makes them mobile enough to respond within the period 
of the applied field. If some moving charges can penetrate through the 
sample and migrate through the interface of sample and electrode, a DC 
conduction is often created, and if the penetration of moving charges 
under the field is spatially limited, polymers can be polarized by the 
field and DC conduction is not observed. The dielectric constant (ɛʹ) 
of a material is the relationship between the capacity of a capacitor in 

Fig. 1. SEM images of the samples, 
a) E100C9, b) Q100C9, 

c) Q70E30C0, d) Q70E30C9.
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the presence of that material and the same capacitor in the vacuum. 
The capacity of a capacitor measures its ability to store charges. For a 
non-polar material, the increase in capacity is related to the charges on 
the capacitor, which polarizes the molecules and absorbs the positive 
charges on the molecules at one end and the negative charges at the 
other end, resulting in an increase in charges on the surface. Therefore, 
the greater the polarization capacity of the molecules, the greater the 
dielectric constant of the material. The improvement in nanocomposite 
dielectric features attributed to the addition of nanoclays depends on the 
quality and proportion of the nanoclay [27]. The filler is polarized by the 
introduction of an external electric field, causing a charge disturbance 
in the nanoclays. In this situation, on the surface of the filler, the charge 
carriers could be redistributed, and hence the nanocomposite interface 
becomes polarized, resulting in interfacial polarization. The density of 
the interfacial polarized electrical charge relies on both the filler and 
matrix properties.

Khodaparast et al. [23] also observed that a better filler distribution 
and no agglomeration in the samples increased the effective interface 
between the nanoparticles and the polymer, and there is evidence that a 
greater interface formed between the filler and polymer chains leads to 
increased dielectric constant and it can trap charge carriers. Su et al. [28] 
reported the improvement of dielectric constant in EPDM composites 
filled with graphite flakes due to interfacial polarization. Razzaghi et 
al. [29] worked on SR/clay nanocomposites and showed an increase in 
the dielectric constant by the addition of nanoclay due to the interfacial 
polarization between clay and SR. Arya et al. [30] also reported the im-
provement of the dielectric constant by adding MMT to polymer nano-
composite films based on blend poly(ethylene oxide)-polyvinyl chloride 
(PEO-PVC). 

Clay-filled SR composites were designed by Sarkarat et al. [31] and 
their electrical characterizations revealed that the neat SR dielectric con-
stant was about 2.9 over the frequency spectrum implemented. The re-
laxation peak in the dielectric loss was detected along with an increase in 

dielectric permittivity at a frequency <100 Hz with the inclusion of 2.5 
% of clay in the SR mixture. Rana et al. [9] also found that the conduc-
tivity values and dielectric constant of nanocomposites are higher than 
those of neat EPDM rubber. Thus, it has been shown that adding clay to 
rubber matrices improves the electrical characteristics.

3.4. Dielectric breakdown strength 

Fig. 4 illustrates the dielectric strength (dielectric breakdown) of the 
composites. As mentioned above, in insulating materials, a low level of 
conduction can exist in different ways. This is usually due to the pres-
ence of impurities that introduce low charge carrier concentrations, such 
as ions or electrons, into materials. In strong electric fields, new charge 
carriers may also be injected into the polymer by the electrodes, hence, 
with the increase in voltage, the current will increase more rapidly com-
pared to what is expected based on Ohm’s law. In very intense fields, this 
phenomenon, besides other processes, often leads to surface conduction 
and hence, the complete polymer failure as a dielectric material (dielec-
tric breakdown). The maximum voltage that a dielectric material is able 
to tolerate for a long time without failure is known as dielectric strength 
and can be defined as the voltage divided by the thickness of the materi-
al. In other words, dielectric strength is the maximum electric field that 
the material can withstand indefinitely. As Fig. 4 shows, increasing the 
amount of clay increases the dielectric strength of the nanocomposites. 
This can be explained by the fact that more obstacles and traps are cre-
ated in the path of space charges. Spatial charge in a dielectric material 
means the accumulation of electric charges near its interface with the 
electrode. The accumulation of charge creates an internal electric field 
and reduces the current. Electrons can be trapped in a solid, therefore, 
trapping more charges in the material results in increasing the opposite 
electric field, and reducing the flow of electrons from the electrode to the 
material, thus increasing the dielectric strength [32, 33]. 

The scheme of the spatial charge phenomenon is shown in Fig. 5. 
Since EPDM has a higher dielectric strength than SR (almost double), 
its addition to SR has significantly enhanced the blend’s dielectric 
strength and nanocomposite. Dong et al. [32] reported that increasing 
the amount of TiO2 nanoparticles in silicon rubber reduced the electrical 
resistance due to the increase of the impurity content by introducing ions 
and electrons in the polymer matrix. Additionally, the dielectric strength 
increased due to the increase of obstacles in the way of electrons and, 
consequently, the increase of the space charge. Also, Hidaya et al. [25] 
reported that the DBS of LLDPE/SR loaded with Si, BN, and Zn nano-
fillers are better in all blended formulations relative to the related com-
positions without nanofillers. Dutta et al. [34] studied polyethylene oc-
tene elastomer/ethylene-vinyl acetate copolymer (POE/EVA) reinforced 
with organoclay particles. The findings revealed that the nanocompos-
ite containing 0.5 wt% of organoclay showed an improvement in the 
breakdown voltage value from 6 kV to 10 kV. Besides, Shah et al. [35] 

Table 2.
Weibull parameters for the composites

Samples
Scale parameter 

α (V)
Shape parameter β R2

Q100C0 2.87 9.33 0.97

Q100C9 3.00 8.09 0.87

E100C0 3.57 8.49 0.96

E100C9 3.63 19.14 0.95

Q70E30C0 3.08 10.98 0.97

Q70E30C9 3.20 14.35 0.95

Fig. 2. The surface and volume resistance of samples.
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observed a noticeable increase in high-density polyethylene (HDPE) di-
electric breakdown strength from 33 kV/mm to 68 kV/mm after process-
ing organic clay with the mixture of titanate and silane coupling agents.

The distribution of breakdown voltages was fit to the distribution of 
Weibull. The value F is the Weibull cumulative distribution function, 
which [36, 37] is obtained from Eq. 2:

( ) 1 exp[ ( )]BD
BD

VF V
α

= − − 				      (2)

where the scale parameter of α denotes the voltage at which 63% of 
all capacitors have broken down, and the Weibull module indicating the 
distribution width is represented by the shape parameter β. Usually, by 
taking two logarithms, the function of Weibull cumulative distribution 
is rearranged as:

 ( ) ( )  1      BDlnln lnln F lnln V lnlnβ β α− − = −   			     (3)

Using Eq. 3, the y-intercept (-β ln α) and slope (β) are easily mea-
sured from a plot of ln[-ln(1- F)] versus ln (VBD). Results that match the 
distribution of Weibull would fall along a line (Fig. 6). As reported in 
Table 2, linear regression was utilized to evaluate alpha and β for the 
specimens. For low probability events (low VBD), the transformed data 
inspection indicates deviations from the Weibull distribution. This tail, 
which comprising below 10% of the results, could imply the presence 
of a separate low-voltage breakdown dominant mechanism or the pres-
ence of a threshold voltage under which the samples do not experience 
a breakdown.

The competitive advantage associated with nanocomposites may be 

described by the nanofiller effect, which was assumed to interfere with 
the consistency of the pathway given to the charge carriers, leading to 
increased breakdown strength. The significant number of small parti-
cles and the vast interfacial area could also serve as scattering sites for 
electrons, decreasing their momentum and raising the breakdown volt-
age [38]. The decrease in the inner bulk charge in the nanocomposite 
structure may also be a potential explanation for enhancing the DBS 
of SR/EPDM nanocomposite after nanofillers have been added. It was 
attributed to the addition of a regional conducting route by the overlap of 
nanometric double layers or localized charge flow. This could keep inner 
localized fields low and help to increase DBS [39].

The most remarkable point was that the Weibull shape variable, β, 
was increased for the nanocomposites, as shown in Table 2. The find-
ings indicate that in nanocomposites rather than the unfilled SR/EPDM 
blend, a less disparate or relatively consistent dielectric breakdown 
process happened indicating an improvement in the uniformity of the 
sample (material with a lower weak point, typically composed of mac-
rovoids). The existence of nanoclays could have pervaded the formed 
voids in the SR/EPDM. Li et al. [40] reported that the incorporation of 
aligned nanoplatelet fillers, in addition to any enhancements attributable 
to the crystal orientation, produced an extra and complementary boost 
in the dielectric breakdown strength. Thus, in the nanostructured matrix, 
with the coordinated fillers and arranged polymer crystals functioning 
as a macroscopic shield formed across the specimen, a significantly en-
hanced breakdown strength could be achieved. The findings of Hiziroglu 
et al. [41] also showed that the breakdown strength of the natural poly-
propylene filled with nanoclay was greater than that of the unfilled poly-
propylene, and the optimal nanoclay density tended to be 2% by weight. 
A substantial variation in DBS value was found from the findings of the 
nanocomposite specimens produced by various blending processes. The 
DBS value has been found to be overly reliant on the relative dispersion 
of nanofillers in the composite mixture [14]. Furthermore, it is com-
monly assumed that new gaps or defects can be formed into polymers 
by introducing nano-or micro-particles [42]. Therefore, to boost DBS, it 
is crucial to monitor the distribution of nanofillers when they are intro-
duced into the composite.

4. Conclusions

SR, EPDM, and SR/EPDM hybrid nanocomposites containing 
organically modified clay (Cloisite 15A) were developed. Thus, the 
specimen morphology, surface and volume resistivity, and dielectric 
properties of different SR/clay, EPDM/clay, and SR/EPDM/clay hybrid 
nanocomposites were studied. The findings were as follows:

The addition of nanoclay leads to a fine EPDM distribution in the SR 
matrix. The stabilization effect of the nanoclay is followed by an inter-
facial tension reduction; also, the rigid layer of nanoclay prohibits the 
dispersed droplets from coalescing and offers steric hindrance.

If the filler content increases, the volume and surface electrical resis-

Fig. 3. The dielectric constant of the nanocomposites.

Fig. 4. The dielectric strength (dielectric breakdown) of the nanocomposites.

Fig. 5. Schematic of the spatial charge phenomenon.
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tance of all specimens are reduced, but they still maintain fairly strong 
electric resistance. The presence of impurities, including clay, which can 
provide the bulk of materials with electrons and ions, decreases their 
electrical resistance.

The increase in polar groups produced by a larger quantity of 
nanoparticles increases the dielectric constant of all nanocomposites.

An increase in the clay content improves the dielectric strength of the 
nanocomposite since the route of space charges develops more barriers 
and traps. In a dielectric substrate, spatial charging implies the storage 
of electrical charges along with its electrode interface.
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1. Introduction

In the last decades, environmental purification has been one of the 
major challenges facing researchers [1-3]. Among the various methods 
used for environmental purification, semiconductor photocatalysis has 
been known as an effective and environmentally friendly method. TiO2 
has received increasing attention for photocatalysts application due to its 
nontoxicity, low cost, high oxidation power, and high chemical stability 
[4-25]. 

The recent nanotechnology development has shown that nanomate-
rials like nano-sized TiO2 photocatalysts can exhibit high performance 
in environmental purification. A fast-developing field in environmental 
engineering is TiO2 heterogeneous photocatalyst which has excellent po-
tential for environmental purification. Fujishima and Honda discovered 
the photocatalyst performance of TiO2 with the application of TiO2-an-
ode in the hydrolysis of water to hydrogen and oxygen [26, 27].

The metal of TiO2 is present in nature in various forms. The oxy-
gens of TiO2 have three various molecule structures including brookite, 
anatase, and rutile. Rutile is a pigment in white paints that has revealed 
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

TiO2 as a photocatalyst has been widely investigated and applied in many fields such as fuel cells, sterilization, and 
environmental decontamination. Some efforts, such as operation pa-rameters, synthesis techniques, and improve-
ments by doping have been made to improve its performance. To have a photocatalyst with high photocatalytic 
activity for environmental purification, the most important step is to know about the synthesis methods and the 
pa-rameters and conditions that lead to preparing a highly photocatalytic active photocatalyst. This article paves 
the way in selecting the best synthesizing technique. In this article, the most common synthesis techniques of 
TiO2-based photocatalysts, including sol-gel, hydro-thermal, solvothermal, chemical vapor deposition, and phys-
ical vapor deposition have been reviewed. The most important results that have been achieved in the field of 
synthesis were collected. 
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low photocatalytic performance, and anatase is more favorable in using 
as the photocatalytic cell. UV-light with 387 nm wavelength or lower is 
required for applying anatase.[28]

Air conditioning (air purification), water purification, white tents, 
tunnel lightning, mirrors (anti-condensation), textile (anti-odor), ceram-
ic tiles (self-cleaning, antibacterial), and self-cleaning glazing are some 
of the application of TiO2 as photocatalyst. In addition to anti-septical 
action and air purifying in which the pollutants are reduced or oxidized, 
it is also used to prepare a self-cleaning material. This is because of the 
high surface hydrophilicity of TiO2 which is the result of activation by 
UV-light [29].

Up to now, different methods have been reported to prepare TiO2 
and TiO2-based photocatalyst, including physical vapor deposition 
(PVD) [30], chemical vapor deposition (CVD) [31], solvothermal [32], 
hydrothermal [33-35], and sol-gel method [34]. Indeed, photocatalytic 
performance is especially influenced by some factors such as crystallin-
ity, light adsorption ability, pore size, shape, and porosity. Since these 
factors are ultimately influenced by the preparation method, significant 
consideration should be done to study the effect of preparation meth-
ods, conditions, and parameters on photocatalytic performance [36]. 
Some reviews on the synthesis of TiO2-based materials exist [37-41], 
the works that have been done before 2011. 

In this study, we review the latest advances in both liquid-phase pro-
cessing and physical production techniques. Also, the precursors, surfac-
tants, and solvents used in the synthesis process, as well as the operating 
parameters of synthesis were extensively studied. The results obtained 
from the publications, which can help to select the promotional materials 
and operating parameters in the synthesis process are shown.

2. Synthesis method

2.1 Sol-gel method

The sol-gel process is a wet chemical, a low-temperature method that 
is used for the synthesis of various nanostructures, especially metallic 
oxide nanoparticles. In this method, the precursors are dissolved in sol-
vents and then converted into a gel via hydrolysis and polycondensation 
reactions, with or without the use of a catalyst, under heating and stirring 
conditions. Inorganic metal salt, metal-organic compounds, and miscel-
laneous titanium-containing [42] are the most common precursors used 
for TiO2 nano photocatalyst synthesis. Principally, the sol-gel process 
includes the following steps: (a) preparation of the initial homogeneous 
solution, which is consisted of dissolution of the precursors in solvents 
(e.g., water, alcohol, and organic solvent). Sometimes it is necessary to 
use the combination of two solvents with a certain ratio, to get a homo-
geneous solution. For example, some metal alkoxides precursors (e.g. 
titanium tetraisopropoxide (TTIP)) are dissolved in an organic solvent 
(e.g. isopropyl alcohol) that is miscible with water and then dissolved in 
water [43]. (b) Hydrolysis of the initial homogeneous solution by adding 
water, under acidic, neutral, or basic conditions to provide a sol. Hydro-
lysis replaces an alkoxide ligand with a hydroxyl ligand or oxo ligands. 
Depending on the amount of water and catalyst present, hydrolysis re-
action can be complete or partial. The sol complete hydrolysis forms 
a rigid gel, which can be heat-treated to form powders. The sol partial 
hydrolysis will provide a polymeric viscous liquid, which deposited on 
a substrate by dip coating or spin coating and thermally processed to ob-
tain dense crystalline films [44]. Also, when the viscosity of the sol is ad-
justed into a specific range, ceramic fibers are produced. (c) Conversion 
of sol by changing the concentration or pH of the sol into a gel which can 
be an integrated discrete particles network or network polymer. General-
ly, gelation is involved condensation of hydroxyl and/or alkoxy groups 
that lead to the release of water or alcohol and then polymerization. A gel 

that is produced from these processes is a nanostructure material. When 
the by-products (e.g., water or alcohol) are removed from this nanostruc-
ture via evaporation or the porosity of the gel is improved around the 
surfactant such as hexadecyltrimethyl, nanoporose structure material is 
produced. The structure of the polymeric gel can be rigid with large void 
area (macropores) or weak with smaller void area (micropores). Differ-
ent kinds of surfactants have been used for photocatalysts preparation, 
for instance, polyethylene glycol sorbitan monooleate surfactant has 
been used for the preparation of highly porous TiO2 films. Another type 
of surfactant is lauryl amine hydrochloride (LAHC), which has been 
used to prepare mesoporous-assembled nano titania (TiO2) thin films 
[45, 46]. As a different method, the gel can be formed from stabilized 
sol, in which the solvent of the precursor is usually water and very fast 
hydrolysis happen as a result of high water/alkoxide molar ratio, in this 
condition the synthesized nanoparticles agglomerate very rapidly, these 
aggregates can be broken up by peptizing agents such as HCl or NH3 and 
as a result, the colloidal suspension is produced [47-51]. Complete (Eqs. 
(1)-(3)) and partial condensation and hydrolysis reactions (Eqs. (4)-(6)) 
of titanium alkoxide precursors are described by the following reactions:

Ti-OR+H2O→Ti-OH+ROH (hydrolysis)			     (1)

Ti-OH+OR-Ti→Ti-O-Ti+ROH (alcohol condensation)		    (2) 

Ti-OH+HO-Ti→Ti-O-Ti+H2O (water condensation)		    (3)

Ti(OR)n+H2O→Ti(OR)(n-1)(OH)+ROH (hydrolysis)		    (4)

Ti(OR)n+Ti(OR)(n-1)(OH)→Ti2O(OR)(2n-2)

			   +ROH (alcohol condensation)	   (5)

Ti(OR)(n-1)(OH)+Ti(OR)(n-1)(OH)→Ti2O(OR)(2n-2)

			   +H2O   (water condensation)	   (6)

Important factors that can affect the kinetics of the condensation and 
hydrolysis reactions of titanium alkoxide and titanium chlorides and 
will ultimately lead to the production of material with different struc-
ture, size, and morphology are water/titanium ratio, alcohol/titanium 
ratio, concentration, and nature of the precursors (alkoxy groups), pH, 
temperature, etc. According to the studies, the type of the alkoxy groups 
affects the size of the cluster formed [52]. The hydrolysis and diffusion 
rate of the alkoxides with higher alkyl groups is slow. Since polymer-
ization is partial hydrolysis and diffusion-reaction, alkoxides with this 
property lead to the formation of oxide components with smaller siz-
es [53]. Hydrolysis and condensation rate are both influenced by pH. 
At acidic media, the hydrolysis reaction is improved, and hydrolysis is 
faster than condensation. Also, pH can influence the porosity, surface 
area, and pore size of the producing oxides. The water/titanium ratio has 
the greatest effect on the particle size and a higher water/titanium ratio 
leads to the faster gel formation of sol [48, 54]. (d) Aging: when the 
solvents are removed from the gel, keeping the pore structure stability is 
difficult. Normally in order to improve the strength of the links between 
particles, aging step, which takes a few hours or several days is neces-
sary before draying step. (e) Drying: This step has involved the removal 
of solvent from the gel. There are two different methods for removing 
the solvent: 1- Drying the gel under ambient conditions. In this method 
shrinkage is obvious and the resulted material is called Xerogel which is 
a dense material with low porosity. 2- Drying the gel under hypercritical 
conditions. In this method, solid network collapse is minimized and the 
resulting material is called Aerogel which has high porosity. (f) Thermal 
treatment: To improve the structural stability and mechanical property, 
different kinds of thermal treatment such as sintering, densification, and 
calcinations are used. In a study done by Wetchakun et al, TiO2 nanopar-
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ticles were prepared via the sol-gel method by titanium tetraisopropox-
ide as the titanium precursor, the results show that the calcination tem-
perature can affect the average particle sizes of the nanoparticles and 
anatase to rutile transformation [55]. Different sol-gel process steps to 
control the final morphology of the product depicted in Fig 1.

2.1.1 Modified sol-gel method

Generally, highly reactive titanium alkoxide precursors undergo ag-
gressive and exothermic hydrolysis reaction and condensation reaction 
leads to the formation of the Ti-O-Ti network. This process can lead 
to the precipitation of undesired phases with particles of large size and 
uncontrolled structure. Also in the synthesis of nanosized TiO2 powder, 
the high hydrolysis rate of titanium tetraisopropoxide can cause loss of 
optical and photocatalytic properties of nanosized TiO2 material [56, 
57]. To control the kinetics of hydrolysis and polycondensation reactions 
of titanium alkoxide precursors, some modifier ligands such as a diol, 
the carboxylic acid (e.g. acetic acid), and diketones (e.g. acetylacetone) 
compounds or other complex ligands are used [58, 59]. The most com-
mon modifiers used in the modification of the titanium alkoxide precur-
sors are acetylacetone and acetic acid. Generally, the role of modifier 
ligands is to chemically react with alkoxide precursors and as a result, 
the reactivity of precursors is modified, and a new precursor is produced. 
Also, the shape and size of the primary particles which formed in the 
sol-gel of metal alkoxides are described by the interactions on the phase 
boundary, that is directed to the properties of ligand [60]. Acetyl ace-
tone is a kind of hydroxylated strong complexing ligands (SCL) that has 
a reactive hydroxyl group. Due to this property, the reaction between 
acetylacetone and titanium alkoxide precursor results in the protonation 
of the oxygen atom in the alkoxide ligand, and as a result alcohol and 
a modified alkoxide precursor are produced. The reactions of titanium 
tetraisopropoxide with acetylacetone (enolic form) are described in Eq. 
(7) [58, 60, 61]. Another modifier is acetic acid. As it is shown in Eq. 
(8)-(9) the reactions of titanium tetraisopropoxide with acetic acid lead 
to the production of new precursors. In this reaction, due to the replace-
ment of the alkoxy groups bonded to titanium by acetate groups, Ti-OAc 
and ROH are formed. Modification of titanium tetraisopropoxide Ti(O-
Pri)4 with glacial acetic acid decrease the availability of groups which 
condense and hydrolyze easily by stable complex formation, which its 
structure was specified to be Ti(OCOCH3)(OPri)2 [58, 62]. Esterification 
reaction (Eq. (10)) of AcOH with alcohol leads to the releasing of water 
in the solution. In the esterification reaction, titanium alkoxide precursor 
can be hydrolyzed with water molecules through esterification reaction 

followed by condensation reaction to form Ti-O-Ti [63, 64]. The ester-
ification reaction has several drawbacks for example: if the reaction is 
not controlled the generated water can lead to precursor condensation 
reaction. The hydrolysis and direct condensation reaction which is an-
other route of the formation of Ti-O-Ti condensed bridge is described in 
Eqs. (11)-(12) [56-58, 65].

Ti(OPri)+x(acacH)→Ti(OPri)+xPri OH                                                                                                                (7)

Ti(OPri)+AcOH→Ti(OPri)(OAc)+PriOH                                                                                                            (8) 

Ti-OR+AcOH→TiOAc+ROH                                                                                                                                (9)

ROH+AcOH→ROAC+H2O			    	 (10)

Ti-OAc+ROH→ROAc+Ti-OH                                                                                                                         (11)

TiOR+TiOAc→ROAc+Ti-O-Ti                                                                                                                         (12)

2.1.2 Preparation of photocatalysts with sol-gel method

Several investigations have been done due to the photocatalyst 
preparation via the sol-gel method, some of these synthesis processes 
are described as following: 

Titanium sol was prepared by TiCl4 acid hydrolysis, in this route pH 
of the medium was adjusted by NH4OH, at pH=6 to 7, followed by pep-
tization of precipitates with HNO3. Stable titania sol was prepared at the 
molar ratio [H+]/[Ti]=0.5, 1, 1.5, and 2 with strong stirring at 70 °C for 
24 h. To prepared SiO2-TiO2 (the content of SiO2 was 10 wt%) nanopar-
ticles photocatalyst, the appropriate amount of tetraethylorthosilicate 
(TEOS) solution was dropped in the sol of titania followed by drying 
and calcination at 400-700 °C for 1-3 h [66]. TiO2 based catalyst exhib-
ited the highest photocatalytic performance because of lowest crystal-
lite size, highest surface area, and better crystallization, at calcination 
temperature of 400 °C for 3 h. The optimum condition of [H+]/[Ti] ratio 
is taken at 0.5. When the pH value increased from 6 to 7, this led to an 
increase in surface area.

Both Ni, Co, and Fe-doped TiO2 and pure TiO2 samples were pre-
pared by the alkoxide route of the method of sol-gel. The precursor of 
TiO2 was tetraethyl orthotitanate and the solvent was the absolute eth-
anol. The titanium alkoxide hydrolysis took place at room temperature 
with a final pH=6 of the solution. Undoped TiO2 and 0.5, 1, and 2 wt% 
Co, Fe, or/and Ni-doped nanopowders of TiO2 were synthesized. The 

Fig. 1. Different sol-gel process steps to control the final morphology of the product.
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compositions with 0.5 wt% dopants were chosen for this work. The pre-
pared sols dried at 80 °C and the xerogels were thermally treated with 
a heating rate of 1 °C/min at 400 °C (1 h plateau). The sample with 0.5 
wt% Fe dopant concentration thermally treated at 400 °C showed the 
best photocatalytic performance for nitrobenzene removal from water 
[67].

To prepare N-doped TiO2 samples decorated with N-doped graph-
eme, 17 mL of tetrabutyl titanate was mixed with 30 mL of ethanol with 
stirring for 30 min (solution A). A mixture of 28.32 mL absolute ethyl 
alcohol, 7.2 mL distilled water, 20 mL of acetic acid, a specified propor-
tion of carbamide and graphene oxide with various graphene proportion 
of 0.5wt%, 1wt%, 3wt%, and 5wt% before adding another 20 mL of 
acetic acid was added to solution A with 30 min of stirring. The aging 
and drying condition was 24 h and100 °C, respectively. The samples 
were calcination at (400, 500, and 600 °C) in the furnace under the N2 
atmosphere for 2.5 h. The results suggested that N-RGO (0.5wt%)/N-
TiO2-400 °C showed the best photocatalytic efficiency for the decompo-
sition of methylene blue (MB) [68]. In another work, the preparation of 
mesoporous Fe2O3/TiO2 in the presence of Pluronic P123 as the struc-
ture-directing agent was done by addition of iron (III) nitrate nonahy-
drate (1.52 g) and titanium tetraisopropoxide (5.18 mL) into a mixture 
of Pluranic P123 (1 g) and ethanol (60 mL). In this method pH of the 
medium was adjusted by a solution of ammonia (8 mL) and distilled 
water (36 mL), to pH around 10. After 24 h stirring, the obtained mixture 
for nucleation the precipitated was hold in the dark overnight. To get a 
fine powder, the product was centrifuged and dried at 100 ºC and then 
calcination at 400 °C for 5 h in an N2 atmosphere. Meso-30 wt% Fe2O3/
TiO2 showed highest photocatalytic activity for 4-chlorophenol degra-
dation [69]. A summary of TiO2 and TiO2-based photocatalysts prepared 
via sol-gel or modified sol-gel method are reported in Table1.

2.2 Hydrothermal method

The hydrothermal synthesis can be defined as any heterogeneous 
reaction in an aqueous media performed at a pressure higher than 1 
atm and above room temperature [70]. It should be noticed that with 
a non-aqueous solvent (e.g., n-butyl alcohol, ethanol, methanol, tolu-
ene, etc), the process is referred to as the solvothermal method. In com-
parison to the other methods, the solvothermal method involves much 
milder conditions and softer chemistry conducted at lower temperatures 
[71]. Hydrothermal and solvothermal are techniques to produce TiO2 

and TiO2-based nano photocatalysts with different morphology such as 
nanosheets [72], nanofibers [73], nanotubes [74], films [75], nanopar-
ticles [76, 77], nanorods [78, 79], powder [80, 81], and to process 
nanocomposites materials [82-86]. The common Ti-source used in the 
synthesis process of nano photocatalysts via hydrothermal and solvo-
thermal methods are titanyl sulfate (TiOSO4) [83], titanium (IV) butox-
ide (TBOT, Ti(OC4H9)4) [72, 82, 87], TiCl4 [76, 79, 81, 88], titanium 
tetraisopropoxide (TTIP, (Ti(OCH(CH3)2)4) [73, 89], Ti(SO4)2 [80, 90], 
titanium (IV) n-butoxide (TNB, Ti(OBu)4) [91], TiO2-P25 [92] and TiCl3 

[93]. Precursors which are used in the hydrothermal method are admin-
istered in the form of solutions, gels, and suspensions. These precursors 
are heated at a temperature range between (100-200 °C) and pressure (P 
< 100 bars), in autoclaves usually with Teflon liners. After the reaction 
occurred in the autoclave, the autoclave is cooled and some process such 
as centrifuging, drying, washing, etc is done. 

In the hydrothermal method, some organic or inorganic mineralizers 
are used to control pH, also mineralizers with high concentrations (e.g., 
10 m), used to promote solubility. For example, mineralizers such as 
NaOH, KOH, HCl, HNO3, HCOOH, and H2SO4 are used in the synthesis 
of TiO2 nanoparticles. Also, to control the shape of the nanomaterial, 
some other additives or shape control agents are used [94-97]. For in-
stance, to prepare TiO2 with a specific nanostructure, some surfactant 
molecules such as ammonia, diamine, dodecane diamine (DDA) [98], 
and triethanolamine [99] are used. As another example, in a system 
based on ethylene glycol and titanium tetra isopropoxide, the hydrother-
mal method of the base system could fabricate nanowires. In this system, 
the addition of ethylenediamine (EDA) with different concentrations led 
to a change in the shape of nanomaterial from nanowire to nanorods, 
nanofibers, and arrays [71]. To enhance the reaction kinetics or make a 
new material, the hydrothermal techniques can be hybridized with other 
processes such as microwaves, ultrasound, electrochemistry, etc [95].

A technique to prepare thin films or porous TiO2 powder is the sol-
gel method which has a drawback that involves deposition or calcined 
sol-gel-synthesized TiO2 can readily form particles aggregates rather 
than a periodic and continuous inorganic framework. The hydrothermal 
method with low reaction temperature has been specified to solve this 
problem. The other advantage of the hydrothermal method for nano-
crystalline state synthesis is the possibility to produce the material with 
uniform composition, phase, and microstructure [75, 76, 100]. Although 
the Hydrothermal synthesis process seems to be very simple, some pa-

Fig. 2. Schematic diagram of a hydrothermal method. Fig. 3. Chemical vapor deposition mechanism.
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Table 1.
Summary of TiO2 and TiO2 -based photocatalysts prepared via sol-gel or modified sol-gel method

Catalyst-shape Method The material used for the preparation Model com-
pound

Operating condition Main results Ref

Nanoparticles of
TiO2-CS, Pd/TiO2, as 
well as Pd/TiO2-CS

Modified 
sol-gel 

TiO2 Precursor: TiC16H36O4 (titanium sec-butoxide)
The material used in the synthesis process:

Solvent for TiO2 precursor: ethanol, HCl, and dou-
ble-distilled water

Precipitation agent: ammonia solution
Pd source and solvent: PdCl2 (Pd to TiO2 molar ratio: 

0.03), distilled water (50 mL) 
CS source and solvent: 1 g of CS (CS to TiO2 molar 
ratio: 0.03), aqueous acetic acid solution (100 mL 

of 5%) 
pH controller (pH 9): ammonia solution

MB Pd/TiO2: 
Drying: at 100 °C over-

night 
Calcination: for 5 h at 

550 °C 
TiO2-CS: 

Draying: at 100 °C for 
24 h 

Calcinnation: at 550 °C for 
5 h in air

Light source: Xenon lamp

• Chitosan can 
prevent the ag-

glomeration of TiO2 
nanoparticles

• Photocatalytic 
activity: Pd/ TiO2 
< TiO2-CS < Pd/

TiO2-CS.

[168]

TiO2-P25-nanocompos-
ite films

Peroxoti-
tanic acid 

(PTA)
modified 
sol-gel 

TiO2 Precursor: TTIP (5 mL)
The material used in the synthesis process:

Solvents for TiO2 Precursor: isopropanol (20 mL)
Hydrolysis agent: deionized water (100 mL) 

PTA sol: dissolving the precipitate in 20 mL of 
aqueous H2O2

Surface modifier: 0.3 g 10% PEG solution
TiO2–P25 film preparation: substrate based on boro-
silicate glass with the dimension of 4.5 × 39.5 × 0.2 

cm and sol of P25 (4 wt.%)

Reactive Red 
222 (RR222)

Drying:100 °C in the oven 
for 1h 

Calcination: 500 °C for 2 h
Light source: UV-C lamp

The photocatalytic ef-
ficiency of TiO2-P25 
increase due to effec-
tive charge transfer

[169]

CNS-TiO2-nanoparticles Sol-gel TiO2 Precursor: TTIP
The material used in the synthesis process:
Solvents for TiO2 precursor: isopropyl alcohol 

solution
Hydrolysis agent: deionized water

Precursor and solvents for CNS-TiO2 preparation: 
thiourea, double distilled water.

Ami-
doblack-10B 

dye (AB-
10B)

Drying: 80 °C, in oven 
Calcination: 400 °C

Light source: solar light

Co-doped TiO2 
activity under visible 

light irradiation is 
higher compared to 

pure TiO2 

[43]

N-doped TiO2 Sol-gel 
reverse 
micelle 

(SGRM) 

TiO2 precursor: titanium (IV) 2-ethyl-1,3-hexanedi-
olate (15.71 g)

The material used in the synthesis process:
Solvents for TiO2 precursor: isopropyl alcohol (30 

mL)
Material for micelle reverse solution preparation:

cyclohexane (16 mL), aqueous solution of Na2EDTA 
(14 mL) and TritonX100 (50 µliter)

MB Heating:
70 °C for 60 min

Aging: 24 h 
Drying: 80 °C for 8 h 

Calcination: for 1 h at 500 
°C in static air with a 5 °C/

min heating rate 
Light source: Mercury/

Xenon lamp
(λ=400 nm)

Optimum condition: 
N/Ti atomic ra-

tio=0.05

[42]

TiO2- fibers Sol-gel TiO2 Precursor: TBOT
The material used in the Synthesis process:

Solvent for TiO2 precursor: anhydrous alcohol (TBT 
to EtOH molar ratio: 1:3)

Surfactant: solution of PVP and HCl (26 mL) in 
absolute alcohol

Formalde-
hyde

Stirring: 2h
Oil bath temperature:

110-140 °C
Calcination: 500 °C for 

90 min
 Light source: UV (λ=254 

nm )

Optimum condition: 
H2O:TBOT molar 

ratio ≤ 2 

[170]

H-PVA/TiO2-composite 
films

Sol-gel TiO2 Precursor: TBOT
The material used in the synthesis process:

Solvent for TiO2 precursor: EtOH, AcOH
Hydrolysis agent: deionized water (100 mL) and HCl 

(0.3 mL)
Preparation of glass slides based on H-PVA/TiO2: 
(75 mm × 25 mm × 1 mm), the mass ratio of PVA/

TiO2: 1/5

Rhodamine
B (RhB)

TiO2 preparation:
Stirring: 2h, 70 °C 

Aging: 48 h at room 
temperature

Preparation of H-PVA/
TiO2:

Heat-treating: at 12-240°C 
for 4h in an N2 gas flow

Light source: Tung-
sten-Halogen lamp

Optimum condition: 
180 °C and 16.7 

mass% of polymer 
content 

[167]

TiO2-powder Sol-gel TiO2 Precursor: TiCl4 
The material used in the synthesis process:

Solvent for TiO2 precursor: Ethanol/water (volume 
ratio of 4:1)

Hydrolysis agent: Ammonia (pH=7.5)

Phenol Calcination: 450 °C for 4 h
Drying: 80 °C

Light source: sunny day of 
summer (April–May)

19.6 nm species 
size demonstrate 

good photocatalytic 
activity under solar 

irradiation 

[171]
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rameters such as the type and source of precursors, the hydrothermal 
condition (e.g. reaction temperature and time), and the washing proce-
dure, play important roles in controlling the structure of the produced 
photocatalysts. [74]. The schematic diagram of a hydrothermal method 
of synthesis TiO2 matrix is depicted in Fig.2.

2.2.1 Photocatalysts preparation via hydrothermal method

F-doped anatase TiO2 nanoparticles were prepared by adding drop-
wise 2.2 mL TiCl4 to a solution of 2 mL HF (40%) and 36 mL solution 
of HCl (1.0 M) under vigorous stirring for 30 min. Then the resulted 
solution was placed in a 50 mL stainless-steel autoclave and maintained 
at 120-180 °C for 4-12 h. After the autoclave was cooled to room tem-
perature, the resulted sample was collected by centrifugation, washed 
with distilled water various times, and dried in an oven at 80 °C. The 
presence of HF led to the formation of the F-doped shuttle-like anatase 
nanostructures of TiO2 [76].

In another study, nanoparticles of TiO2 were synthesized by titanium 
tetraisopropoxide hydrolysis using tetramethylamine (TMA) as a pep-

tizer in the hydrothermal technique. In this route, white precipitates of 
hydrous oxides were prepared by adding titanium isopropoxide solution 
(water/TTIP molar (R) ratio=100) into a solution of trimethylamine and 
water with vigorous stirring at 25°C. The mixture was stirred for 2 h. 
Then the resulted solution (200 mL) was placed in a 250 mL Teflon 
container maintained in a vessel and heated for 4 h at 120-200 °C. The 
resulted in TiO2 particles were separated using a centrifuge at 10,000 
rpm for 10 min, after that washed in distilled water, and dried for 12 
h at 105 °C, at last calcined for 3 h at 200-800 °C. The result showed 
that titania particles synthesized at 170 °C and calcined at 600 °C, have 
the highest performance in the orange II photocatalytic decomposition 
under UV light [77].

In yet another study, nanofibers were synthesized from low-cost (0.5-
0.7 dollar/kg) natural ilmenite mineral (FeTiO3) by a simple hydrother-
mal method. In this route, ilmenite mineral (5 g) and 10 M aqueous solu-
tion of NaOH (200 mL) were placed in an autoclave, heated, and stirred 
for 72 h at 120 °C. Then the mixture was cooled to room temperature, 
and washed with 0.1 M aqueous solution of HCl and deionized water 
(DI) several times, and dried at 100 °C for 12 h. The nanofibers calcined 

Table 1. (Continued)

Catalyst-shape Method The material used for the preparation Model com-
pound

Operating condition Main results Ref

TiO2-Fe2O3 Sol-gel TiO2 Precursor: TiOCl2

The material used in the synthesis process:
FeCl3.6H2O and FeCl2.4H2O (Fe3+: Fe2+=1:2) were 
added in distilled water and then added to 20 mL 

TiOCl2. Ammonia solution was used to control pH 
at 9

MB Aging: at 80 °C for 4 h 
and then settled at room 

temperature for 12 h with 
gentle stirring

Drying: 80 °C for 24 h in 
the thermal oven

Calcination: for 2 h at 400, 
600 and 800 °C in a box 

furnace 
Light source: 100 W 

Halogen lamp emitting 
wavelengths=350-1050 nm

Optimum condition: 
5 wt% Fe2O3 and 

calcination at 600 °C

[172]

Zirconium doped 
TiO2-nanopowder 

Controlled 
sol-gel 
route 

based on 
halide free 
non-aque-

ous 
solvent 

Precursor: TTIP (20 mL)
The material used in the synthesis process: 

Solvents for TiO2 precursor: 2-methoxy ethanol (40 
mL)

Zirconium precursor: Zirconium-oxy-nitrate-hydrate 
(0.831 g, 1.754 g, and 2.785 g) 

Quenchers: potassium iodide (KI), sodium azide 
(NA), parabenzoquinone (BQ), and dimethyl sul-

phoxide (DMSO) 
pH controller (pH 3): HNO3 and KOH 

MB, RhB Drying: using IR lamp (250 
watt) and then pulverization
Calcination: 450 °C for 1 h
Light source: high-pressure 
ultra vitalux lamp (300 W, 
peak wavelength: 365 nm)

Doping of 10 at.% Zr 
leading to obtaining 
TiO2 nano-powder 
with the size of 11 

nm rendering energy 
gap of 3.33 eV in-

crease photocatalytic 
efficiency

[173]

TiO2-ZnO Sol-gel TiO2 Precursor: TBOT
The material used in the synthesis process:

ZnO precursor: zinc nitrate (Zn (NO3)2. 6H2O)
Catalyst: citric acid 

Solvent: deionized water

H2 generation Heating: 100 °C on a hot 
plate 

Annealing: for 5 h at 500 
°C in a static atmosphere 
using a 1 °C/min heating 

rate
Light source: UV 

Optimum condi-
tion:10% ZnO-TiO2 

[174]

TiO2/activated carbon Sol-gel TiO2 Precursor: TTIP (2.87 mL)
The material used in the synthesis process: 

Solvents for TiO2 precursor: anhydrous isopropanol 
(10 mL) 

Activated carbon: 250 mg, 
Solvent for activated carbon: water (5 mL) 

Tetracycline Stirring: 5 min at room 
temperature 

Drying: 100 °C for 12 h
Pyrolysis: under N2 gas 
flow for 2 h at 500 °C 

Drying: 100 °C for 24 h
Light source: UV (18 W)

•Better electronic and 
structural features 
were observed in 

TiO2/AC 
• Bandgap ener-

gy:3.04 eV anatase 
phase crystal size: 

8.53 nm, and 
SBET:129 m2/g 

[175]

N-doped TiO2 Sol-gel TiO2 Precursor: TBOT (10 mL)
The material used in the synthesis process:

Solvent for TiO2 precursor: anhydrous ethanol (20 
mL)

Stabilizer: acetylacetone (2.5 mL)
N source: ethylenediamine (N:Ti molar ratios: 0, 

3.65, 5.21, 7.29, 18.23, 36.47, 72.94, 109.41)

MO and
H2 evolution

Stirring: 4 h
Aging: 3 days

Drying: 60 °C for 5days
Calcination: 300-600 °C 

for 1-3 h

Optimum condition: 
ethylenediamine to 

sintering temperature 
of 500 °C and sol 

volume ratio of 1:1 

[34]
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at 300-400 °C presented TiO2 , the nanofibers calcined at 500 °C present-
ed a mixture of anatase and TiO2 and the nanofibers calcined at 600-1000 
°C presented the mixture of Fe2O3, tri-crystalline of anatase, and rutile 
[73]. A summary of TiO2 and TiO2-based photocatalysts synthesized via 
hydrothermal and solvothermal method are reported in Table 2.

2.3 CVD method

Chemical vapor deposition (CVD) is one of the photocatalyst prepa-
ration methods. In this process, one or more volatile precursors are 
evaporated to the carrier gasses and transfer into the reaction chamber. 
Depending on the reactions, which can occur in the gas phase (homoge-
neous reaction) or near/on a heated substrate (heterogeneous reaction), 
either powder or solid thin films are formed. Thermal decomposition 
or reaction of gas or vapor phase species occurs at a temperature range 
between (500-1000 °C) [101-103]. Preparation of powder and film in-
cludes several steps. It can be noticed that the main steps for nanopar-
ticle formation are: (a) nucleus formation, (b) nucleus growth, and (c) 
collection of nanosized powder [104]. Also, the main steps for thin film 
deposition on the substrate can be described as follow: (a) volatile pre-
cursors are evaporated into carrier gas and then transferred by the gas 
into the reactor; (b) gaseous reactions happen in the reaction zone; (c) 
the mass transfer of the reactants is occurred to the heated substrate; (d) 
adsorption of the reactants occurs on the substrate; (e) surface diffusion 
of sediments is occurred and cussed by surface chemical reactions, nu-
cleation, and layers growth and (f) deposition of unreacted precursors 
and by-products from the reaction zone. 

There are different parameters, which can control the deposition rate 
and quality of a film resulting from a CVD process, such as 1- Carrier 
gas (reactant gas or inert gas including H2, N2, and Ar). These kinds of 
gases have different prominent features and any of these features have a 
typical effect. For instance, the gas flow rate has an effect on the depo-
sition rate, source temperature (effect on the deposition rate and disper-
sion of supporting materials), total pressure gas flows, and carrier gas 
composition. 2- Type of the precursors and type and temperature of the 
substrates, which have effects on the temperature of crystal structure 
transition through TiO2 preparation process. 3- Experimental conditions 
such as deposition time (long deposition time can cause several prob-
lems, for example, energy consumption) and synthesis temperature (in-
fluence on the visible light performance of TiO2 photocatalyst, species 
of supporting material, and percentage of anatase and rutile content). 
4- Reactor design [105-110].

The selection of a suitable precursor is an essential requirement of 
the metalorganic chemical vapor deposition (MOCVD) process. To se-
lect a suitable precursor, several parameters should be considered. For 
instance, adequate volatility, thermal stability, conventionally, low haz-
ardous risk, high chemical purity, clean decomposition, and long shelf 
life. The common Ti-precursors used to synthesis the TiO2 and TiO2-
based photocatalysts by the CVD method are halides such as TiCl4 [111-

114], alkoxides such as TTIP [105, 115-124], TBOT [101], and titani-
um nitrate. The metalorganic precursors such as titanium isopropoxide 
(Ti(OPri)4), are less toxic and pyrophoric and offer the advantage of 
lower deposition and reaction temperatures than halides. Titanium iso-
propoxide includes an unsaturated four-coordinate Ti(IV) center, that is 
very reactive to moisture and air, and can cause problems in handling 
and storage, particularly in solution-based liquid injection MOCVD 
applications. TiCl4 is toxic and needs safety installations and particular 
equipment. Its use can result in severe chloride contamination in CVD 
films. Several ligands such as ß-ketoesters, ß-keto amides, malonates, 
and aminoalkoxides have been used to synthesize the mixed alkoxide 
complexes of titanium. These ligands increase the sublimation rate and 
decrease the decomposition temperature. Also to reduce the sensitivity 
of moisture of the Ti-alkoxide precursors, chelating ß-diketone groups 
and bidentate donor functionalized ligands including 2-dimethylam-
inoethanol or diolates including 2-methyl pentane-2, 4-diolate, have 
been inserted to improve the Ti(IV) coordination sphere saturation [125-
127]. As an example of the photocatalysts, which are produced from 
complex precursors in a chemical vapor deposition and photo-assisted 
CVD process, titania thin films were synthesized by titanium isopropox-
ide (Ti(OPri)4) and titanium [bis (dipiraloymethanate) diisopropoxide] 
(Ti(DPM)2(OPri)2) complex compound precursors. The result showed 
that two crystalline forms, anatase and rutile, could be synthesized by 
these precursors, and also it has been observed that surface composition 
is different from that of the bulk in the film [128]. 

As mentioned above, chemical reactions can happen in both the gas 
phase (homogeneous reactions), which leads to powder formation (poor 
film morphology) and on the surface of the substrate (heterogeneous 
process). As the decomposition reaction is strongly dependent on the 
pressure, it is true to say that the selection of the low pressure (~Torr) 
can lead to heterogeneous reactions. Various types of CVD reactions 
consist of thermal decomposition reactions (pyrolysis reactions), reduc-
tion reaction, oxidation, hydrolysis, oxidation, nitride and carbide for-
mation, and disproportionation [90]. Pyrolysis is involved the thermal 
dissociation of a gaseous compound into solid material and a gaseous 
reaction product. This reaction does not attack the substrate chemical-
ly. Pyrolysis reaction of a halide is described in Eq. (13). According to 
reduction reaction (Eq. (14)), in the presence of an adequate amount 
of reducing agent such as hydrogen, chemistry occurs primarily on the 
substrate. Oxidation (Eq. (15)) and hydrolysis reactions (Eq. (16)) is 
greatly used to deposit oxide materials. The most common oxidizing 
agent which is used in these reactions is oxygen and water. In dispropor-
tionation reaction (Eq. (17)), the oxidation number of an element both 
increases and decreases through the formation of two new species.

TiI4 (g)→Ti (s)+2I2					     (13)

Fig. 4. Schematic of physical vapor deposition for TiO2 coating.

Fig. 5. Schematic illustration of PLD process.
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Table 2.
Summary of TiO2 and TiO2 -based photocatalysts synthesized via hydrothermal and solvothermal method

Photocatalyst-shape Method The material used for the 
preparation

Model com-
pound

Operating condition Main results Ref.

WO3/TiO2 Hydrother-
mal

TiO2 Precursor: titanyl sulfate 
(TiOSO4)

The material used in the synthe-
sis process: double distilled water, 

titanyl sulfate (weight ratio= 
4:5:1), and absolute ethanol 
WO3 precursor: ammonium 

tungstate

MO and 2, 
4-dichlorophe-
nol (2, 4-DCP)

Stirring: 24 h at 25 °C
Autoclave conditions:140 °C, 16 h, 

Teflon-inner-liner stainless steel
Washing: water and ethanol

Drying: 40-50 °C (overnight)
Calcination: 500 °C

Light source: visible and UV light 
(λ < 420 nm)

Optimum condition: 5.0% 
composite

[83]

SnS2/TiO2 Solvothermal TiO2 Precursor: TBT
Material used in the synthesis 
process: SnCl4.5H2O (5 mmol), 
thioacetamide (10 mmol) and 5 

vol% acetic acid aqueous solution 
(40 mL). SnS2 nanoparticles 

(0.4 g), TBT (0.5–2.0 mL) and 
a solution (38.0–39.5 mL) of 

ethanol (34.0 mL) and acetic acid 
(4.0 mL) 

Aqueous Cr 
(VI)

The hydrothermal reaction for 
SnS2: 150 °C for 24 h

Autoclave conditions: 180 °C, 12 h
Cooling: at room temperature

Washing: deionized water
Drying: 100 ºC, 4 h, in vacuum
Light source: visible light (λ > 

420 nm)

Optimum condition: SnS2/
TiO2-B with the TiO2 

content of 25.5 mass% 

[82]

TiO2

-nanosheets
Hydrother-

mal
TiO2 Precursor: TBOT

The material used in the 
synthesis process: distilled water 
(80 mL), NH3OH, and a solution 
of titanium (IV) butoxide mixing 

with acetylacetone

concentration Stirring: 5 minutes
Autoclave conditions: 120 ºC for 

12 h, Thai made
Cooling: at room temperature

Washing: distilled water and 0.1 
M of HCl 

Drying: 100 ºC for 12 h in an oven
Heating: 300, 400, 500, 600, 700 

and 800 ºC for 2 h

Specific surface area: 
360.28 m2/g, average pore 

diameter: 3-5nm
, pore volume 0.275 cm3/g

[72]

N, S-doped TiO2

-powders
Hydrother-

mal
TiO2 Precursor: Ti(SO4)2

Materials used in the synthesis 
process: CS (NH2)2, and an of 
Ti(SO4)2 (12.0 g), and distilled 

water (100 mL) solution

MO Oil-bath temperature: 120 °C
Hydrothermal treatment: 24 h

Washing: distilled water
Drying: 60 °C for 10 h, in a 

vacuum
Calcination: 400, 500, 600, and 

700 °C in the air for 3 h
Light source: sunshine

irradiation

Optimum condition: 3% 
N, S-TiO2 calcined at 

500 °C 

[80]

Core–shell TiO2 @ 
ZnIn2S4 

Hydrother-
mal- ultra-
sonication

TiO2 Precursor: TiO2

Materials used in the synthesis 
process: TiO2, deionized 

water (60 mL), ZnCl2 (1 mmol), 
In(NO3)3 4.5H2O (2 mmol), and 
excessive thioacetamide (TAA, 

6 mmol)

 MB Autoclave conditions: 160 °C 
for 6 h

Cooling: at room temperature
Washing: distilled water and 

absolute ethanol
Drying: 80 °C for 6 h in a vacuum 

Light source: visible light (λ = 
420 nm)

Compared to TiO2, Core-
shell TiO2 @ ZnIn2S4 

showed higher photocata-
lytic activity 

[176]

La/TiO2-graphene 
composites

Hydrother-
mal

TiO2 Precursor: TBT
Materials used in the synthesis 

process: a suspension of TBT (15 
mL), ethanol (80 mL), distilled 
water (40 mL at pH 3.0), and 
La(NO3)3.6H2O. A solution of 

graphene oxide (20 mg), distilled 
water (80 mL), ethanol (40 mL), 

and TiO2 (200 mg)

 MB Synthesis of TiO2 nanopowder:
Stirring:1 h

Autoclave condition: 180 °C for 
6 h

Washing: deionized water
Driying:100 °C in the vacuum 

oven for 12 h
Calcination: 450 °C

Synthesis of La/TiO2 graphene 
composites:
Stirring: 2 h

Autoclave conditions:120 °C for 
3 h

Washing: deionized water
Drying: 70 °C for 12 h.

Light source: Visible light (λ ≥ 
420 nm)

Photocatalytic activity 
of La/TiO2-graphene 

composites was higher 
than TiO2

[177]
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Table 2. (Continued)

Photocata-
lyst-shape

Method The material used for the 
preparation

Model com-
pound

Operating condition Main results Ref.

(N−F) codoped 
TiO2-nanobelts

Solvothermal TiO2 Precursor: TBT
Materials used in the synthesis 

process:
Step1: TBT (2.2 mL), a mixture of 
sodium chloride solution (0.4 mL 

0.1 M) and ethanol (100 mL).
Step2: TiO2 (0.8 g), ammonium 
fluoride (0.37 g), 10 M sodium 

hydroxide solution (50 mL)

MO Step1:
Aging: for 24 h in a static condition 

Drying: 80 °C in air
Step 2:

Stirring: about 30 min
Autoclave conditions:180 °C for 

72 h
Cooling: down to room tempera-

ture
Washing: with ethanol and deion-

ized water
Drying: in the air at 80 °C

Light source: visible solar irradia-
tion (λ ≥ 420 nm).

Mesopores like a prison, 
wormhole-like, enhanced 

absorption of light and 
larger surface area in the 
case of N-F codoping in-

creasing the photocatalytic 
performance

[178]

Ag/TiO2/ZnO com-
posite particles

Hydrother-
mal

TiO2 Precursor: P25(TiO2) 
Materials used in the synthesis 

process: aqueous suspension 
of the mixture of TiO2 (20 mg) 
in ethanol (10 mL), 0.058 M 

bis-hexamethylene triamine (40 
mL), 5.8810- 3 M AgNO3 (10 
mL), and 0.063 M zinc nitrate 

hexahydrate (40 mL)

The aqueous 
solution of re-
active black 5

Stirring: for 1 h
Autoclave condition:140 °C for 2 h

Cooling: at room temperature
Washing: alcohol and distilled 

water 
Drying: 130 °C for 12 h

Ag/TiO2/ZnO compos-
ite decrease the rate of 

electron-hole separation 
and prevent the loss of 
photocatalyst during 

recovery

[179]

Anatase nano-TiO2

-powder
Hydrother-

mal
TiO2 Precursor: TiCl4

Materials used in the synthesis 
process: TiCl4 (20 mL), ethanol 
(200 mL), H2O2 (80 mL), and 10 

wt% ammonia

RhB Autoclave condition:140 °C for 2 h
Drying: 60 °C in vacuum
Washing: distilled water 

Light source: (λmax=553 nm)

Increasing the hydrother-
mal synthesis

time and the sol concen-
tration lead to an increase 

in particle size

[81]

Nitrogen-doped tita-
nia -nanoparticles

Micro-
wave-assisted 
solvothermal 

process

TiO2 Precursor:TiCl3

Materials used in the synthesis 
process: hexamethylenetetramine 

(HMT, 2 g) and 20 wt% TiCl3 
solutions (10.75 cm3), 12.5 cm3 
of distilled water, methanol, and 

ethanol

MO Autoclave condition: 160-230 °C 
for 5min using a 1000 W micro-

wave reaction apparatus
Washing: distilled water and 

acetone 
Vacuum drying: at 80 °C overnight
Light source: simulated solar radia-

tion Xenon-lamp (λmax=465 nm)

The reaction time could be 
reduced resulting from the 
high microwave irradia-

tion heating 

[93]

Urchin-like titania One-step 
hydrothermal 

method

TiO2 precursor: TiO2 particles 
Materials used in the synthesis 
process: 10 M NaOH solution 

with TiO2: NaOH molar ratio of 
1:333

MO Stirring: 10 min at room tem-
perature 

Autoclave condition: 100 mL Tef-
lon autoclave and an H2O2 solution 
(30 wt%) was added followed by 
rinsing with hydrochloric (0.1 M)

Drying: 10 h at 50 °C 
Annealing: at 550 °C for 2 h in air 
and reducing atmospheres (10% H2 

+ 90% Ar) respectively 

• At temperatures of 130 
and 150 °C, thick and 

small holes were present 
on the urchin-like surface. 
• Adding H2O2 form finer 
urchin-like surface and 
hydrogenation increase 

photocatalytic efficiency 

[180]

TiO2/graphene 
quantum dots 

One-step hy-
drothermal

TiO2 precursor: TiO2 particles 
Materials used in the synthesis 
process: 0.5 g of TiO2 nanopar-
ticles, a suspension of 15 mg of 
1,3,6-trinitropyrene (TNP), and 
0.2 M NaOH aqueous solution 

(80 mL) 

Hydrogen 
evolution

Ultrasonication: (150W, 50 kHz) 
for 4 h and additional sonication 

for 2 h
Autoclave condition: Teflon-lined 
autoclave (100 mL), 200 °C for 

10 h
Washing: water and ethanol

Drying: in the air for overnight
Light source: 250 W high-pressure 

mercury lamp

TiO2/graphene quantum 
dots H2 evolution rate and 
photocurrent response at 
optimal GQDs content 
is 7 and 3 times higher 

than TiO2

[181]

G-C3N4/TiO2 hetero-
junction composites

Hydrother-
mal

TiO2 precursor: TiCl4

Materials used in the synthesis 
process: 0.5 mL of TiCl4, a 

solution of melamine containing 
0.5, 1, 2, 3, or 4 g melamine, and 

60 mL of DI 

RhB Stirring: 30 min and then at 3-5 °C 
for 2 h in an ice bath 

Autoclave condition: stainless steel 
autoclave lined with Teflon (100 

mL). 180 °C for 4 h
Drying: 100 °C for 10 h

and then heating in the crucible 
for 2 h at 550 °C at a 5 °C/ min 

rate in a muffle furnace under air 
atmosphere

• For 0.5 mL of TiCl4, op-
timum melamine content 

was 3 g 
 • Specific surface area: up 

to 115.6 m2/g

[182]



34 N. Aboualigaledari et al. / Journal of Composites and Compounds 3 (2021) 25-42

SiCl4 (g)+2H2 (g)→Si (s)+4HCl (g)			   (14)

TiCl4 (g)+2O2 (g)→TiO2 (s)+Cl2 (g)			   (15)

TiCl4 (g)+2H2O (g)→TiO2 (s)+4HCl (g)			   (16)

2TiCl2 (g)→Ti (s)+TiCl4 (g)				    (17)

The CVD process can be operated in either a close or open system. 
Closed systems can be utilized for reversible reactions, for example, 
metal purification. However, it can be said that close systems are less 
common in comparison with open systems. In open systems, the carrier 
gasses flow through the reactor and after deposition, by-products and 
unreacted precursors are carried by carrier gas, and then go out from the 
reactor [129]. Main equipment in the open systems can be classified into 
three basic components:1- Delivery system, which is used to produce 
vapor precursors and deliver them to the reactor. 2- The effluent gas han-
dling system. To provide the low pressure or high vacuum pressure for 
the CVD method, some systems such as a mechanical pump (van pump) 
are used [105]. Many precursors used in the CVD method are toxic and 
pyrophoric, in this respect, a liquid nitrogen trap is employed to neutral-
ize or entrap the hazardous by-product and unreacted precursors, before 
being released to the environment [107, 130]. 3- CVD reactor.

Conventional CVD reactors including distributing and delivering 
reactive gases through a substrate, and a system of heating with tem-
perature control. Regarding the performance of CVD reactors, it is high-
ly important to be considered, that precursors must be injected into the 
reactor, also carrier gasses with a certain flow rate and temperature must 
be injected into the reactor. The volatile precursors are carried out by 
carrier gas toward the substrate and then decomposed on the surface of 
the substrate, after that the extra vapor precursors and exhausted gasses 
are removed from the reactor, then the reactor is purged by inert gas 
[105-108, 131]. There are several types of CVD methods, which are 
classified based on the activation energy of the reaction. Various activa-
tion energies can be included: thermal (RF heating, infrared radiation, 
and resistive heating), photons (UV lamp-laser), and plasma (DC cur-
rent-frequency, pulses-microwave). Thermally activated CVD is called 
TCVD, photonic activated CVD is called LCVD and plasmatic activated 

CVD is called PECVD (plasma-enhanced CVD). Another type of CVD 
method is metalorganic CVD (MOCVD) which uses metalorganics as 
the precursor. The pressure for MOCVD is usually around 103-105 Pa 
and the temperature range is between~300-800 °C. In this type of reac-
tor, reactants are volatile at relatively low temperatures. 

Thermally activated CVD is a usual CVD process in which thermal 
energy in a cold wall or hot-wall reactor by inorganic chemical precur-
sors led to the initiation of the chemical reactions. A hot wall reactor is 
usually tubular and surrounded by an isothermal furnace and is used 
mostly for an exothermic reaction. The advantage of this reactor is close 
temperature control and the disadvantage is that deposition can occur on 
the wall of the reactor because the wall and the substrate have the same 
temperature. The cold wall reactor is bell-jar shaped and used for endo-
thermic reactions. In this reactor, the substrate is heated directly either 
by electricity (induction) or by glowing heating, as a result, the rest of 
the reactor remains cold and the substrate has the highest temperature. 
The processes of thermally activated CVD can be subdivided based on 
the pressure range of deposition. The operating pressure can be consid-
ered as (a) low-pressure CVD (LPCVD), the pressure range is between 
10-1000 Pa; (b) atmosphere pressure (APCVD) and (c) high vacuum 
pressure (HPCVD), the pressure is less than 10-5 Pa. The difference be-
tween LPCVD/UHVCVD and APCVD is the ratio of the mass transport 
velocity and the velocity of reaction on the surface. It can be said that 
the diffusion of a gas is inversely proportional to the pressure [125, 132].

In PECVD temperature is between 100-700 °C and pressure is 1-80 
Pa. PECVD processes by metal-organic precursors have gained atten-
tion due to their potential in lowering the deposition temperatures, as 
a result, this process is used in the coating of the temperature-sensitive 
substrates. In a DC plasma-assisted and thermally activated CVD pro-
cess by titanium isopropoxide as a precursor, the TiO2 film deposition 
has been under investigation. The result shows that the pulsed DC plas-
ma has several advantages such as: nanostructured of crystalline TiO2 
are deposited at a lower temperature, the plasma-assisted CVD produced 
dense microstructure even in amorphous deposits and enhanced desorp-
tion of residual surface contamination [123]. 

The LCVD is a CVD derivative in which the global heat source for 
the furnace is replaced with a localized spot heated by a laser [133]. 

The use of precursors with better deposition routes is more import-
ant than the utilization of less volatile precursors, in this respect, some 

Table 2. (Continued)

Photocata-
lyst-shape

Method The material used for the 
preparation

Model com-
pound

Operating condition Main results Ref.

Bi-TiO2 nanotube/
graphene com-

posites

One-step hy-
drothermal

TiO2 precursor: Degussa P25
Materials used in the synthesis 
process: 1 g of Degussa P25, a 
suspension of GO (2 wt%), and 

30 mL of double distilled. various 
amount of bismuth nitrate and 

NaOH 

Dinoseb (phe-
nolic herbicide) 

and MB

Autoclave condition: Teflon-lined 
autoclave and heated for 24 h at 

140 °C 
Washing: double distilled water 

followed by acid washing with HCl 
(0.1 M) 

Drying: 80 °C for 16 h, dry over-
night at 80 °C 

Annealing process: 350 °C for 6 h
Light source: visible light 500 W 

(9500 lumens) linear halogen lamp

2-wt% bismuth shows 
improvement in photocat-

alytic activity 

[6, 183]

Graphene/TiO2/CdS 
nanocomposites

Hydrother-
mal

TiO2 precursor: TBT
Materials used in the synthesis 

process: GO (15 mg), TBT 
(2.63 mmol), diethylene glycol 
(60 mL). A solution of acetone 
(180 mL) and deionized water 

(600 µL). A suspension of 
Cd(NO3)2.4H2O/L-cysteine 

(0.2/0.6, 0.4/1.2, 0.6/1.8 mmol) 
and deionized water (80 mL)

MB
and parachloro-
phenol (4-CP)

Stirring: 12 h at room temperature 
another stirring 1.5 h

Washing: water/ethanol 
Autoclave condition: 120 °C for 

12 h
Light source: a visible-light

The surface area of 
GO-TiO2-0.55CdS (157.5 

m2/g) result in higher 
photocatalytic activity

[184]
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delivery systems are used to generate vapor precursors and deliver them 
to the reactor. Different types of delivery systems are classified based 
on the phase of the precursors (liquid, solid, and gas). The method for 
gas precursor delivery is to use a cylinder containing the right compo-
sition of the precursor with a mass flow controller to control the vapor 
phase concentration. The liquid precursors with low pressures must be 
heated in an oil bath or placed in a bubbling chamber, to evaporate to 
their evaporation temperature. Also, carrier gasses must be used to de-
liver volatile precursors to the reactor [132, 134]. It can be said that the 
precursor’s flow rate should be controlled by adapting the temperature 
of the bubbling chamber or/and the flow rate of carrier gasses [103]. If 
the vapor pressure of the liquid reactant is specified, its partial pressure 
may be designed and controlled by controlling the flow rate and volume 
of the carrier gas. On the other hand, like a flash vaporization method, 
the flow rate of the precursors must be controlled by a syringe pump or 
other equipment, and carrier gas with mass flow controlled can be used 
to deliver volatile precursors towards the reactor [105, 132]. If the phase 
of the precursors is solid precursors, the precursor must be sublimated 
and then transferred by the carrier gas to the reactor [107].

2.3.1 Preparation of photocatalysts by CVD Method

TiO2 nanoparticles were coated onto a glass bead using a CVD meth-
od with T-junction apparatus and using TTIP as a precursor. The pre-
cursor was vaporized in a bubbler using argon gas at 90 °C and then 
carried with carrier gasses (argon and nitrogen) through an alumina tube 
which was heated at 900 °C and connected to a horizontal T-junction 
containing soda lime glass beads. The deposition time was regulated to 
10, 30, 60, and 120 min. The result showed that the sample with the 60 
min coating time had the best photocatalytic performance (~52%) for the 
decomposition of acetaldehyde. Another result is that TiO2 nanoparticles 
were deposited with a uniform shape onto the glass bead, and the coating 

time was decreased with this simple process [116].
TiO2 /silica gel photocatalyst was synthesis by the CVD method, ac-

cording to three steps: (a) the support materials pretreatment by adding 
water dropwise to silica gel and then drying for 20 min at 110 °C; (b) 
CVD reaction and (c) calcination at 500 °C for 3 h in airflow. In the 
synthesis process, TTIP was stored in a separate container (bubbler at 80 
°C) and introduced into the reactor of CVD (300 °C) by the carrier gas 
(nitrogen) under vacuum. The result showed that the size for all the TiO2 
/silica gel samples is uniform in the 10-20 nm range [120]. The mech-
anism of chemical vapor deposition is illustrated in Fig.3. A summary 
of TiO2 and TiO2-based photocatalysts prepared via the CVD method is 
reported in Table 3.

2.4 PVD method

In processes of physical vapor deposition (PVD), the coating is de-
posited in a vacuum using condensation from a flux of ionized or neutral 
metal atoms. The basic PVD processes fall into two general categories: 
(a) thermal methods (evaporation and electron-beam evaporation) and 
(b) mechanical methods (cathodic sputtering). For the evaporation pro-
cess, the substance to be evaporated is heated in an evacuated chamber 
so that it attains a gaseous state. The coating material is moved along the 
transport area and condenses on the substrate surface. For sputtering, 
atoms are ejected mechanically from a target with the ions impact or 
energetic neutral atoms. 

Electron-beam evaporation (EBE) [135-137], ion-assisted elec-
tron-beam evaporation [138-140], pulsed laser deposition (PLD) [31, 
141], radio frequency (RF) magnetron sputtering [142-145], direct cur-
rent (DC) magnetron sputtering [146-148], and pulse magnetron sput-
tering [149, 150] are the common PVD methods, which are used to syn-
thesis photocatalysts. Fundamental of PVD process is like CVD, except 
that in PVD method the raw materials, which are going to be deposited 

Table 3.
Summary of TiO2 and TiO2 -based photocatalysts prepared via CVD method

Photocatalyst-shape Reactor design Model
compound

Operating conditions Main results Ref.

TiO2 films covered 
by noble metal 

nanoparticles silver, 
platinum

Radiofrequency 
(RF) low-pressure 

PECVD reactor

Acid Orange 7 
(AO7)

Precursor: TTIP
Substrate: glass slide and silicon wafer

Temperatures: 40, 300 °C
Liquid heated evaporator temperature: 50 °C

Oxygen flow rate: 25 to 200 sccm
Working gas: a TTIP vapors and oxygen mixture 

Pressure: 8-20 Pa
Bias on the substrate: about -50V at 20 W

Light source: UV-A lamp (15 W, λ=365 nm)

Treated or untreated films synthe-
sized at higher

temperature (300 °C) showed 
enhanced antibacterial properties 

[122]

TiO2 thin film de-
posited on silica gel 

powder

Radiofrequency 
circulating fluid-
ized bed PECVD 

reactor

MB Precursor: TTIP
Deposition temperature: 250 °C
Supplying power: 13.56 MHz
Bubbler temperature: 95 °C

Light source: ultraviolet lamp (15 W/cm2, λ=365 
nm)

The optimum condition for 
anatase phase deposition was 3.6 
vol.% of O2, 0.4 g/min of TTIP, 

and 8.18 vol.% of Ar

[121]

TiO2 coating of 
activated carbon

AP-MOCVD (hot-
wall reactor)

MO Precursor: TBOT
Deposition temperature: 600 °C

Light source: UV lamp (1.2 15 mW/cm2, λ=356 nm)

• The particles size is ranging 
from 10 to 50 nm

• The optimum loading of TiO2 
was 12 wt%

[101]

N-doped titanium 
thin film

APCVD (cus-
tom-built, hori-
zontal cold wall 

reactor)

Stearic acid Precursor: TiCl4

Deposition temperature:500 °C
Bubbler temperature: 40 °C and 70 °C

Selective doping at the interstitial 
site (ionization 400 eV by XPS) 
shows a dominant impact on the 
enhancement of photocatalysis

[112]

Needle-like TiO2 /
WO3-x

APCVD-
cold wall reactor

Stearic acid Precursor: TiCl4
Deposition temperature: 500 °C

Bubbler temperature: 200 °C
Light source: UVC light (200 W Xenon lamp, λ=254 nm)

The increase in activity of films 
is explained in terms of effective 

vectorial charge separation at 
the interface of the two oxide 

semiconductors

[113]
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start in solid form. Also in comparison with the CVD method, the PVD 
process does not produce harmful by-products and it can be noticed that 
the operating temperature of the PVD method (200 to 300 °C) is less 
than the CVD method [151, 152]. The main disadvantage of processes 
of PVD (with EB-PVD exception) is the low deposition rates. The sche-
matic of physical vapor deposition for TiO2 coating is depicted in Fig.4.

2.4.1 Pulsed laser deposition (PLD)

In the PLD method, a focused pulsed-laser beam illuminates one or 
more targets and thin films are prepared by the ablation of these targets. 
There are different parameters affecting film properties such as laser 
fluence, pressure, background gas, substrate temperature, target-to-sub-
strate distance, wavelength, and pulse duration [153]. The experimental 
apparatus used in the PLD method contains: a deposition chamber that is 
evacuated to a base pressure using a mechanical pump and a Cryopump 
and the chamber is filled with gasses (e.g., oxygen, nitrogen, etc). Other 
components are a pulsed laser (Nd: YAG laser, KrF laser), which is used 
to irradiate the target, and a substrate (part to be coated) that is set apart 
from the target and heated by an instrument (e.g., IR lamp or laser). 
The advantages of the PLD technique are that this method causes the 
growth of high-quality thin-film materials. PLD as a thin film deposition 
technique possesses some disadvantages including droplet deposition 
on the film and the formation of non-homogeneous films [154]. Several 
investigations have been done on photocatalyst synthesis via the PLD 
method. For example, nitrogen-doped titanium oxide photocatalyst was 
synthesized using PLD. With this regard, the TiN target in a gas mix-
ture of N2/O2 was used. According to the results, the N2 ratio in the gas 
mixture and target material have significant effects on the film structure 
and properties. Additionally, the absorption edges of the films shifted 
from 320 nm to 360 nm for TiO2 and TiO2-xNx films, respectively [155]. 
Mn-doped ZnO/TiO2 multilayer nanostructures (photocatalyst) were de-
posited on Si (100) substrates by this method. To prepare the nanostruc-
ture, a multi-target carousel system was used following by post-growing 
annealing in O2 or N2 atmosphere at a pressure of 1 bar and temperatures 
of 400-800 °C. It was found that the thicknesses of grown nanostructures 
by the pulsed laser deposition technique were about 2 and 15 nm [156]. 
Fig.5 shows a schematic illustration of the PLD process.

2.4.2 Electron-beam and ion-assisted electron-beam evaporation

In EBE, to evaporate the material, a beam of electrons with high 
kinetic energy is directed to the target material. On the surface of the 
components or substrates, the evaporated material is condensed causing 
the formation of a deposit. In the EBE method, the deposition rate can 
be varied simply by adjusting the beam current and during the depo-
sition process also it does not particularly need the specific gas atmo-
sphere. The other advantages of the EBE method are the high deposition 
rate, excellent economy, and practicability [157-159]. EBE is one of the 
methods that are preferred among different physical vapor deposition 
techniques to deposit TiO2 films to achieve high-quality optical thin 
films [140]. An annealing treatment is essentially required after deposi-
tion to control the morphology, structure, and thereafter photocatalytic 
activity of the films that have been prepared [158]. EBE unit consists of 
main components namely, EB-gun assembly, a substrate that is usually 
held with a rotating substrate holder, a (vacuum) chamber, and a target 
[160]. EBE method is used in the deposition of thin films on a substrate. 
For example, on a substrate of quartz glass with a temperature of 200 °C, 
TiO2 thin-film was deposited at oxygen gas pressure accounting for 6.7 × 
10−3 Pa. TiO2 was used as a target, and the base pressure of the chamber 
was 8.0 × 10−4 Pa. The results exhibited higher photocatalytic activity 
of GO/TiO2 in the UV-violet compared to the visible range [136]. Us-
ing an ion-assisted EBE system, TiOxCy films were deposited by using 
carbon monoxide (CO) and the source material of rutile TiO2 powder 

flowing through a dopant source (ion gun). According to the results, the 
CO ion beam can produce TiOxCy films with visible-light responsiveness 
[139]. Another result is that the film crystallinity deteriorated because of 
the increasing ion-beam current. 

2.4.3 Magnetron and reactive magnetron sputtering

In the sputtering method, materials are eliminated from objects by 
transferring energy in energetic atomic projectile collisions. In magne-
tron sputtering, the magnetron field can be created by permanent mag-
nets, electromagnets, or a combination of both [161]. Magnetron sput-
tering of TiO2 films is one of the most favorable techniques because this 
industrial process provides the ability of large-area deposition rendering 
good adhesion to substrates. Also, with this technique, high-quality TiO2 
films could be obtained even at low substrate temperatures. Both DC 
and RF sputtering techniques have attracted extensive attention recent-
ly because of the very smooth surface that is achieved by sputtering 
[143, 161-163]. In the magnetron sputtering technique, the sputtering 
gas is an inert gas (e.g., Ar) and in the reactive magnetron sputtering 
a second gas (O2), which can react with the target material is added to 
the sputtering gas. In DC reactive sputtering method, plasma is created 
between the anode (substrate holder) and the cathode, and positive ions 
in plasma sputter off the atoms from a target (cathode) that is connected 
to a potential source. These atoms react further with the particles of the 
reactive gas and deposit on the substrate under an oxidized form [164]. 
Properties and structure of the DC-magnetron-sputtered TiO2 films can 
be controlled and modified by regulating process parameters including 
coating thickness, sputtering gas Ar: O2 ratio, sputtering power, and 
sputtering pressure [165]. 

2.4.4 Preparation of photocatalysts by PVD Method

Pansila et al. [166] used the DC reactive magnetron sputtering meth-
od with a variation in the sputtering power to synthesize TiO2 films. 
The Ti target (120 mm) was sputtered in the Ar + O2 gas mixture. In 
this study, the deposition of the TiO2 thin films was carried out on the 
unheated substrate (silicon wafer) at 210 W and 230 W sputtering power. 
The deposition happened in the vacuum chamber (at 3 h, base pressure: 
5.0 × 10-5 mbar and total pressure: 5.0 × 10-3 mbar). The result showed 
that the sputtering power strongly affected the TiO2 thin film crystalline 
structure. With an increase in the sputtering power of the cathode, the 
TiO2 thin film structure was transformed from anatase to mixed structure 
of anatase/rutile. 

In a work done by Huang et al. [143], the influence of the deposition 
parameters, such as substrate temperature, argon-oxygen ratio (O2/(Ar + 
O2), RF power, and deposition time, on the decomposition of methylene 
blue, was studied. In this study, titanium oxide films were applied on 
non-alkali glass (temperature: 100 °C) by RF magnetron sputtering with 
the base pressure of 0.67 × 10-3 Pa and sputtering power of 20 W using 
a Ti metal target. Sputtering and reactive gases were Ar and O2. It was 
found that parameters that had a dominant influence on the absorbance 
of MB were argon-oxygen ratio and RF power.

In another study done by Nair et al. [142], the deposition of TiO2 thin 
films was performed onto cleaned quartz substrates by RF magnetron 
sputtering method following post-annealing at 873 K using TiO2 ceram-
ic target, which was synthesized by pelletized TiO2 powder sintering 
for 4 h at 1673 K. The authors investigated the influence of sputtering 
pressure and the RF power on the optical and structural properties of the 
films. The results indicated that the films contain anatase phase, also the 
results show that a decrease in sputtering pressure and the increase in RF 
power leads to a decrease in the optical bandgap.

Su-Shia et al. [167] employed the simultaneous DC magnetron sput-
tering of W and RF magnetron sputtering of TiO2 to heavy doping of 
the TiO2 films with W (TiO2 :W). This type of deposition method offers 
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the capability of changing the W content in a wide range. A summary 
of TiO2 and TiO2-based photocatalyst prepared by the PVD method are 
reported in Table 4.

3. Conclusions

 TiO2 is a promising material for environmental applications. Several 
parameters such as suitable pore size, high specific surface area, good 
crystallinity, and porosity, also shape can be very effective to achieve 
more efficient photocatalytic activity of TiO2. Also, modification of TiO2 
with various materials is a good method to achieve better photoactiv-
ity and enhance the visible light absorption ability. The photocatalytic 
activity and light absorption ability are influenced by preparation meth-

ods, parameters, and conditions. In the future researchers can focus on 
physical production techniques. As these techniques still need effort and 
investigation. 
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1. Introduction

The rapid expansion of various manufacturing sectors has adverse 
effects on the environment, particularly on the aquatic one, since most 
industries have wastewater composed of organic and inorganic pollut-
ants with high concentration. As an example, various industries, includ-
ing textile, paint, pharmaceutical, printing, leather, paper, and carpet, 
have produced daily a large number of aromatic pollutants, including 
many types of nitro compounds and dye. These industries would release 
large quantities of residual pollutants even if they were refined using 
conventional techniques [1-5]. Biodegradation of most of these aromatic 

pollutants dissolved in water is very hard, therefore becoming a long-
term and direct toxic threat to aquatic and amphibian lives, animals, and 
microorganisms. Finally, this process affects humans since the lives on 
land depend on aquatic products and water, and some of these pollutants 
are extremely toxic, mutagenic, and carcinogenic [5-7]. 

Anastas and Warner in 1998 [8] proposed twelve principles called 
the principles of green chemistry to eliminate and reduce chemical sub-
stances and processes that are harmful to the environment. Fabrication 
and development of catalysts is an essential principle of green chemis-
try. These principles state that catalytic reagents are better than stoichio-
metric reagents since catalytic reagents are applied in small quantities 
and carry out one reaction several times, but stoichiometric reagents are 
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

The manufacturing, application, and design of chemical processes and products that minimize or remove waste 
and the use of dangerous and toxic reagents are referred to as green chemistry. Green chemistry is made up of 
twelve principles, one of which is catalysis. The role of catalysis is to accelerate the reaction by introducing a 
substance called a catalyst. Because of their high efficiency, productivity, activity, and selectivity, nanocatalysts 
have recently received many interests. Nanocatalysts are characterized by their high surface area to volume ratio, 
as well as their nanoscale forms and sizes. One of the significant applications of nanocatalysts is wastewater 
and wastewater purification. Green and bio-synthesized nanocatalysts could be used efficiently to remove heavy 
metals, medicinal, organic, and inorganic pollutants from the wastewater systems. This paper reviews nanocata-
lysts based on noble and magnetic nanocatalysts, as well as metal catalysts supported by organic polymers, and 
discusses their industrial effluent treatment mechanisms.
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applied further and work only once [9, 10]. The base of these twelve 
green chemistry principles is to work similarly to nature. If the catalyst 
is not used, humans’ necessary products, such as lubricants, paints, fuels, 
fibers, polymers, fine chemicals, medicines, will not be produced. Catal-
ysis is a process that helps chemical transformations take place, allowing 
for the industrial processing of required products [11, 12]. Therefore, 
applying catalyst fabrication methods can be rendered more sustain-
able, cost-effective, and environmentally friendly. Soft catalysts such as 
crown ethers (as phase transfer catalysts) and zeolites have more indus-
trial applications than heavy metal catalysts, which are usually non-re-
coverable [13]. Enzymatic catalysis is the greenest and most effective 
catalysis in nature among three classifications of enzymatic, heteroge-
neous, and homogeneous catalysis. Heterogeneous and homogeneous 
catalysis has some advantages and limitations; therefore, it is crucial to 
create a novel catalytic mechanism that is easily recoverable and active, 
like heterogeneous and homogeneous catalysis, respectively [14]. 

Nanomaterials offer promising properties originating from their high 
surface area [15, 16]. Nanocatalysts have both advantages of the het-
erogeneous and homogeneous catalytic system [17, 18]. This system 
provides ease of catalyst recovery and separation as well as selective, 
and rapid chemical transformations with good product yield. One of the 
essential features of a catalyst is the ability to be recovered before being 
used in industry as green chemical manufacturing processes [19, 20]. 
One of the advantages of homogeneous catalysis is that the interaction 
between catalyst and reactants is significantly improved due to their 
nanosize and high surface area. Because of the catalyst’s insolubility in 
the solvent, it is heterogeneous and hence it could be readily removed 
from the solution, which is one of the properties of heterogeneous ca-
talysis [21]. Several authors have studied many magnetic [22-24], zinc 
[25, 26], cobalt [27, 28], and copper-based [29, 30] nanocatalysts. In 
this work, different nanocatalysts in industrial effluent treatment, includ-
ing zinc-based nanocatalysts, cobalt-based nanocatalysts, copper-based 
nanocatalysts, and magnetic nanocatalysts, and their mechanism of ac-
tion have been studied. Moreover, recent advancements have been re-
ported.

2. Nanocatalysts 

One of the first applications of nanoparticles is Catalysis. Several 
materials and elements such as silica, clays, titanium dioxide, iron, and 
aluminum have been applied as catalysts in nanoscale [31-35]. Never-
theless, there is no suitable explanation and the exact reason for nanopar-
ticles’ excellent catalytic behavior. The wide nanoparticles’ surface area 
directly affects reaction rate and it can be a good reason for its catalytic 
performance [36]. The properties of structure, shape, and nanosize of 

any substance affect their catalytic performance. A better selectivity was 
achieved by well-adjusting nanocatalyst composition, including the use 
of supports, core-shell type, and bimetallic size and shape. By showing 
how the physical properties and preparation parameters associated with 
nanoparticles influence their catalytic characteristics, nanocatalysts with 
high activity, selectivity, and resilience can be designed. These advan-
tages led to enabling industrial chemical reactions to produce less waste, 
consume less energy, and become more resource-efficient, reducing the 
environmental effect caused by applying chemical processes [37-39]. 
Nanoparticles are one of the most crucial catalysts for industrial purpos-
es with many applications in chemical manufacturing, energy storage, 
and conversion. The heterogeneity and differences in shape and size of 
nanoparticles led to their special catalytic performance [40, 41].

According to the effect of nanomaterial intrinsic features on catal-
ysis, the meaning and concept of nanocatalyst will be understood [42]. 
The intrinsic properties of nanomaterials that significantly affect the 
catalytic performance [21, 43] could be classified as follows: quanti-
ties directly connected with the bond length, including binding energy, 
atomic density, as well as mean lattice constant. Surface densification 
and relaxation are caused by lattice contraction in a nano solid. 

Quantities that relied on the cohesive energy per atom, including dif-
fusion, the activation energy for chemical reactions, atomic dislocation, 
evaporation in a nano solid, phase transitions, critical temperature, Cou-
lomb blockade, thermal stability, and self-organization growth. 

The Hamiltonian, which defines the whole band structure, as well as 
attributes like photoemission, core level energy, and bandgap differs by 
the binding energy density in the relaxed continuum zone. 

Qualities that result from the combined influence of the density of 
binding energy and energy of atomic cohesiveness including the mag-
netic performance of a ferromagnetic nano-solid, compressibility of a 
nano-solid, extensibility, surface energy, surface stress, Young’s modu-
lus, and mechanical strength.

3. Application of various nanocatalysts in industrial 
effluent treatment

3.1. Nanocatalysts based on magnetic metals

Gawande et al. [14] investigated the application of surface-function-
alized nano magnetite supported nanoparticles in pharmaceutically sig-
nificant, green chemistry, and catalysis reactions. Magnetite-supported 
metal nanocatalysts have been effectively applied in organic synthesis 
for various crucial reactions and they act as the catalytically active site 
[44-46]. The most important examples of these catalysts are Ni, Co, and 
Ferrites metal alloys. Some researchers have applied spinel ferrites for 

Fig. 1. Schematic illustration of the chainlike MFe2O4 nanoaggregates formation using spray flame.
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dyes and nitroarenes reduction. For example, Feng et al. [47] studied the 
CuFe2O4, which was prepared by hydrothermal technique; it has a high 
catalytic activity for nitrophenol reduction in the sodium borohydride 
presence. Li et al. [48] used the spray pyrolysis method to synthesize 
the chainlike spinel MFe2O4 (M = Cu, Ni, Co, and Zn). (Fig. 1). It was 
revealed that CuFe2O4 has the best catalytic performance for the nitroar-
omatic reduction compared to ZnFe2O4, CoFe2O4, and NiFe2O4.

Goyal et al. [49] have studied the catalytic efficiency of nano ferrites 
of MFe2O4 (M = Zn, Cu, Ni) as well as Mn-doped CoFe2O4 catalysts 
for the 4-NP catalytic reduction [50]. These samples were provided by 
the sol-gel process. CuFe2O4 presented higher catalytic performance be-
tween the synthesized ferrites while pure CoFe2O4 was not active, but 
the addition of Mn ions improved its catalytic efficiency. The synergistic 
effect of the Fe3+, Mn3+, and Co3+, which were in the octahedral sites, 
could be accountable for improving catalytic activity. CoMn0.2Fe1.8O4 
showed the highest catalytic performance. Kiran et al. [51] studied the 
Bi2+ catalytic performance substituted nanoparticles of CoFe2O4, which 
were synthesized by co-precipitation and combustion methods, and re-
vealed that the sample synthesized by combustion technique showed 
better catalytic activity in comparison with the nanoparticles synthe-
sized using the co-precipitation technique. Singh et al. [52] synthesized 
Ni2+-doped CoFe2O4 (NixCo1-xFe2O4 nanoparticles by the reverse micelle 
method. Dey et al. [53] studied the cube-shaped magnetic NiFe2O4 
nanoparticle for 4-nitrophenol (4-NP) catalytic reduction. Dhiman et al. 
[54] prepared several morphologies of NiFe2O4 hydrothermally using 
varying reaction conditions, solvents, additives, and precursors. It was 
reported that the catalytic performance of all the provided morphologies 
for reduction reactions depends on the surface area. The NiFe2O4 nano 
cord morphology showed the highest surface area and highest catalyt-
ic property. Papadas et al. [55] prepared three-dimensional mesoporous 
BiFeO3 using a process of nanoparticle templating, which in the first 
step involved the synthesis of polymer-assisted aggregating formation 
of 3-aminopropanoic acid stabilized BiFeO3 nanocrystals, accompanied 
by thermal decomposition to eliminate surfactant molecules . Catalysis 
reactions of some organic components by metal nanoparticles supported 
by magnetite are presented in Fig. 2.

Amir et al. [56] studied the degradation of organic dyes, including 
methylene blue (MB) and methyl orange (MO), using the recyclable 
magnetic nanocatalyst of Fe3O4@His@Ag in which histidine was ap-
plied as a linker. According to catalytic analysis, this nanocatalyst can 
lead to MB and MO degradation at the appropriate time. This material 
could also be recovered five times using magnetic separation while it 
maintains most of its activity. Kurtan et al. [57] prepared a magnetically 

recyclable nanocatalyst of MnFe2O4@SiO2@Ag by chemical reduction 
and co-precipitation method. The reduction of several azo compounds, 
including rhodamine B (RhB), eosin Y (EY), MB, and MO, as well as 
aromatic nitro compounds like 4-NP and 2-nitroaniline (2-NA), 4-ni-
troaniline (4-NA), was catalyzed by a magnetically recyclable Mn-
Fe2O4@SiO2@Ag nanocatalyst. Furthermore, the magnetic nanocata-
lyst exhibits high recyclability, with qualities that are maintained after 
multiple using cycles. Mohammadi et al. [58] studied the in situ and 
green synthesis of Fe3O4@SiO2Ag magnetic nanocatalysts employing 
safflower (Carthamus tinctorius L.) flower extract with no surfactants or 
stabilizers. For the reduction of MO, MB, and 4NP, the catalytic activity 
of the resulting nanocatalyst was investigated at room temperature. To 
reduce MB, MO, and 4NP, the noticeable rate constants were 0.09 s−1, 
0.064 s−1, and 0.756 min−1, respectively. A magnet was used to recover 
the catalyst, which was then reused for multiple cycles without losing 
its function. Veisi et al. [59] studied the surface functionalization of 
Fe3O4 nanoparticles with thiol groups to immobilize Ag nanoparticles, 
resulting in Fe3O4/SiO2-Pr-S-Ag nanoparticles. Fe3O4/SiO2-Pr-S-Ag NPs 
have excellent catalytic efficiency as a reusable nanocatalyst for the MB, 
RhB, and 4-NP degradation in an aqueous solution at room temperature. 
Ghosh et al. [60] investigated a convenient procedure for the synthesis 
of a new nanocatalyst containing Ag, CoFe2O4, and mesoporous TiO2 
nanoparticles for three essential reactivities: (i) photocatalytic MB deg-
radation, (ii) 4-NP reduction, and (iii) styrene epoxidation. The prepared 
catalyst showed a high catalytic performance to these three reactions. 
Within 10 hours, they recorded a 98 percent conversion of styrene and 
a 95 percent selectivity of styrene oxide. The result showed that this 
catalyst reduced 4-nitrophenol in 4 minutes with kapp = 1.08 min−1. When 
exposed to visible light for 60 minutes, the catalyst exhibited total pho-
todegradation of MB. In addition, the catalyst was readily restored using 
a permanent magnet externally as well as exhibited excellent reusability. 
Najafinejad et al. [61] prepared Au nanoparticles supported on Fe3O4@
polyaniline, and their activity in eliminating MB and MO from aqueous 
systems was investigated. Two nanocatalyst concentrations were ap-
plied at room temperature to examine the impact of nanocatalyst dosage 
on the degradation rate of azo dyes. When azo dyes are degraded with 
NaBH4, the reaction is 103 to 104 times quicker than degrading without 
the nanocatalyst. A list of recent nanocatalysts based on magnetic metals 
for treating various industrial effluents is provided in Table. 1.

 3.2. Nanocatalysts based on noble metals

The noble metals, such as Pt, Pd, Ag, and Au, make most catalysts 
for the reduction reaction, but their high cost has limited their practi-
cal applications [65-67]. Because metal-based catalysts can reduce 
their high surface energy, they can quickly aggregate with no effective 
protection or stabilization of the nanocatalysts, resulting in deteriora-
tion of their catalytic performance and decreased lifespan. [68-70]. For 
example, the aggregation of bimetallic NPs of Ag–Au occurs without 
protection by a surfactant of the triblock copolymer; at room tempera-
ture, the bimetallic NPs stabilized by surfactants can be stable for weeks 
[71, 72]. The results showed that Pd and Pt have excellent adsorption 
energy properties [73, 74]. The microwave-polyol process was used to 
create Pd, Pt, Pd@Ag, and Pt@Ag nanoparticles, and the nano boxes 
of these core/shell systems prepared by galvanic replacement reactions 
showed optical properties. [75, 76]. Besides, Gu et al. [77] reported the 
photochemical creation of Pd, Pt, and Ag monometallic NPs supported 
on graphene/ZnO and applied these multi-hybrid nano-architectures as 
electrocatalysts for H2O2. The free Ag NPs prepared by several various 
methods are also reported [78]. 

Salem et al. [79] prepared Pt@Ag and Pd@Ag core/shell nanopar-
ticles using the citrate method in two steps (Fig. 3). To examine the 
catalytic performance of these nanostructures of core/shell, the Congo 

Fig. 2. Catalysis reactions of some organic components by metal nanoparticles 
supported by magnetite.
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Table 1.
Nanocatalysts based on magnetic metals for the degradation of pollutants in wastewater

Authors/Country Nanocatalysts Synthesis Methods % removal/ reduction Catalytic behaviors

Oliveira et al. [62]
Brazil

TiO2:CoFe2O4

CoFe2O4 via Combus-
tion and TiO2:CoFe2O4 

via Pechini method

Degradation ~100% and 
efficient mineralization of 

diuron (DRN) 

Reducing the concentration of CoFe2O4 improved the 
photocatalytic systems mineralization. The photocatalytic 
treatment decreased the toxicity of the system and ampli-

fied CE50 from 1.5% to 14%.

Mohamed et al. 
[63]

Saudi Arabia

TiO2/α-Fe2O3 nanocom-
posite

Co-precipitation Degradation of MB~98%

TiO2/α-Fe2O3 nanocomposites exhibited better photo-
catalytic performance compared to pure Fe2O3 or TiO2 

nanomaterials; increased α-Fe2O3 concentration enhanced 
the activity.

Feng et al. [47]
China

CoFe2O4 Hydrothermal technique Nitrophenol reduction~95%
Reduction happened in the presence of sodium borohy-

dride.

Li et al. [48]
China

Chainlike spinel MFe2O4 
(M = Cu, Ni, Co, and Zn)

Spray pyrolysis method
Nitroaromatic reduction 

~100%
CoFe2O4 has the best catalytic performance in reducing 

nitroaromatic compared to ZnFe2O4, CoFe2O4, and NiFe2O4

Goyal et al. [49]
India

MFe2O4 nano ferrites (M 
= Zn, Cu, Ni), Mn-doped 

CoFe2O4 

Sol-gel method 2-NP reduction~95%
Fe3+, Mn3+, and Co3+ enhanced the catalytic performance, 
CoFe2O4was the best ferrite catalyst, CoMn0.2Fe1.8O4 was 

the best catalyst

Kiran et al. [51]
India

Bi2+ substituted nanoparti-
cles of CoFe2O4

Co-precipitation and 
combustion methods

4-NP to 4-AP reduction in 
2.25 min

Combustion method results had better catalytic perfor-
mance than co-precipitation process

Singh et al. [52]
India

Ni2+-doped CoFe2O4 (Nix-
Co1-xFe2O4) nanoparticles

Reverse micelle method
Reduction of 4-nitrophenol, 
degradation of Rhodamine 

B ~99%

Photo-oxidative degradation of Rhodamine B, NaBH4 was 
used as the reducing agent.

Dey et al. [53]
India

Cube-shaped magnetic 
NiFe2O4 nanoparticle

Novel method
4-nitrophenol (4-NP) catalyt-

ic reduction
Effective, reusable nickel ferrite magnetic nanocatalyst 

without implementing any functionalization,

Dhiman et al. [54]
India

Several morphologies of 
NiFe2O4 hydrothermally

Varying reaction 
conditions, solvents, 

additives, and precursors

Degradation of anionic 
remazol brilliant yellow 

(RBY) ~90% and cationic 
safranine-O (SO) 

NiFe2O4 nano cord morphology had the highest surface area 
and the best catalytic performance

Papadas et al. [55]
USA

Three-dimensional meso-
porous BiFeO3

Nanoparticle templating
Reduction of p-nitrophenol to 
p-aminophenol with NaBH4, 

~98%

The MBFAs (kapp= 0.018 s-1) reduction rate was two times 
quicker than  arbitrary BiFeO3 NP aggregates (0.009 s-1)

Amir et al. [56]
Turkey

Fe3O4@His@
Ag (histidine was applied 

as a linker)
Hydrothermal method

Complete degradation of MO 
and MB

Degradation of MB and MO at a reasonable time. Reusable 
five times.

Kurtan et al. [57]
Turkey

MnFe2O4@
SiO2@Ag

Chemical reduction and 
co-precipitation method

Complete reduction of 
rhodamine B (RhB), eosin Y 
(EY), MB, MO. Reduction of 
4-NP as well as 2-nitroaniline 

(2-NA), 4-nitroaniline (4-
NA), and.

Remained unchanged after multiple uses

Mohammadi et 
al. [58]

Iran

Magnetic nanocatalyst of 
Fe3O4@SiO2‐Ag

Green and in situ 
synthesis, prepared by 
safflower (Carthamus 
tinctorius L.) flower 

extract

Reduction of 4‐NP, MO, and 
MB at ambient temperature 

~98%

The apparent constant rate for MB, MO, and the 4‐NP 
reduction was 0.09 s−1, 0.064 s−1, and 0.756 min−1. Recover-

able by the magnet and reusable.

Ghosh et al. [60]
India

Nanoparticles of Ag, 
CoFe2O4, and mesoporous 

TiO2

EDTA precursor-based 
method,

Complete photocatalytic 
degradation of MB, 4-NP re-
duction, styrene epoxidation 

~98.1%

Reduction of 4-NP with kapp = 1.08 min−1 in 4 min, recov-
erable using magnet, reusable, and selectivity of styrene 

oxide.

Najafinejad et al. 
[61]
Iran

Nanoparticles of Au 
supported on Fe3O4@

polyaniline

Reduction of Au3+ using 
a wild herbal extract 

(Allium Sp)

Reduce MB and MO from 
aqueous solutions

Degradation of azo dyes with NaBH4 was 103 to 104 
times quicker than degradation without employing the 

nanocatalyst.

Ranjith et al. [64]
Taiwan

Hybrid rGO-TiO2/Co3O4 
nanocomposite

Co-precipitation
High reduction of MB and 

crystal violet dye

Compared to crystal violet dye, the decolorization of the 
MB dye was higher with reduced time. rGO/TiO2/Co3O 

catalyst could be applied to treat a variety of industrial dyes

Veisi et al. [59]
Iran

Nanoparticles of Fe3O4/
SiO2-Pr-S-Ag. Fe3O4/SiO2-

Pr-S-Ag NPs

Surface modification of 
nanoparticles of Fe3O4 

with thiol groups for the 
immobilization of Ag 

nanoparticles

Degradation of MB, RhB, 
and 4-NP high efficiently 

decolorized the dyes. 

Significant catalytic performance with NaBH4 in the water 
at ambient temperature, recyclable 

https://www.sciencedirect.com/topics/materials-science/coprecipitation
https://www.sciencedirect.com/topics/materials-science/coprecipitation
https://www.sciencedirect.com/topics/materials-science/nanoparticles
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red dye reductive degradation was selected. The electrons move from 
the reducing agent (NaBH4) to the dye molecules through nanocatalysts, 
which serve as electron mediators. After four reaction cycles, the Pd@
Ag nanocatalyst remained catalytically active. These results can be 
viewed as a cost-effective way to protect the environment by avoiding 
dye contamination in water supplies. 

Moradi et al. [80] used the precipitation–decomposition method to 
create a range of Ag–ZnO/CNT nano photocatalysts with addition of 
multi-wall carbon nanotubes. The photocatalytic degradation of the Acid 
Orange 7 dye under visible light was used to determine the catalytic 
activity. As compared to the nanocomposite of Ag–ZnO and pure ZnO, 
the nano photocatalyst of Ag–ZnO/CNT with five wt. percent multi-wall 
carbon nanotubes loading had excellent photocatalytic activity. The ef-
ficient separation of pairs of electron hole on Ag–ZnO/CNT was related 
to improved photocatalytic performance. Duan et al. [81] synthesized 
the recyclable and high-performance nanocatalysts, which are com-
posed of small, well-dispersed Ag nanoparticles that are immobilized 
on a Cu-based metal-organic substrate (MOF‐199s) supported by CCFs 
(carboxymethylated cellulose fibers). The catalytic activity of AgNPs@
MOF-199s/CCFs catalysts for the reduction of 4-nitrophenol to 4-amin-
ophenol showed a high catalytic efficiency. Enhanced dispersion, the 
porous catalyst structures, and small particles of Ag stabilized by the 
MOF-199 s cause the high catalytic activity. Applying cellulose fiber led 
to the facilitation of the sustainability and reuse of nanohybrid catalysts 
revealing high and stable reusability of > 91% after five cycles. 

Bao et al. [81] studied a one-pot method and used co-reduction 
growth in polyol mixture to synthesize amino-functionalized (-NH2) 
graphene oxide (GO-) supported networked nanowires of Pd–Ag. The 
results showed effective catalytic activity with superior recovering ef-
ficiency at ambient temperature (25 ºC) for catalytic Cr(VI) reduction 
using the H2 source of formic acid. The electron transfer from amino and 
Ag to Pd enhances Pd electron density, which improves the decomposi-
tion of formic acid and the reduction of Cr(VI). The catalytic reduction 
rate constant of Pd3Ag1/GO-NH2 is 0.0768 min-1, showing higher value 
compared to the monometallic Pd3Ag1/GO and Pd/GO-NH2 catalytic 
reduction rate constants. Iqbal et al. [82] created a new form of recy-
clable, ecologically safe, and convenient cerium-doped magnesium-alu-
minum-layered double hydroxide (MgAl-LDH) nanocatalyst, known as 
MgAlCe-LDH@Au. It was fabricated by adding Au nanoparticles with 
an approximate diameter of 3 nm on MgAlCe-LDH support by in situ re-
ductions of HAuCl4 utilizing NaBH4. This nanocatalyst shows very con-
siderable activity in the 4-nitrophenol reductive degradation by NaBH4 
with kapp = 0.041 s−1 (rate constant) and TOF= 1.2 × 106 h−1 (catalyst 
turnover frequency); at ambient temperature (25 ºC) and air pressure, the 
reactions took place in an aqueous system. MgAlCe-LDH@Au nano-

catalysts can be recovered and they can keep their original performance 
after seven catalytic processes. MgAlCe-LDH@Au is also an effective 
catalyst for the reductive breakdown of usual organic dyes, such as 
rhodamine 6G (R6G), rhodamine B, methylene blue, methyl orange, and 
Congo red that led to increased values of TOFs to 3.2 × 104 h−1. Sahoo et 
al. [83] applied a simple one-pot production of trimetallic porous Au@
Pd@Ru nanoparticles at ambient temperature. The trimetallic nanopar-
ticles exhibited excellent catalytic performance in reducing p-nitrophe-
nol and the breakdown of many azo dyes. The method was applied to 
eliminate color from wastewater using catalytic degradation of azo dyes. 

Nasrollahzadeh et al. [84] used a structurally described furfural 
with a 3-aminopropyltriethoxysilane long tail to immobilize palladium 
nanoparticles on NH2-modified zeolite (Zeo) particles carrying a hetero-
cyclic ligand. At room temperature (25 ºC) in aqueous solutions, NH2 
modified Zeo/Pd was produced as a reusable, highly active, and sus-
tainable nanocatalyst to reduce Nigrosin (NS), MB, RhB, 4-NP, 2,4-di-
nitrophenylhydrazine (2,4-DNPH), potassium hexacyanoferrate(III) 
(K3[Fe(CN)6]), and Cr(VI). UV–Vis spectroscopy was used to evalu-
ate the rate of removal of these toxicants with NH2 modified nanocat-
alyst of Zeo/Pd using formic acid (HCOOH) and sodium borohydride 
(NaBH4) at ambient temperature (25 ºC), as well as the nanocatalyst’s 
ability to be recovered eight times without remarkable reduction of 
catalytic performance. Yan et al. [85] used the one-pot solvothermal 
method to make bimetallic Pt-rhodium alloyed (PtRh ANMPs) nano-
multipods in oleylamine (OAm), using co-structure-directing agents of 
cetyltrimethylammonium chloride (CTAC) and creatinine. The prepared 
nanocatalyst showed remarkable catalytic properties to reduce RhB and 
4-NP by NaBH4. In similar conditions, the prepared catalyst exhibit-
ed a highly facilitated TOF=1.0  ×  10−3/0.44  ×  10−3 mol g−1 min−1 and 
k=0.209/0.354 min−1 for RhB and 4-NP reduction versus industrial Pt 
black. Table 2 shows a list of recent nanocatalysts based on noble metals 
for treating various industrial effluents.

3.3. Nanocatalysts based on organic polymer-supported metal catalysts

Because of their porous network structures and functionalities, poly-
mer hydrogels were used as metal nanoparticle carrier systems [104]. 
They could be produced by several polymerization techniques, includ-
ing polymerizations [105, 106], free-radical [107, 108], and ionic [109, 
110] based on convenient and low-cost solution routes. As an example, 
a core-shell microgel containing a shell of cross-linked poly(N-isopro-
pyl acrylamide) (PNIPA) and solid polystyrene (PS) core was applied to 
stabilize a nanocatalyst of Pd [111]. A spherical polyelectrolyte brush-
based scheme with poly ((2-methylpropenoyloxyethyl) trimethylammo-
nium chloride) long chains as a shell and a solid PS core was quan-
titatively contrasted to the microgel-based process [112]. The results 

Fig. 3. Synthesis method of Pt@Ag and Pd@Ag core/shell.
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Table 2.
Nanocatalysts based on noble metals for the degradation of pollutants in wastewater

Authors/ Country Nanocatalysts Synthesis methods
% removal/
reduction

Catalytic behaviors

Katoch et al. [87]
India

Bi2O3 Microflow Degradation of MO ~96 %
Bi2O3 nanoparticles exhibited excellent stability after three 

cycles indicating coated microreactors in photocatalysis 
reusability.

Dang et al. [88]
China

CuCl2 nanoflake 
film grown on 

the top surface of 
nanoporous anodic 
alumina substrate 

(nano-PAA-CuCl2)

Self-assembly approach
Degradation of MO~95% 

and MB~100%
Applicable in Fenton-like reaction as an effective process 

for wastewater treatment.

Rehman et al. [89]
Saudi Arabia

Ce & Zn doped CuO 
nanocatalyst

Co-precipitation
Degradation of MO ~81%

The photocatalyst of binary metal-doped CuO exhibited 
excellent photocatalytic performance for the treatment of 

toxic industrial effluents.

Dehghan et al. [90]
Iran

ZnO/rGO Chemical deposition
Removal of Metalaxyl (MX)

~ 90%

The MX toxicity was dropped from 51 to 15 within 96 h. 
The photocatalytic performance was reduced by nitrate 

and phosphate ions but remained constant in the presence 
of other water anions. 

Dosti et al. [91]
Iran

Pd NPs -
Reduction of Cr(VI) ~99% 

and Cr(III) precipitation 
~96%  

Electrochemical cells could perform in-situ total free chlo-
rine production and chromium removal concurrently.

Shelar et al. [92]
India

Ag-doped ZnO Co-precipitation
Degradation of MB ~65-

95%
The photocatalytic performance increase with the increase 

of concentration of dopant.

Ikram et al. [93]
Pakistan

Ag decorated MoS2 
nano pedals

Adopting hydrothermal 
approach

Dye degradation in the 
presence of NaBH4

~100%

Excellent potential for removing hazardous toxins, includ-
ing tannery pollutants and synthetic dyes, from industrial 

effluents.

Nasrollahzadeh et al. 
[94]
Iran

Ag/MgO nanocom-
posite

-

Complete and excellent 
reduction of MB, 4-NPMO2, 

and 4-DNPH
~100%

The Ag/MgO system was reusable, highly stable, with 
excellent catalytic performance.

Khoshnamvand et al. 
[95]

China
Ag NPs Green synthesis 

Reduction of 4-NP, and 
antioxidant activity against 

DPPH, and ABTS+
~99%

Ag nanoparticles exhibited excellent antioxidant activity 
against ABTS and DPPH free radicals and efficient catalyt-

ic performance in 4-NP reduction to 4-AP.

Kumar et al. [96]
Ecuador

Ag NPs Biosynthesis
Reduction of MB
~29% in 1 hour

Exhibited effective photocatalytic activity to remove MB 
dye (5  mg.L-1, k = 0.00707788 min−1).

Garol et al. [97]
India

Pd NPs Green synthesis
Complete reduction of 4-NP, 

MO, and MB 
Excellent catalytic reduction performance for all organic 
contaminants; the occurrence of complete reduction in 

10 min.

Salehi et al. [98]
Iran

Pd/RGO NPs Chemical deposition
Reduction of MB, MO, and 

rhodamine B ~99%
These nanoparticles have excellent catalytic reduction 

activity.

Khan et al. [99]
Pakistan

ZnO-NPs Green synthesis
Synozol Navy Blue-KBF 
textile dye degradation 

~91%

Removed the dye in 159 min, potential to have various 
photocatalytic and biological applications. 

Ganesh et al. [100]
South Korea

ZnO Np Green synthesis Reduction MB ~96%

These green prepared nanoparticles of ZnO could be 
effective photocatalysts and anti-microbial for dye degra-
dation and eliminating pathogenic microbes in industrial 

effluents.

Prasad et al. [101]
India

ZnO NPs 
Green synthetic strategy 

using Abelmoschus 
esculentus 

Degradation MB~100%, 
Complete degradation of 

rhodamine B. Degradation 
of Congo red, and MO

ZnO nanoparticles are applied in selective photodegrada-
tion of the target cationic dyes. 

Rajaendaran et al. [102]
India

Ag-Mo/CuO NPs Biogenic synthesis
Photodegradation of 

MB~99%
The photocatalytic performance by AzI-MACO (99%) was 

higher than that of AzI-MCO (88%), AzI-ACO (74%), 
AzI-CO (52%), and CO (39%) nanoparticles.

https://www.sciencedirect.com/topics/chemistry/antioxidant-agent
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/abts
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/industrial-effluents
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/industrial-effluents
https://www.sciencedirect.com/topics/physics-and-astronomy/rhodamine
https://www.sciencedirect.com/topics/engineering/photocatalyst
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showed that the polyelectrolyte brush-based catalyst had better catalytic 
efficiency than the one stabilized by microgel, which may be linked with 
the various diffusional barriers present in such stabilizing processes. A 
bottlebrush polymer tightly linked on a solid core of PS was also inves-
tigated as an Ag nanoparticle carrier platform. However, the synthesis 
method is complicated, which can lead to high costs and difficulties in 
raw materials personnel, and time, restricting broad realistic implemen-
tations [113, 114].

Using electrostatic attraction, a microgel of polymethacrylic acid 
was applied as a carrier device to accumulate the metal ions, which were 
then reduced to the resulting metal nanoparticles [115]. Moreover, a 
modified cryogel of poly(4-vinyl pyridine) was applied to adsorb metal 
ions and reduction treatment for the production of a compound cata-
lyst for 4NP and MB dye reduction [116]. Besides, amidodiol was used 
as a reducing agent and a cross-linking agent to adsorb Ag nanoparti-
cles in a poly(acrylic acid)–based hydrogel fibrillar system [117]. The 
cationic dyes such as crystal violet, MB, and R6G were catalytically 
reduced with the synthesized hydrogel immobilized Ag nanoparticles. 
Temperature and pH were observed to have a remarkable influence 
on the catalyzed process. To prepare the Au and Ag nanoparticles, gel 
beads of calcium alginate (CA) were applied as stabilizing and reducing 
agents [118]. The researchers hypothesized that metallic Ag might be 
a superior catalyst compared to Au throughout this catalytic reduction 
process because the as-synthesized CA-stabilized nanocatalyst of Ag 
has been more effective for transforming of 4NP to 4AP compared to the 
Au equivalent. Also, the volume of Ag nanoparticles loaded on alginate 

or the surface covering with Ag nanoparticles was assumed to be more 
desirable for the catalyzed process than Au nanoparticles [109].

Metal catalysts could also benefit from the use of polymer den-
drimers as stabilization systems. As an example, poly (amidoamine) 
(PAMAM) and poly (propylene imine) (PPI) dendrimers were applied 
to stabilize nanoparticles of Au for the reduction of 4NP [119, 120]. The 
results showed that as the dendrimer concentration increased, the rate 
constants of catalytic reduction for all of the processes studied declined. 
PPI and PAMAM dendrimers with amino groups on their surfaces were 
analyzed for synthesis and stabilization of Au compound nanocatalysts 
via laser irradiation reduction rather than chemical reduction [121]. With 
increasing the irradiation time, the mean size of the Au nanoparticles de-
clined. According to the previous report, the dendrimers were adsorbed 
on the surfaces of NPs as a monolayer, lowering the efficiency of the 
catalytic performance. Furthermore, a layer-by-layer nanoreactor film 
was fabricated for holding silver nanoparticles utilizing a PAMAM den-
drimer with positive charge and negatively charged polyacrylic acid or 
polystyrene sulfonate [122].

Polyacrylonitrile (PAN) substrate was also applied to embed silver 
nanoparticles by immobilizing the Ag nanoparticles within the poly-
mer matrix. However, because of the blocking influence of the polymer 
matrix, nanoparticles of PAN/Ag matrix are inappropriate for catalyt-
ic applications. In addition, Ag nanoparticles were applied to the PAN 
nanofiber surface to expose most of their surface [123]. The nanofiber 
of PAN had been pre-modified for binding site incorporation before ap-
plying Ag nanoparticles upon its surface. Hydroxylamine hydrochloride 

Table 2. (Continued)

Authors/ Country Nanocatalysts Synthesis methods
% removal/
reduction

Catalytic behaviors

Salem et al. [79]
Egypt

Pt@Ag and Pd@Ag 
core/shell

Citrate method in two steps
Congo red dye reductive 

degradation
~85%

NaBH4 was used as a reducing agent; nanocatalyst was 
catalytically stable after four cycles

Moradi et al. [80]
Iran

Ag–ZnO/CNT
Method of precipitation–

decomposition

Acid Orange 7 dye photo-
catalytic degradation under 

visible light ~100%

Improved photocatalytic activity due to effective separa-
tion of pairs of electron-hole on Ag–ZnO/CNT compared 

to the nanocomposite of Ag–ZnO and the pure ZnO 
reusable

Iqbal et al. [83]
China 

MgAlCe-LDH@Au
Au nanoparticles loading 

on MgAlCe-LDH by an in 
situ reductions of HAuCl4

Degradation of 4-nitro-
phenol ~100%, Complete 
degradation of rhodamine 

6G (R6G), RhB, Congo red, 
MO, and MB

The reactions were in an aqueous system at room tempera-
ture and atmospheric pressure, reusable for seven cycles, 

Sahoo et al. [84]
India

Trimetallic porous 
nanoparticles of 

Au@Pd@Ru

Facile ambient temperature 
one-pot synthesis

Efficient p-nitrophenol 
reduction and degradation 

of reactive black (RB-5) and 
reactive red (RR-120) 

Color removal and elimination of produced amine from 
wastewater

Nasrollahzadeh et al. 
[85]
Iran

Pd NPs@Zeo

Immobilization of structur-
ally defined furfural with 

3-aminopropyltriethoxysi-
lane long tail, multi-step 
organic amine function-

alization

Reduction of Nigrosin 
(NS), MB, RhB, 4-NP, 

2,4-dinitrophenylhydrazine 
(2,4-DNPH), potassium hex-

acyanoferrate (III) Cr(VI) 
and (K3[Fe(CN)6]), 

Highly active, recoverable, and reusable for eight times at 
room temperature, antibacterial activity against E. coli.  

Yan et al. [86]
China 

Nanomultipods of 
bimetallic PtRh-AN-

MPs in OAM 
by adopting the 

co-structure-direct-
ing agents of cetyl-

trimethylammonium 
chloride (CTAC) and 

creatinine

A facile one-pot solvother-
mal method

RhB ~97% and 4-NP ~94% 
reduction by NaBH4

Highly effective for RhB and 4-NP reduction than com-
mercial Pt black under similar conditions, recyclable

Mohammadi et al. [103]
Iran

Fe3O4/SBA-16-Cit-
Cya-Au nanocom-

posite
Chemical deposition

Reduction of MB and MO,
the reaction mixture turned 

colorless.
Sustainable and highly efficient after eight cycles. 

Memar et al. [104]
Iran

CuO/CuZnO Chemical deposition Degradation of MO and MB 
Excellent catalytic activity and high repeatability after the 

fifth cycle of degradation reaction. 
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has been utilized as a modifier by reacting with the –CN groups existing 
in PAN to create numerous amine as well as hydroxyl groups that could 
chelate Ag ions and immobilize them. Reduction treatment was used to 
build the Ag-decorated catalyst on the modified PAN fiber. A poly-(3,4)
ethylene dioxythiophene (PEDOT) substrate was also used as a support 
base for Pd nanoparticles. [124]. The sodium polystyrene sulfonate (Na–
PSS) catalytic reduction of the PEDOT supported nanoparticles of Pd in 
the solution was employed to improve the distribution of the PEDOT 
supported nanoparticles of Pd. The destructive impact on the catalyzed 
process must be considered because the surfactant Na-PSS is inclined 
to position the Pd catalyst. To stabilize Au and Fe3O4 nanoparticles, the 
conducting polymer polypyrrole (PPy) was utilized [125]. However, 
these nanoparticles were wrapped or embedded in a polymer substrate, 
creating a great diffusion barrier to the catalyst impairing MB dye cat-
alytic activity. The carrier platform for the Au nanocatalyst [126] was 

Poly(allylamine hydrochloride) which was modified with composite 
sub microspheres poly(glycidyl methacrylate). The results showed that 
the carrier system’s positive charges and epoxy groups could improve 
the catalyzed process. Epoxy groups have a role as electron acceptors 
because of their electrophilicity; therefore, they capture electrons and 
create an electron-rich region at the Au nanoparticle-sphere interface. 
This area could represent an electron reservoir, allowing the electron to 
be transferred to the reactant 4-NP in catalytic reduction of 4-NP; in the 
meantime, 4-NP anions could be adsorbed onto the positively charged 
surfaces of the sphere with ionic attraction. Aside from the multistep 
procedures and complex preparing requirements that restrict wide im-
plementations, the composite sphere catalyst’s reusability and stability 
have not been studied. Furthermore, the electrons captured by epoxy 
groups may not be freed, and the reduction of the epoxy groups could 
occur in the catalyzed reduction process by the captured electrons [1].

Table 3.
Nanocatalysts based on organic polymer-supported metal catalysts for the degradation of pollutants in wastewater

Authors/Country Nanocatalysts Synthesis method
Application: % removal/

reduction
Catalytic behavior

Kaliraji et al. [131]
Korea

ZnO nano-flowers Green synthesis
Removal of Eosin Y (EY), 
Malachite green (MG), and 

MB ~99%

High efficiency and reusability after five cycles 
without any remarkable loss in degradation 

performance.

Duan et al. [81]
China

AgNPs@MOF-199s/
CCFs

Ag nanoparticles immobilized 
on a Cu-based metal-organic 

framework (MOF‐199s) 
supported by CCFs (car-
boxymethylated cellulose 

fibers)

The 4-nitrophenol reduction 
to 4‐aminophenol ~95%

Better dispersion improved the catalytic activ-
ity; cellulose fiber increased sustainability and 

reusability of  >91% after five cycles.

M. Ajmal et al. [116]
Saudi Arabia

A microgel of poly-
methacrylic acid

Inverse suspension polym-
erization

Absorb and reduce metal 
ions ~100%

A carrier system that uses electrostatic interac-
tions to adsorb metal ions and then reduces the 

adsorbed metal ions to metal nanoparticles

Bhat et al. [129]
Malaysia

The Pd catalyst based 
on the framework of 
chitosan-tannin (CT)

Glutaraldehyde chitosan 
crosslinking

The reduction of Congo 
red~23% and nitrate~71% 

in the absence and presence 
of H2.

Catalyst is considerably thermally-stable com-
pared to CT support

Samai et al. [130]
India

Nanocomposite of 
polyaniline/cerium 

oxide
Hydrothermal method.

The removal of RhB~91% in 
wastewater under irradiation 

of the UV light.

Polyaniline polymer was employed as active 
catalyst support to enhance the cerium oxide 

nanoparticle photocatalytic activity.

Nasrollahzadeh et al. [132]
Iran

Pd/reduced graphene 
oxide (RGO) nanocom-

posite
Chemical deposition

Degradation of Cr(VI), 
4-NP, CR, MB, and MO, the 
disappearance of absorbance 

peaks 

Reusability and recyclability after multiple 
employment with no alteration in catalytic 

performance.

Peng et al. [133]
China

Pd truncated octahe-
drons (PdTOs) and 

Pd NPs
Biosynthesis

Excellent reduction of 4-NP
The apparent rate constant (Ka) over PdTOs 
was 0.358 min‐1 in p-NP reduction, which is 
improved compared to spherical PdNPs‐0 

(0.08 min‐1).

Gu et al. [77]
China

Pd, Pt, and Ag mono-
metallic NPs supported 

on graphene/ZnO
Photochemical synthesis Electrocatalysts for H2O2 Distinct electrocatalytic activity

Bao et al. [82]ÿ
China

Pd3Ag1/GO-NH2 One-pot method
Excellent catalytic reduction 

of Cr(VI) 

Formic acid (a H2 source) at room temperature, 
reduction rate constant was higher compared to 
the monometallic Pd3Ag1/GO and Pd/GO-NH2.

Sahiner et al.
[117]

Saudi Arabia

Modifiable Poly(4-vi-
nylpyridine) (p(4-VP)) 

cryogels

Cryogellation using free radi-
cal polymerization method

Complete degradation of 
MB dye and reduction of 

4NP 

The cryogel embedded with Fe, Cu, Ni, and Co 
nanoparticles employed in an aqueous solution 

with NaBH4

Narayanan [118]
India 

Polyacrylic acid–
amidodiol hydrogels 

(SPAGs) entrapped Ag 
nanoparticle 

Acrylic acid in situ polym-
erization and silver nitrate 

reduction utilizing amidodiol 
as cross-linking agent

Complete reduction of crys-
tal violet, MB, and R6G

Temperature and pH had a remarkable influence 
on the catalytic reaction, easy separation, 

promising reusability, and absence of induction 
period.

https://www.sciencedirect.com/topics/physics-and-astronomy/nanocomposites
https://www.sciencedirect.com/topics/physics-and-astronomy/rhodamine
https://www.sciencedirect.com/topics/physics-and-astronomy/cerium
https://www.sciencedirect.com/topics/physics-and-astronomy/photocatalytic-activity
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To stabilize Au nanoparticles for the 4-NP reduction catalysis, qua-
ternary ammonium resin beads of PS were used. The results showed 
that the tinier the Au nanoparticles, the quicker the catalyzed process. 
The Au nanoparticles immobilized on the surface of resin seem fragile 
because they could be dissociated with cationic surfactants, suggesting 
the composite catalyst’s low endurance [127]. Bhat et al. [128] synthe-
sized a Pd catalyst established on the chitosan-tannin (CT) framework. 
The catalyst’s catalytic efficiency was investigated in the presence and 
absence of H2 to reduce Congo red and nitrate. Within 60 and 20 min-
utes, respectively, the catalytic performances eliminated 23 percent and 
71 percent of Congo red and nitrate. 

Samai et al. [129] used a conducting polymer of polyaniline as active 
catalyst support to promote the cerium oxide nanoparticle photocatalyt-
ic activity. The as-prepared nanocomposite of polyaniline/cerium oxide 
shows significantly improved photocatalytic efficiency than some oxide 
nanoparticles or polyaniline for removing RhB in wastewater under the 
UV light irradiation. The results indicated that a nanocomposite con-
taining cerium oxide nanoparticles and polyaniline in a 1:1 molar ratio 
degraded 91 percent of Rhodamine B in 2 hours, while cerium oxide 
nanoparticles only degraded 10%. Recent studies on applying various 
organic polymer-supported metal nanocatalysts for pollutant removal 
from wastewater are summarized in Table 3. 

4. Catalytic mechanisms

Different types of biological, chemical, and physical technologies 
such as advanced oxidation processes (AOPs), ultra-filtration, mem-
brane, sedimentation, flocculation, adsorption, oxidation, reverse osmo-

sis, and ion-exchange are employed for treating wastewater. Because of 
their excellent performance, good reproducibility, convenience, and ease 
of handling, AOPs including photocatalysis, Fenton reaction, ozonation, 
or their variations are used to remove organic contaminants [134]. 

AOP is classified as remarkably nonselective and reactive chemi-
cal oxidants, including •O2, O3, H2O2, and •OH to remove resistant and 
non-biodegradable organic pollutants.

As shown below, the Fenton reaction by radical of •OH is a low-cost, 
efficient, and sustainable wastewater treatment process. [135]:

Fe2++ H2O2+ H+→ Fe3++ •OH+ H2O
Jaafar et al. [136] have studied some quantum calculations based 

on the ELF (electron localization function) and DFT (density functional 
theory) to investigate the removal process of Neutral Red dye (NR) in 
sewerage. In an aqueous medium, the Fenton reaction mechanism be-
tween free radicals (•OH) and the NR dye for its degradation was exam-
ined. For eliminating organic and inorganic pollutants and eradication of 
toxins (Fig. 4) from wastewater, freshwater sediments, groundwater, and 
other sites, a variety of pathways have been used, including reduction 
and (photo)degradation, adsorption, and UV photolysis/photocatalysis 
[137].

Nanomaterials can adsorb or degrade the contaminants using sev-
eral catalytic approaches, including photocatalysis, H2O2, and NaBH4, 
whereas green-synthesized nanoparticles are an excellent choice for 
photocatalytic wastewater treatment (Fig. 5) [138]. Toxic organic pol-
lutants are broken down into other materials [139] or fully mineralized 
components, producing water, carbon dioxide, or other inorganic ions. 
In general, a semiconductor such as TiO2 is capable of absorbing light 
with a wavelength equal to or greater than the wavelength of the semi-

Fig. 4. Removal mechanisms by nanomaterials for different pollutants.

Fig. 5. Mechanism of dye photocatalytic degradation via green-synthesized nanoparticles.
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conductor bandgap, resulting in the creation of electron-hole (e--h+) 
pairs [140, 141]. Reduction-oxidation reactions involve the interaction 
of nanocatalyst with adsorbate molecules. As shown in the equations 
below, h+

vb interacts with surface-bound water to form •OH, and oxygen 
selects e-CB to form a superoxide radical anion.. 

New green prepared metal-organic framework-based photocatalytic 
materials have recently received a great deal of interest, particularly be-
cause of their capacity for environmentally friendly removal of toxic or-
ganic contaminants. [142-144]. Several studies have reported on the use 
of transition metals in MOF-based photocatalysts to remove extremely 
toxic contaminants under UV/vis, UV, and visible light. First, a MOF-5 
was utilized to act as an efficient photocatalyst [145, 146]; these MOFs 
have a wide absorption band in the 500-840 nm range, which is related 
to the delocalized electron that lives on a time scale of microsecond and 
is most probably occupies a conduction band, with a value of conduc-
tion band energy equal to 0.2 V vs. NHE and a 3.4 eV bandgap. For the 
degradation of aqueous phenol, this method showed proportional perfor-
mance with TiO2 or ZnO. MOF-5 is an efficient photocatalyst since it is 
in a charge-separated state, with holes in the valence bands and electrons 
in the conduction band. As a result, phenol photodegradation can be ac-
complished by a series of reactions, including the primary formation of 
radical cations through transferring a phenol electron to the MOF-5 hole, 
or the oxygen active specie formation, including superoxide radical an-
ions, by the interaction between photo-ejected electrons and oxygen. 
[147, 148]. Das et al. [149] prepared a double interpenetrated porous 
MOF (UTSA-38) containing Zn4O with a bandgap of 2.85 eV, and its 
photocatalytic performance for the removal of MO in aqueous systems 
under UV/vis, visible light, as well as dark conditions was shown to be 
strong. According to the findings, under UV light for 120 minutes, meth-
yl orange could be decayed into colorless smaller particles. 

In reducing poisonous nitro compounds to useful and valuable ami-
no compounds in aqueous systems, NaBH4 has attracted much atten-
tion as a preferred alternative to hydrogen sources and a water-soluble 
reductant. Because metal hydride structures formed from BH4-ions 
through π-π stacking interaction have been evaluated as intermediates 
in this reduction reaction, the activation of NaBH4 is a major procedure 
that needs to take a metal material as the active site. The existence of 
a nanocatalyst of Pd stabilized amine-modified zeolite (Pd NPs@Zeo) 
with stacking interactions of π-π was found to explain the reduction of 
toxic 4-NP by NaBH4 reductant [84]. Pd NPs@Zeo transform NaBH4 to 
molecular H2 and BO2 dissociated on the nanocatalyst’s surface, and the 
adsorbed 4-NP interacts with the dissociated H2 gas to produce 4-amin-
ophenol. Consequently, the as-synthesized aminophenol is eventually 
desorbed from the nanocatalyst base, resuming the catalytic process. 
The nanocatalyst also plays a part in facilitating simple reduction by ad-
sorbing molecular H2 or 4-NP nearby. Magnetically separable nano-bio 
hybrid catalysts, Fe3O4@Ch-PdNPs and Fe3O4@Ch-AuNPs, have been 
prepared and designed by a three-step procedure according to the pro-
cess of biosynthetic mineralization [150]. Shewanella algae produced 
spherical Fe3O4 nanoparticles (35 nm) that were then coated or function-
alized with chitosan, accompanied by modification with nanoparticles 
of Pd or Au to produce a reusable and water-dispersible nano-bio hybrid 
catalyst that showed significant functionality for 4-NP reduction and dye 
photodegradation (>99 percent) in contaminated water at ambient tem-
peratures (25 ºC) [151].

This reaction was triggered by the adsorbent and reduction of meth-
ylene blue by Au or Pd nanoparticles via the electron transfer process. 
The reaction rates exhibited pseudo-second-order rate kinetics; under 
UV light, the Fe3O4@Ch-Pd and Au nanoparticles finished the methy-
lene blue reduction in just 1 minute, with apparent rate constants (kapp) 
of 5.0 min-1 and 4.0 min-1, respectively. Furthermore, the normalized rate 
constant (knor) values of the nanoparticles of Au and Fe3O4@Ch-Pd for 
the degradation of methylene blue are 1.14 × 102 and 1.72×102 mmol-1s-1, 

respectively, showing catalytic activities of the nanoparticles of Au and 
Fe3O4@Ch-Pd. For eliminating severely carcinogenic and toxic arsenic 
(As), green-fabricated amorphous nanoparticles of Fe with 51 m2 g-1 
Brunauer–Emmett–Teller (BET) area were employed [150].

Arsenate was reported to be evenly adsorbed on the surfaces of Fe 
nanoparticles; Fourier-transform infrared spectroscopy (FTIR) spec-
trometer analysis revealed that the adsorption was mainly due to a FeO-
As bond, but X-ray photoelectron spectroscopy (XPS) findings show 
that only As(V) was adsorbed. Therefore, this method for eliminating ar-
senate relies on Fe nanoparticles interacting with arsenate to generate a 
monodentate chelating ligand, and then followed by a complex of biden-
tate binuclear. More studies showed that the synthesized nanoparticles’ 
maximum arsenate adsorbent potential was about 14.6 mg g-1 and that 
the optimum range of pH for anionic arsenate adsorbent was around 4 
to 6. [150]. The Langmuir adsorption isotherms showed that adsorption 
of As(V) by Fe nanoparticles matched their regression coefficient (R2 
= 0.99), confirming the suggested chemisorption; the adsorption yield 
matched the pseudo-second-order kinetic model favorably. As a result, 
the green synthesis of Fe nanoparticles is a promising option for remov-
ing arsenic while also being simple to synthesize. 

5. Conclusions and future insights

This work focuses on organic polymer-supported metal catalysts, 
noble metals nanocatalysts, and magnetic nanocatalysts and then sum-
marizes their mechanism in treating industrial effluent. Studies show the 
efficacy and promising application of these nanocatalysts for the remov-
al of industrial effluents. Since low-cost preparation is critical for their 
uses in wastewater treatment, future research could focus on measure-
ment of interactive mechanisms in the water treatment system of these 
nanomaterials and refining their economic viability. In addition, the 
toxicity of these nanomaterials for the environment and human health 
should be examined and (quali-quantitative) risk assessment evaluations 
are suggested in this regard. To ensure that their implementation is safe, 
general assessments of their harm are needed. More studies are required 
to compare the nanomaterials’ relative performances to recognize favor-
able earth-abundant materials, resource utilization, and energy usage.

Some essential future perspectives should be considered for biogenic 
nanomaterials deployment for water purification and treatment. Com-
prehensive research is needed before these green-synthesized nanomate-
rials and nanocatalysts can be used on a commercial or industrial scale. 
Since these nanomaterials may result in secondary contamination, this 
critical problem must be thoroughly investigated. While the preparation 
of these nanomaterials is eco-friendly and simple, some challenging 
and essential factors, such as stability issues and the influence of re-
action parameters, should be optimized and analyzed, as these factors 
can improve their pollutant removal activity, morphologies, and behav-
ior of nanomaterials. Moreover, the extraction and purification of the 
synthesized biogenic nanomaterials are essential for additional applica-
tions. They should also be isolated as pure as possible for wastewater 
treatment. More studies are needed to find nanomaterials of multifunc-
tional and innovative nanohybrids to improve their efficient utility. The 
cost-effectiveness of green-synthesized nanomaterials versus nanoparti-
cles synthesized using traditional methods should be investigated. The 
assessment of restorative quality and efficacy issues is conducted in 
laboratory settings, simulating the parameter ranges of actual environ-
mental levels, but it’s vital to examine and analyze the outcomes from 
real-world scenarios. 
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1. Introduction

The drug delivery system (DDS) is presented as a technology or 
method that enables drugs to achieve optimized therapeutic benefits by 

accurately managing their body distribution profiles. Numerous methods 
to accomplish an effective treatment since at least the 1970s have been 
introduced by scientists such as Gregoriadis [1], Zafaroni  [2], and Th-
eeuwes [3]. These methods were also explored concisely in the confer-
ence held during the same period [4]. The drug delivery system’s aims 

Table of contents
1. Introduction ...........................................................................................................................................................................................................................................57
2. Principle of the sol-gel method ............................................................................................................................................................................................................. 58
3. Advantages of the sol-gel method .........................................................................................................................................................................................................59
4. Synthesis of drug carriers by the sol-gel method .................................................................................................................................................................................. 60
  4.1. Organic-inorganic composite drug carriers ...................................................................................................................................................................................... 60
  4.2. Silica composite drug carriers ..........................................................................................................................................................................................................61
  4.3. Calcium composite drug carriers ..................................................................................................................................................................................................... 62
  4.4. Bioactive glass drug carriers ............................................................................................................................................................................................................ 63
5. In-vitro and in vivo drug release studies ............................................................................................................................................................................................... 64
6. Conclusions and future insight .............................................................................................................................................................................................................. 66

A B S T R A C T A R T I C L E  I N F O R M A T I O N

Drug delivery is known as an approach for transporting a pharmaceutical compound in animals and the human 
body to achieve effective therapy.  Drug carriers are usually based on nanoparticles synthesized by several meth-
ods. The sol-gel method is an inexpensive and simple process to prepare drug carriers that can produce particles 
with a high degree of homogeneity and purity. The process of sol-gel involves hydrolysis, polymerization/conden-
sation of monomers, particle growth, and gel formation. The properties of materials including composition and 
morphology are affected by several factors and can be controlled by the process parameters. Due to the advantages 
of this method, it is widely used for drug carriers’ preparation. In this study, the definition and advantages of the 
sol-gel process are discussed. Moreover, drug carriers such as organic-inorganic, silica, and calcium composites, 
as well as bioactive glass synthesized by this method are reviewed.
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and strategies are often divided into three main areas, i.e., 1) preference 
of route of administration and improvement of absorption, 2) controlling 
the release from formulations, and 3) targeting specific site of operation. 
Different drug delivery techniques for improving absorption [5] and reg-
ulated release [6] have been introduced in these respects. In the case of 
drug targeting, macromolecules including antibodies [7] and particulate 
vehicles such as liposomes [8] have also been used to build multiple 
carrier mechanisms for the targeted delivery of specific organs and cells 
[9]. Many composites have been created and assessed for various bio-
medical applications, such as tissue engineering, cardiac prosthesis, and 
drug delivery in the last few years [10-14]. For example, the composite’s 
composition must contain an acid-resistant lipids exterior protecting the 
lactate dehydrogenase (LDH) interlayers for supplying medicine to the 
intestines [15].

Many synthesis approaches have been introduced for producing 
these biomaterials, such as co-precipitation, in-situ gelling, microemul-
sion, electrospinning, solvothermal, microwave emission, and double 
emulsion of water-in-oil-in-water (w/o/w), free polymerization of rad-
icals, and sol-gel. The sol-gel procedure is flexible and straightforward 
among the afore-mentioned methods; the components of the process are 
cheap, inert, resilient to light and heat, and harmless to the ecosystem 
or humans [16, 17]. The sol-gel approach allows the manufacturing of 
homogeneous drug delivery nanoparticles and enables the processing 
of optimum temperature required for the treatment of biological prod-
ucts, to regulate the size and releasing rate [18]. The sol-gel system has 
attracted the attention of many scientists in the medical sector in recent 
years [19-21]. The term refers to a low-temperature process that uses 
chemical components that can create uniform and pure glasses and ce-
ramics [22].

In biotechnology applications in which biomolecules, including pro-
teins, enzymes, and antibodies, are incorporated into the sol-gel matrix 
have lately been widely investigated [23]. The notion was proposed in 
1983 by Unger et al. [24] using sol-gel-based silica in drug delivery 
applications. Furthermore, numerous sol-gel-based compounds are bio-
active; they can bind to human tissues such as bone. These remarkable 
biomaterials have osteoconductive qualities and can be used in vivo. For 
both therapeutic strategies (gene/drug delivery) as well as diagnosis (im-
aging), nanoparticles are proven to have potential to be used as intravas-
cular or cellular probes which could play a crucial role in bio-medicine 
[25]. However, the efficiency of synthetic biomaterials relies signifi-

cantly on the synthesized powders’ overall features and qualities. These 
characteristics include purity, the structure of the phase, density, crys-
tallinity, size of the particle, particle size arrangement, specific surface 
area, and geometry of particles [26].

The sol-gel methodologies have been used during the last few de-
cades to produce several mixed-metal oxides, nanoporous oxides, nano-
materials, nanoscale structures, organic-inorganic hybrids, nanocoat-
ings, glasses, amorphous, monolithic and structured composite,  organic 
metal assemblies, and bioinspired materials [27-30]. It is an interesting 
strategy for the preparation of hybrid materials as it occurs in a solution, 
effortlessly implementing organic phases into an inorganic material, and 
at the same time, inhibiting degradation [31]. The reactions that happen 
during the sol-gel procedure are (i) solution-forming by hydrolysis of 
alkoxide precursors (sol phase) and (ii) condensation of the transitional 
species causing 3D network formation (gel phase) [32]. In this paper, 
the sol-gel synthesis method for applying composites in drug delivery, 
the fabrication of drug carriers through this technique, and its benefits 
are described in depth.

2. Principle of the sol-gel method

The science of sol-gel dates back to more than 150 years ago. During 
his experiments on silica sols, Graham first invented the word “sol-gel” 
in 1864 [33]. While van Helmont discovered “water glass” in 1640 by 
dissolving silicate substance in alkali and followed by precipitating sili-
ca gel in the acidic environment, it was in 1846 that Ebelmen witnessed 
transparent glass creation. After exposure to a silane atmosphere derived 
from SiCl4 and ethanol [34, 35],  real sol-gel research was started for the 
first time. During the doctoral courses at the University of Goettingen in 
1912-1915, Patrick developed a cost-effective and fast sol-gel process to 
manufacture massive silica gel amounts from sodium silicate (Na2SiO3) 
[36]. Besides, by supercritical drying of the gel produced by hydrolytic 
polycondensation of Si(OH)4, Kistler [37] presented the first synthesis 
of a highly porous silica form (SiO2), which he called “aerogel”. Sol-
gel techniques also allow for powderless manufacturing, directly from 
solution, glasses, thin fibers or films, and ceramics. Precursors are com-
bined at the molecular level, and alternately structured materials can be 
formed at far lower temperatures than conventional processing methods 
can offer [38].

Fig. 1. Synthesis method of sol-gel.
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Generally, in the sol-gel procedure, the phase transformation from a 
liquid “sol” (mostly colloidal) to a solid “gel” of a system is required. 
For the sol’s preparation, metal-organic compounds or inorganic metal 
salts like metal alkoxides [M (OR) n] are used as the initial materials. 
M demonstrates network-forming elements like B, Al, Zr, Ti, Si, etc. 
and R is commonly an alkyl group. Tetramethyl-orthosilicate (TMOS) 
and Tetraethyl-orthosilicate (TEOS) in the sol-gel method are the most 
widely utilized precursors. Since metal alkoxide is combined with a mu-
tual solvent (often alcohol) and water in the base/acid catalyst presence 
leading to the initiation of the simple sol-gel reaction [39-41].

Normally, after the hydrolysis process is triggered, the condensation 
and hydrolysis reactions proceed simultaneously. The hydrolysis con-
tributes to creating siloxane bonds (Si-O-Si) and silanol groups (Si-OH) 
formed by condensation reactions, leading to the water and alcohol pro-
duction as by-products. The final material characteristics and compo-
sition are considerably affected by the chemical reactions that happen 
throughout the sol-gel process. Additional processing of the sol allows 
one to render materials of sol-gel in various configurations. With dip, 
spin, and spray coating, thin films could be formed on a substrate [42, 
43]. 

The solution’s viscosity increases steadily during the sol-gel tran-
sition as the sol begins to become interconnected to make a stable and 
porous gel network. The gel may be transformed into rigid glass parti-
cles or ceramic with more drying and heat processing (at atmospheric 
pressure) resulting in considerable shrinkage due to the solvent liquid 
removal. The obtained substance is recognized as “xerogel”. The net-
work does not get smaller and an extremely porous, low-density sub-
stance called aerogel is processed if solvent elimination happens within 
hypercritical (supercritical) settings [44, 45]. Viscous sintering (xerogel 
shrinkage because of a limited viscous flow) is caused by thermal pro-
cessing of the xerogel at high temperatures, and the porous gel is appro-
priately converted into a thick glass [46] (Fig. 1). 

When the sol viscosity is calibrated to a suitable viscosity level, it 
is possible to obtain ceramic fibers from the sol. Through precipitation, 
emulsion methods, or spray pyrolysis, ultra-fine, and homogenous ce-
ramic powders are produced. Applications such as using sol-gel as the 
porous membrane to the encapsulation of enzymes, sensor molecules, 
and several other substances are most prevalent, while many applica-
tions of sol-gel-derived composites are rapidly developing in biomedical 
uses [47, 48].

The creation of new biomaterials is needed for biomedical applica-
tions, and it can be accomplished by combining sol-gel biochemistry 
and chemistry. Gel-derived substances are ideal platforms for analyzing 
and regulating biochemical interactions due to their micro-pores, broad 
specific surface, and residual hydroxyl ions inside constrained matrices 
with boosted bioactivity [49]. The coating of medical instruments is an 
essential factor in all biomedical applications. Materials utilized in med-
ical tools must have suitable structural and technical qualities and they 
preferably facilitate the healing response with no triggering severe phys-
iological reactions [50]. Medical device manufacturers use different sur-
face treatments, like coatings, to improve or alter characteristics, includ-
ing hydrophobicity/hydrophilicity, biocompatibility, functionality, and 
lubricity. For diverse biomedical uses, sol-gel processing provides an 
alternative strategy for creating bioactive surfaces. A variety of benefits 
are provided by sol-gel thin film development, such as low-temperature 
production, simplicity of manufacturing process, and accurate chemical 
and microstructural regulation [51].

The sol-gel-derived layers or films have substantial biocompatibility, 
large specific surface areas (they can be utilized as an adsorbed drug car-
rier), and an outer surface where rich chemistry facilitates appropriate 
biomolecules for effective functionalization [52]. The regulation of the 
silica coating’s thickness and pore-size distribution also offers a system-
atic approach to control the duration and amount of drug release [53]. 

The drug diffusion and release rate are associated with both the poros-
ity and thickness of coated films, which can be managed by the sol-gel 
dip-coating method by the sol composition and withdrawal speed. The 
benefits of applying the sol-gel dip-coating approach are that it is not 
reliant on the morphology of the material and it is possible to manage 
surface characteristics and a high level of homogeneity of thickness [54, 
55]. 

One of the most promising drug delivery platforms is the sol-gel 
approach. In general, the formation of sol-gel is known as a chemical 
processing technique for the development of ceramic materials through 
implementing three significant steps: (i) solvent formulation, (ii) sol-
vent gelation, and (iii) solvent elimination. Currently, the sol-gel method 
is proved to be a potential technological area, as its multifunctionality 
enables scientists to produce a wide variety of materials characterized 
by specific microstructures and nanostructures [38], ideal for the de-
velopment of many innovative products, such as fibers [56], industrial 
coatings [57], and films. Actually, by employing lower manufacturing 
temperatures than those implicated in conventional ceramic powder con-
solidation or glass melting methods, the sol-gel approach allows highly 
uniform and chemically pure materials to be obtained [58].

In the biomedical industry, the sol-gel approach reveals its potential 
specifically to manufacture bioactive glasses in the form of inherent-
ly nanoporous materials capable of optimizing bioactivity and cellular 
response due to its distinctive material characteristics, including large 
specific surface area than conventional methods used products [20, 59]. 
Besides, sol-gel technology provides the opportunity to generate hybrid 
materials firmly bonded at the nanoscale consisting of inorganic and or-
ganic basis, eliminating the shortcomings of conventional multiphasic 
composites [60, 61].

3. Advantages of the sol-gel method

The sol-gel method is a significant development in science demand-
ing a multidisciplinary strategy with its numerous uses. It produces ce-
ramic and glass materials at comparably lower temperatures that enable 
the loading of different organic and inorganic materials and biomole-
cules during the glass structuring. The sol-gel method was recognized 
since the 1800s, but the uses of sol-gel have expanded several times 
over the last two decades. It has been employed for the manufacturing of 
optical coatings, optical fibers, electro-optic products, powders of colloi-
dal silica for stationary as catalytic support and chromatographic phase, 
nanoporous carbon xerogels, and aerogels as hydrogen storing substanc-
es, nanocrystalline semiconductor-doped xerogels, luminescence con-
centrators, active waveguides, semiconducting tools, adjustable lasers, 
and sunscreen. Precise sol-gel technology uses are continually evolving 
in nanotechnology, biomedical equipment, environmental control, and 
defense [39, 62].

The sol-gel process, which enables the regulation of complex ox-
ides stoichiometry and the development of high-purity, uniform, and 
crystalline nanoparticles under mild reaction conditions, is among the 
most flexible synthesis methods [63]. The sol-gel technique has many 
benefits, such as the pure quality of products and the potential of incor-
porating thermolabile molecules, among the most significant ones. In 
reality, inorganic-organic hybrid materials [64] can be obtained in which 
the organic and inorganic phases are linked to sub-micrometer levels at 
the nanometer [65].

Fascinating biomaterials for a range of clinical and biomedical ap-
plications have been suggested in the past few years for ceramics, drug 
delivery systems, and glasses provided by integrating polymers or drugs 
into the inorganic matrix [64, 66], or nanocomposites generated from 
hybrid materials, all designed by this model. For example, they have 
been used as knee and hip implants or cardiac valves [55, 67].
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4. Synthesis of drug carriers by the sol-gel method

4.1. Organic-inorganic composite drug carriers

Recently, various prospective composites have been prepared, devel-
oped, and investigated for biomedical applications such as biosensors, 
artificial blood vessels, stem cell therapy, cancer therapy, immunothera-
py, antimicrobial properties, enzyme immobilization, wound dressings, 
cardiac prosthesis, tissue engineering, drug delivery, and etc.[68-71]. 
The choice of an inorganic-organic composite would be more logical 
than that of a single type carrier material. Composites are supposed 
to provide required mechanical strength, boosted tissue integration, 
and prolonged and effective drug release, consisting of several phases 
combined to provide better performance. Fig. 2 demonstrates several 
potential formulations for bone drug delivery in the creation of inorgan-
ic-organic composites.

Organic-inorganic hybrid composites produced through the sol-gel 
method are of great interest. Firstly, a uniform sol that converts into 
a gel is provided. After that, the controlled drying process happen to 
produce a monolith or powder. The sol-gel composition is stablished 

on polycondensation and metal alkoxides M(OR)x hydrolysis, where M 
= Si, Zr, Ti, Al. and R = any alkyl group. Hydrolysis that causes OR 
group replacement connected to M by M-OH groups, is the initial re-
action. As before, these chemical species can interact together to build 
M-O-M bonds, leading to metal network establishment. This stage cre-
ates a three-dimensional network with the solvent used in these process-
es residing inside the structure’s pores. Organic-inorganic composites 
were produced by Catauro et al. [72] through the sol-gel technique. The 
drug was applied throughout the sol-gel procedure, with TiO2 and poly 
(ε‐caprolactone) (PCL) glass acting as inorganic and organic phases. A 
similar technique was developed to produce composite films of silica 
and Poly(methyl methacrylate) (PMMA) by Lin et al. [73] and zirconia 
and PCL by Catauro et al. [74]. However, the sol-gel interactions are 
influenced by several factors, including composition and concentration 
of the solvents, reactants, catalysts, process temperature, solvent elim-
ination speed, and drug release pace by inorganic material and binding 
operative material. The procedure is sluggish and requires hazardous 
chemicals to be used [73]. Fig. 3 illustrates the general mechanism of 
organic-inorganic systems of drug delivery.

Sakai’s [75] process obtained organic-inorganic core-shell beads. 
The aminopropyl silane’s positively charged ammonium electrostatical-
ly bound to the alginate, after that the outer silanols attached the hydro-
lyzed TMOS to create the three-dimensional inorganic shell covering 
the calcium alginate center. The membrane shell permeability is being 
regulated by changing the molar ratio among TMOS and aminopropyl 
silane or increasing the shell thickness.

Silicates are known to avoid macrophage attraction, and following 
immersions in calcium-rich, and sodium alginate solutions the beads, 
would cover by the outer calcium alginate coating.  Many inorganic-or-
ganic hybrid nanocomposites, consisting of indomethacin (IND), have 
been produced as a modeling drug by M. Catauro et al. [76] by utilizing 
inorganic (TEOS) and organic (polyethylene glycol, PEG) precursors 
through sol-gel technology. Indomethacin interaction with the inorganic 
material and its concentration appear to play a part in release kinetic 
models. In particular, it was found that the discs with the smallest dosage 
of indomethacin had a sigmoid-shaped release graph; the discs with the 
largest dosage of indomethacin (15 and10%  wt) had a time-dependent 
exponential drug release rate throughout the saline solution.

The incorporation of the polymer regulates the release of the drug in 
a different way. To achieve therapeutic techniques for utilization in iron 
deficiency anemia treatment, M. Catauro et al. [77] integrated various 

Fig. 2. Possible organic-inorganic combinations for drug delivery.

Fig. 3. Mechanism of organic-inorganic systems of drug delivery.
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quantities of pure Fe(II)C in n a silica matrix by a sol-gel method. The 
bioactivity analysis indicates that the existence of Fe(II)C does not influ-
ence the silica matrix’s bioactivity. Hence, the obtained results promote 
the release kinetic assessment of Fe(II)C from SiO2/Fe(II)C hybrids to 
determine their possible application as drug delivery tools.

Cataura et al. [78] developed organic-inorganic hybrids based on 
chlorogenic acid/PEG using the sol-gel process in other experiments. 
The findings suggest that this biomaterial could be employed in multi-
ple biomedical uses, including drug delivery, because of its flexibility 
and biocompatibility. Bollino et al. [79] produced organic hybrid (OIH) 
compounds for the regulated release of anti-inflammatory factors via 
the sol-gel system. The materials explored are SiO2- PCL OIH wherein 
ketoprofen (SiO2/PCL/KET) or indomethacin (SiO2/PCL/IND) is in-
troduced. The findings demonstrate that the drug release relies on the 
amount of PCL and the drug molecule framework.  Sol-gel polystyrene/
silica nanocomposites (PS/Si NCs) were produced by Mezan et al. [80]. 
The experimental result shows the potential for using PS/SiO2 as coat-
ing, catalyst, and biomaterials such as drug carriers.

4.2. Silica composite drug carriers

Across multiple fields, including surface science and synthesis, the 
design of ceramic nanoparticles with enhanced characteristics has been 
investigated with remarkable progress. Silica, silicon carbide, titania, 
zirconia, alumina, silicon nitride are different ceramics types. Devel-
opments in nanotechnology have resulted in the advance of nanosized 
SiO2a, which has been extensively utilized as a filler in composite en-
gineering. Metal impurities are found in silica particles derived from 
natural sources and are not useful for advanced science and industrial 
purposes.

Synthetic silica (pyrogenic silica, precipitated silica, colloidal silica, 
and silica gels), which is refined and often manufactured in amorphous 
powder shapes, is therefore predominant in comparison with natural 
mineral SiO2 ( tridymite, quartz, cristobalite ) in the crystalline build. 
Reversed microemulsion, flame synthesis, and the sol-gel system are 
commonly employed techniques to generate silica nanoparticles. Due to 
its capability to regulate morphology, size distribution, and particle size 
by comprehensive control of process parameters, the sol-gel system is 
extensively employed to manufacture pure silica particles [81].

Modern medicine focuses on local therapy [82] and it is believed that 
employing silica composites in local drug distribution has some benefits 
including: (1) the capacity to integrate significant quantities of broadly 
scattered or dissolved drugs at low temperatures during solidification 

procedures, (2) the assurance of efficient stabilization of the drug load 
towards deterioration due to moderately well host-guest interactions, (3) 
the regulated kinetics of drug release by adjusting the porous silica struc-
ture characteristics. Medicinal drugs such as molsidomine [83], bisphos-
phonate [84], itraconazole [85], ibuprofen, doxorubicin (DOX) [86], 
and vancomycin [87] have also been integrated into silica compounds, 
providing many potentials for both regulated deliveries of medicines and 
effective local therapy [88].

Because of its capability to create pure and uniform materials under 
moderate conditions, the sol-gel system is commonly used to manufac-
ture glass, ceramic, and silica materials for decades. The mechanism 
involves hydrolysis as well as metal alkoxides (Si(OR)4) condensation 
including tetraethylorthosilicate (TEOS, Si(OC2H5)4) or inorganic salts 
including sodium silicate (Na2SiO3) using as a catalyst in the presence 
of mineral base (e.g., NH3) or acid (e.g., HCl) [89, 90]. In the sol-gel 
system, the fundamental interactions of TEOS that result in the forming 
of SiO2 particles can be formulated as [39, 91]:

( ) ( )
hydrolysis

2 5 2 2 5 2 54 3
Si OC H H O Si OC H OH C H OH+ → +

≡ Si ‒ O‒ H + H ‒ O ‒ Si ≡
water condensation

2  Si  O  Si   H O→ ≡ − − ≡ + 	 (1)

≡ Si ‒ OC2H5 + H ‒ O ‒ Si ≡
alcohol condensation

2 5 Si  O  Si   C H OH→ ≡ − − ≡ +

Hydrolysis of the molecules of TEOS produces silanol groups. Si-
loxane bridges (Si-O-Si) forming the whole silica construct are formed 
by polymerization/condensation among the groups of silanol or the 
groups of silanol and ethoxy [81, 92]. It is possible to separate silica 
particle creation into two steps: (i) nucleation, (ii) growth. The two mod-
els, including monomer addition [93] and controlled aggregation [94], 
have been suggested to explain the silica growth process. The model of 
monomer addition shows that the particle growth happens after an initial 
nucleation burst by adding hydrolyzed monomers to the (primary) parti-
cles exterior. On the other hand, the model of aggregation describes that 
nucleation happens continuously during the process and that the resul-
tant nuclei (primary particles) are aggregated together for the formation 
of dimmer, trimmer, and bigger particles (secondary particles). Based on 
the reaction parameters, illustrated in Fig. 4, both models contribute to 
creating either a gel network or spherical product [81]. 

The impact of hydroxy-terminated polydimethylsiloxane (PDMS) 

Fig. 4. Schematic of 
silica formation by the 

sol-gel process.
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with (10, 20, 30, and 40 percent (w/w)) upon the physicochemi-
cal features of composites manufactured by low-temperature sol-gel 
polydimethylsiloxane/calcium phosphate/silica (PDMS-modified CaP/
SiO2) was described by Prokopowicz et al. [88]. The release study indi-
cates that 20 percent PDMS in the composite was adequate to reduce the 
water-soluble molecule’s burst release and resulted in zero-order drug 
release. This study suggests that the coefficient of drug partition and 
coefficient of permeability and its release did not alter with time.

An innovative warfarin-silica composite was designed by Parfenyuk 
et al. [95] for managed drug release using the sol-gel processing meth-
od. The kinetic parameters and release mechanisms for both drugs are 
identical in general. Nevertheless, unlike sol-gel molsidomine-SiO2 
composites that displayed drug release kinetics near zero-order kinetics 
just in a strongly acidic medium, warfarin sol-gel composite with phe-
nyl-modified SiO2 releases warfarin at roughly equal rates in the medi-
um mimicking various sections of the gastrointestinal system according 
to zero-order kinetic law. The suggested warfarin-silica composite is a 
prospect for the continued processing of innovative oral warfarin SiO2-
based framework with regulated drug release. Stergar [96] presented 
a novel promising mechanism of drug delivery, that is, composites of 
Ni67.5Cu32.5 magnetic nanoparticles (MNPs) made by the sol-gel pro-
cess. Using paracetamol (PCM), bupivacaine hydrochloride (BPC), and 
pentoxifylline (PTX) as model drugs, its ability to distribute drugs in 
a managed way was evaluated. NiCu particle release activity of PCM, 
BPC, and PTX verified that the base nanoparticles could release (and 
thus deliver) different drugs independent of their base characteristics. 

Vlasenkova et al. [97] have developed a sol-gel/emulsion system 
to produce silica microcapsules to regulate release without losing their 
original form of the encapsulated protein. The processing parameters 
were observed to affect the unloaded silica particles’ porous nature, the 
silica particle release qualities filled with bovine serum albumin (BSA), 
and encapsulated and released protein structural status significantly. 
Boffito et al. [98] suggested a different approach to this complex ob-
jective by mixing mesoporous SiO2 nanoparticles coated with a pH ac-
id-sensitive self-immolating polymer (MSN-CS-SIP) with custom-made 
amphiphilic poly (ether urethane)s (PEUs) based thermo-sensitive hy-
drogels. The hybrid injectable compositions developed in this way could 
constitute a significant step in producing drug carriers that are respon-
sive to multi-stimuli. These formulations can efficiently activate the 
release of their content appropriate to medical requirements by chang-
ing their behavior following biochemical signals from the surrounding 
physio-pathological setting.

4.3. Calcium composite drug carriers

Because of being potential candidates for decades of drug encap-
sulation and their biodegradability and biocompatibility, calcium-based 
nanostructured and calcium composites are extensively used in biomed-
icine [99, 100]. Considering its broad uses for drug delivery and even 
tissue engineering, calcium carbonate, CaCO3, is currently one of the 
most described nanomaterials. This substance’s appealing characteristic 
is that it stays slightly soluble in a neutral or basic medium but dissolves 
quickly in an acid medium, like cytosol (pH = 5.5), allowing for selec-
tive release of uptake into the cells [101]. 

Kolanthai et al. [102] developed composite scaffolds of 3D porous 
calcium phosphate ((hydroxyapatite/β-tricalcium phosphate)/agarose, 
(HAp/β-TCP)/agarose) by sol-gel methodology with solvents of ethanol 
(EBS) and water (WBS). The growing bone could be supported by mi-
croporous scaffolds (WBS), while nanopores (EBS) could increase the 
degradation process. WBS and EBS could also be employed as scaffolds 
for drug delivery and tissue engineering. Palmqvist et al. [103] con-
trolled nucleation and growth of produced nano by the sol-gel process 
to generate nanocomposites for drug delivery purposes by CO2 seques-

tration by a calcium alkoxide solution. In neutral aqueous conditions, 
the composite particles are stable but are readily dissolved at pH = 7.40 
in an acid media or also in phosphate-buffered saline (PBS), releasing 
the hydrophobic organic part in the form of a reasonably stable colloid 
solution. In both acidic and PBS media, successful ibuprofen release as 
a model drug was obtained and could be attenuated by including β-caro-
tene as a hydrophobic portion.

In the endodontic materials design that facilitates regeneration of 
bone/cementum tissue and prevents bacterial growth, calcium silicate 
(CS)-based structures are useful. The mesoporous CS (MesoCS) nano-
composites were produced by Huang et al.[104] by employing sol-gel 
techniques. MesoCS nanoparticles could be used to retain the constant 
gentamicin release and fibroblast growth factor-2 as drug carriers (FGF-
2). Due to the release of FGF-2, the MesoCS-loaded FGF-2 can stimu-
late other odontogenic-related proteins than CS. In a study by Ghadiri 
et al. [105] in both acidic and alkaline media types, mesoporous calci-
um-magnesium-silicate was produced using the cetyltrimethylammoni-
um bromide (CTAB)-assisted sol-gel process. The findings suggest that 
the reversal phase, the releasing of drug molecules, relies heavily on 
the surface area. The drug molecules have more accessible space during 
the diffusion stage to connect with specimens with larger surface area, 
facilitating more host-guest contact during the diffusion phase, thereby 
decreasing the release kinetics.

CaP as bioactive carriers produced in different kinds, such as thin 
coatings, ceramics, composites, and cement, appear to be an appropri-
ate and widely used option in prosthesis for bone regeneration, [106]. 
The recent biphasic composites of mesoporous silica and calcium phos-
phate material (CaP@MSi) in powder and pellet form were produced by 
Prokopowicz et al. [107] as a promising bone drug delivery method for 
doxycycline hydrochloride (DOX). The collected pellets retained CaP@
MSi permeability capacity and supported the sustained release of DOX 
for five days.  The produced biphasic CaP@MSi composites tend to 
have the usage capacity of a bone-specific drug carrier. Szewczyk et al. 
[108] generated a MSi-CaP composite in the shape of spherical granules 
(pellets) filled with cefazolin as a model antibiotic. In comparison to the 
burst release of cefazolin-loaded MSi-CaP powders, the burst release of 
cefazolin from the pellets was decreased by 3 (90 and 30 percent after 
15 min of release test, respectively). After 60 days of the mineralization 
potential assessment in the modeled body fluid, the experiments showed 
that the pellets’ entire surface was coated with carbonated hydroxyapa-
tite in line with the preferred morphology.

Through the sol-gel technique, Tsai et al. [109] developed meso-
porous hydroxyapatite-CaO composite nanofibers (p-HApFs) by utiliz-
ing Pluronic P123 as an electrospinning procedure and a porogen and 
discovered that p-HApFs had sufficient drug loading capacity and could 
prolong the burst of tetracycline release (TC). A similar discovery relat-
ing to the creation of CaO in the synthesis of HAp by the sol-gel was 
also published by Lopatin et al. [110]. Nevertheless, several experiments 
have shown that the biocompatibility of HAp is adversely affected by 
CaO [111]. 

Kanchana et al. [42] have shown that introducing strontium to bi-
phasic calcium phosphate synthesis by the sol-gel process could reduce 
the forming CaO impurities. In this context, Tsai et al. [112] manu-
factured mesoporous composition strontium-substituted hydroxyapa-
tite-CaO-CO3 nanofibers (mSrHANFs) using an electrospinning system 
that relies on a sol-gel precursor with CTAB as porogen and assessed the 
impact of varying quantities of Sr doping on mSrHANF components. 
The mSrHANFs had a remarkable drug-loading capacity and could 
prolong TC burst release to sustain antibacterial function for over three 
weeks. Therefore, in bone tissue engineering, mSrHANFs could be used 
as drug carriers. The protein carrier was encapsulated by Purushothaman 
et al. [113], and casein was hybridized with superparamagnetic calci-
um ferrite nanoparticles (CFNP) (fabricated by the sol-gel technique) in 
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which the anti-cancer drug, curcumin (Cur), was included. Eventually, 
to make receptor-mediated endocytosis effective, folic acid (FA) was 
conjugated. In an acidic environment, elevated drug concentration, and 
magnetic field impact conditions, the drug release rate was higher. For 
casein-Cur with FA conjugation in contrast to the carrier lacking FA, 
the IC50 value decreased almost six-fold for MCF-7 cells. The casein-
CFNP-Cur-FA was explicitly observed in the analysis as an innovative 
possible formulation for targeted drug delivery.

4.4. Bioactive glass drug carriers

Synthetic biomaterials of bioactive glasses (BGs) were first pro-
duced in the late 1960s [114] and they, by the apatite layer creation on 
their surface, are capable of binding to the bone. BGs are dissolvable 
under physiological conditions to various levels, being osteoinductive, 
osteoconductive, and angiogenic in specific compositions [115, 116]. 
These unique characteristics significantly enhance the BGs use in the 
regeneration/repair of bone [117].

Their potential has lately been illustrated in the field of soft tissue 
regeneration [118], with a focus on their biological activity to facilitate 
angiogenesis and to function as antibacterial agents. The biologically 
active ions release, stimulates specific healing mechanisms in soft tissue 
repair and wound healing [119], thus causes specific biological effects. 
BGs are amorphous in origin and have intermediate oxides, network 
modifiers, and network formers, in their framework [120]. Without ex-
ternal materials, the network designers could shape glasses independent-
ly [121].

B2O3, SiO2, P2O5 are the most studied network formers in BGs; net-
work modifiers affect the glass structure by binding to non-bridging 
oxygen atoms such as Si-O-M+ in which M+ is a modifier cation; in-
termediate oxides could either perform as network modifiers or join the 
glass structure such as network formers [22]. SiO2, P2O5, and B2O3 could 
typically serve as network formers for generating BGs [122]. Neverthe-
less, regarding BGs generated by the sol-gel system, many of them are 
silicate glasses, and extensive research has focused on them since their 
emergence in the early 1990s [123]. By properly regulating the con-
densation and hydrolysis of borate precursors, borate BGs have lately 
been produced. The biological and physicochemical characteristics of 
BGs could be regulated by adjusting the composition [124]. Bioactive 
glass nanoparticles (BGN) are appealing biomaterials among the dif-
ferent morphologies of BGs for a significant variety of biomedical uses 

owing to their tiny scale, large surface-to-volume ratio, and high specific 
surface area that grant unique qualities to them  [125].

Because of these desirable morphological features, in some uses, 
like drug delivery, BGN has significant benefits over its micron-sized 
counterparts. In general, BGNs are a good foundation for composites, 
as their morphological properties make their uniform integration into 
polymer matrices much simple [126, 127]. In addition, the use of struc-
ture-forming agents allows complicated morphologies including hollow 
or mesoporous structures to be accomplished by BGN. In effect, this im-
proved porosity and surface area enhance BGN capacity to serve as drug 
carriers and other biomolecules for regulated release [128]. TEOS is the 
most commonly employed silicate precursor for the sol-gel production 
of BGN, whereas ethanol and/or water are used as solvents [129]. Un-
der acidic or basic environments, the sol-gel process could occur, and 
those conditions influence the properties of the resulting materials. For 
instance, BGs with various morphologies could be accomplished by 
merely adjusting the solvent’s pH. TEOS initially precedes condensation 
and hydrolysis in the catalysts presence to form nanoparticles of SiO2 in 
a standard sol-gel procedure for BGN [130]. During the condensation 
and hydrolysis of TEOS or after the development of SiO2 nanoparticles, 
metal ion precursors could be included. To create BGN, the generated 
nanoparticles are then dried and calcinated. Organic substances could 
also be included during the production to form the particles or increase 
dispersity [129]. Moreover, to promote the processing of BGN [130], 
other methods, such as microemulsion [131], could be coupled with the 
sol-gel system. Drug delivery systems based on porous BGs are sche-
matically presented in Fig. 5.

Wang et al. [132] effectively produced terbium-containing meso-
porous bioactive glass nanospheres (Tb/MBG) by the sol-gel process. 
Findings have demonstrated that the developed nanospheres of Tb/MBG 
show excellent biocompatibility, rapid degradation, and regulated deliv-
ery of DOX. The release of DOX from nanospheres of Tb/MBG could 
be effectively adjusted by doping ion concentrations and modifying the 
pH condition. Hassanzadeh-Tabrizi et al. [133] have established an easy 
and efficient technique for preparing forsterite nanopowder via a surfac-
tant-assisted sol-gel process as a novel drug delivery mechanism. During 
loading and releasing processes, ibuprofen molecules could be adsorbed 
onto mesoporous composites’ surface in the impregnation phase and get 
released through diffusion-controlled mechanisms. The solvent reaches 
the ibuprofen-matrix phase via the pores during the release step. It could 
be shown that drug delivery is quicker in the early testing period reach-

Fig. 5. Drug delivery systems 
based on porous BGs.
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ing a slower pattern after around ten hours.
These findings are in line with the report by Horcajada et al. [134]. 

They studied the impact of MCM-41 pore size on drug delivery rate and 
demonstrated that the rate of ibuprofen delivery in a mimicking solution 
of body fluid declines as the pore size reduces. A composite formulated 
from hydroxyapatite forms MBG granules and bone cement, a promis-
ing carrier for biologically active proteins was investigated by Schum-
acher et al. [135]. Sol-gel technique was used, and mesoporous bioac-
tive CaO-SiO2 glass was produced. The feasibility of MBG particles to 
regulate the enzyme Lyz release and the growth factor VEGF from CaP 
cement (CPC) has been proven. Composites of CPC/MBG appear to 
be a useful material for the growth factors delivery into bone fractures 
with a slightly improved porosity and mechanical strength that enhances 
over time. They could demonstrate that MBG improves and regulate the 
proteins release from the cement matrix. 

Hollow mesoporous bioglass (HMBG) nanoparticles were produced 
by Wang et al. [136]. The HMBG nanoparticles had more significant 
potential for drug retention and stable drug release than the unique mes-
oporous architecture of HMBG. Furthermore, in vivo tests revealed that 
the nanoparticles of HMBG could facilitate regeneration of bone and 
the drug-loading nanoparticles of HMBG had a more remarkable ability 
to repair. Sayed et al. [137] examined hematite-doped chitosan/bioglass 
substrates as an alternate implant method to restore damaged root canals 
by delivering 2% chlorhexidine gluconate (CHX). As indicated by in vi-
tro drug release and antibacterial experiments, the utilization of hematite 
(Fe2O3) increased drug release and entirely removed bacterial growth 
within 14 days.  A list of the composites produced by the sol-gel method 
is provided in Table 1.

5. In vitro and in vivo drug release studies

It is possible to test the bioactivity of a composite and its specific 
components in vitro. Experiments are conducted by immersing speci-
mens in SBF with a human plasma-like composition and ion concen-
tration at 37 °C [146]. The in vitro approach for bioactivity analysis 
receives further appreciation due to concern for animal use in experi-
ments. In vitro biodegradation of drug-releasing composites is investi-
gated by detecting a decline in sample weight and molecular weight of 
the decaying polymer following immersion in a medium at 37 °C over 
varying periods with liquids as a sterile solution of pH 7.4 PBS [147] or 
simulated body fluid (SBF) [148] implementing as a condition of dete-
rioration. While both liquids are not entirely appropriate for replicating 
the condition in vivo, SBF is a better option versus PBS. SBF simulates 
pH and ionic concentrations more precisely to plasma and supports the 
research sample with bioactivity. Therefore, when a composite is ex-
posed to biodegradation tests, bioactivity will also be exhibited in SBF, 
and degradation will be affected, simulating better in vivo conditions. 
A composite’s in vivo examination is not only limited to the release of 
drugs but also extended to its bioactivity [149, 150].

In vivo animal experiments are performed after radical debriding of 
localized osteomyelitis and estimating drug concentrations by collect-
ing the drug from bone specimens. Commonly, in and near the places 
where the composites were in contact, the drug content was high, and 
the concentration reduced as the distance increased. Thus, there may 
be a strong need for organized administration of medications to protect 
the nearby bones and tissues under therapeutic circumstances of use, at 
least in the beginning for a limited duration. However, composites seem 
sufficiently appropriate and in their active state during the study period 
to release the drugs. It is not, however, a situation peculiar to compos-
ites. Drug delivery systems, either polymeric or inorganic, have identical 
conditions [151].

The mouse Langerhans islets encapsulation in sol-gel silicates was 

reported by Pope et al. [152] in 1997. In vitro experiments have shown 
that insulin could be produced and secreted by sol-gel encapsulated 
cells. In some diabetic mice, silica gel encapsulated islets have been 
transplanted inter-peritoneally and have been shown to lower their uri-
nary sugar level significantly. These initial findings were promising 
since they proved that the sol-gel encapsulation offers a solution to 
overcome immune system rejection. Carturan et al. [153] resurrected 
this area of research systematically, beginning with conventional sol-gel 
procedures and later improving the Biosil gas phase deposition tech-
nique. They showed that by changing the silicate deposit’s thickness or 
modifying its porosity, they could retain Langerhans cell viability in the 
silicates and regulate the barrier of mass transport.

Lately, the group has focused more on prosperous biohybrid trans-
plantation in 10 glycemic rats. The results showed that 60% of the rats 
were alive after two months, but more significantly, their blood glucose 
level reduced from about 400 mg/l 100 mg/l after transplantation. This 
trend remained for over a month at this level [154]. The authors reported 
that the encapsulation did not deteriorate the function of the islets. More-
over, Sakai et al. [155] showed that the inner alginate polymer could 
be liquefied by introducing citrate to chelate and remove the calcium 
binder. In another study by Sakai et al. [156], it was shown that the 
in vitro proliferation of pancreatic islets inside the siliceous pancreas 
was enabled by liquefication. The bioartificial pancreas capability to de-
crease and regulate the diabetic mice’s blood glucose level from more 
than 400 mg/l to a healthy level of 200 mg/l for weeks was shown by in 
vivo experiments with diabetic mice.

Hu et al. [157] announced manufacturing of graphene oxide (GO)-in-
tegrated highly sensitive amphiphilic copolymer-based nanocomposite 
that displayed a low-intensity UV light-triggered sol-gel transformation. 
GO material could make the nucleation and unpleasant symptoms more 
apparent. An in vitro analysis examined the continuous drug release out-
put of the hydrogel samples. The findings revealed that our drug carri-
er’s release characteristics, namely the increased release rate within the 
acidic microenvironment of tumor conditions, are highly promising in 
improving patients with malignant tumors, cancer, and other diseases.

Dolinina et al. [134] have developed composites of molsidomine-sil-
ica. The SiO2 composites with the cardiovascular drug molsidomine 
were produced through sol-gel and adsorption in their research. In the in 
vitro study, the cumulative release rate of the drug was evaluated using 
the following expressions:

V is the complete release medium volume, Ct is the drug concen-
tration at time t, Ct-1 is the concentration of the drug at the time (t-1), 
n is the removed release medium volume, w is the drug content in the 
composite. As an instrumental error and sum of precision error, the rel-
ative variability in full release (percent) was not more than 4 percent. 
The findings achieved in this study show that the production process of 
composites of adsorption, molsidomine-silica, or sol-gel technology has 
a significant impact on the composites’ release qualities. The compos-
ites have a variable drug distribution over the SiO2 matrixes and diverse 
durability of the composite structure in neutral media and acid due to 
different concepts of their creation.

Using sol-gel processing, Kolanthai et al. [158] developed nanosized 
(80×23 nm2) and porous (17 ± 1 nm) HAp/agarose composite rods. The 
composite exhibited an initial burst release of around 60 percent with-
in ten hours regarding in vitro drug release. The regulated release of 
drugs was subsequently reported. A strong interaction of the HAp mes-
oporous surface with the drug was associated with sustained release. 
Finally, for reconstructive surgery uses, bone filling, and drug delivery, 
the composite powder could be used. A smart pH-responsive nano-car-
rier (P.4-VP@MCM-41) by utilizing P.4-VP as reversible pH-sensitive 
gatekeepers and MCM-41 as drug nano-containers has been effectively 
developed by Abbaszad Rafi et al. [159]. The polymerizable functional 
groups (3-(Trimethoxysilyl)propylmethacrylate) were mostly grafted 
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Table 1.
Composites Studied for Drug Delivery via sol-gel method

Carrier Cytotoxicity behavior of carrier Drug Experimental medium Drug release behavior Reference 

Bioactive glass 
ceramics 

- Gentamicin PBS
The drug release outcome exhibited that 

both 45S5 and S53P4 showed a gradually 
continuous gentamicin release.

Auniq et al. 
[134]

Calcium ferrite 
nanoparticles 

(CFNP)

Cytotoxicity test performed MCF-7 
breast cancer cells, and results showed 
The IC50 value reduced nearly six-fold 

for MCF-7 cells

Curcumin 
Acidic conditions and 
under the influence of 

magnetic field

The drug release rate was higher in acidic 
conditions, increased drug concentrations, 

and under the influence of the magnetic 
field.

Purushothaman 
et al. [109]

Magnetite (Fe3O4)-
doped nanoparticles 

of mesoporous 
bioactive glass 

(Fe3O4-MBG NPs)

No considerable normal human 
fibroblast (NHFB) cell death was 

detected during in vitro analysis. For 
nanoparticles of Mc-Fe3O4-MBG 

significant inhibitory influences on the 
cancer cells (MG-63) viability were 

observed.

Mitomycin SBF

Nanoparticles of Fe3O4-MBG expressed 
low cytotoxicity, good biocompatibility, and 

controlled release thus, for drug delivery, 
they are a safe biomaterial.

Rahman et al. 
[135]

Ag2O-MBG NPs

At 11.88 μg/mL of nanoparticles 
of DOX-Ag2O-MBG, significant 

inhibitory influence on the viability of 
the MG-63 osteosarcoma cancer cells 

was detected.

DOX SBF

Doxorubicin (DOX) was encapsulated with 
84% efficiency. The release of DOX was 

affected by release media pH (6.4–8.4) and 
the drug loading concentration (0.2–1.0 mg/
mL). DOX release was 93% was witnessed 
almost for two weeks at a little acidic 6.4 

pH.

Rahman et al. 
[136]

SiO2/PCL OIHs 
(organic-inorganic)

The compatibility with the organic 
solvent, the starting liquid state, and 

the slow processing temperatures 
make the sol-gel an ideal method to 

synthesize OIHs.

Anti-inflam-
matory IND 

or KET
SBF

The IND speed release reduces with increas-
ing PCL the wt%, whereas the speed release 

of KET increases with PCL increasing of 
wt%.

Bollino et al. 
[75]

Terbium doped mes-
oporous bioactive 
glasses (Tb/MBG)

The Tb/MBG cytotoxicity assessed 
by a cell counting kit-8 (CCK-8), and 
results revealed that the carrier at low 
concentration had no notable cytotox-

icity in MC3T3 cells.

DOX  SBF 

Nanospheres of Tb/MBG exhibited con-
trolled release property of anti-cancer drugs 
(DOX) and distinct degradation in PBS with 
various pH values. Their mechanism of re-
lease can be described by Fickian diffusion 

according to the model of Higuchi. 

Wang et al. 
[128]

Polymethyl methyl 
acrylate/polystyrene/

silica composite

The cytotoxicity studies by RAW 
macrophage cells exhibited that all the 

samples showed good cell viability.

5-Fluoro-
uracil

PBS
The kinetics of drug release showed that the 
drug was released in a sustained manner for 

a period of 180 h in PBS at a pH of 6.8.

Shanmugasund-
ar et al. [137]

Silica-calcium 
phosphate composite 

(MSi-CaP)
- Cefazolin  SBF

The burst release of cefazolin from the 
pellets was reduced by 3 when compared to 
the burst release of cefazolin-loaded MSi-
CaP powders (90 and 30% after 15 min of 

release studies, respectively).

Szewczyk et al. 
[104]

HMBG
Nanoparticles had good biocompatibil-
ity and they could promote MG-63 cell 

proliferation considerably.
Ibuprofen SBF

MBG nanoparticles had sustained drug 
release ability and higher drug loading due 

to their special hollow structure and penetra-
tive mesopores on the shell.

Wang et al. 
[138]

Ca3Mg(SiO4)2)

The cytocompatibility, mechanical 
properties, and bioactivity of the 

compound have been comprehensively 
assessed.

Ibuprofen SBF

The synthesized calcium-magnesium-sili-
cate samples’ potential application as a drug 
delivery agent is investigated by estimating 
the ibuprofen release properties of them up 

to 180 h.

Bigham et al. 
[139]

 MBG/polyurethanes 
(PUs) nanocom-

posite

The nanocomposites showed high 
cell viability (96–100%) and are thus 

designated as biocompatible.
Imatinib SBF

There was no burst influence and 52–84% 
of the drug was released during 3 weeks

Shoaib et al. 
[140]

Samarium incorpo-
rated mesoporous 
bioactive glasses 

(Sm/MBG)

-  DOX SBF

The results exhibited that the Sm/MBG/
alginate microspheres show sustained DOX 
delivery, and their mechanism of release is 

controlled by Fickian diffusion according to 
the model of Higuchi.

Zhang et al. 
[141]

https://www.sciencedirect.com/topics/materials-science/samarium
https://www.sciencedirect.com/topics/materials-science/bioactive-glass
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onto MCM-41 pore entrants to provide the silica-based nano-container 
following MSNs synthesis through the surfactant-assisted sol-gel sys-
tem, with no surfactant removal. The release of the drug could be lim-
ited at pH 7.4 in the bloodstream based on the current in vitro results; 
nevertheless, due to the cancerous cell acidic microenvironment, an ac-
celerated release would be found in cancerous tissues. Accordingly, this 
nano-carrier could have a possible use for anti-cancer drugs in pH-sen-
sitive delivery systems.

A new technique was applied by Ghazaiea [160] to monitor various 
drug releases by encapsulating them using sol-gel in organic-inorganic 
hybrids. By utilizing UV-visible spectrophotometry (UV-Vis), the drug 
release of the composites of N-triethylchitosan/sodium naproxen@SiO2 
was examined. At a physiological temperature of 37 °C and a pH of 7.4, 
this research was carried out. This sort of sol-gel process could develop 
composites of different sizes and porous shells. Dynamic light scattering 
(DLS) and zeta potential analysis results indicate that particles of vari-
ous sizes and shapes are possible. Kumaresan’s [161] synthetic saponite 
has been effectively produced using the sol-gel hydrothermal process 
and Quinine (QU) as a guest molecule. During controlled release exper-
iments, they also compared the natural (NSAP) and synthetic (SSAP) 
saponite clay with QU nanocomposite and pure QU. Normal QU and 
drug-loaded QNSAP and QSSAP nanocomposite in vitro drug release 
experiments have been successfully performed by employing dialysis 
bag procedure using the pH gradient process in the physiological set-
ting. The study proved that the SSAP presented better-controlled release 
patterns than NSAP and pure QU. The current result also shows that the 
natural/synthetic saponite clay minerals are more efficient materials to 
be employed as simplistic and effective drug release vehicles.

An innovative biodegradable thermosensitive composite hydrogel 
based on PEG-PCL-PEG (PECE) and Pluronic F127 copolymer under-
going thermosensitive sol-gel transformation was produced by Gong et 
al. [162]. The composite hydrogel cytotoxicity was tested through utiliz-
ing human HEK293 cells through a cell viability method. The viability 
of 293 cells in the presence of composite hydrogel copolymers, even 
though the input copolymers was 500 μg per well, was still greater than 
71.4 percent. The sample drugs used were BSA, vitamin B12 (VB12), 
honokiol (HK) to study the in vitro release activity of protein drugs, 
hydrophilic small molecular drugs, hydrophobic small molecular drugs, 
and the composite hydrogel. The higher Pluronic F127 quantity, lower 
concentration of hydrogel, or less initial drug loading led to a higher 
cumulative rate of release.

Kundu et al. [163] produced a novel localized drug delivery method 
focused on drug-loaded porous hydroxyapatite ceftriaxone-sulbactam 
composite. It was found that the lower percentage of pores with a range 
of mostly micro-pores was better than the higher percentage of pores 
both in vitro and in vivo. CFS (combination of b-lactam antibiotic and 
b-lactamase inhibitor) release from HAp prosthetics was quicker than 
SBF in PBS. Besides, both in vivo and in vitro drug elution findings 
after six weeks revealed that the CFS release against Staphylococcus 
aureus was more significant than the minimum inhibitory dosage. The 
advantages of CFS loaded HAp implants over the parenteral group are 
on pathogen elimination and new bone development, which was also 
shown in-vivo experiments.

Safari et al.[164] synthesized dopamine (DOP)/chitosan (CIS)@
TiO2 nanohybrid composites by the sol-gel process. In comparison to 
the DOP/CIS composites, TiO2 integration significantly increased drug 
trapping and decreased drug release. After 10 min in a pH 7.4 solution, 
the DOP/CIS composites lacking TiO2 coating released the entire drug, 
whereas the TiO2 coated composites released the trapped drug after 
16 h. The effects are quite promising and could be used to adjust DOP 
usage from injection to oral. Rahman et al. [81] doped nanoparticles 
of silver oxide mesoporous bioactive glass (Ag2O-MBG NPs) for the 
regulated doxorubicin release as a model drug by the sol-gel process. 

Through MTT assay and in vivo tissue histopathology, the as-synthe-
sized nanoparticles of Ag2O-MBG did not present any adverse impact, 
and drug release was regulated by adjusting the pH of the released me-
dium, and dosage of drug loading. These properties have shown that the 
Ag2O-MBG NPs method is beneficial for the bone cancer medication of 
bone tissue regeneration.

6. Conclusions and future insight

Lately, given the simplicity and usefulness of sol-gel approaches in 
regulating the structure and characteristics of BGN, sol-gel production 
of BGN has been gradually studied. Because of their qualities, BGN 
can be great transporters of drugs. Even though impressive improvement 
has been accomplished in the manufacturing of BGN, many other chal-
lenges remain, particularly regarding the accurate control of composi-
tion and size that must be addressed to achieve efficient BGN usage. By 
changing production parameters, including catalyst concentration and 
TEOS, the BGN size may be easily adjusted, but smaller particles are 
prone to aggregate to shape larger clusters, particularly in the salts pres-
ence. This restriction complicates the development of highly scattered 
BGN smaller than 100 nm. The critical challenge found by a variety of 
research is that the inclusion of metallic salts usually causes nanoparti-
cles to be aggregated. On the other hand, in drug delivery, organic-in-
organic composites and porous inorganic materials, including calcium 
carbonates, mesoporous silica, calcium phosphates, and other silica and 
calcium-based structures, have been commonly used as carriers. Such 
carriers can also be produced using the sol-gel process. These technolo-
gies have several qualities, such as high bioactive drug loading, in vivo 
navigating and visualization, and remote content release by internal and 
external stimuli.

The morphological and surface qualities of silica and calcium config-
urations enable organic functionalization to be carried out to innovative 
and effective hybrid carriers with improved multimodal characteristics 
being created. In addition, there are several options for co-encapsulat-
ing of different bioactive compounds in situ (fluorescent molecule, drug, 
protein, and gene). These products, however, can also have some lim-
itations related to their stability and safety. While these materials are 
known to be non-toxic, it is always necessary to monitor and control the 
concentration of particles utilized to prevent harmful impacts. Further 
considerations relating to particle stability should be addressed when 
dealing with biological fluids (blood plasma, cell culture media). For 
example, in biological fluids, organic compounds appear to bind to drug 
carriers’ surface, creating so-called coronas across the particles. This co-
rona could modify the physicochemical characteristics of particles dra-
matically, leading to the aggregation of particles. They should therefore 
be characterized not only in aqueous solutions, but also in biological 
fluids. More studies on the design of these comparatively high capacity 
carriers seem to be essential to minimize the shortcomings of each as 
much as possible.
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1. Introduction

Since 1988, when the first system (SLA-1) founded on stereoli-
thography (SL) processes was launched, additive manufacturing, rapid 
prototyping, or 3D printing has been introduced to the market. Since 
the patent for fused deposition modeling (FDM) was granted in 2009, 
additive manufacturing technologies started to develop significantly. 
This technique is already recognized by various names including fused 

filament fabrication (FFF), 3D printing, or the standard title of material 
extrusion (ME). The democratization of 3D printing resulted in signif-
icant advancements in AM machine software and hardware, as well as 
the introduction of a diverse variety of construction materials (feedstock 
used in AM)  [1, 2]. 

The AM technology is applied in many medical applications includ-
ing customized implants, tissue engineering scaffolds, and anatomical 
mockups for surgery simulation, planning, and training [3, 4], person-
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A B S T R A C T A R T I C L E  I N F O R M A T I O N

Magnesium based materials are considered promising biodegradable metals for orthopedic bone implant applica-
tions as they exhibit similar density and elastic modulus to that of bone, biodegradability, and excellent osteogenic 
properties. The use of Mg based biomaterials eliminates the limitations of currently used implant materials such as 
stress shielding and the need for the second surgery. Recently, the development of Mg-based implants has attracted 
significant attention. Additive manufacturing is one of the effective techniques to develop Mg based implants. Ad-
ditive manufacturing which could be named 3D printing is a transformative and rapid method of producing indus-
trial parts with in the acceptable dimensional range. Therefore, recent investigations have tried to apply this meth-
od for the development of Mg-based implants. This state-of-the-art review focuses on the additive manufacturing 
of Mg biodegradable materials and their in-vitro corrosion and degradation, and mechanical properties. The future 
directions to develop Mg biodegradable materials are reported through summarization of current achievements.
©2021 jourcc. 
Peer review under responsibility of jourcc

Article history:
Received 24 January 2021
Received in revised form 11 February 2021
Accepted 25 March 2021
 

Keywords:
Additive manufacturing
Magnesium alloys
3D printing
Composite implants 

http://www.jourcc.com
http://www.JOURCC.com
https://doi.org/10.52547/jcc.3.1.7
https://doi.org/10.52547/jcc.3.1.7
https://www.jourcc.com/index.php/jourcc/article/view/jcc317
https://doi.org/10.52547/jcc.3.1.7


72 Y. Zamani et al. / Journal of Composites and Compounds 3 (2021) 71-83

alized surgical guides [5, 6]. As an example, the implants of the metal 
alloy have been prepared by selective electron beam melting (EBM) or 
laser melting (SLM), but for anatomical mockups, the processes of SL 
and PolyJet have been preferred. SLM and EBM according to ASTM 
F2792-12a, are categorized as technologies of powder bed fusion in 
which thermal energy fuse specifically powder bed regions [7]. Mag-
nesium alloy due to its comparable mechanical properties, good bio-
compatibility, and natural degradability, has attracted much attention for 
application in the bone repair field. Once the Mg implants are placed at 
the fracture site, the degradation of these implants starts by the electro-
chemical corrosion mechanism. The released Mg ions contribute to new 
bone formation and excess magnesium ions will be excreted through the 
kidneys. In addition, Mg alloy has Young’s modulus of approximately 
45 GPa as well as density of about 1.79 g/cm3 which are close to that of 
human cortical bone (15–30 GPa, 1.75 g/cm3). However, the fast deg-
radation of Mg leads to excess release of hydrogen gas and structural 
integrity loss is an important issue [8]. Hence, for a successful bone 
regeneration, Mg bone-implants should degrade slowly by maintaining 
good structural integrity and releasing less H2. 

The methodology of additive manufacturing demonstrates much po-
tential in terms of preparing complicated bone implants quickly. Addi-
tive processing of Mg-based composites and alloys for the application 
of bone implants has been studied [9]. Using additive processing, a few 
researchers prepared Mg-based composites and alloys for bioapplica-
tion [10-12]. Due to its capacity for producing biodegradable implants 
and allowing development possibilities not possible with conventional 
manufacturing, AM of Mg alloys is gaining prominence in the industry. 
Magnesium composites have been developed as a potential biomaterial 
for applications in urology, respiratory medicine, cardiology, and ortho-
pedics. Since the device degrades, the primary benefit of Magnesium 
is that long-term issues could be reduced or eliminated [13]. Research-
ers showed that additive produced specimens had stronger mechanical 
properties and consistency than hot extrude techniques and die cast and 
base material specimens. In addition, researchers discovered that the 
mechanical properties of 3D printed Magnesium specimens were supe-
rior to those of base materials. [14].

This article reviews the application of additive manufacturing in the 
preparation of Mg-based materials for bone implants. Besides, the prop-
erties of additively manufactured Mg-based materials such as compos-
ite’s corrosion behavior, in-vito biodegradability, biocompatibility, and 
mechanical properties are reported and finally, the recent advancements 
in additive manufacturing are discussed as well. 

2. Application of biodegradable Mg alloys in orthopedic 
implants

In biomedical research, biodegradable metals including Mg, Zn, and 
Fe have attracted significant attention. Many researchers have been car-
ried to develop biodegradable materials using these metal alloys. Mg 
and its alloys are the lightest structural alloys, with appealing properties 
like good damping capacity, high strength to weight ratio, good casta-
bility and machinability, and a wide range of uses in industries includ-
ing aerospace defense, automotive, and electronics [15]. In the physio-
logical medium, however, pure Mg has very low corrosion resistance. 
Copper, zirconium, manganese, zinc, aluminum, and silicon are used to 
enhance the corrosion resistance and mechanical characteristics of pure 
Mg alloys.  [16, 17]. 

Cast magnesium composites are the most popular magnesium alloys 
used currently in the automobile industry’s powertrain and interior parts. 
Wrought magnesium alloys, on the other hand, are less commonly uti-
lized due to their high cost and low formability [18]. In cast magnesium 
alloys, rare earth elements such as Gd, Ce, Y, and Nd are used as main 

alloying components These materials have a high magnesium solubility 
and are efficient in creep resistance and precipitation hardening [19]. 
The prevailing cast Mg alloys are Elektron 21, WE43, WE54, QH21, 
QE22, HZ32, HK31, ZC63, ZE41, ZK61, ZK51, AM50, AZ91, AZ81, 
and AZ63 while typical wrought Mg alloys are ZC71, ZE41, HM21, 
HK31, M1A, ZK60, Elektron 675, AZ80, AZ61, and AZ31. Z (Zinc), W 
(Yttrium), T (Tin), S (Silicon), R (Chromium), O (Silver), N (Nickel), 
M (Manganese), L (Lithium), K (Zirconium), H (Thorium), F (Iron), 
E (Rare earth metals), D (Cadmium), C (Copper), B (Bismuth), and A 
(Aluminum) are the prefix letters for two main alloying metals in Mg 
composites formed based on ASTM B275. [20]. 

In biomedicine applications, the generally practiced technique for 
controlling the Mg degradation rate is alloying. Magnesium can be ef-
fectively modified by alloying with an additional suitable amount of oth-
er elements to boost its mechanical properties and resistance [21]. Mg 
alloys are classified into two main categories: austenite and hypereutec-
tate. Magnesium alloys are classified into two major categories. The first 
category contains between 2 and 10% wt% Al with a small amount of Zn 
and Mn, showing increased tolerance and mechanics. The second group 
is the combination of scarce earth elements and another metal including 
Ag, Zn, Y, and a lesser amount of Zr, leading to improved degradation 
resistance, finer grain structure, and mechanical performance [20]. Most 
researches showed that alloying is an appropriate method to control the 
Mg degradation rate but it does not influence its fundamental qualities. 
As an example, AZ31B, formed using mixing Al, Zn, and Mg and led to 
the improvement in the degradation resistance inside the rabbits’ femora 
[22].  

Hampp et al. [23] investigated the LANd442 alloy, which is com-
posed of 2 wt percent Nd, 4 wt percent Al, 4 wt percent Li, and 90 
wt% Mg. In the examined rabbit model, the results revealed an increase 
in corrosion resistance with the formation of new bone tissue. A small 
quantity of subcutaneous gas was also found in the area of the implant. 
Wu et al. [24] investigated the influences of alloying various amounts of 
Al and Li on the Mg–Li–Al–Zn quaternary alloy system. Their results 
revealed that alloying with Li considerably enhanced the ductility while 
Al improved the Li–Al–Zn alloys strength. The experiment of indirect 
in vitro cytotoxicity exhibited lower cytotoxicity for the alloys showing 
higher corrosion resistance. In vivo corrosion rates in the mouse subcu-
taneous model demonstrated different corrosion rates than the in vitro 
tests. 

According to Li et al. [25], adding <2wt% Sr to Mg–Sr and Mg–
Zr–Sr alloys significantly improved corrosion resistance. The addition 
of Sr improves the corrosion resistance of Mg–5Al alloys. Bone devel-
opment may be aided by incorporating calcium into magnesium alloys, 
and the corrosive and mechanical characteristics of Mg–Ca alloys can 
be regulated by varying the amount of calcium. The dual Mg–Ca alloy 
of 1-20wt% Ca was tested by Li et al. [26], and the alloy of Mg–1Ca 
demonstrated no cell toxicity. The corrosion resistance of the Mg–1Ca 
alloy was increased due to the creation of an apatite layer on the surface. 
Comparably, Rad et al. [27] discovered that increasing the Ca content of 
Mg by 0.5 percent improved corrosion. The biodegradable magnesium 
alloys with different compositions were studied and revealed no favor-
able results. The appropriate choice of the content and the type of the al-
loying element can remarkably enhance the Mg without compromising 
its mechanical function and biocompatibility. 

Magnesium and its composites have received a great deal of recogni-
tion for temporary implant applications such as screws, orthopedic bone 
plates, and coronary stents. Ghanbari et al. [28] investigated the wear 
behavior of biodegradable Mg–5Zn–1Y–(0–1)Ca alloys in simulated 
body fluid. Because of the improved corrosion resistance caused by the 
formation of intermetallic Ca2Mg6Zn3 particles, the friction coefficient 
and wear rate of the Mg–5Zn–1Y–1Ca alloy show more instability than 
the other alloys.  In general, Ca-free alloy gives the best wear resis-
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tance, particularly at the higher load of wear. Wang et al. [29] applied 
magnesium alloy (Mg–Zn–Y–Nd) stent in esophageal cancer therapy. In 
comparison to 317 L stainless steel, the Mg alloy inhibited the growth 
of esophageal cancer cells and had a milder hardness and good biode-
gradability. In addition, Liu et al. [30] studied the fatigue behavior of 
an extruded Mg–Zn–Y–Nd alloy for vascular stents in simulated body 
fluid (SBF) and air. Their findings indicated that the as-extruded alloy of 
Mg–Zn–Y–Nd in the air has a fatigue limit of 65 MPa after 107 cycles, 
and it has a linear association between stress amplitudes and fatigue life 
as well, and with no limit in SBF. Zhao et al. [31] investigated the use of 
pure magnesium screws to fix a vascularized bone graft in patients with 
femoral head osteonecrosis (ONFH). The findings indicated that using 
a magnesium screw to support a bone flap is both efficient and biocom-
patible. The rate of biodegradation is tolerable in comparison to the rate 
of tissue healing, and the discharged magnesium ions promote new bone 
formation. Airway stentings can be made from a variety of materials, 
including hybrid tubes and silicone. These stents, however, do not pro-
vide adequate long-term efficacy. Metallic stents, as well as mucociliary 
clearance, resulted in unfavorable tissue growth and drastic granulation. 
The large percentage of these side effects necessitates the use of second-
ary surgical methods to remove the stents. Because of a clear shortage of 
currently existing stents, there is a significant therapeutic need for bio-
degradable airway stents that would maintain airway patency and then 
be completely degrade overtime after achieving the intended goals [32].

The effectiveness of biodegradable Mg composites for the applica-
tion of tracheal stents was investigated by Wu et al. [33]. This research 
reveals that magnesium alloys (Mg-Al-Zn-Ca-Mn) have excellent cyto-
compatibility and that (Mg-Al-Zn-Ca-Mn) is a useful choice for tracheal 
stent applications. Magnesium and its composites are sorts of biomate-
rials that, with proper manufacturing and design, will play a significant 
role in innovating biomedical applications.  Wei et al. [34] implanted 
COOH+ ion to decrease the ZK60 Mg alloy degradation and enhance 
its application in the physiological environment. In vitro cytotoxicity 
tests and corrosion, experiments show that the treatment of ion implan-
tation can improve the alloy biocompatibility and reduce the corrosion 
rate. Dai et al. [24] performed Ti, Ni, and Ti/Ni plasma immersion ion 
implantation on the AM60 Mg composite. In a 3.5 percent solution of 
NaCl, the corrosion resistance of the Ni- and Ti/Ni-implanted AM60 
samples was significantly reduced. 

3. Additive manufacturing of Mg-based alloys and 
composite implants

AM, 3D printing, and solid free-form fabrication are interchangeable 
terms, and they’ve been used to create complex 3D porous architectures 
with precise pore topology control [35]. AM may create a variety of 
scaffolds with complex geometries that can improve cell diffusion and 
extracellular matrix (ECM). It uses a layer-by-layer preparation method 
based on computer-aided design (CAD) models [36]. Depending on the 
heat source (arc, electron beam, or laser), wire or powder, and feedstock 
materials used, different kinds of additive manufacturing procedures 
exist. As shown in Fig. 1, ASTM Standard F2792 categorizes additive 
manufacturing processes into two categories: powder bed fusion (PBF) 
and directed energy deposition (DED) [20]. PBF is one of the near net 
shape strategies of preparation [37] and the most preferred method of 
additive manufacturing for the fabrication of metallic scaffolds. It uses 
thermal energy to preferentially fuse and melt metal powders together 
in layers in a powder bed to produce solid patterns using multiple tech-
niques such as EBM and SLM [38]. The first study on the efficacy of 
laser powder bed fusion (L-PBF) of magnesium powder was published 
by Ng et al. [39]. In an insulating gas atmosphere at atmospheric pres-
sure, a mini L-PBF system with a Nd: YAG laser was used to melt single 
tracks of pure magnesium powders. Great regions of sintered powder 
were noticed around the tracks, expelling from the molten pool due to 
extreme evaporation. Oxidation occurs within the track and afterward, 
the same team investigated the influence of manufacturing variables on 
the microstructure and structure efficiency of pure magnesium powders 
using multi-layer melting [40]. 

3.1. Selective laser melting (SLM)

SLM applies a fiber laser system for energy supply. The entire pro-
cess occurs in a chamber consisting of inert gas to diminish the sur-
rounding oxygen and decrease absorption of hydrogen, thereby main-
taining high purity. Fig. 2 represents a schematic of the SLM system. 
SLM’s fiber laser has a power output of up to 1 kW, depending on the 
package used in the device [7]. The galvanometer keeps track of the 
beam’s focus, whilst the F-theta changes the beam’s displacement on 

Fig. 1. DED and PBF additive manufacturing.
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the build table. The powder reactor carries and spreads a 20-100 mm 
thick powder film on top of the table. The build table can be preheated 
up to 200 degrees Celsius. The laser selectively melts the powder layer 
according to the geometry defined in the CAD file. Each layer of a com-
ponent is built in two steps using SLM. The part’s surface boundaries 
are first formed, which is referred to as contouring, and then the powder 
within the contour is melted to create a full single layer. This process 
continues until the entire three-dimensional template is finished [41]. 
Applications of SLM are manufacturing orthopedic implants such as zy-
gomatic bone replacements [42] and finger [43].

In fabricating metallic biomaterials, SLM is the most popular tech-
nology for powder bed fusion. In SLM, rapid heating and cooling pro-
cesses exist which normally surpasses 105 K/s [44]. Hence, because of 
such cooling haste, solidification happens quickly and the grain growth 
is prevented [45]. Moreover, it decreases the heterogeneity of the com-
position due to a cohesive microstructure across the substrate. Con-
cerning stage dynamics and grain size, the compact and homogeneous 
microstructure prefers improved stability, densification, and mechanical 
properties. Typically, except when a multi-material compound is pro-
vided in advance, using one single powder bed dispenser for a single 
metal powder is challenging in the process of in-situ delivery of several 
substances [46, 47]. 

Multi-material design using mixed metal or metal-ceramic powder 
mixtures in the powder bed, SLM has been applied to multi-material 
production of Mg-based [48-50]  and Ti-based [51, 52] biomaterials. 
The correlation between Mg-Zn structure, deficiencies, and mechani-
cal properties was examined during in situ adsorption of Magnesium 
combined with Zinc during SLM [51]. The magnesium alloy WE43 
developed by Esmaily et al. [53] was accomplished by SLM. The find-
ings indicate that corrosion of prepared Mg alloys with SLM could be 
excellently improved once the effect of powder characteristics is more 
controlled and understood. In contrast to conventional construction 
techniques, Zumdick et al. [54] studied the characteristics of WE43 
developed by SLM. The SLM samples had incredibly fine grains with 
the size of about 1 μm and uniform microstructure, and very delicate 
secondary stages, while the as-cast specimen had a grain size of 44.3 
μm and various stages. Tensile testing of additively produced samples 
revealed an increased maximum tensile strength of 308 MPa and a 12 
percent elongation to break. Further analysis of the WE43 compound 
developed by the SLM was performed by Qin et al to create porous Zn-
xWE43 (x=0 percent, 2 percent, 5 percent, and 8 percent) substrates by 
SLM mechanically mixing WE43 and pure Zn powders. For the as-fab-

ricated ZnWE43 substrates, elevated densification over 99.9 percent was 
recorded.

Using SLM, Chen et al. [55] developed double MgZn composites, 
and the mechanical and harmful properties were analyzed. With a mean 
range of 15μm, the SLM manufactured compound showed homoge-
neous grains. The precipitation of the MgZn phase and quick solidifi-
cation have effectively prevented grain enlargement. Smaller grains 
decreased the speed of deterioration and increased the microhardness. 
Wei et al. [51] analyzed Mg-Zn binary composites with differing Zn 
proportions using the SLM technique. At Zn amount of 1 wt percent, 
almost full dense parts were acquired. The specimen of Mg-1Zn had 
comparable mechanical characteristics with that of the as-cast equiva-
lents. Furthermore, pre-alloyed biomaterials consisting of Mg such as 
Mg–3 Zn and ZK60 were alloyed in situ throughout SLM using scarce 
elements of the earth (for example Nd [56] and Dy [52]) for increased 
sustainability and persistent coherence of biomaterials. 

Mg-3Zn-xDy (x=0-5 w%) composites were produced by Long et al. 
[52] using the SLM technique. The speed of deterioration and hydrogen 
evolution of the Mg-3Zn-1Dy composite was greatly decreased due to 
the combined effect of smaller particle size, uniform microstructure, as 
well as the inclusion of the second step. Wu et al. produced Mg-Zn-Zr 
(ZK60) magnesium compound formulations. [57] by SLM. Experimen-
tal findings indicated that laser strength and speed of the scan played a 
key role in the efficiency determination of SLM ZK60. 

SLM ZK60 with limited deficiencies and high structural precision 
could be achieved at a laser strength of 50 W and a scanning velocity of 
500-800 mm/s. SLM ZK60 in Hanks’ formulation has increased strength 
and corrosion stability, particularly as compared to cast ZK60. Thus, 
the developed SLM ZK60 holds great promise for biomedical applica-
tions due to its favorable mechanical characteristics and low degradable 
quality.

The in situ compounds of ZK60 with Cu [58] were found to have 
antibacterial properties and improved compressive strength in the main 
composite material. Shuai et al. [58] used the SLM technique to create 
the ZK60-Cu alloy, which has excellent antibacterial qualities and favor-
able corrosion in body fluid. The ZK60–0.4Cu compound has improved 
compressive strength attributable to grain accuracy improvement, dis-
persion bolstering, and precipitate boosting. The ZK60-Cu compound 
has a high level of cytocompatibility, according to experiments in cell 
culture. Another way to enhance the corrosion protection of MgZn al-
loys is to incorporate hydroxyapatite (HAp; Ca10(PO4)6(OH)2). [59, 
60]. In this regard, Mg-3 Zn/xHAp blends were synthesized by Shuai 

Fig. 2. Schematic illustration 
of an SLM system.
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et al.[61] using the SLM technique. The relative density ranged from 
95.5% to 97.9% for the as-built specimens. Fast solidification avoided 
HAp particle agglomeration and facilitated homogenous distribution. 
Increasing the amount of HAp contributed to the production of finer 
grains. Along with the development of the apatite coating sheet, finer 
grains contribute to increased resilience to biodegradation. Furthermore, 
by fine-grain reinforcement and second phase enhancement, the hard-
ness of the Mg-3 Zn composite was strengthened.

Liu et al. [62] studied the SLM development of porous Mg-Ca al-
loys. Because of the grain refining and solid solution enhancement, the 
microhardness of the SLM-manufactured specimens was better than 
that of as-cast pure magnesium. Yao et al. [63] used SLM to change 
the surface of such Magnesium composites (Mg-Zn-Ca and Mg-Ca) to 
improve the corrosion effect and micro-hardness simultaneously. The 
corrosion ratio decreased and the microhardness increased in both Mg-
0.5Zn-0.3Ca and Mg-0.6Ca. On the other hand, managing laser power 
density, and therefore avoiding the formation of unwanted pore spaces 
and unnecessary melting is challenging due to the widely divergent ther-
mal characteristics of various components. Since certain additives have 
higher melting temperature, they cannot be fully melted and distributed, 
but they remain partially melted next to the matrix [64]. The grain size 
proportions of multi-material powders could be adjusted to account for 
variations in thermal properties, with a smaller size for a substance with 
a higher melting point [65].

Post-AM heating might be needed to enhance multi-material dis-
tribution and chemical property uniformity [50]. The availability of 
multi-material powders supply to the powder bed is also a critical factor 
in maintaining a consistent multi-material distribution within the result-
ing composite. Powder bed fusion is prone to strong thermal currents 
and may induce fractures and defects in the multi-material substrate 
since it uses large thermal powers. To allow successful application of 
laser power as well as other process parameters that should be synchro-
nized with each material’s physical characteristics and powder features, 
powder bed fusion for in situ versatile AM alloys or ceramic substrates 
necessitates robust and complicated enhancement. Furthermore, it is es-
sential to consider the measures taken for the reuse and recycling of the 
remaining substances in the powder bed [66, 67]. 

3.2. Electron beam melting 

EBM is another composite fabrication process that is expected to 
transform the implant- manufacturing sector. This device was developed 
and patented by Arc am AB, a Swedish company. The metal powder is 
liquefied using the energy of an electron stream [68]. The procedure is 
carried out in a vacuum chamber where the electron beam is the power 
supply. The vacuum by offering an atmosphere void of oxygen guar-
antees high purity and decreases the chance of picking up hydrogen. 
This function is highly helpful in the manufacture of titanium-6alumini-
um-4vanadium (Ti6Al4V) parts since it is possible to monitor the small 
amounts of interstitial components during manufacturing [69]. Besides, 
a high temperature of around 700 degrees Celsius is established in the 
system throughout the construction of the component to decrease excess 
tensions and thereby warpage and distortion [70]. 

Fig.3 shows the mechanism of the EBM process. The EBM device 
consists of a 60 kW electron gun that produces a guided energy intensity 
beam over 100 kW/cm2 (equivalent to an electron beam-welding unit 
or electron gun in a scanning electron microscope). Electromagnetic 
lenses control the beam concentration, and deflection coils direct the 
beam’s motion on the building table. A powder layer with a thickness 
of 100 m is dispersed over the table to make a part. Two hoppers placed 
within the construction chamber supply the powder. From both ends, a 
running rake brings in powder and spreads it across the table. During 
EBM, initially, the electron beam heat up the powder layer with faster 
scanning, accompanied by powder layer melting according to the CAD 
model’s geometry. Each layer of a component is built in two phases. The 
outer boundary of the part is first built, known as contouring, and then 
the powder inside the contour begins to melt, forming a single sheet. 
[71, 72].

EBM was employed to manufacture orthopedic parts including jaw, 
hip, knee, substitutes, and maxillofacial plates [73]. This procedure con-
tinues until the required three-dimensional portion is entirely completed 
The implants developed by EBM, such as acetabular cups, have also 
been approved by the Food and Drug Administration (FDA) of the Unit-
ed States and have been CE accredited since 2010 and 2007, respective-
ly [74, 75]. Both of these procedures share common benefits and are 
actively taken into account in the manufacturing of orthopedic implants. 

Fig. 3. Schematic illustration 
of an EBM system.
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These benefits include complex product processing, innovative designs, 
hollow systems, and products with practical gradients. A cost-effective 
strategy that causes lowering manufacturing costs and shortening the 
period to market for high-value products. Some of the benefits include 
superior structural properties, virtually no porosity, the ability to mix 
different components, reduced material waste dramatically. Exclusion 
of costly instrumentation. Because of these benefits, various scholars 
have performed multiple studies to confirm the merit of these methods 
in implant production. As an artificial bone that is implanted inside the 
corpus, orthopedic implants are often used for structural strengthening. 
Temporary implants, including screws and plates, as well as permanent 
implants, can be utilized to repair body sections such as fingers, knees, 
and hips.  [76, 77]. Permanent implants rely more on resilience, durabil-
ity, and tolerance to corrosion in joint replacements and tribology. 

A study of the Magnesium alloy AZ91HP processed using High Cur-
rent Pulsed Electron Beam (electron energy of 30 keV, a pulse length 
of 1 μs, and energy density of 3 J/cm2) has been reported by Gao et 
al. [78] After treatment, as demonstrated by sliding pressure, corrosion, 
and immersion tests, the wear and corrosion tolerance of the alloy was 
substantially increased. Schmid et al. [79] developed AZ91 Mg alloy 
using the EBM process. While treating magnesium under typical laser 
beam melting conditions, the findings revealed keyhole melting hap-
pens, and modifying energy input by changing the layer thickness has 
a lesser influence than changing the distance of the hatch, scan rate, or 
laser strength.

4. Characteristics of Mg alloy and composite implants 
produced by AM

4.1. Mechanical properties

Implants must be immune to anatomical loads. Thus, mechanical 
properties including stiffness, tensile and compressive strength, hard-
ness flexibility, durability, and ductility must be evaluated prior to ther-
apeutic implementation. [80]. The alleged stress shielding, that happens 
when the external pressures are acting upon the implant instead of bone, 
results in a substantial discrepancy between the elastic moduli of the 
body tissue and implant. Stress shielding induces bone necrosis that 
leads to the implant/scaffold destabilization and ultimately the implant/
premature scaffold collapse. The cancellous and cortical bones have an 
elastic modulus in the range of 22.4 to 132.3 MPa and 7.7 to 21.8 GPa, 
respectively. An elastic modulus imitating the normal human bone elas-
tic modulus [81, 82] should be demonstrated by implants. Adapting the 
elastic modulus to the proper rate is also vital for the nature of the im-
plant.Accordingly, multiple methods could be used to avoid the implant/
scaffold and bone from mismatching mechanical characteristics. Mixing 
with β stabilizers is one method for reducing the elastic moduli of the 
implant by applying a β step in the structure. Together with porosity, 
elastic moduli also can be efficiently decreased [83-85].

Based on Gibson and Ashby model [86], relative density is the most 
significant design feature of a porous structure that affects Young’s mod-
ule. The ratio of the density of the elastic substance (ρ) to the density 
of the solid material (ρs) is known as relative density. The given formu-
las describe the relations between the elastic modulus, plastic failure 
strength, and relative density [20]:

( )1.50.3 /pl s ysσ ρ ρ ρ= 				      (1)

2( )s sE Eρ ρ=
			   			 

						        (2)

Where σpl is the intensity of the plastic failure, ρ/ρs the relative den-
sity, the yield strength is ρys. E is Young’s modulus; the subscript (s) 
reflects the substrate material features. Provided formulas show that in-

creasing porosity reduces the elastic modulus’ strength and causes plas-
tic breakdown. However, by grain refining as per the Hall-Petch model, 
the mechanical properties of an implant/scaffold can be increased as 
follows [87]:

0y
k
d

σ σ= + 					       (3)

Here yield stress is σy, σ0 is a material constant for the starting stress 
for dislocation movement, k is a material constant known as strengthen-
ing coefficient, and d denotes the size of the grain. In a related way as 
reported by the Hall-Petch equation, grain refining greatly increases the 
hardness of the products according to Eq. 4 [87];

0  kH H
d

= + 					       (4)

Where H is the material hardness, H0 and k are suitable constants 
correlated with the material hardness, and d is the particle size.

As earlier described, SLM-manufactured composites retain refined 
grains because of quick cooling and solidification.  Researchers exam-
ined the processing of biodegradable Magnesium composites of differ-
ent compositions using SLM. 

Sing et al. [88] reported multi-material production in SLM employ-
ing AlSi10Mg and UNS C18400 copper alloy. Under a three-point bend-
ing examination, the tensile strength of Cu at the root was determined to 
be 176 ±31 MPa, and the flexural strength of Al at the root was assessed 
about 200 MPa for Cu and 500 MPa for Al.

According to the Hall-Petch formula, a single track of pure Magne-
sium demonstrated grain sophistication and increased hardness in the 
study by Ng et al. [40]. Yang et al. [44] used the SLM technique to create 
pure Magnesium cubes, which was then verified by them. SLM then pro-
duced a variety of Mg alloys with increased toughness cause of the high 
cooling and solidification speeds [62]. The yield strength, elastic mod-
ulus, compressive strength, and tensile strength of the SLM-generated 
Magnesium models outperformed widely manufactured equivalents and 
they were favored for orthopedic applications. Research work shows 
that in compliance with the Hall-Petch model, grain refining increases 
the hardness of the biodegradable Mg sections. The hardness of the Mg 
generated by the SLM varied from 0.4 to 1.2 GPa [89].

Mg-Zn dual composites with seven varied formulas (Zn = 1, 2, 4, 6, 
8, 10, and 12 wt%) were produced by Wei et al. [51] by employing SLM. 
The hardness and tensile measurements revealed that with the as-cast 
equivalent, only the Mg-1Zn sample had equivalent mechanical proper-
ties. Mechanical characteristics of the SLM-processed alloys were sub-
stantially weakened at higher Zn content primarily due to the decline in 
the level of densification. In addition, Qin et al. [90] manufactured AM 
Zn-xWE43 porous scaffolds containing various WE43 volume ratios. 
Zn-5WE43 had the maximum tensile strength of 335.4 MPa, but the 
elongation was just 1%. The compressive strength and Young’s modulus 
of Zn-5WE43 porous substrates were 73.2 MPa and 2480 MPa, respec-
tively, while pure Zn porous substrates were 22.9 MPa and 950 MPa. Li 
et al. [91] developed geometrically organized porous Mg (WE43) sub-
strates through the SLM process based upon the diamond unit cell. Sub-
strates were constructed to yield 67 percent porosity with a pore size of 
600 μm and strut size of 400 μm, whereas the scaffolds that have already 
been developed had an approximate 64 percent porosity and strut size 
of 420 μm. The mechanical properties of the porous WE43 (E=0.7–0.8 
GPa) substrates were also found to remain within the limit reported for 
trabecular bone (E=0.5–20 GPa) after 4 weeks of biodegradation. The 
modeled configuration accurately aligned the real topology of the porous 
architectures, which included a completely entangled porous construct, 
elevated porosity, and explicitly regulated geometry of the unit cells.  A 
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desirable biodegradation activity was demonstrated by additively pro-
duced porous Mg samples with around 20 percent volume reduction 
after 4 weeks. Small cytotoxicity was registered at less than 25 percent.

4.2. Biodegradability behavior 

The Mg-based substances are recommended for medical applications 
due to their biodegradability. The objective of biodegradable Mg is to es-
tablish a functional interaction in vitro and in vivo involving biodegrad-
able specimens of magnesium and the natural biological setting while 
traditional metals are utilized as biocompatible substances to enhance 
mechanical characteristics, decrease production costs, and improving 
corrosion resistance.  [92]. Different studies have been conducted re-
garding the cellular mechanisms and biological environment-biomate-
rial interaction to emphasize the biological effect of corrosion byprod-
ucts[93, 94]. Many research groups have focused on Mg to develop new 
medical applications, particularly after it was discovered that implanting 
magnesium tools causes no noticeable alterations in blood content. [95-
97].

Because of the increased content of grain borders, grain refining po-
tentially accelerates the amount of corrosion. Gollapudi et al. defined 
the effect of particle sizes on the corrosion rate [98] as given in Eq. 5: 

( ) ( )1 22 exp 9 / 8corr ni A B d S= + −  				     (5)

The corrosion current is icorr, A, and B are constants that depend on 
the impurity level or material composition, the grain size distribution is 
Sn and the mean grain size is d in this equation.

Many corrosion materials have a significant influence on the rate of 
corrosion of biodegradable metals. [99, 100]. Fine-grain, because of the 
formation of corrosion products can lead to a decrease in the rate of 
corrosion in a passivated environment. According to various studies, 
the corrosion rate of magnesium and its composites declines as grain 
size reduces [89]. The manufacturing process, architecture, and material 
selected all affect the biodegradation efficiency of additively processed 
magnesium.  In addition, the condition of processing has a prevailing 
influence on the as-built parts’ biodegradation characteristics. Niu et 
al. [101] studied the bulk pure magnesium’s corrosion behavior, which 
was prepared by the SLM method. The results of the study highlighted 
the significance of selecting proper parameters for the magnesium SLM 
processing to minimize corrosion rate and processing pores. The rate of 
corrosion (r) is calculated by the following equation:

( )1 2 / ir M M t= −  					       (6)

In this equation, M1 is the material mass before corrosion and M2 
is the material mass after corrosion, and ti is the immersion time. Re-
searches exhibit that the corrosion rate of magnesium alloys can be 
decreased by grain refinement [102]. As noted, the SLM process in-
volves fast cooling causes homogenized microstructure formation and 
fine grains leading to the improvement in corrosion resistance [103]. Li 
et al. [91] prepared WE43 scaffolds by the SLM method. The as-fabri-
cated scaffolds showed improved biodegradation resistance of 0.17 ml/
cm2·day compared with the as-extruded and as-cast counterparts of 0.3 
ml/cm2·day. Xie et al. [104] investigated SLMed Mg-xMn with vari-
ous content of Mn. The XPS spectra of the corrosion surface exhibited 
that alloying manganese into magnesium by SLM produced a protec-
tive film of manganese oxide, which reduced the biodegradation rate. 
All the results of the corrosion surface morphologies, immersion test, 
and electrochemistry test coincided well. The SLMed Mg-0.8Mn had 
the lowest rate of biodegradation. When manganese content was more 
than 0.8 wt.%, the effect of the undissolved manganese phase on the 
reduction of the biodegradation resistance counteracted the effect of the 
relatively protective layer of manganese oxide on the enhancement of 

the biodegradation resistance. 
The corrosive behavior of pure Fe and AM WE43-based porous 

scaffolds was investigated by Li et al. [91]. The corrosive behavior was 
studied in SBF for 7 days and the results showed that the weight losses 
of AM porous WE43 and the bulk WE43 plates (10×10×2 mm3) were 
almost 9% and 5%, respectively. The process of SLM was used by Shuai 
et al. [105] to promote the ZK60 corrosion resistance for potential appli-
cations as biodegradable implants. The extended solid solution, homog-
enized microstructure, and grain refinement improved ZK60 alloy corro-
sion resistance because of the fast grain refinement in the SLM process. 
Nd was incorporated into ZK60 alloy with the SLM process by Shuai et 
al. [56]. The as-prepared sample had intermetallic phases and fine grains 
of α-Mg along the grain boundaries. The resistance to degradation in-
creased with the dense surface layer formation promoted by the Nd2O3, 
besides the structure of the 3D honeycomb of intermetallic phases re-
sulted in the formation of a tight barrier for corrosion prevention. 

 Rakesh et al. [106] studied Mg-1Zn-2Dy alloy by SLM and their 
results exhibited that the surface energy was changed with LSM because 
of changes in the chemical composition, microstructure, and surface 
morphology of the material. The detailed degradation research was per-
formed in Hank’s balanced salt solution (HBSS). The enhancement in 
the degradation behavior followed by laser surface melting is attributed 
to the microstructural refinement because of the fast cooling and heating 
of the melted zone. Besides the grain size, an essential factor is the in-
termetallic phase, which affects the Mg alloy’s biodegradation behavior 
[107]. Shuai et al. [108] investigated various intermetallic phase volume 
fractions and grain size by adding different concentrations of Al into 
Mg–Zn alloy. In this experiment, ZK30-xAl cubes with the dimensions 
of 5 mm×5 mm×5 mm were prepared using the SLM method. Based on 
the results, with an increase in the content of Al, the refinement of the 
grain size occurred and the volume fraction of intermetallic phase was 
reduced. When the Al content was lower than 3 wt%, the main factor that 
affected the degradation performance was the grain refinement. Many 
grain boundaries were generated by the finer grains causing readily pas-
sivation of the alloy leading to an enhanced resistance to degradation. 
Nevertheless, by increasing the content of Al, the major factor affecting 
the degradation behavior was the intermetallic phase even though the 
size of grain was more refined. 

In another work conducted by Yang et al. [109], mesoporous SiO2 
was incorporated into ZK60 alloy for the enhancement of the degra-
dation resistance using SLM. Since the rapid cooling and heating oc-
cur in SLM, mesoporous silica particles homogeneously dispersed in 
the magnesium matrix and led to the formation of a decent interface 
binding.  Mesoporous SiO2 can be used for magnesium surface passiva-
tion because of its positive corrosion potential. Besides, the exceptional 
bioactivity and mesoporous structure of SiO2 promoted the apatite layer 
deposition, which has a role as a protection film against corrosion of 
the Mg matrix. Table 1 summarizes previously studied work regarding 
the biodegradation behavior of magnesium prepared by AM. Improved 
biodegradation resistance is achieved by the improved microstructure 
resulting in the rapid cooling and fast solidification involved in the SLM 
process. 

4.3. Biocompatibility 

The chemical composition and degradation products mostly specify 
the biocompatibility of biodegradable metal-based implants. Therefore, 
the strict usage of biocompatible powders should be the main attention. 
The information gathered from the biodegradable bulk material design 
can help with the primary design of powder composition [89, 110-112]. 
For the enhancement of biocompatibility and mechanical integrity of 
bulk magnesium alloys during biodegradation, surface biofunctionaliza-
tion has been carried out [113]. 

https://www.sciencedirect.com/topics/materials-science/surface-morphology
https://www.sciencedirect.com/topics/materials-science/surface-morphology
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Table 1.
Properties of biodegradable Mg manufactured by AM

Material AM method Mechanical performance Biodegradation behavior Biocompatibility Reference

 TiTa SLM
Elastic modulus of ~75 GPa and tensile 

strength of ~924 MPa 
Corrosion resistance

In contrast to other SLM 
titanium alloys, this alloy is 

highly biocompatible and has no 
toxic materials like aluminum or 

vanadium.

Sing et al. 
[64]

WE43 L-PBF

With the increase of the strut diameter 
from 275 μm to 800 μm, the increase 
in the elastic modulus was from 0.2 to 

0.8 GPa, and also the yield strength was 
improved from 8 to 40 MPa.

The solution treated and as-printed scaf-
folds showed the lowest rate of corrosion 

of 2–3 mm/year and the corrosion rate 
could be decreased to ~0.1 mm/year with 

plasma electrolytic oxidation surface 
treatments.

Scaffolds based on WE43 magne-
sium alloy with the PEO surface 
treatment presented acceptable 

biocompatibility.

Li et al. 
[127]

SLM-prepared 
ZK60 and cast 

ZK60
SLM

The hardness of cast and SLM ZK60 was 
0.78 and 0.55 GPa, respectively, while 

their elastic moduli were similar.

Higher corrosion resistance in Hanks’ 
solution was exhibited by SLM ZK60 com-

pared to cast ZK60 so that the corrosion 
current density and hydrogen evolution 

rate reductions were 50 % and 30 %, 
respectively.

-
Wu et al. 

[57]

ZK60/BG LPBF
Mechanical properties were improved due 
to the refined grains in which reinforcing 

particles were orderly dispersed.

LPBF with a fast process of solidification 
resulted in a homogenized and refined 
microstructure. This feature was also 

considered responsible for the improved 
corrosion resistance of ZK60/BG.

ZK60/BG with improved biocom-
patibility promoted differentiation 

and cell growth, which led to 
accelerating healing of bones as 

an in vivo implant.

Yang et 
al. [9]

Fe-Mg SLM -
After immersion for 21 days the rate of 
degradation improved by 2.74 times.

The MG-63 cells proliferated 
faster, showing excellent cyto-

compatibility.

Shuai et 
al. [128]

Mg-Ca and 
Mg-Zn-Ca

SLM

The improvement of microhardness 
(HV0.1( for Mg–0.6Ca and Mg–0.5Zn–

0.3Ca was from 46 ± 1 HV to 56 ± 1 
HV and from 47 ± 3 HV to 55 ± 3 HV, 

respectively. 

The rate of corrosion for laser-processed 
Mg–0.5Zn–0.3Ca  and the laser-processed 
Mg–0.6Ca reduced from 1.6 ± 0.1 mm/y to 
0.7 ± 0.2 mm/y and from 2.1 ± 0.2 mm/y to 

1.0 ± 0.1 mm/y, respectively.

The laser processed magnesium 
alloys showed excellent biocom-

patibility.

Yao et al. 
[63]

Ti+Mg
Inkjet 3D 
printing

Composite of Ti+Mg showed high UCS 
(418MPa) and low modulus (5.2GPa) 

matching bone.

After 5 days of immersion, porous Ti 
showed a poor corrosion rate of ~1.14 μm/
year, while Ti + Mg composites exhibited a 

corrosion rate of <1 mm/year.

The results of cell viability 
showed the absence of mild cyto-
toxicity improved the prolifera-
tion rate of SAOS-2 osteoblastic 

bone cells.

Meenash-
isundaram 

et al. 
[129]

AZ31B-HA 
composites

Friction stir 
AM

-

Corrosion resistance was higher in the 
composites compared to untreated AZ31B 
because of an optimum balance between 

positive influences of grain size refinement 
and the limited number of local galvanic 

couples.

-
Ho et al. 

[130]

ZK30-xCu SLM -
Biodegradation rate order was as follows: 

ZK30 < ZK30-0.1Cu < ZK30-0.2Cu < 
ZK30-0.3Cu

The alloys show good cytocom-
patibility and antibacterial ability.

Xu et al. 
[45]

Mg-5.9Zn-
0.13Zr

3D printing

With sintering process conducted at 
573 °C and holding time up to 60 h, 

comparable elastic modulus, compressive 
properties, and density, close to that of 

human cortical bone were obtained.

- -
Salehi et 
al. [131]

AZ61 SLM

The ultimate tensile strength of the 
as-synthesized alloy was measured to 
be 93% higher compared to the as-cast 
alloy, the increase in the yield strength 

was 136%, and the decrease in the surface 
roughness was from 18.95 to 7.49 μm.

- -
Liu et al. 

[132]

WE43 L-PBF -

It can be shown that, because of high 
process-induced surface roughness, which 
supports corrosion of locally intensified, 

several crack initiation sites are appearing, 
which is one of the major reasons for the 

intense decrease in fatigue strength.

-
Wegner et 
al. [133]

https://www.sciencedirect.com/topics/engineering/youngs-modulus
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Desirable results have been obtained for biodegradable magnesium 
alloys having different compositions. When the content and type of the 
alloying element(s) are selected carefully, the biodegradation resistance 
of magnesium can be remarkably increased without scarifying its me-
chanical function as well as its biocompatibility. The in vivo and in vitro 
tests have many differences. Sanchez et al. [114] reported the lower rate 
of corrosion (1-4 times) for magnesium alloys in the in vivo test in com-
parison with the in vitro test. Some of the results are attributed to the in 
vivo evaluations of vascular stents based on biodegradable metals [115]. 
In addition, in microstructure and chemical composition, the biocompat-
ibility results are attributed to time, implantation position together with 
structure design [89, 116]. The potential of using pure magnesium-based 
screws to fix vascularized bone graft in ONFH patients was studied by 
Zhao et al. [31]. The results showed the biocompatibility of the magne-
sium screw and its efficiency in bone flap stabilization. Its degradation 
rate was comparable to the tissue-healing rate; also, the released magne-
sium ions could stimulate the formation of new bone. 

Mg3(PO4)2 is a bioceramic exhibiting special bioactivity, biodegrad-
ability, and biocompatibility [20]. A composite scaffold based on gelatin/
Mg3(PO4)2 with binder jetting was fabricated by Farag and Yun [117]. 
Dense struts were formed by the addition of gelatin into Mg3(PO4)2 up to 
6 wt%; therefore, it considerably enhanced the mechanical performance 
of the scaffolds. In addition, the composite scaffolds showed good cell 
affinity and wettability. Binder jetting was also used on Mg3(PO4)2 
powder by Vorndran et al. [118]. The binder liquid used in this study 
composed of K2HPO4 (2 M), 20% H3PO4 or (NH4)2HPO4 (0.5 M) for 
the formation of a matrix of, newberyite (MgHPO4·3H2O), struvite-(K) 
(MgKPO4·6H2O), or struvite (MgNH4PO4·6H2O) by employing a hy-
draulic setting reaction. 

In order to inhibit infections inside the human body, it is essential 
to incorporate antibacterial properties into implants. As in vitro studies 
show, antibacterial features are not presented by Mg metal and alloys 
[58]. By coupling 3D printed and traditionally manufactured Mg alloys 
with Cu, bacterial activity decreased. However, traditional methods of 
manufacturing cannot deliver Mg-Cu components with good quality 
due to galvanic corrosion issues. For low levels of Cu in Mg alloys that 
are below the limit of solid solubility, additive manufacturing has been 
shown to be able to handle this challenge [45]. Studies show that after 
72 h under normal pH conditions, Escherichia Coli colony count was 
reduced to zero by the addition of 0.4 wt% Cu powder to ZK60. More-
over, blending bioactive glass with Mg-based alloys has demonstrated 
the enhancement of cytocompatibility [119, 120]. Besides, resistance to 
degradation in the ZK30 Mg alloy was found to be improved in simulat-
ed body fluid by the increase in the bioactive glass content in the ZK30 
powder mixture. This is due to magnesium ion release limitations within 

the body. Using laser additive manufacturing, Yang et al. [9] reinforced 
Mg with bioglass. To compare the biocompatibility of the composite 
with ZK60 as control, the as-prepared part acquired at a volumetric en-
ergy density of 185.19 J/mm3 was used. Generally, observed dead cells 
were very few. Briefly, improved biocompatibility provided by ZK60/
BG enhanced differentiation and cell growth leading to accelerated bone 
healing. 

Mg–Y–RE–Zr alloy prepared by conventional methods has been 
stated to exhibit good osteoconductivity and biocompatibility and no 
toxicity [121]. This alloy is being used for the fabrication of screws 
to treat hallux valgus and bone fractures in the European Union. Y is 
an important alloying element, which enhances the overall behavior of 
the alloy and its degradation because this element decreases galvanic 
coupling due to the formation of intermetallic phases. It also produc-
es a net improvement in the corrosion resistance by protective surface 
oxide layer formation, depending on the environment [122]. Bär et al. 
[121] created implants made of WE43 by additive manufacturing. The 
results demonstrated that the sample has good osteoconductivity and 
biocompatibility. Yao et al. [63] studied the SLM magnesium alloys 
such as Mg–0.5Zn–0.3Ca and Mg–0.6Ca and according to the results 
good biocompatibility was found in laser processed magnesium alloys. 
In addition, the enhanced properties are related to the modified surface 
chemistry, residual stress, confined impurity elements, and laser-induced 
grain refinement. The dual alloying influence of manganese and/or Sn on 
the performance of magnesium alloys prepared by SLM was investigat-
ed by Gao et al. [123]. The alloys of Mn- and/or Sn-containing exhibited 
good cytocompatibility as indicated by increased viability of MG-63 
cells and the normal morphology revealing that the developed alloy of 
AZ61-Mn-Sn is a promising choice for biodegradable bone implants. 
Table 1 exhibits the biocompatibility, biodegradation, and mechanical 
properties of different materials produced by AM.

5. Conclusions and future insights

Mg-based implants with personalized designs consistent with the 
patient’s anatomic data can be created using additive manufacturing. 
Although the probability of sacrificial material elimination has been ex-
hibited by recent studies, as-prepared magnesium components still lack 
sufficient formation quality. EBM seems to be inappropriate because se-
vere evaporation of magnesium affects the propagation of electron beam 
in the vacuum environment within the build chamber. In the SLM pro-
cess, high densification is achieved because of the efficient infiltration as 
well as complete melting of magnesium resulting in the elimination of 
voids in the bulk struts/material. The fast solidification and high rates of 
cooling in the SLM process are favored to obtain improved microstruc-

Table 1. (Continued)

Material AM method Mechanical performance Biodegradation behavior Biocompatibility Reference

Zn-xWE43 L-PBF

The highest tensile strength was 
335.4 MPa relating to Zn-5WE43, while 

the elongation was only 1%. Young’s 
modulus and compressive strength of Zn-
5WE43 porous scaffolds were 2480 MPa 

and 73.2 MPa, respectively, but for 
pure Zn porous scaffolds, these values 
accounted for 950 MPa and 22.9 MPa 

respectively.

The powders of Zn-Mg alloy based exhib-
ited hopeful prospects for applications of 

biodegradable.
-

Qin et al. 
[90]

ZK30/BG 
composites

SLM -
The rate of degradation of the ZK30 matrix 

declined with the BG introduction.
Cytocompatibility was enhanced 

with the BG addition. 
Yin et al. 

[122]

ZK60-xCu SLM

Because of the refinement of the grains 
and uniform dispersion of MgZnCu 

phases with short-bar shapes, the com-
pressive strength improved.

ZK60-Cu alloys show an excellent biodeg-
radation rate.

ZK60-Cu alloys showed good 
cytocompatibility and strong 

antibacterial ability.

Shuai et 
al. [58]
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ture with an enhanced solid solution, homogenized phase distribution, 
and refined grains. Therefore, the corrosive and mechanical properties 
of magnesium produced by SLM are superior to their traditionally 
produced counterparts. Powder properties and processing conditions 
notably affect the mechanical and biological performance of the as-pre-
pared magnesium implants and scaffolds, microstructure, dimensional 
accuracy, and formation quality. The optimal processing conditions and 
powder properties led to higher energy efficiency and material densi-
fication. The topology of scaffolds notably influences differentiation, 
proliferation, and new cells’ attachment. Studies concentrating on the 
manufacturing of Mg with various lattice structures by the AM process 
are quite limited. 

It is required to conduct more studies for comparative investigation 
regarding the influence of pore porosity, topology, and various lattice 
structures, to recognize the ideal design for scaffolds to render the best 
performance. There might be some differences in the biological proper-
ties of the as-prepared magnesium in vivo and in vitro. There are wide in 
vitro studies to evaluate the biodegradation characteristics of additively 
manufactured Mg alloys, however, limited reports are focusing on the 
in vivo performance of these alloys. Therefore, it is recommended to 
carry out more in vivo investigations to shed light on the biodegradation 
performance of magnesium implants manufactured by AM. Eventually, 
based on the period required for the healing of the defected tissues, the 
in vivo performance of additively manufactured magnesium implants in 
terms of time (up to ∼2 months) is needed to be investigated to ultimate-
ly succeed of the implants in clinical applications.
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