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Abstract
Over the past decade, metal nanoparticles (MNPs) have attracted extensive attention due to their unique physiochemical 
properties that make them highly applicable in various fields such as chemical sensing, energy storage, catalysis, medicine, 
and environmental engineering. Their physiochemical properties depend drastically on the MNP size and morphology, 
which are largely determined by their synthesis methods. Research on MNPs predominantly focused on coinage metals (Au, 
Ag and Cu), but in the last decade research on metals with a relatively high melting temperature such as Pd, Co, and Re 
has seen rapid increases, mainly driven by their potential applications as catalysts. This paper presents the recent advances 
on different synthesis techniques of Co, Pd, and Re nanoparticles, their resulting nanostructures, as well as existing and 
potential applications.
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1 Introduction

Nanotechnology has gained widespread attention since it 
was presented by Nobel laureate Feynman [1] during his 
famous 1959 lecture “There’s plenty of room at the bot-
tom” [2]. Nanomaterials, or materials which include at least 
one dimension (length, width, thickness) within the range 
of 1–100 nm [3], are considered as a bridge between atomic 
structures and bulk materials. They exhibit very different 
physical, chemical, and biological properties from their bulk 
counterparts such as melting point, wettability, electrical and 
thermal conductivity, catalytic activity, and light absorption 
and scattering, which provide new building blocks for vari-
ous applications [4]. Based on the physical and chemical 
properties, nanoparticles (NPs) can be classified into carbon-
based NPs, ceramic NPs, semiconductor NPs, polymeric 
NPs, and metal NPs [2]. Among these, metal nanoparticles 
(MNPs) exhibit exclusive physiochemical properties such as 
high stability, simple synthesis, exceptional optical proper-
ties and catalytic activities, and tunable surface function-
alization [5–7], and have thus shown promise for myriad 

applications in catalysis, environmental sensing, biosensing, 
medicine, water purification, etc. [8–10].

In the scientific arena, the first literature on MNPs was 
reported by Michael Faraday, who synthesized colloi-
dal AuNPs in 1857 [4]. As research on MNPs drastically 
expanded, MNP synthesis approaches can largely be clas-
sified into top-down and bottom-up strategies [11–13]. In 
top-down techniques, the bulk metal is converted via various 
chemical, mechanical, or physical methods to a nanoscale 
structure, including mechanical milling, thermal, laser 
ablation, etc. In contrast, the bottom-up approach employs 
atoms or molecules as starting materials to join and con-
struct desired MNPs. This approach includes methods such 
as physical and chemical vapor deposition, sol–gel, solvo-
thermal, chemical reduction, spray pyrolysis, microwave-
assisted solution synthesis techniques, etc.[14].

This review concentrates on three high melting tempera-
ture transition metals: Co, Pd, and Re. Co has high Curie 
temperature of about 1131 °C, making it applicable in a 
broad temperature range [15, 16]. Moreover, Co exhibits 
exceptional magnetic, electronic, and chemical properties 
and is one of the first nonprecious metal used as catalysts 
[17]. MNPs are known as the proper choice for catalytic 
activities because of their relatively large surface area per 
volume [18] and possess large numbers of catalytically 
active atoms on certain crystallographic planes which usu-
ally favors small MNPs. Cobalt nanoparticles (CoNPs) are 
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considered as a good replacement for noble metals due to 
their availability, lower cost, and sometimes even high activ-
ity [19, 20]. Due to their high magnetic coercivity, CoNPs 
are employed in various electro-magnetic devices, espe-
cially in magnetic recording media [21, 22]. The magnetic 
properties of CoNPs are determined by various parameters 
including chemical composition, crystal structure, degree of 
its defectiveness, and interaction of nanoparticles with the 
surrounding matrix influence [23]. Pd is a precious metal 
belongs to the platinum group [24]. Though it is mostly used 
as catalyst, it is also implemented in other industries such as 
electronic, biomedical, and jewelry [25, 26]. Palladium nan-
oparticles (PdNPs) which exhibit extensive catalytic poten-
tial [27], are used for the wide range of catalytic applications 
such as hydrogenation [28, 29], oxidation [30, 31], car-
bon–carbon bond formation [32], and electrochemical reac-
tions in fuel cells [33]. Size and shape of nanoparticles as 
well as species adsorbed on surface of nanoparticles define 
the catalytic properties of nanoparticles [34–36]. Among all 
metals, Re has the second-highest melting point of 3185 °C 
[37]. Its superior electrical and thermal characteristics make 
it a viable candidate for electrical applications such as elec-
trodes, electromagnets, sensors, and thermocouples [38, 39]. 
In addition, it is a vital component of superalloys employed 
in space and aviation industries. Due to their exceptional 
mechanical properties as well as outstanding resistant to cor-
rosion and oxidation even at elevated temperature, rhenium 
nanoparticles (ReNPs) are popular in electronics and cata-
lytic applications [39–41].

2  Metal cobalt nanoparticles

CoNPs are explored for a wide range of applications includ-
ing catalysts [42], sensors [43], magnetic resonance imaging 
(MRI) probes [23], and antibacterial agents [44]. Various 
techniques are employed to synthesize CoNPs, which are 
listed in detail in Table 1.

2.1  Pure cobalt nanoparticles

One of the conventional synthesis methods for CoNPs is a 
chemical reduction, in which an ionic precursor is reduced 
by various kinds of reducing agents in the presence of a sur-
factant to stabilize the final NPs [89]. Medvedeva et al. [23] 
synthesized CoNPs through dissolving hyperbranched poly-
ester polyol (HBPO) Boltorn H20 (BH20) as the precursor in 
50% water–ethanol (EtOH) and adding a Cobalt (II) chloride 
 (CoCl2) precursor with different  Co2+:HBPO molar ratios. 
The solution was stirred for 12 h and then cooled to 4 °C, fol-
lowed by addition of sodium borohydride  (NaBH4) dropwise 
during stirring. Microstructure examinations of dried and 
washed CoNPs demonstrated that the highest stability was 

achieved with a  CoCl2:HBPO molar ratio of 12:1. Moreover, 
the resultant NPs exhibited superparamagnetic properties at 
room temperature. In a similar study, Silva et al. [45] made 
CoNPs by replacing HBPO BH20 stabilizer with oleic acid. 
The analysis confirmed that increasing the reductant and 
stabilizer concentration resulted in a high reaction rate, and 
in turn a small NP size. It is worth noting that later experi-
ments showed NPs synthesized using this method contained 
cobalt oxide (CoO) [46].

Synthesis of CoNPs through chemical reduction approach 
is possible even without utilizing a polymeric substance as 
a surfactant. Kudlash et al. [47] synthesized CoNPs in the 
absence of a polymeric stabilizer by employing the inter-
phase reduction of cobalt oleate  (C36H66CoO4, hexane or 
toluene solution) and  NaBH4 (aqueous or EtOH solution). 
The X-ray diffraction (XRD) pattern showed no oxide peaks, 
suggesting that hexane (toluene) or sodium oleate could pos-
sibly develop a protective layer on the surface of CoNPs, 
which protects them against oxidation. Alex et  al. [48] 
obtained CoNPs by reducing cobalt sulfate  (CoSO4) with 
hydrazine  (N2H4). In this method, high concentrations of 
 N2H4 gave rise to small CoNPs while the low concentrations 
transformed the spherical CoNPs to dendrite ones. Further-
more, the addition of citric acid can increase the reducing 
power of  N2H4 [49]. Swain et al. [50] tried to commercialize 
CoNPs production by reducing  CoSO4 in a pilot plant. First, 
 CoSO4.7H2O was mixed with concentrated hydrochloric 
acid (HCl) to produce  CoCl2, and then sodium hydroxide 
(NaOH) was added to obtain cobalt hydroxide (Co(OH)2) 
precipitate, followed by reducing with 50% hypophospho-
rous acid  (H3PO2) solution under stirring at room tempera-
ture. Finally, the washed CoNPs were kept under vacuum 
for 12 h at a temperature of 60 °C to dry. Microstructure 
examination illustrated that the CoNPs morphology and 
mean size is dependent on the NaOH concentration, where 
low NaOH concentrations resulted in small spherical NPs, 
and high NaOH concentrations created big disk-shape NPs.

In another chemical reduction process, hydrogen is used 
to replace aqueous reductants to produce metal nanopo-
wders from their oxides [90]. Jang et al. [51] synthesized 
CoNPs by hydrogen reduction in gas phase using multistage 
tubular aerosol flow reactor. The reactor design included 
three sections: evaporation, preheating, and reaction. First, 
 CoCl2 powder was heated at 400 °C and an argon (Ar) flow 
transferred the resultant  CoCl2 vapor into the inner tube 
positioned inside the preheating section at a temperature of 
800–900 °C. A separate tube was used for the  H2 flow. The 
chemical reactions took place at the exit of nozzles located 
between preheating and reaction sections at 800–950 °C. 
When the temperature at the preheating zone was less than 
that of the reaction zone, the CoNPs size decreased but with 
a less uniform size distribution. Furthermore, by increas-
ing the fraction of  CoCl2, the NP growth dominated the 
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Table 1  Synthesis of CoNPs through various techniques

NP type Synthesis method Function Size (nm) Shape References

CoNPs Chemical reduction Potential MRI agent 8.2 ± 3.4 Sphere [23]
CoNPs Chemical reduction – 4–72 Sphere [45]
CoNPs Chemical reduction Removal of organic dyes 

from wastewater
5–10 Sphere [46]

CoNPs Chemical reduction – 4–7 Sphere [47]
CoNCs Chemical reduction – 30–70 Sphere [48]
CoNPs Chemical reduction – 400 Sphere and dendrite [49]
CoNPs Chemical reduction – 100–300 Sphere and disk [50]
CoNPs Hydrogen reduction – 50–78 Sphere [51, 52]
CoNPs Hydrogen reduction – 43 Sphere [53]
Carbon-coated CoNPs Hydrogen reduction – 72–80 Sphere [54]
Carbon-coated CoNPs Hydrogen reduction Potential applications in 

separation, sensing, and 
biomedical devices

29 ± 9 Sphere [43]

CoNPs Liquid-phase plasma reduc-
tion

– 10–100 Sphere and acicula [55]

CoNPs Hydrothermal – 10–30 Undefined [56]
CoNPs Hydrothermal Potential biomedical appli-

cations
200–600 Sphere [57]

CoNPs Solvothermal Catalyst for glycerol 
hydrogenolysis

500 Sphere [58]
10 (diameter) Rod

CoNPs Solvothermal – 6–40 Cube and sphere [59]
CoNPs Thermal decomposition – 6–8 Sphere [60]
CoNPs Thermal decomposition – 10 ± 1.1 Sphere [61]
CoNPs Thermal decomposition – 25–40 Sphere and disk [62]
CoNPs Thermal decomposition – 10–20 Sphere [63]
CoNPs Thermal decomposition Charge storage floating gate 

for NVM
5 Sphere [64]

CoNPs Thermal decomposition – 15–25 Sphere [65]
CoNPs Thermal decomposition – 12–15 Sphere [66]
CoNCs Thermal decomposition – 50 Cube [67]

Thermal decomposition 7.2 ± 1.7 Sphere
CoNPs Polyol – 7.1 ± 1.0 Undefined [68]

Chemical reduction 6.2 ± 1.0 Sphere
CoNPs Electrodeposition Catalysts support in ethanol 

reforming
110–240 Sphere [69]

CoNPs Flame spray pyrolysis – 30 Sphere [70]
Co@C NPs Flame spray pyrolysis Magnetic separations in 

organic synthesis
50 Sphere [71]

Co@C NPs Flame spray pyrolysis – 5–50 Sphere [72]
CoNPs Ultrasonic spray pyrolysis – 480–596 Sphere [73]
CoNPs Ultrasonic spray pyrolysis – 55–270 Sphere [74]
CoNPs Ion sputtering – A few-100 Sphere [75]
CoNPs Ion implantation – 1.5–10 Sphere [76]
CoNPs Ion implantation – 20–25 Sphere [77]
CoNPs Arc discharge – 13.18 ± 3 Sphere [78]
CoNPs Pulsed laser ablation – 8–96 Sphere [79]
CoNPs Pulsed wire evaporation –  < 50 Sphere [80]
CoNPs Biogenic Potential ascorbic acid 

sensor
– – [81]

CoNPs Biogenic Potential antibacterial 
applications

20–49 Cube and hexagon [82]
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sintering, resulting in large CoNPs [52]. Dzidziguri et al. 
[53] synthesized CoNPs via a two-step method involving 
calcination followed by hydrogen reduction. First, a mixture 
of cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O) in alkali 
solution of NaOH with pH adjusted to ~ 8–9 was fed into the 
reactor at 10 °C and centrifuged at 700 r·min−1 to produce 
Co(OH)2. Then, washed cobalt hydroxide was lyophilized, 
followed by calcination in the muffle furnace at 400 °C to 
obtain cobalt oxide. The resulting oxide was reduced via 
hydrogen flow at 220 °C in a quartz reactor for 30–150 min, 
producing CoNPs. According to the microstructure analy-
sis, the mean size of CoNPs was not affected by the reduc-
ing time, but the number of NPs increased linearly with 
the reduction time. Hydrogen reduction can also be used 
for in situ functionalization of CoNPs. Koskela et al. [54] 
functionalized CoNPs with carbon by introducing ethene 
to the reaction flow. Carbon coating significantly decreased 
the average diameter of CoNPs. In addition, it acted as a 
protective layer against Co leakage and oxidation in acidic 
solutions. These carbon-coated CoNPs could be function-
alized with 3-aminopropyltriethoxysilane (APTES) and 
3-mercaptopropyltrimethoxysilane (MPTS) for biological 
applications [43].

Kim et al. [55] employed liquid-phase plasma (LPP) 
reduction to synthesize CoNPs. In LPP, large quantities 
of electrons are created, which facilitate the reduction 
of metal ions to metal, forming NPs suspension [91]. An 
aqueous solution of  CoCl2 was mixed with the surfactant 
of sodium dodecyl sulfate (SDS) to prevent agglomeration, 
and then the resultant solution was transferred into the 
reactor and, consequently, reduced by a pulsed electrical 
plasma discharge generated by a high-frequency bipolar 
pulse power supply. LPP reduction allowed the reduction 
of metal ions without using reductants since the plasma 
in liquid phase provided a reaction field with a highly 
excited energy state. It was demonstrated that reducing 

the SDS concentration increased the mean size of CoNPs. 
Similarly, the size uniformity of NPs was improved by 
increasing the plasma treatment time from 10 to 30 min. 
However, long plasma treatment changed the morphology 
of spherical CoNPs to acicular ones.

Another approach for MNPs production is hydrothermal 
synthesis, defined as a series of reactions in aqueous media 
at temperatures above 100 °C and  105 Pa [92, 93]. Seong 
et al. [56] employed supercritical hydrothermal reduction 
to produce CoNPs. A mixture of the cobalt(II) acetate tet-
rahydrate  (C4H6CoO4·4H2O) (the precursor) and formic 
acid  (CH2O2) (reducing agent) was heated at 340–420 °C 
for 10 min inside an electric furnace under Ar atmosphere. 
Then, the batch reactor was placed in a water bath (~ 25 °C) 
for 5 min to prevent the growth of NPs, and the resultant 
CoNPs were collected by adding methanol to the reactor 
(Eqs. (1)–(3)):

It showed that by increasing the temperature from 340 
to 420 °C, 10 times more of  CH2O2 was required to obtain 
completely metallic CoNPs, indicating that much more  H2 
was needed. However, the required amount of  H2 was much 
less than the calculated one based on ideal gas law since 
 H2 fugacity was significantly improved around the critical 
point of water, so lower  H2 volume was needed. In another 
research, CoNPs were synthesized through one-step hydro-
thermal method using oleic acid as the capping agent. These 
NPs exhibited ferromagnetic behavior over a temperature 
range from 20 to 300 K [57].

(1)Co(acetate)2 + xH2O ↔ CO(OH)x ↔ CoO +
1

2
xH2O

(2)HCOOH(l) → H2(g) + Co2(g)

(3)CoO(s) + H2(g) → Co(s) + H2O(g)

CoNCs cobalt nanocubes, CoNSs cobalt nanosheets, PE polyethylene, GO graphene oxide, Co@NC NTs cobalt encapsulated with nitrogen-
doped carbon nanotubes, ORR oxygen reduction reaction, OER oxygen evolution reaction, NVM non-volatile memory

Table 1  (continued)

NP type Synthesis method Function Size (nm) Shape References

CoNPs Biogenic Antibacterial against Gram-
negative bacteria

48 Sphere [44]

CoNPs Biogenic – 20–60 Sphere [83]
Co@GO NSs Code position and thermal 

treatment/Hydrothermal
Catalytic degradation of 

Orange II
29.9 Sphere [42]

Co@Graphene nanocom-
posite

Liquid-phase plasma reduc-
tion

– 2–7 Sphere [84]

Co@PE NPs Thermal decomposition Magnetic recording applica-
tions

4 Sphere [85, 86]

Co@N-CNTs Thermal decomposition Catalysis of ORR 100 nm (diameter) Cylinder [87]
Co@N-CNTs Thermal decomposition Catalyst for ORR and OER 200 (diameter) Cylinder [88]
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Solvothermal method, which is similar to the hydro-
thermal technique with the exception of using an organic 
solvent instead of water [94], is also employed to create 
various Co nanostructures [58]. Liu et  al. [58] mixed 
 C4H6CoO4·4H2O with NaOH and dissolved the mixture 
in 1,2 propanediol under stirring and mild heating. Next, 
the mixture of sodium stearate  (C18H35NaO2) and hexa-
chloroiridic acid hexahydrate  (H2-IrCl6·6H2O) dissolved 
in 1,2-propanediol was added to the former mixture to 
create a flocculent solution. Then, the resultant solution 
was gradually heated to 150 °C in an autoclave. Finally, 
the precipitate was washed and dried under vacuum to 
obtain CoNPs. As shown in Fig. 1, the morphologies of 
CoNP depended on the Ir:Co ratio. In the absence of Ir, 
the spherical NPs were formed, and increasing the Ir:Co 
molar ratio to 0.01 resulted in nanorods. Further increas-
ing the Ir:Co ratio to 0.025 and 0.050 had a negligible 
effect on the nanorod diameter but reduced their length 
from 100–300 nm to 50–200 nm and 40 nm, respectively. 
Chen et al. [59] illustrated that nucleation and growth of 
crystalline NPs can be governed by organometallic com-
plexes through an intermediate agglomeration phase. This 
two-step solvothermal technique included a prenucleation 
step and a growth step. The prenucleation step was based 
on thermolysis of a calixarene complex with multiple 
 Co2-alkyne ligands  (Co16-calixarene 1) above 130 °C, cre-
ating coated cluster intermediates which agglomerated and 
formed Co nanoclusters. In the subsequent growth step, 

pentyne-Co4(CO)10 (PTC) monomers which have low ther-
mal activation threshold were added to stop nucleation and 
promote crystalline growth.

Thermal decomposition (thermolysis) is also used to 
synthesize MNPs in the presence of ligands in an organic 
solvent at high temperatures. Yang et al. [60] produced 
CoNPs through the thermal decomposition of dicobalt oct-
acarbonyl  (Co2(CO)8). First, dichlorobenzene was heated 
to 220 °C under nitrogen  (N2) and mixed with oleic acid 
and triphenylphosphine (TPP). Simultaneously,  Co2(CO)8 
was admixed with dry dichlorobenzene and heated to about 
60 °C under  N2 flow. By adding the latter solution to the 
flask containing the former mixture, the  Co2(CO)8 decom-
posed, resulting in both the formation of Co nuclei and 
the release of carbon monoxide (CO). After depleting the 
released gas, the remained black solution was refluxed at 
185 °C for 20 min, and subsequently cooled down to ambient 
temperature to generate CoNPs. These CoNPs, dispersed in 
heptane for 90 days, showed high stability against oxidation. 
Bönnemann et al. [61] used toluene-dissolved triisobutyla-
luminium (Al(C8H17)3) and mixed it with the aqueous solu-
tion of  Co2(CO)8, keeping the mixture stirring at 110 °C 
for 18 h under an Ar flow. As the solution color changed 
to dark brown and a black precipitate was formed, it was 
cooled down to 20 °C, accompanying the addition of more 
Al(C8H17)3 followed by temperature increasing to 110 °C 
for 3 h.

Another process to synthesize CoNPs utilized a mixture 
of anhydrous o-dichlorobenzene (DCB) and oleic acid (OA) 
(or amine such as hexadecylamine (HDA) or octadecylamine 
(ODA)). Such mixture was added to degassed tri-octylphos-
phine oxide (TOPO) in a three-neck flask and then heated 
to reflux temperature of ~ 182 °C [62]. Then  Co2(CO)8 was 
injected to the flask followed by the decrease of tempera-
ture after a few hundred seconds, resulting in black ferro-
fluid. The results showed that injecting  Co2(CO)8 into DCB 
in the presence of OA resulted in spherical CoNPs with 
a broad size distribution. The addition of TOPO changed 
the morphology of NPs to nanodisks (NDs) after 10 s of 
growth initiation, but these NDs were dissolved back as the 
growth process continued. In addition, by performing post-
heating after the temperature drop caused by the injection, 
new CoNPs were formed. It is worth noting that replacing 
TOPO with amine, increased the yield of ND. Bao et al. 
[63] determined that surfactants could influence the CoNP 
growth mechanism. By employing the combination of OA 
and TOPO, CoNPs grew through the diffusional mechanism, 
resulting in single-crystalline NPs. By replacing TOPO with 
dioctylamine (DOA) in the abovementioned combination, 
the growth was dominated by the aggregation mechanism, 
producing multiple-grained NPs. Moreover, using TOPO 
alone resulted in an Ostwald ripening process. The resulting 

Fig. 1  Transmission electron microscopy (TEM) micrographs of 
cobalt nanostructures developed through various Ir:Co molar ratios at 
150 °C: a 0, b 0.01, and c 0.025 for 20 h, and d 0.05 for 10 h. Repro-
duced with permission from Ref. [58] Copyright 2015 RSC
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CoNPs were used to make CoNPs-based NVM device with 
strong charge storage characteristics [64].

Thermolysis can also be employed to decompose a 
metal–surfactant complex in a secondary surfactant solution. 
Salavati-Niasari et al. [65] used a co-surfactant complex 
including [Co(aceto)2] and oleylamine (at 140 °C). After 
adding it to triphenylphosphine (TPP) followed by a vig-
orous stirring at 250 °C under Ar atmosphere, the CoNPs 
were obtained by aging the solution at 240 °C for 1 h. Simi-
larly, CoNPs were synthesized via thermal decomposition 
of acrylamide cobalt nitrate complex. The evaluation of 
magnetic properties of resulted CoNPs illustrated that the 
coercivity of the NPs was synthesis temperature depend-
ent, meaning that high thermolysis temperature caused 
high coercivity of CoNPs [66]. The CoNCs synthesized by 
thermolysis of  Co2(CO)8 contained both hexagonal close-
packed (hcp) and primitive cubic (ε) structures and their 
saturation magnetization was also synthesis temperature 
dependent [67]. Zola et al. [68] synthesized CoNPs through 
three different methods to evaluate the effects of the pro-
cessing parameters on the NP morphologies. Thermolysis 
of  Co2(CO)8 resulted in spherical NPs with a narrow size 
distribution using a various precursor to surfactant ratios. 
In both chemical reduction and polyol techniques, the com-
position of the solution played a critical role. In the case of 
chemical reduction, the amount of reducing agent  NaBH4 
affected the NPs noticeably while for polyol, adjusting the 
amount of TOPO and oleic acid transformed the irregular-
shaped NPs to spherical ones.

In addition to solution synthesis techniques mentioned 
above, MNPs can be produced via an electrodeposition 
method with precise control over size and morphology by 
adjusting both composition and current density [95, 96]. 
Schiavi et al. [69] produced CoNPs on an aluminum foil 
sheet via electrodeposition technique. The experiments were 
conducted using an aqueous solution of  CoSO4·7H2O with 
 Na2SO4 and  H3BO3 as the supporting electrolyte and buffer, 
respectively. Platinum wire, silver/silver chloride electrode 
(SSCE), and aluminum foils were used as the counter elec-
trode, reference electrode, and working electrode, respec-
tively. It showed that lowering values of passing charge not 
only reduced the average size of CoNPs, but also improved 
the uniformity of the NPs size distribution. However, vary-
ing the working electrode potential did not affect the size 
of CoNPs.

Flame spray pyrolysis (FSP) is a newly developed method 
for MNP synthesis in which the vapor phase of a metal pre-
cursor is injected into a hot reactor using a nebulizer [11]. 
In 2006, Grass et al. [70] synthesized highly stable face-
centered-cubic (FCC) CoNPs by employing FSP. In their 
synthesis process, Co-carboxylate-based precursor was dis-
persed by the oxygen inside a spray nozzle and ignited using 
a mixed methane-oxygen flame. Synthesized CoNPs were 

covered with a thin layer of cobalt oxide which protected 
the CoNP core against further oxidation in air. Later, the 
resultant core–shell structure was modified by adding acety-
lene to the flame spray pyrolysis, resulting in the controlled 
deposition of the carbon layer on the CoNPs [71]. Further 
experiments illustrated that aryl-functionalization of the NPs 
surface increased the shell thickness, which reduced cobalt 
release rates and slowed down metal reduction rates [72].

Ultrasonic spray pyrolysis (USP) is another gas-phase 
synthesis technique to synthesize MNPs, in which ultra-
sound is employed to make metal droplets from the pre-
cursor solution which are delivered to a heated reactor via 
carrier gas [97]. Gürmen et al. [73] prepared Co powders 
by USP using aqueous solutions of Co(NO3)2 followed by 
thermolysis of generated aerosols in a hydrogen atmosphere. 
It showed that reducing Co(NO3)2 concentration from 0.08 
to 0.04 mol·L−1, decreased the mean size of NPs from 596 
to 480 nm. Later, Shatrova et al. [74] performed a two-step 
USP process to make CoNPs. First,  Co3O4 nanostructured 
microspheres were synthesized by USP, which were subse-
quently reduced to metal cobalt in a hydrogen atmosphere. 
Magnetic property evaluation of the resultant CoNPs dem-
onstrated that while the temperature during pyrolysis did not 
influence the coercive force and the saturation magnetization 
of NPs, the temperature during reduction drastically affected 
the magnetic properties, where increasing the reduction tem-
perature from 220 to 350 °C decreased the coercive force 
(Hc) from 3.33 × 104 to 1.82 × 104 A·m–1.

Ion sputtering is a physical synthesis method in which a 
target material is vaporized through sputtering with a beam 
of inert gas ions at low pressures, followed by deposition 
of collimated NP beams on a substrate [98]. Chung et al. 
[75] fabricated CoNPs on  SiO2/Si (001) substrates through 
direct current (DC) magnetron sputtering at room tem-
perature. Applying large positive biases limited the NPs 
growth and improved the uniformity of size distribution. 
Ion implantation is another physical approach in which 
ions are implanted into another solid material, changing its 
physiochemical properties [99]. Jacobsohn et al. [76] pro-
duced CoNPs through the implantation of 35 keV  Co+ ions 
into fused silica with various doses at room temperature. 
The results confirmed that a minimum Co concentration of 
about 2% was required to initiate the CoNPs precipitation. 
Furthermore, by increasing the implantation dose, the mean 
size of resultant CoNPs increased while the size distribution 
showed negligible change. In another study, CoNPs were 
produced through  Li3+ and  O7+ ions bombardment [77]. 
First, a 25-nm layer of Co was deposited on n-type silicon 
(100), and then it was cleaned by acetone- and methanol-
sonication and subsequent e-beam evaporation. Finally, it 
was bombarded with 45-meV  Li3+ and 100-meV  O7+ ions. 
The atomic force microscopy (AFM) results showed that 
increasing in radiant exposure of ion increased the density 
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of CoNPs. Based on the consistent shape and height of Co 
peaks in the Rutherford backscattering spectroscopy (RBS) 
analysis, the absence of any sputtering, mixing, or diffusion 
of Co into the silicon matrix was confirmed, suggesting the 
film repositioned into a NP structure through a self-organ-
ized process.

Arc discharge is also used for the nanomaterial synthe-
sis, in which a potential difference across two electrodes 
generates thermal plasma. El-Khatib et al. [78] synthesized 
CoNPs via a two-step arc discharge method in which cobalt 
precursor droplets were prepared using an ultrasonic nebu-
lizer, and subsequently pyrolyzed by applying arc discharge 
between two silver electrodes in an Ar gas at atmospheric 
pressure. Jyothi et al. [79] synthesized CoNPs via laser 
ablation technique in which supersaturated Co vapor was 
produced by pulsed laser. The dipole moment of the sur-
rounding environment was the main parameter affecting the 
growth, aggregation, and precipitation of CoNPs. Measure-
ments of the optical properties of synthesized NPs demon-
strated that by changing the solvent of CoNPs, the optical 
limiting threshold (decrease in the transmittance of the solu-
tion under high-intensity illumination) varied, where CoNPs 
dispersed in chlorobenzene and chloroform showed superior 
optical limiting comparing those NPs dissolved in other sol-
vents such as benzene, carbon tetrachloride, toluene, and 
ethanol. These useful limiting characteristics of CoNPs 

resulted from significant two-photon and nonlinear scatter-
ing. Yılmaz et al. [80] employed a method named pulsed 
wire evaporation (PWE) to synthesize CoNPs while avoiding 
common contamination in chemical synthesis techniques. To 
do this, a high-power pulsed DC current as charging voltage 
passed through a Co wire to explode it, followed by sub-
sequent evaporation and plasma formation. The as-formed 
plasma was cooled down by interacting with nitrogen gas, 
forming CoNPs. As shown in Fig. 2, the mean size of NPs 
was reduced by increasing the charging voltage. As the wire 
converted into the combination of vapor and droplets with 
sizes about the crystallite size of the initial wire, the crys-
tallite size defined the CoNPs size. Accordingly, applying a 
charging voltage of 24 kV resulted in more polycrystalline 
NPs than the single crystalline ones in vapor-droplet mix-
ture. By increasing charging voltage to 26 kV, the number of 
single-crystalline NPs increased, and applying 28 kV could 
generate purely single-crystalline NPs.

There are few studies using the biogenic method to syn-
thesize CoNPs. In this technique, various microorganisms 
such as bacteria, fungi, actinomycetes, yeasts, viruses, and 
plant extracts and their enzymes are employed as reducing 
agents [100]. These techniques are cost effective, ecofriendly 
and require much milder synthesis conditions than those of 
many chemical and physical synthesis techniques [11]. Siada 
et al. [81] synthesized CoNPs using a mixture of 5 wt% of 

Fig. 2  TEM micrographs of CoNPs formed by various charging voltages of a 24 kV, b 26 kV, and c 28 kV. d Simple schematic of CoNP syn-
thesis mechanism through PWE approach with different charging voltages. Reproduced with permission from Ref. [80] Copyright 2013 Elsevier
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Piper longum and carbon paste, resulting in CoNP-modi-
fied carbon paste (CoNPsMCPE). Cyclic voltammetry and 
chronoamperometry results confirmed that the CoNPsMCPE 
exhibited good ascorbic acid oxidation activity in alkaline 
media, demonstrating its potential as an ascorbic acid sen-
sor. Igwe et al. [82] used leaf extract of Chromolaena odo-
rata (C. Odorata) to synthesize antibacterial CoNPs. These 
CoNPs inhibited the growth of several bacterial species, 
such as E. coli, K. pneumonia, S. aureus, and S. pyogene, 
showing their potential for use in disease treatment and con-
trol. Similarly, CoNPs synthesized with Asparagus racemo-
sus root extract demonstrated notable antibacterial behavior 
against the human pathogenic bacteria S. Dysenteriae and E. 
faecalis compared to the common antibiotic Ciprofloxacin 
[44]. In another research, leaf extract of Conocarpus erectus 
and Nerium indicum of which phenolic compound levels 
were 296 ± 9 μg·g−1 and 185 ± 6 μg·g−1, respectively, were 
used. It showed that Conocarpus erectus possessed higher 
reducing power than that of Nerium indicum for CoNPs syn-
thesis, suggesting that phenolic compounds act as reducing 
agents [83].

2.2  Cobalt‑based nanocomposites

Yao et al. [42] employed hydrothermal approach to integrate 
Co on graphene oxide nanosheets (Co@GO NSs). An aque-
ous solution of Co(NO3)2·6H2O was added to the uniform 
dispersion of GO, followed by adding ammonia to make 
the pH of ~ 10 and stirring for 4 h. Then, hydrazine hydrate 
was added to the solution, and the solution was heated up 
to 80 °C and then stirred for 5 h. Finally, the solution was 
cooled down and precipitate was collected and washed fol-
lowed by annealing at 500 °C for 2 h under Ar/H2 flow to 
form Co@GO hybrids. Due to the activation of graphene 
caused by peroxymonosulfate (PMS) and the dispersion of 
CoNPs as well, the resultant Co@GO NSs showed higher 
catalytic activity in the degradation of Orange II than that 
achieved by CoNPs without GO. Later, a liquid-phase 
plasma reduction method was used to integrate CoNPs on 
graphene sheets to create Co/graphene nanocomposites [84]. 
In another research, Gubin et al. [85, 86] integrated CoNPs 
into PE matrix through the thermolysis of cobalt formate 
 (C2H2CoO4) in hydrocarbon oil-melted PE at 200–260 °C 
under Ar, followed by cooling and washing. The resultant 
CoNPs exhibited rather high coercive force at room tempera-
ture, suggesting that they could serve as potential materials 
for magnetic recording applications.

Co@N-CNTs are considered efficient catalysts for ORR 
in fuel cells since CoNPs create centers with high activ-
ity toward ORR [101, 102]. Wang et al. [87] employed 
thermolysis to fabricate Co@N-CNTs catalysts. First, 
they mixed Co(NO3)2·6H2O and melamine and adjusted 
the pH to about 2.5 by adding HCl solution. After drying, 

the resultant xerogel was carburized at 550 °C, followed 
by adding glucose as the reducing agent. This calcina-
tion process produced the pyridinic nitrogen and pyrrolic 
nitrogen, which were active sites for ORR. Finally, as the 
temperature increased to 900 °C for 3 h under Ar atmos-
phere, NTs formed. Adding glucose provided a sufficient 
source of carbon for pyrolysis, and prevented the forma-
tion of cobalt oxide. Another research group also produced 
Co@N-CNTs through a two-step pyrolysis process (see 
Fig. 3) [88]. Cobalt acetate tetrahydrate and Poly(ethylene 
glycol)-blockpoly(propylene glycol)-block poly(ethylene 
glycol) (P123) were dissolved in HCl, and then dicyanamide 
(DCDA) was added to it as the reducing agent, followed by 
drying the solution at 50 °C. Finally, two steps of pyrolysis 
were conducted at 400 °C and 900 °C under  N2 flow. Based 
on microstructure evaluation, it strongly suggested that the 
presence of Co facilitated the formation of CNTs and also 
increased the graphitization level of CNTs.

3  Metal palladium nanoparticles

PdNPs are among the most applicable and highly efficient 
catalysts to build C–C bonds and conduct other chemical 
transformations such as carbon-heteroatom bond forma-
tion, hydrogenation, carbonylation and oxidation processes 
[103–105]. They also showed promising potential for hydro-
gen generation and storage [106, 107]. Furthermore, they 
can be employed for other applications including chemical 
and biological sensors [108, 109], supercapacitors [110], 
and lithium-ion batteries [111, 112]. A list of methods used 
for PdNPs synthesis and their applications is presented in 
Table 2.

3.1  Pure palladium nanoparticles

Chemical reduction methods are widely used to produce 
PdNPs. Srimani et al. [113] synthesized PdNPs using a 
Fischer carbene complex of tungsten and polyethylene gly-
col (PEG) as the reductant and capping agent, respectively. 
These PdNPs, having high stability after 1 month, exhibited 
extensive catalytic activity in Hiyama cross-coupling reac-
tions. The efficiency of reaction in water was much higher 
than that in co-solvents such as tetrahydrofuran (THF) or 
N,N-dimethyl formamide (DMF). Similarly, PdNPs with 
the large active surface area for electrochemical reactions 
were synthesized through the reduction of palladium(II) 
acetylacetonate (Pd(acac)2) in oleylamine and borane tribu-
tylamine complex (BTB) [114]. In this process, oleylamine 
acted as the solvent, surfactant, and reductant while BTB 
served as a co-reductant. Vancová et al. [115] produced 
PdNPs by reduction of  PdCl2 with sodium citrate and mixing 
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with Dihydrolipoic acid (DHLA). The resulting NPs were 
conjugated successfully to the protein molecules such as 
streptavidin, protein A, or avidin via the cross-linking agent 
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC).

Developing Pd nanostructures is not limited to NPs and 
is expanded to synthesize nanostructures with different 
morphologies. Huang et al. [116] synthesized Pd nanowires 
(PdNWs) and Pd nanorods (PdNRs) by hydrothermal reduc-
tion of palladium(II) chloride with polyvinylpyrrolidone 
(PVP) as both surfactant and reductant in the presence of 
sodium iodide (NaI) at 200 °C. NaI played a critical role in 
this process since without the  I− ions, and some PdNPs were 
formed among the PdNWs network. As shown in Fig. 4, by 
increasing the reaction time from 1.5 to 8 h, the aspect ratio 
of Pd nanostructures reduced from about 220 to 6, indicating 
the transformation of PdNWs to PdNRs.

Sonochemical technique is another chemical synthesis 
method in which exposure of liquids to ultrasound creates 
acoustic waves that form bubbles and fluctuates them. As 
the bubbles overgrow they collapse and release concentrated 
energy, meaning that each cavitation bubble performs as a 
plasma chemical microreactor and develops a highly ener-
getic environment at almost room temperature [11, 155]. 
Nemamcha et al. [117] synthesized PdNPs using a sono-
chemical process. An aqueous solution of Pd(NO3)2 was 
added to the mixture of ethylene glycol (EG) and PVP, and 
then the resultant solution was irradiated with ultrasonic 
waves for 180 min. Microstructure examination confirmed 

that by increasing the Pd(II)/PVP molar ratio, the num-
ber of PdNPs decreased and their size increased from 3 to 
6 nm. Further research confirmed that as the current density 
increased from 8 to 13 mA·cm−2, the average size of PdNPs 
decreased from 20 to 5 nm [118]. Moreover, changing the 
deposition time between two continuous sonic pulses from 
1 to 5–10 s increased the number of PdNPs and narrowed 
their size distribution. The concentration of cetyltrimethyl-
ammonium bromide (CTAB) (as the reductant) influenced 
the NP growth, where the concentration below 5 mmol·L−1 
resulted in aggregated irregular-shaped NPs, but with the 
concentration more than 50 mmol·L−1 well-dispersed spheri-
cal NPs were created. By continuing the reaction for more 
than 2.5 h, dendritic nanostructures were obtained due to the 
accumulation and growth of PdNPs at the anode.

Recently, polyol techniques have emerged as suitable 
soft chemical methods to produce MNPs. In addition to the 
interesting reducing ability of polyalcohols or polyols, they 
exhibit several desirable characteristics for MNP synthesis 
including high boiling points allowing high-temperature 
syntheses, protecting as-prepared materials against oxida-
tion, ability to coordinate metal precursor preventing aggre-
gation, and high viscosity, resulting in the controlled struc-
ture and morphologies [156]. Li et al. [119] synthesized Pd 
icosahedra by preparing an EG solution containing sodium 
tetrachloropalladate  (Na2PdCl4) and PVP, stirred and heated 
in air at 120 °C for 48 h. TEM micrographs of PdNPs in 
Fig. 5 shows the high density of twin boundaries, which, 

Fig. 3  a Simple presentation of synthesis steps of Co@NC NTs. b Field emission scanning electron microscopy (FESEM), c TEM, and d high-
resolution TEM (HRTEM) microstructure images of the Co@NC NTs [88]
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Table 2  Different synthesis methods of PdNPs

NP type Synthesis method Function Size (nm) Shape References

PdNPs Chemical reduction Catalyst for Hiyama 
cross-coupling reac-
tions

9.70 Sphere [113]

PdNPs Chemical reduction Catalyst for formic acid 
oxidation in  HClO4 
solution

4.5 Sphere [114]

Protein-PdNPs Chemical reduction Labeling in electron 
microscopy

10 Sphere [115]

PdNRs and PdNWs Hydrothermal – 5–19 (diameter) Rod [116]
PdNPs Sonochemical – 3–6 Sphere [117]
PdNPs Sonochemical Potential catalysis appli-

cations
4–5 Sphere and dendrite [118]

PdNPs Polyol Catalyst for low-tem-
perature reduction of 
automobile pollutants, 
hydrogenation reac-
tions, and hydrogen 
storage

15–42 Icosahedron [119]

PdNPs Polyol Catalyst for hydro-
genation of alkenes, 
alkynes, nitro deriva-
tives, benzaldehydes, 
aromatic ketones

1.4–1.7 Sphere [120]

PdNRs Seed-mediated growth Catalysts for Suzuki 
reactions

200 and 300 (diameter) Rod [121]

PdNCs Seed-mediated growth Potential applications in 
SERS

22 Cube [122]

PdNCs, PdPNCs, PdN-
RDs, and BPdNCs

Seed-mediated growth Catalysts for hydrogena-
tion/dehydrogenation 
reactions

10–20 Cube, protruded cube, 
and rhombic- dodeca-
hedron

[123, 124]

HPdNCs Seed-etching – 10 Cube [125]
PdNPs Biogenic Recovering platinum 

group metals form 
wastewater

50 Sphere [126]

PdNPs Biogenic –  < 30 Sphere [127]
PdNPs Biogenic Catalysts for Suzuki 

reaction
4–16 Sphere [128, 129]

PdNPs Biogenic – 20–60 Sphere [130]
PdNPs Biogenic Catalyst for Suzuki 

reaction
96.4 Sphere [131]

PdNPs Biogenic Catalysts for aromatic 
alcohol oxidation

2.2 Sphere [132]

PdNPs Biogenic Potential catalyst and 
antimicrobial agent

2–4 Sphere [133]

PdNPs 60–70
Pd-LA NPs Biogenic – 65–80 Sphere [134]
Pd-Vitamin-LA NPs 75–100
PdNPs Biogenic Catalyst for Mizoroki–

Heck cross-coupling 
reaction

2–15 Sphere [135]

PdNPs Biogenic Potential catalysis in 
the degradation of azo 
dyes

15 Sphere [136]
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combined with the sharp edges of icosahedral PdNPs, result 
in high catalytic activity. In yet another study, a mixture 
of  PdCl2(cod) and choline-based derivative such as cho-
line chloride or choline N-tosylalaninate were dissolved 

in glycerol and stirred under Ar at 80 °C for 18 h, which 
resulted in the formation of PdNPs. These PdNPs were well-
dispersed because the supramolecular structure of glycerol 
effectively prevents the agglomeration of NPs [120].

PdNCs palladium nanocubes, PdNRs palladium nanrods, PdNWs palladium nanowires, CNF carbon nanofiber, RGO reduced graphene oxide, 
PdNRDs palladium nano rhombic dodecahedra, PdPNCs palladium protruded nanocubes, BPdNCs branched pappadium nanocubes, CNT carbon 
nanotube, HHSS hollow silica sphere, SERS surface-enhanced Raman scattering, LA lipoic acid

Table 2  (continued)

NP type Synthesis method Function Size (nm) Shape References

PdNPs Biogenic Antibacterial against 
E. coli

catalyst for reduction of 
4-NP

4–9 Sphere [137]

PdNPs Biogenic Catalytic properties in 
degradation reaction of 
azo dyes

2.5 Sphere [138]

PdNPs Biogenic (continuous 
microreactor)

Catalyst for the reduc-
tion of 4-NP

4.40 ± 1.68 Cube [139]

Biogenic (batch) 7.18 ± 21.14
Pd@HHSS hybrids Chemical reduction Catalytic activity in 

Suzuki reaction
5–10 Sphere [140]

Pd@CNF hybrids Chemical reduction Catalyst for electrooxi-
dation of liquid fuels

4.2 Sphere [141]

Pd/Fe3O4, Pd/Co3O4, 
and Pd/Ni(OH)2

Microwave irradiation-
assisted reduction

Potential catalyst for 
oxidation of CO

6–8 Sphere [142]

Pd@Graphene nano-
composites

Hydrothermal Efficient catalyst for the 
Suzuki reaction

4 and 15 Sphere [143]

Pd-Graphene and Pd-
Carbon hybrids

Electrodeposition Catalyst for ORR of 
direct methanol fuel 
cells

73–1000 Sphere [144]

Pd@Graphene nano-
composites

Wet impregnation Hydrogen sensor appli-
cations

10 Sphere [145]

Pd@RGO nanocom-
posites

Pulsed laser ablation Catalytic activity for CO 
oxidation

5–12 Sphere [146]

Pd@Al2O3 nanocom-
posites

Microwave plasma torch Potential catalyst for 
isomerization of 
1-butene

10–50 Sphere [147]

Pd@SiO2 nanocom-
posites

Sonochemical – 5–6 Sphere [148]

Pd-RGO-CNT com-
posites

Combined hydrothermal 
and redox

Catalyst for reduction 
of 4-NP

4 Sphere [149]

Pd-Cu bimetallic NPs Polyol Catalysts for semi-
hydrogenation of 
alkynes and azide-
alkyne cycloaddition

3–4 Sphere [150]

Pd-Ru bimetallic NPs Polyol – 3–10 Sphere [151]
Pt–Pd bimetallic NPs Microwave-assisted 

polyol
– 6.2 Sphere [152]

Hollow Ag-Pd bimetal-
lic NPs

Galvanic replacement 
and coreduction

Catalyst for reduction 
of 4-NP

14.6 ± 2.0 Sphere [153]

Pd@Lignin nanocom-
posites

Mechanochemical 
milling

– 3.2 (Palladium(II) 
chloride)

Undefined [154]

2.8 (Palladium(II) 
acetate)

Sphere

3.6 (Palladium(II) acety-
lacetonate)

Sphere
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Pd nanostructures are also synthesized using a seed-medi-
ated technique [121]. To produce Pd nanoseeds,  PdCl2 and 
NaCl were dissolved in deionized water to make  H2PdCl4 
solution, and the solution was bubbled with Ag to prevent 
re-oxidation. Then this solution was injected to a two-neck 
flask containing CTAB (the surfactant). Next,  NaBH4 aque-
ous solution was added into the mixture under  N2 flow. To 
synthesize PdNRs, two vials were tagged A and B. The 
growth solution was made in both vials by mixing CTAB 
with  H2PdCl4. Ascorbic acid was added to vial A as the 
reducing agent, and Pd nanoseeds were also added to vial 
A and kept for 2 h to form a blackish green solution. Then, 
copper(II) acetate (Cu(OAc)2) solution was added to vial 
B, followed by the addition of ascorbic acid. Part of vial 
A was transferred to vial B and the mixture was left at 30 
°C for 20 h to precipitate PdNRs. As it is shown in Fig. 6, 
by increasing the amount of Cu(OAc)2 solution, the faceted 
NPs turned into the branched nanostructures, while short 
rods transformed to longer rods with branches developed at 
the two ends.

In another set of experiments, the same approach was 
employed to make Pd nanocrystals with different shapes, as 

seen in Fig. 7 [122–124]. To make the cube-shape seeds, the 
mixture of CTAB solution was heated at 95 °C followed by 
the addition of  H2PdCl4 solution. Next, ascorbic acid was 
admixed and stirred for 10 min, and subsequently cooled 
down to 30 °C and left aging for 1 h. To grow Pd nanocubes 
(PdNCs), a solution including CTAB in deionized water was 
mixed with  H2PdCl4 and stirred in a water bath at 45 °C. 
Next, Pd cube-shaped seeds were added to the solution fol-
lowed by the addition of ascorbic acid and stirring at 45 °C 
for 6 h to precipitate PdNCs. Pd nano rhombic dodecahedra 
(PdNRDs) were made by adding NaI to the CTAB solution 
prior to the addition of  H2PdCl4. Also, replacing NaI with 
 Cu2SO4 induced the formation of Pd protruded NCs (PdP-
NCs). To make the branched PdNCs (BPdNCs), the polygo-
nal seeds (instead of cubic seeds) were prepared via the same 
method except the addition of  NaBH4 aqueous solution into 
the mixture of CTAB and  Na2PdCl4. In addition, through the 
growth step, the  Cu2SO4 solution was added to the CTAB 
solution before the addition of  Na2PdCl4 [124].

Successful synthesis of Pd nanostructures with various 
shapes inspired scientists to utilize seed-based approaches 
to design more complex-shaped PdNPs. Wei et al. [125] 

Fig. 4  TEM micrographs of the 
one-dimensional Pd nanostruc-
tures produced in a 1.5, b 2.0, 
c 4.0, and d 8.0 h of reaction 
time. Reproduced with permis-
sion from Ref. [116] Copyright 
2009 American Chemical 
Society
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synthesized hollow Pd nanocages (HPdNCs) through the 
seed-etching approach. To make the initial PdNCs, sodium 
tetrachloropalladate(II)  (Na2PdCl4), sodium hydroxide 
(NaOH), and CTAB were dissolved together in deionized 

water and stirred vigorously at 95 °C, and then ascorbic acid 
was added into the solution and the reaction was kept run-
ning for 30 min. Afterwards, the resultant PdNC seeds were 
dispersed in a chamber with reverse micelle. By heating, the 

Fig. 5  a Low and b high magnification TEM images and c FESEM image of the icosahedral PdNPs. d HRTEM image of a single Pd icosahe-
dron. Reproduced with permission from Ref. [119] Copyright 2009 John Wiley and Sons

Fig. 6  SEM images of the Pd nanostructure developed through adding different volumes of the Cu(OAc)2 solution. Reproduced with permission 
from Ref. [121] Copyright 2009 American Chemical Society
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aqueous phase gradually evaporated, and subsequently the 
capping structure was disrupted by the diffusion of CTAB. 
As shown in Fig. 8, the decrease in the capping agents at 
the center of {200} plane is more noticeable than the edges, 
resulting in the desorption of Pd atoms from those sites, and 
leading to the formation of tube-shaped seeds.

The biosynthesis of PdNPs using bacteria [126, 127], 
viruses [128, 129], and plants [130–134] are also reported. 
SwaminathanáIyer et al. [135] synthesized PdNPs through 
photoautotrophic microalgal metabolism of Chlorella vul-
garis which served as reducing agents. PdNPs were then 
incorporated on an electrospun chitosan mat as a novel sup-
port for applications in catalysis (see Fig. 9). Photosynthetic 
processes in green microalgae can take place either under 
oxygenic or anoxic environments. Green algae have chlo-
rophyll-a and chlorophyll-b pigments and can accomplish 
oxygenic photoautotrophic reactions while using  H2O as 
an electron donor [157]. Oxygenic photoautotrophic pro-
cesses contain light and dark photochemical reactions, in 
which light reactions conserve chemical energy in the form 
of adenosine triphosphate (ATP) and the reduced form of 
nicotinamide adenine dinucleotide phosphate (NADPH), and 
dark reactions cause reducing  CO2 to organic compounds 
using ATP and NADPH.  CO2 is fixed by the enzyme of 

ribulose bisphosphate carboxylase (RuBisCO) and reduced 
in the Calvin cycle using NADPH. Reducing equivalents 
can be exported from the chloroplast in the form of carbon 
metabolites, particularly triose phosphates (triose-P). Their 
oxidation by dehydrogenases in the cytosol can also gener-
ate nicotinamide adenine dinucleotide (NADH) and nicoti-
namide adenine dinucleotide phosphate (NADPH), which 
can be used as the reducing agent promoting the reduction 
of Pd(II) into PdNPs. Using another biogenic process, Petla 
et al. [136] synthesized PdNPs using Glycine max (soybean) 
leaf extract. The Fourier transform-infrared spectroscopy 
(FTIR) results suggested that the proteins and some of the 
amino acids existing in soybean leaf extracts were responsi-
ble for reducing the Pd ions.

Ullah et al. [137] used  PdCl2 as the precursor and glu-
cosamine as the reductant and stabilizer to synthesize 
PdNPs. Based on the antibacterial activity, such PdNPs 
demonstrated higher activity against E. coli than tobramy-
cin. This was attributed to the PdNPs’ superior penetration 
of peptidoglycan, a vital component of the E. coli cell wall. 
The ions release from the penetrating PdNPs in the bacte-
ria’s cytoplasm and generate reactive oxygen species (ROS), 
inhibiting the bacteria growth via membrane damage and 
nucleic acid-protein inactivation. Similarly, carboxymethyl 

Fig. 7  SEM images of a PdNCs, b PdNRDs, c PdPNCs, and d BPdNPs (All scale bars are 200 nm). Also, a TEM image of PdPNCs with the 
scale bar of 50 nm is demonstrated in c. Reproduced with permission from Ref. [124] Copyright 2016 John Wiley and Sons
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cellulose (CMC) can act as both the stabilizer and reduct-
ant for green production of PdNPs [138]. Gioria et al. [139] 
compared the green synthesis of PdNPs using conventional 

batch and continuous microreactor approaches. For batch 
synthesis, NaOH was added to a mixture of  H2PdCl4 and 
starch with pH adjusted to 5.5 and the reduction process 

Fig. 8  a Different steps of shape evolution from PdNCs to HPdNCs via the seed-mediated etching, and b the etching of PdNCs at the center of 
{200} planes in the step (iv). Reproduced with permission from Ref. [125] Copyright 2014 Springer-Nature

Fig. 9  Schematic of PdNP synthesis through photosynthetic microalgae and their application as a catalyst in Mizoroki–Heck reactions. Repro-
duced with permission from Ref. [135] Copyright 2013 Elsevier
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was conducted at 60 °C for 10 min. In continuous reaction, 
the NaOH aqueous solution and the aqueous mixture of 
 PdCl2–glucose-starch were loaded into two syringes, and 
consequently, pumped into the micromixer at 60 °C. The 
continuous technique resulted in uniformly distributed fine 
PdNPs which demonstrated higher catalytic activity in the 
degradation of 4-nitrophenol (4-NP) due to the higher sur-
face area of smaller NPs.

3.2  Palladium‑based nanocomposites

Chemical reduction approaches are also used to produce 
PdNPs with/on different supports, mainly for catalytic 
applications. Pd/SiO2 nanohybrids were made using this 
approach [140]. First, HHSSs were prepared by dissolving 
CTAB in a mixture of  H2O and ammonia and subsequently 
adding n-octane to that emulsion. Then, tetraethyl orthosili-
cate (TEOS) was added to it, heated to 373 K, and kept for 
24 h. Finally, the synthesized solid sample was collected 
and calcined at 550 °C for 6 h in air to remove CTAB and 
other organic components. To make Pd@HHSS nanocom-
posites, the resultant HHSSs were mixed with Pb(OAc)2 
with different ratios, and subsequently, a solution of  NaBH4 
in EtOH was added. After 3 h stirring and subsequent wash-
ing with EtOH, it was heated to 70 °C and kept overnight. 
Through the impregnation step, palladium acetate Pd(OAc)2 
was transformed to Pd(II) oxide species at the surface of the 
HHSSs. After adding  NaBH4 as the reducing agent, PdNPs 
formed on the surface of HHSSs. Similarly, Ko et al. [141] 
employed sodium dodecyl sulfate (SDS) as the surfactant 
and  NaBH4 as the reductant to integrate PdNPs on CNF 
supports.

Elazab et al. [142] prepared PdNPs catalysts supported 
on  Fe3O4,  Co3O4, or Ni(OH)2 nanoplates through mixing 
Fe(NO3)3·9H2O, Co(NO3)2·6H2O, or Ni(NO3)2·6H2O with 
aqueous Pd(NO3)2 and hydrazine hydrate and subsequent 
microwaving in 60-s cycles for a total reaction time of 5, 7, 
and 9 min, respectively. Employing microwave irradiation 
promoted the reaction without requiring high temperature. 
Though  T100 (the temperature at which the catalytic reac-
tion is completed) of CO catalytic oxidation using Pd/
(NiO)2 as catalysts was almost the same as unsupported 
PdNPs, indicating weak interaction between PdNPs and 
the Ni(OH)2 support, both the Pd/Fe3O4 and Pd/Co3O4 
catalysts showed high activity. At about 127 °C, the per-
centage of CO conversion performed using Pd/Co3O4 and 
Pd/Fe3O4 as catalysts was 50 wt% and 30 wt%, respec-
tively, suggesting strong interaction of PdNPs with  Co3O4 
nanoplates. In another research, Li et al. [143] used the 
hydrothermal approach to make graphite oxide (GO)-Pd 
hybrids. In this process, GO was first heated in NaOH 
solution followed by the addition of SDS aqueous solu-
tion. Then, Pd(OAc)2 was added to the solution, followed 

by refluxing at 110 °C for 4 h. SDS acted as both a reduc-
ing agent and surfactant. Using 0.1 mol/L and 0.05 mol/L 
of SDS NPs with the mean size of 4 nm and 15 nm were 
produced, respectively, demonstrating the importance of 
SDS in the size control of (GO)-Pd hybrids. Similarly, 
microstructure evaluation of PdNPs electrodeposited on 
the graphene and carbon supports illustrated that with the 
increase of the SDS concentration from 0 to 14 m mol·L-1, 
the average size of PdNPs was reduced from about 1000 
to 70 nm [144].

In another attempt to produce Pd@graphene nanocom-
posites, Tang et al. [145] impregnated the graphene support 
into Pd(bipyridine)(pyrene)2 for 10 min to connect the Pd 
precursor molecules with the graphene support through π–π 
bonds. After washing, the sample was annealed at 300 °C for 
40 min under  H2/Ar flow. The resulted nanocomposites were 
explored as a sensor for  H2. It showed that these sensors, 
which were adaptable with complementary metal–oxide-
semiconductor (CMOS) circuits, were not affected by certain 
redox gases such as formaldehyde and ammonia. Moussa 
et al. [146] developed Pd-based nanocomposites by inte-
grating PdNPs on RGO supports through one step laser 
irradiation of the mixture of GO aqueous solution and Pd 
nitrate. The synthesized nanocomposits showed excellent 
catalytic activity for CO oxidation. In another research, alu-
mina  (Al2O3)-supported PdNPs catalysts were synthesized 
via a microwave plasma torch method in which an aerosol 
including 0.5 wt% of  PdCl2 and 99.5 wt%  Al2O3 were added 
into an atmosphere pressure plasma created by the micro-
wave torch [147]. In addition, Chen et al. [148] synthesized 
 SiO2/Pd nanocomposites through ultrasound irradiation of 
mesoporous silica substrate,  PdCl2, and isopropanol at room 
temperature under Ar flow.

Sun et al. [149] developed a new type of catalyst by coat-
ing PdNPs on RGO-CNTs through a combined hydrothermal 
and redox approach. First, they used Hummer technique to 
make GO which contains many oxygen-containing func-
tional groups, allowing GO to distribute uniformly in an 
aqueous solution. The amphiphilic characteristic of GO 
sheets makes them good surfactant. Hence, CNTs can be 
distributed into individual ones by ultrasonication and can 
form π–π bonds on the GO surface. By conducting hydro-
thermal processing on the mixture of the GO and CNT aque-
ous dispersion, macroscopic RGO-CNT cylinder hydrogels 
were formed, including well defined and interconnected 
three-dimensional (3D) porous network, and the pore walls 
were made of thin layers of accumulated RGO sheets (see 
Fig. 10). Finally, the Pd-RGO-CNT composites were formed 
through a redox reaction between the RGO-CNT composites 
and a  K2PdCl4 aqueous solution in an ice bath, where the 
transport of the  Pd2+ ions and electrons as well as anchor-
ing of Pd precursors and the subsequent Pd nucleation took 
place throughout the 3D nanostructure of RGO-CNTs. The 
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resultant nanocomposites (1.12 wt% Pd) were tested as a 
catalyst for reducing 4-NP to 4-aminophenol (4-AP) by 
 NaBH4. It showed that the reaction could complete in just 
20 s at room temperature.

Dang-Bao et al. [150] employed polyol technique to syn-
thesize Pd-Cu bimetallic NPs by co-reducing palladium ace-
tate and [Cu(TMEDA)(μ-OH)]2Cl2 (TMEDA: tetramethyl-
ethylenediamine) in the presence of glycerol and PVP at 120 
°C. Changing the ratio of Pd:Cu ions varied the final micro-
structure. The Pd:Cu ionic ratio of 1:1, 1:2, and 2:1 resulted 
in Cu-coated PdNPs, disordered alloy, and monometallic 
samples, respectively. Similarly, Pd-Ru bimetallic NPs were 
synthesized by mixing  RuCl3 and  K2PdCl4 precursors, add-
ing the reductant solution containing PVP on a monomer 
basis in triethylene glycol (TEG), and heating the solution at 
200 °C in a microflow reactor [151]. Cong et al. [152] syn-
thesized Pt–Pd bimetallic NPs through a microwave-assisted 
polyol technique, in which the mixture of metallic ions and 
PVP were loaded in a single-mode 300 W microwave appa-
ratus, and then heated to 471 K in EG for about 2–3 min. The 
same process could be applied in a continuous-flow reactor 
system for large-scale production.

Wu et al. [153] combined galvanic replacement and co-
reduction reactions in a continuous series of coiled flow 
inverter (CFI) microreactors to produce hollow Ag-Pd bime-
tallic NPs. As shown in Fig. 11, by mixing sodium borohy-
dride, sodium citrate, and silver nitrate in reactor 1, silver 

seeds were formed. Then, they were transferred to reactor 
2 with the fresh mixture of  AgNO3 and trisodium citrate 
dihydrate  (Na3CA) to grow the Ag seeds. Finally, the result-
ing AgNPs were transferred to reactor 3 and mixed with 
Pd(NO3)2 solution and hydroquinone (HQ) that serves as a 
mild reducing agent.

Rak et al. [154] assessed the effect of the Pd precursor 
on the final shape and size distribution of PdNPs synthe-
sized via mechanochemical milling. A mixture of  PdCl2 and 
lignin powder which acts as the reductant and two stain-
less steel balls were added into a milling jar, and then the 
jar was placed onto the mixer mill which operated at a fre-
quency of 29.5 Hz for 90 min. After finishing the process, 
the precipitate was scraped, washed and, finally, dried under 
vacuum. The resultant nanostructure included irregular-
shaped PdNPs which were non-uniformly dispersed out-
side the lignin matrix. However, by replacing  PdCl2 with 
metal–organic precursors such as palladium (II) acetate and 
palladium (II) acetylacetonate, PdNPs transformed to more 
uniformly distributed spheres. Moreover, the PdNPs were 
distributed entirely within the matrix due to the excellent 
integration of precursor into the non-polar lignin structure.

Fig. 10  Simple schematic of various synthesis steps of the Pd-rGO-CNT composites. Reproduced with permission from Ref. [149] Copyright 
2013 Springer Nature
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4  Metal rhenium nanoparticles

ReNPs and its compounds possess unique physiochemical 
properties such as good mechanical properties, refractori-
ness, and chemical inertness against some gasses, making 
them promising materials for nanoelectrode [158], SERS 
[159], sensor [160], and catalytic activities including 
isomerization [161], hydrogenation [162], and reduction 
[163]. However, compared to other transition metals, there 
are few papers reporting the synthesis of ReNPs, likely due 
to their high surface energy which could result in the oxida-
tion of as-synthesized metallic ReNPs, [163]. Nonetheless, 
some techniques are developed which can effectively prevent 
the oxidation. These synthesis methods are summarized in 
Table 3.

4.1  Pure rhenium nanoparticles

Chemical reduction is the most common approach to pro-
duce ReNPs [181]. Mucalo et al. [164] performed hydra-
zine reduction of  K2ReCl6 in the presence of gum arabic 
or arabinogalactan to produce a colloidally stable suspen-
sion of ReNPs. However, the resulting hydrosols exhibited 
low stability in aqueous media, slowly dissolving in water 
and forming stable perrhenate ions. In another research, Yi 
et al. [165] used 3-octanol to reduce ammonium perrhenate 
 (NH4ReO4) at 180 °C under ambient atmosphere to synthe-
size ReNPs. The resultant ultra-small ReNPs were tested as 
acceptorless dehydrogenation (AD) catalysts. It was dem-
onstrated that these ReNPs could transform secondary and 
benzylic alcohols to ketones and aldehydes, respectively. In 
another research, 60Co γ-source irradiation was employed to 
reduce Re ions inside a reverse micelle solution [166]. Polar 
core of the micelles created an organized medium which 
facilitated the formation of ReNPs. Moreover, these micelles 
restricted the growth of ReNP, resulting in a reduction of the 

NP size. By employing a similar approach, Pd-Re bimetal-
lic NPs were synthesized as well. Vollmer et al. [162] used 
10 W microwave irradiation to reduce rhenium carbonyl 
 (Re2(CO)10) in 1-butyl-3-methylimidazolium tetrafluorobo-
rate (BMIM-BF4) under an Ar atmosphere without any extra 
reductant and stabilizer. This process greatly simplified and 
accelerated the production of ReNPs by chemical reduction 
[167].

ReNPs can also be synthesized in water-in-oil (W/O) 
microemulsions of the metal salt and a reducing agent. By 
mixing these two microemulsions, the reactants collide due 
to the Brownian motion, resulting in fusion and reaction 
between reactants leading to the formation of metal nuclei 
[182]. Bedia et al. [168] produced ReNPs through both 
chemical reduction and microemulsion techniques. In the 
former, PVP was added to an aqueous precursor solution 
of  K2ReCl6 or  NH4ReO4, and then the mixed solution’s 
temperature was adjusted between 10 and 80 °C. Finally, 
 NaBH4 was admixed as the reducing agent. The microscopic 
analysis of NPs showed that the increase of temperature 
resulted in fast reduction reaction, large mean size of NPs, 
and broad size distribution. Moreover, the slow addition 
of  NaBH4 could result in a narrow size distribution and a 
small average size. In another microemulsion synthesis pro-
cess, two W/O microemulsion systems (n-heptane/sodium 
bis(2-ethylhexyl) sulfosuccinate (AOT)) of  K2ReCl6 and 
 NaBH4 were mixed, and then placed into a rotary evapora-
tor at 65 °C under vacuum to produce ReNPs. It showed that 
the high AOT concentration produced large ReNPs. Gyger 
et al. [169] developed a reverse microemulsion technique 
for ReNPs synthesis. Ammonia in oil microemulsion (a/o 
microemulsion) was formed by mixing heptane as the polar 
phase, dimethyldioctylammonium bromide or iodide (DDAB 
or DDAI) as cationic surfactant, and hexyl or heptyl amine 
as the co-surfactant in an emulsion with the ammonia to 
surfactant ratio up to 22.

Fig. 11  Simple presentation of various synthesis steps of hollow Ag–Pd bimetallic NPs through galvanic replacement and coreduction in CFI 
reactors [153]
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ReNPs are also produced by thermolysis of various 
Re complexes. Ayvalı et al. [170] synthesized ReNPs by 
decomposition of the dirhenium (II)  tetraallyl complex 
 [Re2(C3H5)4]12 at 120 °C under  H2 in anisole as a solvent 
and either PVP or hexadecylamine (HDA) as the stabilizer. 
As the resultant ReNPs were partially oxidized under oxy-
gen, the microstructure included an amorphous oxide shell 
embracing the metallic core. In another research, Chong 
et al. [161] employed pulsed-laser decomposition to make 
Re-based catalysts through photodecomposition using either 
 NH4ReO4 or  Re2(CO)10 as the precursor and MPA as the 
capping agent. The same technique was used to synthesize 

graphite-coated ReNPs by replacing MPA with triphe-
nylphosphine  (PPh3).

Metallic nanowires (NWs) are essential components of 
various kinds of electrodes and are produced via different 
chemical plating or template-assisted electrochemical dep-
osition [183]. However, template-based techniques suffer 
from interface reaction and structural damage during tem-
plate detachment [184]. Hence, Hassel et al. [158] synthe-
sized Re nanowires (ReNWs) through directional solidifica-
tion and selective etching of a NiAl-1.5 at.%Re eutectic alloy 
using three oxidizing solutions: 3.2% HCl and 3%  H2O2 in 
distilled water, 5 mol·L−1 sulphuric acid, or aqua regia. The 

Table 3  Various ReNPs synthesis techniques

ReNWs rhenium nanowires, 4-NA 4-nitroaniline, MB methylene blue, HER hydrogen evolution reaction, ANCs aromatic nitro compounds, PTFE 
polytetrafluoroethylene, MPS 3-mercaptopropionic acid, DNA deoxyribonucleic acids, PAH polyallylamine hydrochloride, MWCNTs multiwalled 
carbon nanotubes, MC mesoporous carbon, a-C amorphous carbon, OMC ordered mesoporous carbon

NP type Synthesis method Function Size (nm) Shape References

ReNPs Chemical reduction – 200–300 Sphere [164]
Ultra-small ReNPs Alcohol-assisted reduction Acceptorless dehydrogena-

tion of alcohols
2 Sphere [165]

ReNPs Radiation chemical reduc-
tion

– 2.5–4.5 Sphere [166, 167]
Re-Pd bimetallic NPs 1.33
ReNPs Microwave irradiation-

assisted reduction
Hydrogenation nanocatalysts 

for cyclohexene
0.8–5.0 Sphere [162]

ReNPs Chemical reduction – 0.7–2.8 Sphere [168]
Microemulsion 0.8–1.4

ReNPs Microemulsion – 1–8 Sphere [169]
ReNPs Thermal decomposition Hydrogenation of difficult 

functional groups
1.0–1.2 Sphere [170]

MPA-coated ReNPs and 
graphite-coated ReNPs

Pulsed laser decomposition Catalyzing isomerization 
of 10-undecen-1-ol to 
internal alkenols

20–70 Sphere [161]

ReNWs Directional solidification 
and selective etching

Potential nanoelectrode for 
high-temperature measure-
ments

400–1000 (diameter) Fiber [158, 171–173]

Ultra-small ReNPs@PAH Chemical reduction Catalyst for 4-NA reduction 
and SERS for MB probes

0.7 ± 0.25
1.7 ± 0.30

Sphere [174]

Ultra-small ReNPs@DNA Chemical reduction Catalyst for 4-NA, 4-NP, 
and 2-NP reduction, and 
SERS for MB molecules

0.7 ± 0.1
1.1 ± 0.1

Sphere [163]

Ultra-small ReNPs@DNA Chemical reduction Catalyst for hexavalent chro-
mium ions reduction, and 
SERS for MB molecules

1.5 ± 0.7
6.5 ± 1.5

Sphere [175]

Re@PE nanocomposites Thermal decomposition – 15.0 ± 0.3 Sphere [41]
Re@PTFE nanocomposites Thermal decomposition – 5–30 Sphere [176]
Re@MWCNTs nanocom-

posites
Wet impregnation Catalysts or gas/liquid 

sensor
10–25 (diameter) Fiber [160, 177]

Re/MC Wet impregnation Hydrogenation of succinic 
acid to tetrahydrofuran

3.9–27.8 Sphere [178]

Re@Graphite nanocom-
posites

Solid-state thermolytic 
demixing

Synthesis of high
index facet SERS active NPs

3 Sphere [159]

Re-NPC/a-C clusters Solvothermal HER catalysts 200–500 Berry-shape [179]
Re/OMC Solvent-evaporation induced 

self-assembly
Catalyst for the reduction of 

ANCs
2–5 Sphere [180]
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final structure of the matrix and the embedded nanowires 
were determined by the choice of oxidizing solution. Etching 
with the HCl/H2O2 mixture favored the production of long 
fibers and relatively few short rectangular fibers. Digestion 
in sulphuric acid produced long Re fibers with consistent 
shape and length. Treating samples with aqua regia caused 
the dissolution of two phases due to its high oxidizing power. 
Thermodynamic analysis illustrated that both the spacing 
and diameter of ReNWs increased with reducing the growth 
rate and temperature gradient, respectively [171]. Moreover, 
it was found that interface undercooling was also affected by 
the temperature gradient, suggesting temperature as an addi-
tional parameter to control the fiber spacing and diameter. 
Mechanical testing of ReNWs demonstrated the yield stress 

reached to a value between 10 and 60 GPA, which was ~ 10% 
of its Young’s modulus and about 100 times higher than the 
one reported for its bulk form [172]. Increasing the diam-
eters of ReNWs reduced their corresponding yield stress 
[173].

4.2  Rhenium‑based nanocomposites

Kundu et al. [174] developed new Re-based catalysts on 
PAH scaffolds by reduction of  NH4ReO4 with  NaBH4. The 
catalytic rate of 1.52 × 10−1 min−1 was achieved for the 
reduction of 4-NA, which is the highest ever reported. In 
addition to exceptional catalytic activity, the resultant self-
assembled ultra-small ReNPs on the PAH chain formed 

Fig. 12  Simple presentation of self-assembled ultra-small rhenium nanoparticles (USReNPs) formation on PAH scaffold and the effect of PAH 
concentration on the USReNPs size and behavior. Reproduced with permission from Ref. [174] Copyright 2017 American Chemical Society
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abundant surface-active hot spots for SERS, and were used 
to detect MB. It showed that in the synthesis process, as the 
PAH concentration decreased from 1% to 0.5% the mean size 
of ReNPs increased (see Fig. 12). However, further lowering 
the PAH concentration to 0.1% or 0.01% would reduce the 
stability of NPs. Similarly, Anantharaj et al. [163] synthe-
sized ultra-small ReNPs on deoxyribonucleic acid (DNA) 
scaffolds by the reduction of  NH4ReO4 using borohydride as 
a reducing agent in the presence of DNA at room tempera-
ture. Like the previous report, varying the  NH4ReO4:DNA 
molar ratio induced changes in the NP size. The superior 
catalytic efficiency of the ultra-small ReNPs@DNA hybrids 
was further confirmed for the reductions of 4-NP, 2-nitro-
phenol (2-NP), and 4-NA with respective reaction rate 
constant values of 6 × 10–2 min−1, 33.83 × 10–2 min−1, and 
37.4 × 10–2 min−1. The SERS study on detecting MB using 
such hybrids also demonstrated a high enhancement fac-
tor of 2.07 × 107. The same research group later synthesized 
ultra-small ReNPs in an organosol, where the mixture of 
 NH4ReO4 and DNA was first transferred from the aqueous 
phase to the organic phase using tetraoctylammonium bro-
mide (TOAB) as a phase transfer catalyst under freezing 
conditions and then reduced by  NaBH4 [175].

Yurkov et al. [41] employed a thermal decomposition 
approach to synthesize Re-polyethylene (Re@PE) nano-
composites. First, a mixture of PE and oil was heated under 
Ar flow. Concurrently, a rhenium-based compound such 
as  NH4ReO4 in water,  Re2(CO)10 in dimethylformamide 
(DMF), or  Re4O6(OCH3)12 in absolute hexane was added 
to PE dropwise and the mixture decomposed at about 290 
°C. Since the decomposition temperature of  Re4O6(OCH3)12 
(~ 140 °C) was much lower than the synthesis tempera-
ture (~ 290 °C), it completely decomposed, resulting in a 
high content of metallic Re. This group later utilized this 
approach to synthesize Re-based nanocomposites with PTFE 
instead of PE [176]. It was shown that low processing tem-
perature resulted in both metallic and oxide phases of ReNPs 
with Re,  ReO2, and  Re2O7.

ReNPs can also be integrated on various supports via wet 
impregnation. Dobrzańska-Danikiewicz et al. [160, 177] 
made gas or liquid sensors based on MWCNTs decorated 
with ReNPs. The MWCNTs were fabricated by catalytic 

chemical vapor deposition of  C2H4 on a silicon substrate 
at 750 °C for 45 min. As the integration of ReNPs to the 
oxidized MWCNTs is stronger than that of pure MWCNTs, 
MWCNTs were functionalized by a treatment with concen-
trated  HNO3 in an ultrasound bath. Then, perrhenic acid 
 (HReO4) was added to the oxidized MWCNTs, and sub-
sequently, nanotube impregnation was conducted by ultra-
sound sonication for 1 h followed by heating at 800 °C in a 
protected atmosphere of  H2 and Ar (see Fig. 13). Hong et al. 
[178] developed Re catalysts supported on MC. First, MC 
was prepared by a surfactant-templating technique. MC was 
by treated with different  H2SO4 concentrations. Then, Re 
was applied to the MC support through a wetness impregna-
tion process using an acetone solution of  ReCl5. Finally, the 
supported catalysts were calcined at 500 °C under nitrogen 
flow and dried overnight at 80 °C. The treatment of MC 
with a low concentration of  H2SO4 resulted in little catalytic 
activity and using high concentration would destroy pore 
channels, so the optimal  H2SO4 concentration must be tuned 
to optimize both catalytic activity and ReNP loading.

Recently, a solid-state surfactant-free approach was 
developed by Valenzuela et al. [159]. A mixture of  K[ReO4] 
and cyclotriphosphazene [NP(O2C12H8)]3 was dissolved in 
dichloromethane, stirred for 24 h and dried. Then, it was 
heated to 300 °C first and then to 800 °C and kept for 2 h. 
The ReNPs were created through the demixing and nuclea-
tion of the metastable composite polymer. ReNPs crystal-
lized across the cyclic phosphazene matrix which was also 
transformed to a solid graphitic carbon support during the 
pyrolysis step. The dispersion of supported ReNPs demon-
strated high SERS signal for methyl violet 10B molecules.

In another research, Kim et al. [179] developed Re nano-
particle clusters (NPCs)-based catalysts for HER, where 
ReNPc was mixed with a-C which served as an electrically 
conductive material.  ReO2-NPC/a-Cs were synthesized in a 
two-step approach including the gelation of  Re2O7 with tet-
rahydrofuran (THF) and the solovothermal processing of the 
formed gel. Afterwards, the resultant clusters were annealed 
at 500 °C for 4 h under Ar flow, which produced Re-NPc/a-
Cs, as shown in Fig. 14. The berry-shaped Re-NPC/a-C 
clusters contained many catalytically active sites for HER, 
and the a-C phase provided the opportunity for a fast charge 

Fig. 13  Various synthesis steps of Re@MWCNT nanocomposites through the impregnation technique [177]
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Fig. 14  Scheme of various synthesis stages of  Re2O7-poly(THF),  ReO2-NPC/a-C, and Re-NPC/a-C berry shaped clusters. Reproduced with per-
mission from Ref. [179] Copyright 2019 American Chemical Society

Fig. 15  FE-TEM micrographs of a–c bare OMC, d–g Re/OMC nanostructure, h single ReNP, and i the corresponding selected area electron dif-
fraction (SAED) pattern of ReNPs. Reproduced with permission from Ref. [180] Copyright 2019 American Chemical Society
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transfer. In yet another research, ReNPs were integrated 
on OMC via a solvent-evaporation induced self-assembly 
(EISA) method (see in Fig. 15) [180]. First, OMC was pre-
pared by mixing of phloroglucinol-formaldehyde resol via 
EISA. Then, the resulting polymeric product was dissolved 
in a solution of  Re2(CO)10 and THF. The polymeric gel was 
then cured at 80 °C under microwave irradiation followed by 
additional curing at 100 °C. During microwave irradiation, 
 Re2(CO)10 was effectively converted to the  Re0 state and 
uniformly distributed on the 3D carbon support. The tem-
plate was removed by carbonization at 400 °C under  N2 flow 
followed by a natural cooling process to achieve the final Re/
OMC catalyst for the reduction of ANCs in aqueous media.

5  Conclusion

Today, nanotechnology plays a key role in varied scientific 
fields. Among them, MNPs have gained extensive interest 
due to their unique physiochemical properties originated 
from their nano-scale dimensions and structures which were 
governed by synthesis approaches. Here, we presented a 
detailed review of various chemical, physical, and biologi-
cal synthesis methods for CoNPs, PdNPs, and ReNPs as well 
as their nanostructures and applications. CoNPs are synthe-
sized using a wide range of methods, including chemical 
reduction, hydrogen reduction, hydrothermal, solvothermal, 
thermolysis, polyol, electrodeposition, liquid-phase plasma 
reduction, flame spray pyrolysis, ultrasonic spray pyroly-
sis, ion sputtering, ion implantation, arc discharge, pulsed 
laser ablation, and biogenic techniques. These CoNPs hare 
explored for very different applications, ranging from MRI 
contrast agents, antibacterial agents, chemical sensing, mag-
netic device, to catalysts for different chemical reactions. 
For PdNPs, synthesis techniques include chemical reduction, 
sonochemical, hydrothermal, electrodeposition, impregna-
tion, combined hydrothermal and redox, polyol, seed-medi-
ated growth, seed-etching, microwave irradiation-assisted 
reduction, pulsed laser ablation, microwave plasma torch, 
microwave-assisted polyol, mechanochemical milling, and 
biogenic approaches. PdNPs show promising potentials as 
SERS substrates, antibacterial agents, and catalyst for vari-
ous reduction, oxidation, isomerization, and hydrogenation 
reactions. ReNP synthesis approaches include chemical 
reduction, alcohol-assisted reduction, microwave irradiation-
assisted reduction, microemulsion, thermolysis, directional 
solidification and selective etching, impregnation, solid-state 
thermolytic demixing, solvothermal, solvent-evaporation 
induced self-assembly, and pulsed laser decomposition. 
Despite the limited research conducted with Re nanostruc-
tures, they already show immense promise in a wide range of 
catalytic applications such as for reduction, hydrogenation, 
HER, and isomerization reaction. At the same time, ReNPs 

also see the applications as SERS substrates and antibacte-
rial agents.

In spite of significant progress in the synthesis of CoNPs, 
PdNPs, and ReNPs, there are still some roadblocks. Decreas-
ing size distribution of pure metal nanoparticles, increas-
ing dispersion homogeneity of nanoparticles through 
metal-based nanocomposites, and preventing nanoparticles 
agglomeration are main challenges for developing robust 
products for various applications. In addition, synthesis 
strategies should also be evaluated for their cost and the 
impact to the environment.
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