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c. Abstract 

Platinum (Pt) is one of the most studied materials in catalysis today and considered for a wide range of 

applications: chemical synthesis, energy conversion, air treatment, water purification, sensing, medicine etc. 

As a limited and non-renewable resource, optimized used of Pt is key. Nanomaterial design offers multiple 

opportunities to make the most of Pt resources down to the atomic scale. In particular, colloidal syntheses of 

Pt nanoparticles are well documented and simple to implement, which accounts for the large interest in 

research and development. For further breakthroughs in the design of Pt nanomaterials, a deeper 

understanding of the intricate synthesis-structures-properties relations of Pt nanoparticles must be obtained. 

Understanding how Pt nanoparticles form from molecular precursors is both a challenging and rewarding 

area of investigation. It is directly relevant to develop improved Pt nanomaterials but is also a source of 

inspiration to design other precious metal nanostructures. Here, we review the current understanding of Pt 

nanoparticle formation. This review is aimed at readers with interest in Pt nanoparticles in general and their 

colloidal syntheses in particular. Readers with a strongest interest on the study of nanomaterial formation will 

find here the case study of Pt. The preferred model systems and characterization techniques used to perform 
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the study of Pt nanoparticle syntheses are discussed. In light of recent achievements, further direction and 

areas of research are proposed. 
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f. Introduction 

Materials engineered on the nanoscale offer great opportunities to address and solve worldwide 

challenges such as energy conversion and storage,1 water/air purification,2 and new medical 

diagnoses or treatments3, 4 to name only a few examples. A successful nanomaterial design relies on 

controlling its structure and properties, which strongly relates to controlling the synthesis and 

production routes.5-7 A deep understanding of the mechanisms and experimental parameters 

controlling the assembly of atoms into nano-objects is therefore key to propose rational and improved 

production methods leading to outperforming nanomaterials.  

While many nanomaterial synthesis methods have been reported and significant progress made, the 

development of new nanomaterials has been and is still strongly driven by trial and error 

experiments.7-13 This predominant approach can be severely limiting, for example in the case of 

precious metals: platinum (Pt), iridium (Ir), ruthenium (Ru), palladium (Pd), rhodium (Rh), osmium 

(Os), gold (Au) or silver (Ag). Precious metals are limited and non-renewable resources14 and are for 

example intensively used as nano-catalysts due to their extremely high activity compared to 

alternative materials. They are also on high demand in the jewelry sector which limits further their 

availability and put pressure on the market for other applications.15, 16 Understanding the formation 

and resulting properties of nanomaterials based on such metals could lead to a better use of the 

precious metal resources and/or provide inspiration to develop new materials and production 

strategies.  

An important example among precious metals is platinum (Pt).17, 18 As illustrated in Figure 1, multiple 

studies have explored the properties of Pt as catalysts e.g. for hydrogenations,19, 20 energy 

conversion,21, 22 automotive,14 water treatment,23 air treatment,24 medicine25 etc. In particular, 

colloidal syntheses of Pt nanoparticles (NPs) have become widely implemented due to their simplicity 

and promising features for scalability.9, 26-28 Typically, a molecular complex containing only 1 atom of 

Pt is dissolved in a solvent and used as precursor. In presence of suitable reagents, it is reduced upon 
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thermal treatment or exposure to UV light, or even at room temperature in the case of strong reducing 

agents like NaBH4, to form metallic NPs. In many cases, stabilizers such as surfactants are added.27, 29 

These additives are in most cases detrimental for the end use of the NPs. For instance in catalysis, 

additives typically need to be removed to ensure optimal use of the NP surface atoms.22, 30, 31 

Nevertheless, additives can bring desired features to the (nano)materials such as stabilization by 

steric and/or electrostatic repulsive interactions or by conferring bio-compatibility.  

Despite Pt being a widely used material, the formation mechanism of Pt NPs is still debated, in great 

part due to the rich chemistry of the possible Pt intermediates.13, 32, 33 Indeed, a variety of Pt species 

can form with different oxidation degree (0, I, II, III, IV).34-36 Understanding the formation of Pt NPs is 

directly relevant to develop Pt-based nanomaterials but also a direct source of inspiration to 

understand the formation of a range of nanostructures made of the ‘platinum group metal’ elements 

such as Pt, Ru, Rh, Pd, Os and Ir.37  

 

Figure 1. Illustrative examples of Pt nanoparticle applications. 

 

We here review studies of colloidal Pt NP formation, with a focus on the formation of Pt NP from 

molecular complexes comprising typically only one, or few, Pt atoms. The synthesis of NPs directly on 

a support, e.g. to develop heterogeneous catalysts, is not detailed since the nature of the support will 

strongly influence the formation mechanism and add extra degree of complexity.10, 38 Furthermore, 
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focusing on colloidal approaches allows separating the NP synthesis itself from supporting steps, 

thereby allowing disentangling support related effects and synthesis-structure related effects.39-43 

Although shape control is an important area of research, the present review focuses on atomic scale 

formation mechanisms without intensive to control growth of preferred crystallographic facets. 

Interested readers can refer to more extensive reviews on the topic of shape control for Pt and other 

nanomaterials.17, 41, 44-48 In Section 1, the diversity of model systems used to study the formation of Pt 

NPs is illustrated and discussed. In Section 2 a more specific emphasis is given to the characterization 

techniques used to gain insight into Pt NP formation. The development of in situ measurements in 

particular is described and the benefits and drawbacks of several techniques for studying the 

formation of Pt NPs is discussed. The diversity of the current literature in terms of model systems and 

techniques used render a detailed understanding of Pt NP formation a challenging yet exciting area of 

research. Section 3 addresses more specifically our current understanding of the formation of Pt NPs 

via (i) reduction (ii) nucleation and (iii) growth mechanism(s). As much as possible, each section is 

presented as standalone for readers with a specific interest on only one of these different topics. The 

remaining challenges to give a fully unified view of colloidal Pt NP syntheses are then discussed.  
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g. Text 

1. Pt nanoparticle synthesis: a variety of approaches 

A first challenge to give an overview of Pt NP formation mechanism(s) comes with the variety of 

experimental conditions reported to prepare Pt NPs.11, 19, 26, 27, 29, 46, 49, 50 Section 1 gives an overview of 

the different systems reported in different studies. Each sub-section focuses on one experimental 

parameter expected to have a significant influence. Table 1 gathers some of these studies and 

illustrates the variety of experimental parameters reported to date, for instance to obtain Pt 

nanomaterials with a size range from few atoms51 to several nanometers19, 29 in diameter.  
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Table 1. Comparison of different conditions and characterization techniques used to investigate the formation of Pt NPs. The insight gained regarding the 

formation mechanism(s) and main conclusions of the selected studies are briefly summarized. 

 

Colloidal Pt NPs 
Ref. Date Precursor Solvent Concentration Additives Method  Techniques* Main insights 

52 1985 H2PtCl6 Alcohols 6-800 mM O2, CuCl2 Light induced NMR PtCl6
2- → PtCl42- + [PtCl3(ROH)]- 

53 1986 
H2PtCl6, 

Na2PtCl6 

K2PtCl4 

Alcohols + H2O 15 mM - Light induced 
UV-vis 
NMR 

(1) PtCl6
2- → PtCl42- → Pt0 

(2) PtCl4
2- accumulates before Pt0 forms 

(3) Possible formation of PtIII species 
54 1989 H2PtCl4 Methanol + H2O 10 mM PVP Boiling TEM, XAS  Pt-Pt distances shorter in colloids vs. bulk  

55 1995 K2PtCl4 Methanol + H2O 0.2-5 mM 
(C3H5NO)n 
(NaPO3)n   
SC, PVP 

Radiolysis 
vs. H2 

vs. boiling 
UV-vis 

(1) Autocatalytic reduction of metal ions  
at the metal surface formed 

(2) Cluster combination/coalescence 

50 1995 H2PtCl6 Methanol + H2O 1-10 mM PVP 80-110 °C 
TEM 

UV-vis 
(1) Atom by atom growth 

(2) Pt0
sol coalescence 

56 1996 Pt(dba)2 Toluene vs. THF 5 mM 
CO 

PPh3 
RT 

IR, NMR 
WAXS 

HRTEM 

(1) Structural transition from fcc to isocahedral 
depending on solvent 

(2) Colloids can convert  
back to molecular clusters 

57 1996 K2PtCl4 H2O 0.1 mM Sodium polyacrylate RT, H2 TEM Shape controlled by metal:capping agent ratio 
58 1998 K2PtCl4 H2O 0.08 mM Sodium polyacrylate RT, H2 TEM Shape changes over time 

59 2000 K2PtCl4 H2O  10 mM 
H2 

NaOH 
SC 

RT 
UV-vis 
TEM 

Conductivity  

(1) Formation of  [Pt(HO)(H2O)2Cl]2- 
(2) NaOH slows down the reaction 

(3) Autocatalytic reduction 
26 2000 H2PtCl6 EG 20 mM NaOH 160 °C TEM, XRD Surfactant-free synthesis 

60 
61 
62 

2001 
2003 
2003 

K2PtCl4 H2O DFT 

(1) PtI-PtII dimers and trimers 
(2) Pt(H2O)2Cl2 reacts with  PtCl2

-/PtCl22-  

(3) Pt atoms from Pt(H2O)2Cl2 can be added to  
Pt12, Pt12Cl4, Pt13Cl6 

63 
64 

2002 
2003 

Pt(acac)2 Toluene 30 mM AlMe3 RT 
NMR, XAS 
SAXS, DFT 

Stabilized binuclear Pt complexes  
with a O-bridge as embryonic species 

65 2004 H2PtCl6 EG 10 mM PVP, NaNO3 160 °C TEM, UV-vis 
(1) Shape control using NaNO3 

(2) Effect of gas atmosphere 

66 2005 H2PtCl6 H2O 2.25-67.5 mM SC 70-90 °C EXAFS 

(1) Pt(O)4 species formed 

(2) No Pt-Pt bonds, no PtOx,  
no shared O between Pt 

(3) Key role of O groups from SC 
67 
68 

2005 
(1,5-COD) 

PtCl2 
cyclohexene 

acetone 
1.34 mM 

Bu3N 
PS 

RT 
40 psig H2 

TEM, XPS 
NMR 

4 steps, double autocatalytic mechanism 

69 2006 H2PtCl6 
Methanol 
(+H2O) 

0.1-100 mM SC 80 °C 
UV-vis 
TEM  

EXAFS 

(1) Still PtCl6
- present while Pt0 form 

(2) Slower reaction if SC is used  
or more reducing agent (methanol) 
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70 2006 H2PtCl6 Ethanol + H2O 0.66 mM 
PVP 
N2 

UV induced 
TEM  
TG 

PtIV →PtII → Pt0 
PtII builds up before any Pt0 form 

71 2006 H2PtCl6 Ethanol + H2O 0.66-10 mM 
PVP 
N2 

UV induced 
UV-vis  
TEM  

in situ XAS 

(1) PtCl6
2- → PtCl42- → Pt2+ → Pt0 

(2) Pt0-Pt0 form and growth 
(3) PVP leads to slower kinetics 

72 2007 Pt(acac)2 Toluene 5-50 mM 
H2 

OLA 
70 °C  
3 bar 

TEM 
Concentration dependent growth  
and shape evolution (nanocubes) 

73 2008 H2PtCl6 EG 60 mM Base 80 °C XAS Pt(OH)4
2-  forms upon heating up 

51 2008 H2PtCl6 H2O 0.26 mM 
PVA 

NaBH4 
RT 

UV-vis 
XAS 

(1) Formation of [PtCl2(H2O)4]2+ 

(2) Pt4, Pt6 clusters formed at low concentration 

74 2009 Pt(acac)2 Toluene  5-50 mM 
H2 

OLA 
70 °C 

200 kPa 
TEM  

in situ XRD  
Concentration dependent growth  

and shape evolution 

75 2009 Pt(acac)2 o-dichlorobenzene 51 mM OLA 
Beam-
induced 

in situ TEM 
(1) Overlap of nucleation and growth 

(2) Growth by monomer addition and coalescence 

76 2012 H2PtCl6 Ethanol + H2O 0.2-1 mM PVP Light induced 
UV-vis  

SEM, TG 

(1) PVP as reducing agent  
(2) From a 1 to 2 steps mechanism  

upon adding ethanol 

77 2012 
H2PtCl6 

K2PtCl4 
Ethanol + H2O 24.4 mM 

PVP 
(Benzoin, 

Benzophenone,  
Acetophonone) 

Photo-
reduction 

UV-vis 
TEM  

in situ XAS  

(1) PtIV →PtII → Pt0 
(2) PtCl6

2- inhibits NP formation 
(3) Kinetics of formation retrieved 

(4) Reduction-nucleation is followed by 
autocatalytic surface growth and Ostwald 

ripening-based growth. 

78 2012 K2PtCl4 H2O 2 mM PAMAM UV induced 

UV-vis 
Raman 
TEM 
XPS 

PAMAM polymer create a cage that account for 
stabilization of Ptᵟ+n  (n=2-8) linear complexes 

29 2012 K2PtCl4 
EG  

vs. CA + H2O 
10 mM PVP 60 °C 

in situ UV-vis 
TEM  

in situ XAS 
PtnClx complexes, Cl3Pt-PtCl3 suggested 

79 2012 H2PtCl6 EG 5.4 mM 
NaOH 
PVP 

90 °C in situ SAXS 
Growth studied with and without surfactant  

under different concentration of NaOH 

80 2012 H2PtCl6 H2O vs. EG 8 mM SC vs. PVP+NaNO3 
Boiling  

vs. 160 °C 
TEM  
SAXS 

(1) H2O+SC: growth by Ostwald ripening 
(2) EG+PVP: surface reaction contribution  

49 2013 H2PtCl6 
H2O 
THF 

10 mM 
PVP 

PAMAM 
UV induced 

Beam induced 

UV-vis 
Raman 

in situ TEM 
XPS 

(1) Non-metallic Ptn linear clusters (n = 2-8)  
→  Coalescence into mesocrystals 

→ Nanocrystal formation 
(2) Capping agent key to stabilize Ptn structures  

81 2014 K2PtCl6 EG 30 mM 
AA 
PVP 
SC 

50 °C 
TEM  

in situ XAS 

(1) Fast nucleation to Pt0 
(2) Ostwald ripening 

(3) Slow growth and stabilization 

27 2015 H2PtCl6 
Methanol 

H2O 
4 mM PVP Boiling 

UV-vis, MS 
XAS, DFT 

(1) Solvent dependent pathway 
(2) Catalytic effect of water 
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82 2015 H2PtCl6 
Ethanol 

(supercritical) 
500 mM - 

250 °C 
(250 bar) 

in situ PDF 
(1) PtCl6 → PtCl4 → NPs  

(2) 1st PDF study for colloids 

83 2019 H2PtCl6 Methanol 2.5 mM 
LiOH, NaOH KOH, 

CsOH 
65 °C TEM 

Influence of cations  
on the stability of surfactant-free NPs 

84 2020 H2PtCl6 Methanol 2.5 mM LiOH 25 °C TEM Fast room temperature using aged precursors 

85 
86 

2020 H2PtCl6 
Methanol 
Ethanol 

2.5-10 mM NaOH 
UV-induced 

Reflux 

TEM, Raman 
XAS, UV-vis 
in situ SAXS 

Slow nucleation, moderate growth in methanol  
vs. fast nucleation, agglomeration in ethanol 

Other studies on NP formation 

87 1976 

Na2PtCl6 
H2PtCl6

 

Na2PtCl4 

Pt(CO)2Cl2 

Methanol 
vs. THF 

73 mM 
Alkaline 

CO (1 atm) 
25 °C IR 

Formation of [Pt3(CO)6]n
2- 

n= 1-6,10 

Possibility to form complex Pt molecular 
structures88 used to develop supported NPs89 

42 
90 

2007 
2009 

H2PtCl6 (solid phase) - TiO2 supported  200-500 °C in situ PDF Use of PDF for new insights 

91 2010 HAuCl4 H20 7.4 mM 
PVP 
CA 

70 °C 
UV-vis, TEM 

XAS, DFT 
AunClx 

 species like -Cl3Au-AuCl3
-
 

92 2015 PtCl6
2-

 Methanol + H2O 0.5 mM - Light induced  UV-vis Kinetics of reduction of PtCl6
2- to PtCl4

2- 
93 
94 

2016 
2018 

K2PtCl4 

K2PtCl6 
Methanol + H2O 1 mM - Light induced NMR 

Formation of different Pt films from different 
precursors, [PtCl3(CH3OH)]- as intermediate 

95 2017 
H2PtCl6 

K2PtCl6 

K2PtCl4 

EG 0.3-1.2 mM - < 120 °C IC 
Different steps studied by 

 conductivity measurements 

96 2019 K2PtCl4 (solid phase) - Carbon supported  
Electron 

beam 
in situ TEM 

Breaking ionic bond K+ PtCl4
2- 

→  PtCl2 formation 
→  Pt-Pt formation 

97 2020 
Plasma 

sputtering 
(solid phase) - 

Carbon or SiN 
supported 

Electron 
beam  

Flash heating 

in situ STEM 
DFT 

Correlation between images  
and calculated Ptn clusters 

 

* non exhaustive list; AA: ascorbic acid; acac: acetylacetonate; CA: citric acid; dba: dibenzylideneacetone; EG: ethylene glycol; H2PtCl6: no distinction between H2PtCl6 and 

H2PtCl6
.nH2O is made here; IC: ionic conductivity; OLA: oleylamine; PAMAM: poly(amidoamine); PPh3: triphenylphospine; PS: proton sponge [1,8-

bis(dimethylamino)naphthalene; PVA: poly(vinyl alcohol); PVP: poly (vinyl pyrrolidone); RT: room temperature; SC: sodium citrate; TG: transient grating; THF: 

tetrahydrofuran; (C3H5NO)n: polyacrylamide; (NaPO3)n: sodium polyphosphate;1,5-COD: dichloro-1,5-cyclooctadiene  
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1.1. Molecular precursors 

Due to its rich chemistry, Pt is found in a wide variety of molecular complexes, all potential Pt NP 

precursors for colloidal syntheses, see examples in Table 1. A full review of all possible Pt complexes 

will be impossible. The most commonly used precursors for Pt NP synthesis are commercially 

available, relevant for large scale production and relatively affordable complexes like H2PtCl627, 49 

K2PtCl681 or K2PtCl4.29 Alternatives are for examples (NH4)2PtCl6,98 other halide complexes or 

Pt(acetylacetonate)2,72, 74 dichloro-1,5-cyclooctadieneplatinum(II),67, 68 or precursors that may require 

in house synthesis and characterization such as Pt(dibenzylidene-acetone)2 or Pt2(dibenzylidene-

acetone)356, 99-101 as well as Pt-carbonyl species like [Pt3(CO)6]n2- reported for instance for the 

preparation of supported catalayts.87, 89, 102 Such precursors are typically used in specific studies 

performed by one or few groups only. It must be kept in mind that most of these precursors undergo 

modifications and ageing.84 Extra care in their storage is recommended: vacuum, fridge, glove boxes 

are options to store the precursors and ensure reproducibility of the syntheses over time. In addition, 

different levels of impurities in similar precursors, e.g. due to variations from batch to batch, are well 

known to experimentalists and add challenges in the reproducibility of syntheses.103 It can finally be 

pointed out that some of these Pt salts come under hydrated forms such as H2PtCl6nH2O. The effect of 

the amount of water in the precursor is typically not addressed due to the hydroscopy of the salt and 

because solvent themselves will have traces of water.104  

It has been documented that varying the concentration of precursor can affect the growth mechanism 

of Pt NPs and can result in different NP morphologies.85, 105 For instance, with 5 mM 

Pt(acetylacetonate)2 in toluene and oleylamine, faceted twinned single crystal NPs could be obtained 

whereas at higher concentration of 50 mM, octapod like and porous structures were obtained.72, 74 To 

comply with the different detection limits of different characterization techniques (detailed in Section 

2), a wide range of precursor concentration is reported: from 0.1 mM (typically for UV-vis 

measurements69) to 500 mM (for e.g. X-ray total scattering measurements82). Some reports state that 

at low concentration, e.g. 0.26 mM,51 the resulting products are few atoms clusters that can be 
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characterized with X-ray absorption spectroscopy (XAS). This is a significantly different product from 

the NPs around 2 nm obtained in a concentration range ca. 1-10 mM characterized by transmission 

electron microscopy (TEM) and small angle X-ray scattering (SAXS).21, 106 The possible effect of 

concentration on the reaction pathway is therefore challenging to clarify with one single technique. 

The question whether or not different precursors used at a same concentration influence the 

formation of NP is certainly also important.55, 84, 107 In complexes like H2PtCl6 and K2PtCl6, Pt is present 

in an oxidation degree IV whereas in K2PtCl4 Pt in the oxidation degree II. The acetylacetonate anion 

(CH3COCHCOCH3-) is arguable a more complex structures than Cl ligands. The nature of the ligand will 

change the stability as well as the redox oxidation potential of the complex.108 It has been reported 

than larger size distribution were observed using H2PtCl6 instead of K2PtCl4 for the synthesis of NPs 

in ethylene glycol and sodium acetate.109 Slightly smaller NPs were obtained in the surfactant-free 

synthesis polyol synthesis using H2PtCl6 instead of PtCl4.107 

There is generally little understanding of the effect of precursor on NPs formation compared to the 

influence of other parameters. However, it can be expected that at least partially different 

mechanism(s) are at stake with different Pt precursors used at different concentrations. 

 

1.2. Solvents 

An important parameter in the colloidal synthesis of NPs is certainly the solvent. A variety of solvents 

have been used and examples are summarized in Table 1. The solvent has a very broad range of 

possible roles. Firstly, it is a medium to dissolve the precursors and favor heat transfer to the reactive 

species during synthesis. In that respect, high boiling point solvents like polyols are often preferred.110 

Solvents like toluene74 or dichlorobenzene75 are also reported. Secondly, the solvent can interact and 

coordinate with the Pt complex acting then as a ligand.52 Examples in the literature cover ligand 

exchange with solvent such as acetonitrile,111 ammonia,112 chloroform,113 water114-116 or methanol.27 

Thirdly, the solvent can serve as reducing agent. Mono-105 and poly-alcohols117 in particular have been 

intensively studied for the (photo)reduction of Pt precursors. These solvents can easily get oxidized 
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and provide the electrons required for the reduction of the precursor in the oxidation IV or II to the 

oxidation state 0 for metallic Pt NPs.114, 118, 119  

The solvent also play a key role in the stabilization of the formed NPs. For instance solvents like 

ethylene glycol are expected to stabilize the colloids due to high viscosity.26 An extra degree of 

complexity is reached with solvent mixtures.94 In the polyol synthesis, adding water is an option to 

achieve size control of the NP: As the water content increase the size increases.26 A similar effect of 

water is reported when methanol or ethanol are used.85, 105 It is interestingly reported that water-free 

solvents are not suitable for Pt reduction in polyols.104 This suggests a key role of water in the 

formation of Pt NPs, further highlighted by other authors. Chen et al. found that in presence of 10 vol.% 

water in methanol, the actual molecular species involved and the resulting kinetics in the reduction 

could be significantly changed.27 By forming [PtCl5(CH3O)(H2O)]2− and [PtCl3(CH3O)(H2O)]2− 

intermediates species in presence of water instead of [PtCl5(CH3O)]2− and [PtCl3(CH3O)]2− without 

water, illustrated in Figure 2, a faster synthesis in presence of water was achieved due to an 

autocatalytic effect. In water/ethanol solvent mixtures in presence of PVP and for the photo-induced 

synthesis of Pt NPs from H2PtCl6, a change in the reaction mechanism from a one-step mechanism in 

water to a two-steps mechanism with addition of ethanol and different kinetics was also reported 

while adding ethanol leads to larger NPs. 76 
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Figure 2. Schematic representation of the reaction pathway in methanol and methanol-water mixture for the 

conversion of PtCl62- to NPs. PVP was used during the synthesis. Reprinted with permission from Chen et al. 

Nano Lett. 2015, 15, 5961.27 Copyright (2020) American Chemical Society. 

Borodko et al. found that the hydrophilicity/ hydrophobicity of the solvent could lead to different 

nucleation pathways for the photo-induced synthesis of Pt NPs from H2PtCl6.49 In aqueous solution, 

they observed using HRTEM and Raman spectroscopy the formation of a PtnClx complex vs. crystalline 

NPs by changing the concentration of tetrahydrofuran (THF). They attributed this observation to the 

role of PVP creating a chelating stabilizing cage around the Pt complex and acting as a nano-reactor 

preventing the diffusion of Pt ions.120, 121 The diffusion permeability of this nano-reactor was affected 

by the nature of the solvent. In an aqueous solution, non-crystalline aggregates made of structures less 

than 1.5−2 nm in diameter where obtained whereas in THF Pt nanocrystals up to 10 nm in diameter 

could be obtained.  

In surfactant-free synthesis of Pt NPs in alkaline mono-alcohols, changing the solvent from methanol 

to ethanol changes the growth mechanism.85 A moderate growth without agglomeration is achieved 

in methanol due to the formation by oxidation of the solvent of CO groups that adsorb on the NP 

surface and protect the NPs. In ethanol, a continuous growth and agglomeration is observed due to a 

lack of CO stabilization. 

These examples stress the important role of solvents on the need for their careful selection for Pt NP 

synthesis. An increasing interest is given to the decomposition products of these solvents,122, 123 e.g. 

during oxidation possibly catalyzed by the presence of Pt species.105, 124, 125 The role of decomposition 

products in the stabilization but also their possible influence of the nucleation remains challenging to 

elucidate and probably deserve more attention.126 

 

1.3. Reducing agents 

Most syntheses start with a Pt source with Pt in oxidation state IV or II, see Table 1. Pt NPs are in 

oxidation degree 0, therefore a reduction needs to take place. The reducing agent selected strongly 

influence the formation of NPs. Different reducing agents are typically not interchangeable because 
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they will likely lead to different end products. The interested reader can refer to a recent review by 

Rodrigues et al. on guidelines to select a suitable reducing agent.126 In simple terms, the choice of 

reducing agents will affect the kinetics of reduction, the latter will likely affect the nucleation. The 

interplay between reduction and nucleation are detailed in Section 3. Typical reducing agents for the 

formation of Pt NPs are H2,59 NaBH4,51, 127 ethylene glycol79 methanol27 or ethanol.82 CO was also proved 

to be a suitable reducing agent for the synthesis of shape controlled NPs from Pt(acac)2.128 It must be 

stressed that ethylene glycol, methanol and ethanol are also playing the role of solvent and ethylene 

glycol plays a role as stabilizing agent likely due to the high viscosity of the solvent. It should also be 

kept in mind that the properties of a solvent as reducing agent will be altered under different 

conditions of temperature or pressure for example.129  

To illustrate further the influence of the solvent-reducing agent, a study by Yao et al. is a good 

example.29 In this study, different nanomaterials were obtained from K2PtCl4 in presence of PVP in 

different solvents: nanowires in ethylene glycol (EG) and NPs in citric acid (CA) and water. The 

difference was ascribed to the properties of the two solvents. Kinetically favored nanowires were 

obtained using less reductive conditions with EG whereas NPs were thermodynamically favored 

under more strongly reducing conditions with CA. In most synthesis like the one used by Yao et al., 

stabilizing agents like surfactants or polymers detailed in the Section 1.4 are added. The role of these 

capping agents as potential reducing agent is debated66 and cannot be excluded but is certainly 

complex. For example, PVP was reported to favor the reduction of Pt complexes in aqueous solutions76 

and plays the role of reducing agent through the hydroxyl end group in the synthesis of various metal 

NPs including Pt.130 In contrast, sodium citrate was proposed to not contribute strongly to the 

reduction of Pt precursor but contribute more significantly to the stabilization of the precursor.69 

The choice of reducing agent remains mainly based on trial and error but experimentalists should 

keep in mind that its nature will certainly affect the end product(s) of the NP synthesis. 
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1.4. Stabilizing agents 

Stabilizing agents like surfactants are often considered key components in the colloidal synthesis of 

NPs,131-133 see for instance Table 1. It is often stated that without additives, stable colloidal NPs cannot 

be obtained.71, 93 These additives provide stability of the NPs formed and usually allow controlling NPs 

size and shape.17, 44 However, their removal raises several challenges for fields of application where 

clean surfaces are needed such as in catalysis.22, 30 Widely reported additives are PVP132 and sodium 

citrate.59, 80 Other popular additives are poly(vinyl alcohol)51 or oleylamine.75 The role of halide species 

was stressed as stabilizing and size controlling agents.17 More recently the influence of alkali cations 

was reported.83 It was observed in alkaline methanol that individual and stable colloidal NPs are 

obtained in solution containing Li+ or Na+ ions whereas agglomerated NPs where obtained in presence 

of K+ and Cs+. The decreasing other of stability Li+ >Na+ >K+ ≈ Cs+ was attributed to a weaker interaction 

with the Pt surface. The species qualifying as stabilizing agents are therefore diverse which renders a 

simple and unified description of the properties of stabilizing agents challenging.  

Moreover, the actual role of stabilizing agents during a synthesis is poorly understood. Most reports 

focus on the role of the surfactant on the stabilization of the formed NPs e.g. by steric or electrostatic 

effects.134, 135 Some research focused on the effect of additives on the kinetics of Pt NP formation and 

growth.136 Some additives are known to also play the role of shape directing agents by favoring the 

growth of specific facets.17, 57, 137 However, in comparison to their use as stabilizers, little is actually 

known on the role and influence of surfactants during the formation process of NPs.81 This is at first 

surprising considering that these additives are almost always used and present from the initial stages 

of the reaction and could influence the formation mechanism, e.g. by promoting different Pt complex 

coordination.138 The lack of knowledge on the role of surfactants in the formation of colloidal NP can 

be explained by the fact that in most synthesis without surfactant, Pt get reduced to form large 

nanomaterials or films.71 This means that there is often no suitable reference system allowing to 

investigate the role of the surfactant.  

In that respect, surfactant-free colloidal syntheses are worth highlighting.19, 26, 51, 56, 139, 140 In these 

systems NP stabilization result from electrostatic interaction,139 CO groups adsorbed on the Pt 



17 
 

surface85, 125 and/or solvent stabilization.56 In particular, the widely used polyol synthesis110, 141 can 

easily be performed without surfactant for Pt NPs.26, 140 SAXS studies were performed on such system 

but little influence of the surfactant was observed on the growth mechanism.79 The recently reported 

Co4CatTM method for surfactant-free synthesis of stable colloids NPs in alkaline mono-alcohols may 

also be an ideal tool to address further the role of surfactant since stable colloids are obtained at 

relatively low temperature without surfactants.19, 83, 85, 105 

The role of surfactants and additives before NPs are formed, i.e. during the growth and nucleation of 

the NPs (covered in more details in Section 3), has nevertheless been addressed in few studies. Lin 

and co-workers suggested that citrate is playing a key role in stabilizing Pt(O)4 species before NPs 

form.69 The addition of trialkylaluminum (AlMe3) to Pt(acetylacetonate)2 in toluene leads to the 

formation of binuclear Pt complexes without a direct Pt-Pt bond. The O-bridged Pt atoms were 

suggested to be the embryonic state for further Pt formation63, 64  and AlMe3 also stabilizes the formed 

NPs. While studying the formation of linear PtnClx complexes in water/THF mixtures, Borodko et al. 

attributed the formation of these species to a strong interaction with the surfactant, acting as a nano-

reactor.49, 78 The key role of the PVP49 or poly amidoamine (PAMAM)78 to stabilize Ptn species was 

largely stressed. Using extended X-ray absorption spectroscopy (EXAFS), Harada et al. reported the 

faster formation of Pt-Pt bonds without PVP compared to a case with PVP in the photo-induced 

synthesis of Pt NPs in aqueous solutions from H2PtCl6.71 This stressed the influence of PVP in the early 

stage of formation of Pt NPs. However in the absence of PVP, no stable colloids formed in their system 

induced by UV light in aqueous media.  

Further detailed in situ studies following the influence of additives during a synthesis, e.g. by 

comparison with a similar surfactant-free synthesis, will be beneficial to advance our understanding 

on the role of surfactants.138 An extra degree of complexity equally rarely addressed is to consider the 

possible degradation of the surfactants during the synthesis49, 78, 142 and the possible influence of this 

degradation in Pt NP synthesis. 
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1.5. pH and bases 

It must be kept in mind that most of the complexes used as precursor and the additives mentioned in 

section 1.4 and summarized in Table 1, will show some pH dependent behavior and so will exhibit 

different coordination or charges under different conditions.59. For instance some additives like 

polyacrylate are reported to play the role of buffers.57, 58 In most cases, the pH will change during 

synthesis, adding complexity to rationalize the role of different chemicals. It must be stressed that the 

notion of pH is not well defined in non-aqueous solvents, however, one can still refer to concentration 

of base/acid even in organic solvents. In the polyol synthesis the formation of Pt NPs is often reported 

to proceed only under alkaline conditions (high pH).26 It was recently shown that a better descriptor 

is probably the NaOH/Pt molar ratio.21 The effect of the concentration of NaOH was studied by SAXS79 

and larger NP are form at lower hydroxide concentration. The ability to form NPs in alkaline 

conditions was related to the formation of Pt-hydroxide species and colloids.59, 66, 73, 140, 143 Controlling 

the pH or the hydroxide/Pt molar ratio is therefore an important parameter to control in ethylene 

glycol syntheses. The concentration of base if however not a universal parameter to achieve size 

control in all syntheses. It was shown for instance that in alkaline methanol19, 105 the amount of base 

used did not lead to suitable size control.   

The nature of the base like LiOH, NaOH, KOH, CsOH influences the reaction in methanol.83 For instance 

in alkaline conditions, K-containing solution of H2PtCl6, or Na-containing solution of K2PtCl6 will show 

a strong turbidity before NPs are formed illustrated in Figure 3. In contrast in the absence of 

potassium, a transparent solution will be obtained. This last example illustrates the important of 

considering the interplay between precursor, solvent and additive such as the nature of the base used. 
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Figure 3. Pictures of alkaline solution of methanol with H2PtCl6 before and after treatment with a 

microwave-reactor (MW). Reprinted with permission from the supplementary information of 

Quinson et al. ACS Sustainable Chemistry and Engineering 2019, 7, 13680.83 Copyright (2020) 

American Chemical Society. 

 

1.6. Shape controlling agents 

Controlling NP shape is a general challenge: the solvent used and the general conditions of the 

synthesis greatly influence the growth mechanism. The control over NP shape mostly remains the 

result of trials and errors.17, 46, 144 Yao et al. showed using K2PtCl4, and in situ UV and XAS together with 

TEM that depending on the reducing strength of the solvent (EG or CA in water) different 

intermediates were promoted, see Figure 4. Different morphologies of the nanomaterial were 

obtained: nanowires if linear complexes such as Cl3Pt-PtCl3 (e.g. in EG) could be formed vs. spherical 

NPs if Pt0 clusters were preferentially formed as intermediates (e.g. in CA).29 A UV-vis absorption 

around 245-255 nm was tentatively attributed to interaction with intermediates species and the 

surfactant PVP or PtnClx complex themselves. The XAS data reported show that the Pt-Pt bonds 

distances in the initial stages of the reaction were larger in EG and lower in CA compared to the 

expected 2.77 Å Pt-Pt distance. This was attributed to the formation of PtnClx complexes in the case of 

EG and unprotected Ptn0 in the case of CA. 
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This is probably to date the clearest example of shape control using the same precursor but different 

reaction conditions. The actual role of the PVP present in both systems is challenging to unravel. For 

similar conditions of those used to obtain wires, but without PVP, it is commonly reported that  

significant agglomeration of Pt NPs or even Pt films would be obtained rather than colloidal NPs, at 

least when H2PtCl6 is the precursor.26 The role of PVP in the stabilization of the suggested Cl3Pt-PtCl3 

complex is then challenging to de-convolute from other factors, yet it seems to be key. Another 

example of shape controlling agent is sodium nitrate.65 In ethylene glycol in presence of PVP, an 

increase in the NaNO3 / H2PtCl6 molar ratio leads to a morphology change from irregular spheroids Pt 

NPs to tetrahedra and octahedra with well-defined facets. This change is attributed to the formation 

of nitrite forming complexes with Pt in presence of NaNO3 slowing down the formation kinetics. 

 

 

 

a)

b)

c)

d) e)
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Figure 4. (c) Schematic representation of the effect of solvent on the Pt nanomaterial formation in 

different solvents in presence of PVP. (d,e) TEM micrographs of Pt nanostructures obtained using (d) 

ethylene glycol and (e) citric acid in water as solvent and reducing agents. Adapted and reprinted with 

permission from Yao et al. JACS 2012, 134, 9410.29 Copyright (2020) American Chemical Society.  

 

1.7. Temperature and pressure 

A direct consequence of the variety of syntheses reported and illustrated in Table 1, is a variety of 

methods to initiate the synthesis. Photo-reduction of Pt complex in methanol or ethanol has been 

especially well suited to study different reaction kinetics.53 An electron beam can also induce the 

formation of Pt NPs.75 Polyol or mono-alcohol syntheses of Pt NPs using visible day light,145 UV-light,86, 

117 as well as thermally79 or microwave induced21 syntheses have been reported. More typically the 

synthesis is performed at relatively high temperature > 100 °C such as in a polyol synthesis.21 However 

it is generally observed that the lower the temperature, the slower the reaction but the safer the 

operation (as compared to high temperature and high pressure approaches). Lower temperatures can 

be used to allow for suitable time resolution and most in situ studies79 are performed below 100 °C, 

see Table 1. Room temperature synthesis are also reported.56, 84  

Temperature/pressure can strongly influence the resulting structure, size and shape of the NPs.146, 147 

They are therefore important parameters to keep in mind. High temperature/pressure can lead to the 

fast formation of the NPs. Recent studies use supercritical systems.82 These systems offer the benefits 

to require only a solvent, e.g. ethanol, without the need for further additives or reducing agents. An 

extra advantage is the compatibility with flow systems suitable for large scale production. However 

supercritical systems require high pressure and temperature.82 In situ studies are possible as 

demonstrated for pair distribution function (PDF) measurements82 but are relatively more 

challenging to perform than a more standard colloidal syntheses performed at ambient pressure and 

moderate temperature. 

1.8. Other consideration: time, volume, set-up, etc. 

The time required to observe the formation of NPs will strongly depend on the temperature of 

synthesis as well as other factors such as solvent, presence and nature of additives, nature of the 
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starting precursor, etc.27, 65, 79, 84, 85, 105  The time of synthesis typically varies from few seconds to few 

hours.67, 82, 84 Due to the photocatalytic reaction of Pt species in some solvents like methanol and 

ethanol,105 the time lapse between preparation and use may change the nature of the initial system. 

This ageing of the precursor should not be neglected.84, 105, 145 Chen et al. showed than in alkaline 

ethylene glycol the Pt(IV) in H2PtCl6 is reduced to Pt(II) species even at room temperature.140 In 

general, Pt molecular precursors are under solid form. Studying the very first steps of solubilization 

of the complexes in different solvents, e.g. ligand exchange, would require fast injection system and 

high temporal resolution technique and is an area that has received to date little attention.  

Supercritical conditions require proper pressure systems and add extra considerations for safety in 

the design of the experimental set-up.148 The same consideration on safety for high pressure systems 

prevails for a range of synthesis like those performed in toluene.74 Room temperature syntheses could 

alleviate this issue,84 but remain rare cases and typically require H2 atmosphere or CO which also raise 

safety concerns.56, 59 It must also be kept in mind that control of the reaction atmosphere may play a 

role and influence the properties of the resulting nanostructures obtained.65, 85, 144 

Finally, performing synthesis in bath, flow mode or microreactor will also influence the properties of 

the NPs, such as size distribution127, 149, 150 or crystallinity.151 In a similar way, attention must be paid 

for syntheses performed in a setup for in situ studies, and in particular in the frame of synchrotrons 

based experiments detailed in Section 2, where experimental conditions may differ strongly in terms 

of precursor concentrations, size/volume of solution needed, methods used to initiate the reaction 

and control over temperature, time needed to heat up or cool down etc. Overall this can render 

comparison of different set of data challenging. This called for the successful development of simple 

set-up easily transportable and movable from one beamline to another.148 The design of portable 

devices allows best adapting and reproducing the syntheses developed in a laboratory to different 

characterization techniques and beamlines.
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2. Characterization techniques 

Section 2 stresses the opportunities and limitations related to various characterization techniques which are 

certainly at the forefront for breakthroughs in the field of nanoscience.152 Finke and co-workers maybe best 

summarized this view in recent work:153 ‘’Experimental methods to reliably monitor nanoparticle formation 

reactions, especially multiple methods that allow rare determinations of the nucleation mechanism(s) and 

allow better deconvolution of (correlated) nucleation and growth rate constants, continue to be a limiting 

factor in nanoparticle science across nature.’’  

A general overview of techniques and strategies suitable to characterize NP can be found in 

Mourdikoudis et al.154 and Modena et al.155 The use of X-rays has proven extremely useful to 

investigate the formation of nanomaterials and several reviews cover this topic in length.156-158 The 

need for real time measurements has been stressed and rendered feasible by the increasingly high 

time resolution possible for many synchrotron studies.158 Such studies open a new range of 

opportunities to understand NP formation. It is ultimately a combination of different techniques that 

give a better understanding of NP formation. The reader will find in this Section 2 an overview of 

typical techniques reported to investigate Pt NP formation. The main pros and cons for each technique 

are summarized in Table 2. The use of the techniques to understand (i) reduction, (ii) nucleation and 

(iii) growth of Pt NP is further detailed in Section 3. 
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Table 2. Techniques used to characterize Pt colloids formation mechanisms: benefits and limitations for 

studying (i) the molecular precursors and their reduction, (ii) nucleation and (iii) growth. 

Techniques e.g. Focus on Benefits Drawbacks 

NMR 63, 159 (i) Molecular structure 
 requires stable complexes  
 in situ or in line challenging 

MS 27 (i) Molecular structure 

 Pt complexes may react and fragment 
differently depending on ionization 
parameters 

 in situ or in line challenging 

UV-vis 29 
(i) Molecular structure 
(ii) Nucleation 
(iii) Growth 

 strong PtIV-Cl signal    
 low concentrations  

 attribution of absorptions can be 
challenging 

Raman 49 (i) Molecular structure 
 may need high concentrations 
 laser (high) intensity can induce 

reactions 

TG 70 
(i) Molecular structure 
(ii) Nucleation 
(iii) Early growth 

 low concentrations  Not a routine approach 

IC 95 (i) Molecular (charged) species 
 Conductivity is measured so the 

method has little specificity to the 
species probed 

TEM 49, 75 
(ii) Nucleation 

(iii) Growth 

 in situ challenging  
(e.g. electron beam induced reactions) 

 typically suited for structure > 0.5 nm 
 only few NPs at a time 

XAS 29, 71 

(i) Molecular structure 
(i) Reduction 

(ii) Nucleation 
(iii) Growth 

 oxidation degree 
 coordination:  

nature + number 

 requires access to synchrotrons 
 access to coordination numbers but 

little information on the structure of 
the species 

SAXS 79, 160 (iii) Growth 
 only for relatively large structures  

e.g. > 0.5-1 nm 

XRD 74 (iii) Growth 
 sensitive to larger structures  

e.g. > 2-3 nm 

PDF 82 

(i) Molecular structure 
 (i) Reduction 

 (ii) Nucleation 
(iii) Growth 

 typically require access to 
synchrotrons 

 high concentrations needed 
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2.1. Nuclear magnetic resonance (NMR) 

Pt complexes have been studied using NMR (195Pt NMR).53, 63, 93, 94, 115, 159, 161, 162 NMR studies were 

reported to investigate for example, the coordination shell of PtCl62- species in various solvents 

like mixtures of water and methanol, ethylene glycol, 2-methoxyethanol or 1,2-

dimethoxyethane.94 The results give insights into the miscibility of PtCl62- in these solvents. NMR 

was also used to identify possible intermediates species in the photo-induced formation of Pt 

films in water-methanol mixtures from different PtIV or PtII precursors. The results provide 

evidence of the formation of [PtCl3(CH3OH)]- species during the synthesis.93 NMR studies on the 

photo-chemically induced reduction of PtIV complexes in aqueous solution led to suggest PtIII 

complexes as possible intermediates.53 NMR has also been used to characterize the surface 

functionalization of NPs.56, 163, 164 However, NMR is very much limited to the study of reduction 

and nucleation steps, provided the related species are stable enough which is often not the 

case.63, 64 Despite the range of opportunities it offers,159 e.g. to perform in line measurements, 

NMR cannot be considered as standard for the study of Pt NP formation.  

2.2. Mass spectrometry (MS) 

Mass spectrometry is widely used in analytical chemistry to characterize molecules and is 

actually also suited for NP characterization.165 Commonly used to study Pt complexes,166 MS has 

only been seldom reported to elucidate the reaction mechanism in Pt NP synthesis.27 Even if in 

line MS could be implemented, the life time of the intermediates in the synthesis may be too short 

for proper characterization.84 A major drawback of the technique is that fragmentations of the 

complex before detection depends on the conditions under which the sample is ionized.84 It is 

therefore challenging to rule out any reaction of the sample during this step, and these 

challenges likely account for the limited use of MS to elucidate Pt NP formation. It can be noted 

that MS based techniques were used the estimate the size of NPs especially when protected by 

PVP.167 
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2.3. Raman spectroscopy 

Raman spectroscopy has been used to characterize various Pt complexes especially in the solid 

phase.168 It has been suggested as a suitable technique to probe Pt-Pt dimers49 and oligomers169 

that could play a role in the formation of Pt NPs (detailed in Section 3). Raman spectroscopy 

was also used to probe the interaction of formed NPs and surfactants.134, 135, 142 It was found for 

instance that PVP adheres to the NPs through a charge-transfer interaction between the 

pyrrolidone rings and Pt surface atoms.135 Figure 5 shows the calculated Raman spectra of 

various Pt-Pt dimers and bridged Pt-O-Pt moiety. Raman spectroscopy was successfully used to 

support the presence of oxygen bridges between Pt atoms during NP formation.49 Pt dimers were 

predicted to have specific signatures at low Raman shift, e.g. in the range 100-250 cm-1.  

Examples of Raman spectroscopy to study the nucleation of Pt NPs remain scarce. This can be 

attributed to several factors. First is the need for a relatively high concentration of materials in 

the liquid phase to obtain sufficient Raman scattering signal for analysis (e.g. 50 mM).85 Second, 

focusing the intensity of a laser for Raman spectroscopy on the Pt precursor solution can lead to 

nucleation due to the high energy provided by the laser needed in a Raman spectroscopy set-

up.85 Probing intermediates species therefore becomes challenging without a high temporal 

resolution. 
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Figure 5. (A) Calculated Raman spectra of various Pt-Pt dimers. (B) Calculated Raman spectra of a Pt-

O-Pt bridged moiety. Reprinted with permission from Borodko et al. J. Phys. Chem. C, 2013, 117, 26667.71 

Copyright (2020) American Chemical Society. 

2.4. UV-vis spectroscopy 

UV-vis spectroscopy is probably the most commonly used techniques to probe the initial stages 

of Pt NP synthesis.27, 29, 65, 71, 77, 170 It is a simple technique, usually available in most modern 

laboratories and can be applied in the case of low concentration of precious metals in solution 

(e.g. 0.1 mM). A common complex used as precursor is [PtCl6]2-. It is characterized by a 

pronounced solvent dependent feature in the UV spectrum related to the PtIV-Cl bond around 

260-270 nm.27, 76, 117, 145 PtII intermediates are typically reported to show a much smaller signal 

around 261 nm,27 220 nm29 or 215 nm.55 Signals around 214 nm were attributed to a Pt complex 

containing OH or H2O moieties.59 By following the disappearance of the peak around 260-270 

nm, the reduction of the initial PtIV species has been largely documented. UV-vis characterization 

is in strong agreement with the general pathway suggesting that the reduction of Pt follows two 

reduction steps from the oxidation degree IV, then II, to finally 0.59 The technique can also be 

used to follow the growth the NPs since the signal at high wavenumber is a featureless 

absorption for which the baseline intensity increases as the concentration of NPs increase due 
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to Raleigh scattering.29, 49, 70 For instance in Figure 6 the intensity of the UV-vis signal increases 

at high wavenumber as a results of NP formation. Provided a careful analysis is performed, UV-

vis can ultimately lead to the quantification of NP concentration or size.171 

In situ UV-vis spectroscopy coupled to XAS measurements has been reported and the results are 

illustrated in Figure 4.29 As discussed in Section 1.2, this study showed that nanowires and 

spherical NPs were obtained in presence of PVP when using EG and CA+H2O as solvents, 

respectively. Different UV-vis signatures were reported depending on the solvent used for the 

reduction of PtCl42-. The authors tentatively related the features at 245-255 nm in EG to 

interaction with the surfactant PVP or to potential PtnClx structures. A main limitation of UV-vis 

measurements for a deeper understanding of Pt NP formation is that most intermediate species 

probably have very similar UV-vis spectra.172 

 

 

Figure 6. (c-d) Time resolved UV-vis spectra for the Pt NP formation in (c) ethylene glycol and (d) citric 

acid in water. Reprinted and adapted with permission from Yao et al. J. Am. Chem. Soc. 2012, 134, 9410.29 

Copyright (2020) American Chemical Society. 

 

2.5. Transient grating (TG) 

The transient grating method has been used to evaluate the diffusion coefficient of Pt ionic 

species and Pt NPs in polymer solutions during Pt NP formation. The general concept is 
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presented by Harada et al.70 and relies on a spatial modulation of light due to interference 

between two light beams. The change induced in the (short lived) species due to different optical 

properties can be related to the diffusion coefficient of the species. 

The method provided experimental support to a mechanism where all PtIV species must be 

reduced to PtII before any formation of Pt0 can proceed. It was also observed that with an 

increasing concentration of protective agent (e.g. PVP), the nucleation was slower and lead to 

smaller NPs.70 The method was also used to probe the effect of the solvent and addition of 

ethanol to aqueous solutions. The authors concluded that adding ethanol favored the reduction 

of the initial PtIV complex, but did not speed up the formation of nuclei.76 By adding ethanol to an 

aqueous solution of H2PtCl6 the mechanism was changed from a one-step (reduction-nucleation) 

to a two-steps (reduction then nucleation) process. 

 

2.6. Ionic conductivity (IC) 

Due to the variety of species involved in Pt synthesis bearing different oxidation degree, e.g. 

[PtCl6]2, [PtCl4]2- or [PtCl2]2- and the possibility for ligand exchange between the solvent and the 

complexes, the conductivity of metal salt solutions will change during synthesis as illustrated in 

Figure 7. The conductivity can therefore be used to follow the reaction and study the kinetics of 

reduction.95 A severe limitation is the non-specificity of the technique to structure. For instance 

solvent degradation may add complexity of the data interpretation or limit the temperature 

range at which the method can be applied.  
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Figure 7. Ionic conductivity profile as a function of temperature with ethylene glycol as solvent 

during formation of Pt NPs. Reprinted with permission from El-Sayed et al. Langmuir 2017, 33, 

13615.95 Copyright (2020) American Chemical Society. 

2.7. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) provides information on size and shape of NPs.57, 58, 173, 

174 It requires only little amount of materials and is best suited to study fully formed NPs. A 

limitation is that molecular initial and intermediate species will not be probed and only 

structures of a sufficient size (depending on the resolution of the equipment) will be probed. 

Scanning electron microscopy (SEM) could also be considered but is more relevant for larger 

(e.g. > 10 nm) structures. Severe drawback are the possibility for beam induced reactions96, 173 

and the ability to focus only on a few NPs at a time, limiting statistical analyses. Nevertheless, 

with the development of environmental TEM, time resolution for data acquisition and liquid 

cells173, 175 breakthroughs have been made in particular regarding the growth of NPs. 

An illustrative example of the use of TEM was done by Zheng and co-workers.75 Using the energy 

of the electron beam, they induced Pt NP formation from Pt(acac)2 in dichlorobenzene in 

presence of oleylamine and followed the reaction in real time. Both nucleation and growth 

happened in parallel and coalescence events were frequent as well as growth by monomer 

addition. More recently the formation of Pt NPs in solid phase was studied with atomic 

resolution. The Pt NPs were formed directly on a TEM grid used as support in a beam-induced 
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synthesis.96 The micrographs recorded suggest the dissociation of the anions [PtCl4]2- from the 

counter ion K+, followed by formation of PtCl2 structures before the first Pt-Pt bond are obtained. 

Borodko et al. used time resolved TEM images to probe the nucleation steps under electron beam 

irradiation as illustrated in Figure 8.49 They observed Ptn clusters with linear –Pt–Pt– chains 

suggested to be stabilized by hydroxo bridges formed due to the presence of surfactants PVP or 

PAMAM. These results illustrate the benefits of time resolved TEM images. However, the authors 

highlight that electron beam induced modification of the structure is certainly different from the 

UV-induced synthesis preferentially used in along their study. In this respect, Zheng et al.173 

summarized well the remaining question marks around the use of in situ TEM and beam-induced 

synthesis. First, the electron beam does not seem to induce synthesis as a thermal system would, 

as there is little heat generated in beam-induced synthesis.176-178 Second, the electrons in the 

electron beam can contribute directly to the reduction of metal precursors, as opposed to redox 

reactions with solvents or reducing agents for light179 or thermally induced syntheses.126 The 

knowledge gained from in situ TEM can then be challenging to directly relate to other synthesis 

approaches.  

 

Figure 8. Time series HRTEM micrographs of Pt precursors with (A) PAMAM and (B) PVP, 

photosynthesized in aqueous solutions and drop casted onto graphene substrates. Reprinted and 

adapted with permission from Borodko et al. J. Phys. Chem. C 2013, 117, 26667.49 Copyright (2020) 

American Chemical Society. 
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2.8. X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS), conducted at synchrotrons,21 gives access to the Pt 

electronic structure (e.g. oxidation degree) with analysis of the X-ray Absorption Near Edge 

Structure (XANES)156 but also the local coordination from the Extended X-ray Absorption Fine 

Structure (EXAFS).156 For Pt, the L3-edge at 11563.7 eV is usually studied.29 The technique is well 

suited to study molecules or nanomaterials in solution as well as powders without solvent. XAS 

studies generally require relatively low amounts of material and Pt concentrations in solutions 

can be as low as 1-10 mM. A major pitfall remains the possibility of beam-induced reactions due 

to high energy.  

XANES158 is typically used to determine the evolution of the oxidation degree of Pt.105 Time 

resolved spectra for the reduction of K2PtCl6 in ethylene glycol are reported in Figure 9 for a 

synthesis performed at 50 °C.81 While the initial spectrum shows a peak of high intensity, this 

decreases over time. This is a first indication of reduction of the complex. Further linear fit 

combination analysis allows to follow the relative ratios of the species with different oxidation 

degrees forming or disappearing. 85 

EXAFS156 gives access to coordination number and bond length. EXAFS was used for instance to 

show that Pt-Pt distances in Pt colloids are shorter than for bulk Pt as a result of relaxation of 

the fcc packing.54 The Pt-Cl pair is expected to give a signal around 1.95 Å in the Fourier 

transformed spectra,29 whereas peaks from Pt-Pt bonds are expected around 2.64-2.77 Å.29 The 

Pt-Cl signal typically progressively disappears over time, whereas the Pt-Pt signal increases, 

indicating the formation of the Pt NPs, see for instance Figure 10. Pt-O bonds expected around 

2 Å and so can be challenging to distinguish from Pt-Cl bonds in data fitting.29, 180 EXAFS data 

were used to support the formation of intermediates such as Pt(OH)4 or oxide species.73 The 

coordination number gives a relative idea of the size of the NPs: the larger the coordination 

number, the larger the NPs. Coordination number of ca. 6 typically relate to a size of ca. 2-3 nm 

whereas coordination number of ca. 9 correspond to larger NP around 4-5 nm.21 
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Figure 9. Time resolved evolution of XANES spectra during the formation of Pt NPs in ethylene glycol. 

Reproduced from Boita et al. Phys. Chem. Chem. Phys. 2014, 16, 17640.81 with permission from the PCCP 

Owner Societies. 

 

Figure 10.  Time resolved evolution of EXAFS spectra during the formation of Pt NPs. Reprinted with 

permission from Lin et al. J. Colloid Interface Sci. 2006, 299, 678,69 Copyright Elsevier (2020). 

 

2.9. Small angle X-ray scattering (SAXS)  

SAXS is arguably one of the most suited techniques to study the growth of colloidal NPs.181 Since SAXS 

is sensitive to the electron density of materials, the technique is especially well-suited to study metallic 

materials such as Pt. In situ studies can easily be performed in capillaries with little amount of material 

with concentration in the range 1-10 mM.79 High time resolution SAXS data can be obtained at 
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synchrotrons160 but even some in-house equipment can be used for in situ studies79, 80 with temporal 

resolution on the minute scale.80 An example of intensity profile is given in Figure 11. The general form 

of this intensity profile contains information on the shape and size of the nanomaterials. Typical models 

for fitting the NP colloids include a polydisperse hard sphere form factor and a Guinier term.79, 80 For an 

accurate analysis of the data, a careful background subtraction is needed and hypotheses on the 

geometry of the material formed must be made. In this respect SAXS analysis relies on complementary 

technique such as TEM.181 In most cases, size estimated from SAXS and TEM characterization agree well 

with each other,21 see for instance Figure 11. The main benefit of SAXS is to allow performing simpler 

in situ studies with better statistics. Size retrieved from SAXS data are a representation of several 

hundreds up to thousands of NP scattering signal whereas size retrieved from TEM analysis usually are 

estimated with few hundreds of NPs. SAXS is also more commonly used than dynamic light scattering 

(DLS) for Pt NPs characterisation,127, 140, 154 since Pt NPs around 1 nm are often relatively small for DLS 

size estimation and DLS does not easily allow in situ studies.136  DLS would then be use to probe ex situ 

the latest stage of growth.150 

SAXS was used for instance by Steinfeldt to study the widely used polyol synthesis of Pt NPs.79 He 

reported that PVP has little effect on the particle size and growth. He investigated the effect of NaOH 

concentration on the size of the NPs and kinetics of growth. The pH of the solution has been reported to 

control the size of the NPs: the higher the pH the smaller the NPs. His results confirmed that the higher 

the NaOH concentration, the smaller the NPs but that the kinetics of formation were also slower at 

higher NaOH concentration. Varghese et al. used SAXS measurements to follow in presence of sodium 

citrate the growth mechanism of Pt NPs obtained from H2PtCl6 in aqueous solutions.80  Ostwald ripening 

accounted for the growth observed whereas in ethylene glycol with PVP a surface reaction term was 

needed to explain the size evolution of the NPs: D3+D2 model in Figure 11.  



Review 

35 
 

 

Figure 11. (Left) Example of SAXS data and fit for the synthesis of Pt NPs in ethylene glycol in presence 

of PVP and (Right) NP diameter evaluation over time estimated by TEM and SAXS and fitted to different 

growth models. The scattering vector q is defined as q= 4π sin (ϴ) / λ, where λ is the wavelength and 2θ 

is the scattering angle. Reprinted with permission from Varghese et al. J. Colloid Interface Sci., 2012, 365, 

117,80 Copyright Elsevier (2020). 

 

2.10. X-ray diffraction (XRD) 

XRD is the most suited techniques to investigate the atomic structure of crystalline materials.74 

However, XRD methods rely on the identification of Bragg peaks, which become broader with 
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smaller NP size and are completely missing for materials without long-range order such as small 

clusters. XRD studies therefore typically focus on the growth of Pt NPs after nucleation.182 A 

noticeable example of the use of in situ XRD was reported by Cheong et al. for the synthesis of Pt 

colloids in toluene from Pt(acetylacetonate)2.74 Using XRD data, they observed that the growth 

mechanism was dependent on the precursor concentration (5 or 50 mM). The results were 

confirmed by TEM showing different NP shapes. Nanocrystal growth at low precursor 

concentration occurred under thermodynamic control via a slow monomer addition onto the 

crystallite faces yielding stable morphologies without strong morphology change. In contrast at 

high concentration, branched and porous morphologies were obtained under a kinetically 

controlled regime. Quasi octapod structures were obtained then etched octapods, followed by 

the formation of porous nanocrystals that kept growing over time.  

2.11. Pair distribution function (PDF) analysis 

X-ray total scattering with pair distribution function (PDF) analysis has grown over the last 

decades from being a niche technique to being widely used for material characterization.183, 184 

The PDF represents a histogram of all interatomic distances present in a sample no matter the 

presence of long range order, thereby overcoming the limitation of other X-ray diffraction 

methods. PDF is increasingly used to characterize as-produced Pt NPs21, 106, 185 but it is also 

directly relevant for studies of nucleation and pre-nucleation stages in NP formation.12, 156 PDF 

is indeed sensitive to a range of atomic distances that cover both the molecular precursor and 

the NPs formed. This makes PDF one of few techniques that can provide information on the 

structural rearrangements in all stages of Pt NP synthesis.21, 84  

PDF leads to a better understanding of nanostructures formation, but is not yet as broadly used as other 

techniques in colloidal chemistry. For instance PDF is absent from an extensive review from Thanh and 

co-workers in 2014 on synthesis of NP in solutions and their characterization154 while it is considered a 

promising approach to characterize in situ supported catalysts in a review by Finke and co-workers.38 

In the case of Pt, PDF has been used to investigate solid state synthesis where a precursor was used 

directly on a support42, 90 or after NPs are formed once solvents have been removed.21, 106, 109 Some 

studies used wide angle X-ray scattering and Fourier transform analysis, to obtain a radial distribution 
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function (RDF), equivalent to PDF analysis.56, 163 From RDF or PDF, the fcc or isocahedral structure of Pt 

NPs can for instance be established and an estimation of the number of atoms in the NPs can be 

retrieved.  

The application of PDF to in situ studies of colloidal NP synthesis is relatively recent and to the best of 

our knowledge has only been used once to study the nucleation of Pt NPs in solution,82 see illustration 

in Figure 12. The authors studied the reduction of H2PtCl6 in supercritical ethanol at high temperature 

and pressure. The data showed that all PtIV must be reduced before Pt0 is formed,82 which is in line with 

other studies using for example transient grating method76 or UV-vis and EXAFS studies.71 No multi 

metallic species were observed in the reduction-nucleation stage and the data were in good agreement 

with the general scheme of reduction of PtIV to PtII to Pt NPs.  

 

Figure 12. Time evolution of the normalized area under the PDF peaks for Pt–Cl and Pt–Pt bonds during 

synthesis of Pt NPs in supercritical ethanol and related schematic mechanism. Reproduced with 

permission from Saha et al. J. Phys. Chem. C 2015, 119, 13357.82 Copyright (2020) American Chemical 

Society. 

The presence of a peak originating from a Pt-Cl (2.33 Å) atomic pair was followed as a function 

of time together with the evolution of Pt-Pt pairs (2.77 Å). The reduction of the octahedral 

complex was marked by a decrease of the Pt-Cl peak position to 2.30 Å, typical of square-planar 

PtCl4 structure, together with a decrease of the Pt-Pt and Pt-Cl peak intensity ratios. The position 

of the Pt-Cl peak is indeed sensitive to the oxidation degree of the Pt: shifting to a slightly lower 

r value when the oxidation degree decreases from IV to II as the bond length decreases. No Pt-Pt 
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bond could be observed before the presence of crystalline, fcc structured NPs. As PDF is sensitive 

to crystal structure and size,21 it is possible to also evaluate the size of the NPs as a function of 

time.  

A challenge with PDF for in situ studies is the relatively high concentration of precursor needed 

to obtain a sufficient scattering signal from the species of interest compared to the solvent which 

results in background scattering: 500 mM in the example reported.82 A related challenge is 

background subtraction: To obtain a PDF representing the Pt species in solution, the scattering 

signal from the solvent and the sample environment must be subtracted from the data before 

Fourier transform. Maybe even more than for SAXS, improper background scattering signal 

subtraction can strongly affect the data analysis and fitting. In the case of in situ studies of 

syntheses, the solvent composition probably changes with time and the way this change happens 

are most likely linked to the presence or absence of metal precursors. Having a suitable 

background measurement for each stage of the experiment is therefore a pending challenge to 

address in this field, especially if PDF is to be applied for syntheses with precursor 

concentrations closer to those used in lab-scale syntheses. 

 

2.12. Modelling and density functional theory (DFT) 

Theoretical work is important to predict and/or validate the possible formation and growth 

mechanism(s) of Pt NPs. With the increase of computer power available, the use of theoretical 

approaches and for instance density functional theory (DFT) is becoming increasingly common 

in nanoscience.186 The vast amount of research on Ptn clusters and NPs is illustrated in Table 3 

gathering literature reporting different studies for different n values. Possible stable structures 

as well as their expected properties have been proposed and molecular intermediates in Pt NP 

formation suggested such as PtClx(O)1 complexes,27, 62 Pt-Pt dimers,60, 187 trimers61 or a range of 

Ptn structures.188-191 
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Table 3. Overview gathering references to theoretical work on Ptn structures for different n 

values. 

n 2 3 4 5 6 7 

References 
49, 189, 190, 192-

203 

189, 190, 195, 196, 198-

202, 204-206 

189, 190, 195, 196, 198-203, 

206-209 

189, 190, 195-

202, 206, 210 

189, 190, 195, 

196, 198, 200-

202, 206, 211, 

212 

189, 190, 195, 200-

202, 206, 212 

n 8 9 10 11 12 13 

References 
189-191, 195, 200-

202, 206, 209, 212 

189, 190, 195, 200-202, 

209, 211, 212 

189, 190, 195, 199-202, 211-

213 

189, 190, 195, 

200, 213 

189, 190, 195, 

200, 209, 213, 

214 

190, 196, 200, 209, 

213-218 

n 14 15-37 38 39-46 55 > 55 
References 190, 211, 214 202, 211, 214, 218, 219 202, 211, 214, 217 211, 214 202, 216-218 202, 211, 218 

 

 

Studies on Ptn structures  cover a large range of n values from 2 to 55 atoms202, 211, 218, 220 up to 

NPs with for example n=238,211 or n=670.202 Possible Ptn structures are illustrated in Figure 13 

for n=2-14. For n=2, 3, and 6, planar structures are expected; for n=4, 5, 7-9 atoms, planar, two 

and three dimensional isomers can be expected whereas for n > 9 three dimensional clusters 

would form.34, 188 It has also been calculated that for Pt13 an icosahedral configuration is not 

favored, whereas it becomes the ground state for Pt55.217 From n=19, icosahedral clusters will be 

preferred and from n=38 possibly fcc-like structure will be obtained.188 Such studies unable also 

to predict relatively stable magic clusters such as Pt6, Pt9, Pt14, Pt10, Pt18, Pt22, Pt27 and Pt36 

expected to be relatively more stable due to complete atomic shells.211 Pt15, Pt18 Pt24 were also 

suggested to be relatively stable.219 Other work suggested Pt14, Pt18, Pt22, Pt27, Pt36 and Pt44,214 or 

Pt8(7), Pt15(14), Pt23-24(25), Pt26-27(28), Pt~33, Pt~40, Pt~52, Pt~67.202 The discrepancy in the different 

results and expected stable structures211, 219, 220 are a direct consequence of different models, 

hypotheses and methods in the different works as well as refinement of the approaches 

developed along the years.  

It is worth noting that in contrast to other transition metals, Pt is not expected to grow by an 

icosahedral growth (at least for less than 350 atoms, so for NP smaller than ca. 3 nm) but rather 
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via relatively open structures such as planar, layered, pyramidal, cage, simple cubic and from ca. 

40 atoms of Pt an octahedral growth.211 If there is no final answer regarding the most stable 

intermediates, it is interesting to note that the triangular planar Pt6 and square planar Pt9 were 

consistently suggested to play a key role in the growth behavior and formation mechanism of 

further magic cluster211, 212 such as Pt10.213 Pt6 clusters were interestingly found to be relatively 

stable across studies.190, 200, 211, 212, 220  

These predictions greatly help our understanding of NP formation but still lack validation with 

experimental results. Such models do not, or poorly, take into account to date the influence of 

solvent, dissolved gases like O2, surfactants, stabilizing agents, etc..60, 198, 199, 221 These additives 

are however almost systematically used as detailed in Section 1. This mismatch highlights the 

need to not only get more insights into Pt NP formation to propose a more accurate picture but 

also to study well-defined systems in order to fully benefit to and from theoretical work.  

 

 

 

Figure 13. Putative global minimum configurations for Ptn (n=2-14) clusters in the cationic, 

neutral and anionic state. Reproduced with permission from Chaves et al. J. Phys. Chem. A 2014, 

118, 10814.190 Copyright (2020) American Chemical Society.
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3. From Pt atoms to nanoparticles: suggested key steps and mechanisms  

The properties of nanomaterials are dictated by their physical properties (including size, shape, 

crystallographic structure, composition etc.) which to a great extend depends on the nucleation and 

growth kinetics, i.e. on the formation process(es) of nanomaterials17, 28, 222 Polte summarizes well 

the challenges and opportunities in developing unified views of nanomaterial formation: ‘’it is 

impressive what kind of nanostructure can be synthesized without having a deep understanding of 

the underlying principles but it does not need much imagination what would be possible with a 

profound mechanistic knowledge’’.7  

In order to carefully control and tune properties and at the same time overcome the general 

challenge in reproducibility for nanomaterial synthesis, important efforts have been made to 

understand the formation mechanism of nanostructures.156 A detailed review by Thanh and co-

workers extensively covers the topic of nucleation and growth of NPs in solution,8  along with 

several other reviews found in references 12, 28, 223-225. We here try to give an overview of the 

understanding of colloidal Pt NP formation to help rationalizing further the formation of complex 

nanomaterials. In the case of Pt NPs, the reaction can be segmented in three steps illustrated in 

Figure 14. These three steps are reduction (section 3.1), nucleation (section 3.2) and growth 

(section 3.3). Despite this commonly reported sequence for Pt NP growth, the diversity of 

syntheses illustrated in Section 1 and characterization techniques illustrated in Section 2, can 

render cross-reports comparison challenging to provide a fully unified view of Pt NP formation. It 

is also an opportunity to embrace the complex chemistry of Pt. 

 

3.1. Reduction of Pt molecular precursors 

The source of Pt atoms in colloidal synthesis is often a molecular complex comprising typically a 

single atom (more rarely few atoms63) of Pt, see Section 1 and Table 1. The initial step of NP 
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formation is often formalized as the accumulation of monomers up to a critical concentration in the 

LaMer model and classical nucleation theory.8, 28, 226 In the case of Pt NPs, the buildup of monomer 

typically relates to the reduction of the initial molecular precursor and/or changes in the 

coordination of the initial precursor e.g. by ligand exchange.27 The initial state and reduction steps 

can be probed by techniques such as NMR,64 Raman,49 MS27, 43 or validated by DFT,27, 64 see Table 2 

for a qualitative comparison of the different techniques. 

The reduction of Pt complexes under various conditions is a long-lasting area of interest. The first 

studies heavily focused on understanding the photochemistry of the PtCl62- complex52, 53 and the 

field regained interest over the last years.92 In the first step, a molecular precursor, often with Pt in 

oxidation state IV, undergoes reduction typically involving ligand exchange such as loss of the –Cl 

ligands.27, 71, 105 The general pathway proceeds with the reduction of a PtIV complex to PtII and further 

to Pt0 species.27 The reduction has been extensively studied by UV-vis and XAS,29, 71, 77 in particular 

for aqueous systems as well as more recently by PDF in supercritical ethanol.82 The data typically 

show that the Pt-Cl bonds disappear over time while an increase in the number of Pt-Pt bonds is 

probed.  

An illustrative expected time profile for the different species involved is proposed in Figure 14. As 

the concentration of PtIV species continuously decreases, the concentration of PtII species increases 

to reach a maximum after which the PtII species concentration decreases and the concentration of 

Pt0 species, i.e. NPs, increases.77 Overall, most mechanisms reported in several studies agree with 

the general pathway:27, 77, 82, 85 

PtIV → PtII → Pt0  (1) 

It is considered that PtII species are the key to the reduction to Pt0 which can explain why the 

reaction can be carried at room temperature if a PtII complex is used as starting material.59, 84, 227 The 

time needed to convert PtIV species to PtII species53 and/or different PtII species to be formed e.g. by 

hydrolysis,59 typically correspond to an induction period.50 It is generally considered that the 

reduction of PtIV to PtII is fast compared to the reduction of PtII to Pt071, 77 and it has been suggested 
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that PtCl62- acts as an inhibitor of the nucleation.77 This would explain why a significant buildup of 

PtII species is needed before the nucleation occurs. However, a full reduction of PtCl42- (PtII) to Pt0 

was also reported in presence of residual PtCl62- without a significant buildup of PtII species.69, 85  

The general path reported in (1) should not hide the multiple equilibria between various PtIV, PtII 

and Pt0 species. In this respect intermediates like PtIII species were suggested to take part in the 

different equilibria and were probed by NMR.49, 53, 71, 228 It cannot be excluded that in at least for 

some systems, the rate of reduction of the various species can be significantly altered. The 

surfactants used may trigger different interactions with and between the different species but the 

solvent itself may also play a role. For instance the induction period has been reported to be much 

shorter in alkaline ethanol vs. alkaline methanol.85 XANES analysis suggest that Pt0 species form 

much quicker in alkaline ethanol than methanol before any PtII species seem to build up. The general 

evolution of the quantity of PtIV, PtII and Pt0 schematized as reported in Figure 14 can then be 

significantly different for different systems depending on initial concentration of Pt precursor, 

solvents, additives, temperature, pressure etc.  
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Figure 14. Schematic illustrative general evolution of different Pt species over the reduction steps. 

The induction phase corresponds to the time needed to see the first NP formation when enough Pt0 

has been formed. 

 

In addition, the exact nature of the reduction mechanism itself is not fully established and seems to 

vary from systems to systems. Last, the formation of Pt dimers by analogy with dimers 

experimentally observed in gold nanocrystal synthesis,91 has been anticipated by DFT studies, e.g. 

PtI-PtII species could be key in the  formation of Pt NPs from K2PtCl4.60, 61, 187 If the reduction pathway 

in equation (1) captures the general reduction steps in Pt NP formation, it is probably a too 

simplified view to capture the rich chemistry of Pt complexes and species involved in the formation 

of Pt NPs.  

 

3.2. Pre-nucleation clusters and nucleation  

Classical nucleation theory. The reduction is expected to be followed by nucleation, corresponding 

to the formation of the first (few) Pt-Pt bonds in a particle nucleus. This step is certainly the most 

debated.12 Several reasons account for this: (1) The nucleation step relates to the formation of 

metastable species that will typically rapidly evolve and grow in size (see Section 3.3). The 

intermediates therefore have short lifetimes and their characterization is challenging, as discussed 

in Section 2. (2) It cannot be excluded that several species play the role of key intermediates and 

several pathways co-exist. The quest to identify the nucleating species is then challenging.  

Following the classical nucleation theory,8, 12 Pt NPs form by aggregation when enough Pt0sol are 

accumulated in solution.50 In this view, the Pt0sol are the seed needed before the first Pt-Pt bonds are 

created. As free atoms, the Pt0sol will not be thermodynamically stable in solution. These species are 

then stabilized by surfactants or ions or ligand like chloride.29, 70, 223 For instance, [Pt0Cl2]2- species 

were suggested by DFT to be the key species before nucleation.27 Several Pt atoms developing Pt-Pt 

bonds form the first clusters. Pt4 or Pt6 clusters were obtained from H2PtCl6 in an aqueous solution 
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with NaBH4 as reductant at room temperature and characterized by XAS.51 The Pt4 clusters were 

obtained without surfactant, Pt6 was obtained in the presence of poly (vinyl alcohol) (PVA). These 

species were suggested by the authors to be key intermediate in the formation of larger size Pt NPs 

and theoretical work suggest that such small cluster could indeed be stable and play such role.190, 

220  

Pre-nucleation clusters. The classical model involving Pt0sol to describe Pt NP formation has been 

challenged over the years. An increasing interest has then been giving to pre-nucleation clusters to 

better describe NP formation.12, 229 Pre-nucleation clusters can be defined as relatively stable species 

that are formed before the actual nucleation. Due to their relative stability, these intermediates 

should be easier to characterize.12 The actual nature and role of these pre-nucleation clusters is 

triggering increasing interest and debate in the scientific community229-231 and pre-nucleation 

clusters for Pt NP formation are not an exception. By studying the effect of sodium citrate and 

sodium hydroxide in the aqueous synthesis of Pt NPs from K2PtCl4 using UV-vis, experimental 

evidence was given that NPs could form without formation of free Pt0sol.59 Later on, theoretical 

studies suggested that the formation of Pt-Pt bonds between Pt complexes could lead to NPs without 

the need for Pt0sol via formation of PtI-PtII dimers.60 This means that there is (at least in some cases) 

no need for Pt0sol atom formation, stabilized by ligand or not, prior to Pt-Pt bonds are formed. It is 

rather the formation of Pt-Pt bonds that precede the full reduction of Pt. According to theoretical 

predictions, such structures will be compatible with growth to trimeric structures by further 

reaction with PtCl2(H2O)2 species like PtII-PtI-PII or PtII-PtI-PtII structures.61   

Another option to stabilize pre-nucleation clusters comes with bridging Pt-O-Pt structures. Such 

bridging complexes were proposed as precursors and building blocks for NP formation in synthesis 

relying on the stabilizing agent AlMe3 based on DFT and NMR characterisations.63 It was then 

established that structures with several Pt atoms in a molecules are suitable species to from NPs. 

Along the years, several structures comprising several Pt atoms in an oxidation degree different 

from 0 were suggested to play a role in the formation of Pt NPs. In particular, metal dimers or 
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oligomers with the general structure PtnClx have been suggested from experimental work.29, 49 These 

species are largely inspired from observations of Cl3Au-AuCl3 intermediates species in Au NP 

syntheses reported in 2010.91  

Despite being suggested early on71 and anticipated to be energetically stable, the definite role of 

these PtnClx and intermediates comprising more than one Pt atoms in the synthesis pathway 

remains unclear. This is deeply linked to their challenging characterization to date. For instance, the 

stability of complexes with n = 2-8 were ascribed to Pt-O-Pt bridging stabilization and characterized 

by Raman spectroscopy and high resolution transmission electron microscopy (HRTEM),49 see also 

Figures 5 and 8. X-ray photoelectron spectroscopy confirms that the species were not Pt0 but 

without further conclusion on the actual chemistry of the structure.49 Yao and co-worker reported 

the formation of PtnClx structures in ethylene glycol (EG) as opposed to Pt0 in acetic acid (CA) in 

water.29 The different intermediates lead to Pt nanowires in EG and NPs in CA, see Figure 4. The 

structures formed have a solvent dependent XAS signal: in particular a longer Pt-Pt distance in PtnClx 

formed in EG compared to Pt2 or Pt3 clusters possibly formed from Pt0sol in CA.29 To add to the 

complexity, it seems to date that the use of surfactants is a pre-requisite to form such structures 

such a PVP and PAMAM.29, 49, 78 However stabilizers are typically rarely considered in simulation 

studies60, 223 which renders further conclusion on the exact nature of potential PtnClx species 

challenging to draw. 

Nucleation. In contrast to the relative scarcity of work on PtnClx clusters, many theoretical studies 

have focused on Ptn (n=2 to up to few hundreds).190, 220 The diversity of such studies is illustrated in 

Table 3 and discussed in details in Section 2.12. Various magic number relatively stable Ptn clusters 

were suggested. In particular Pt6 species were recurrently stressed as a suitable and likely building 

unit to larger structures owing to singular relative stability and planar geometry.189, 190, 195, 196, 198, 200-

202, 206, 211, 212 However very few reports focus on these intermediates and their role, apart maybe one 

tentative attribution after characterization with XAS.51 Recently coupling DFT and images from in 

situ fast scanning transmission electron microscopy (STEM), the shape evolution of carbon 
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supported sub-nm Pt clusters was reported in the solid phase.97 It was experimentally showed that 

the smallest possible seeds for NPs have cubic, cuboctahedral and octahedral geometries. A strong 

influence of the nature of the support (carbon vs. SiN) on the nucleation was observed. There is 

probably a long way before a similar approach can be transferred to colloidal syntheses but this 

illustrate the need for joined theoretical and improved experimental characterization techniques as 

well as new model system to study. 

3.3. Nanoparticle growth 

In the classical nucleation theory view, after nucleation, the growth of the NPs takes place. 

Nucleation and growth phenomena can happen simultaneously but ultimately an independent 

control over nucleation and growth is expected to lead to highly monodisperse NPs.8, 222 This is 

schematized in Figure 15: If all nucleation events happen at the same time - so if the nucleation is 

separated from the growth – and assuming a similar growth kinetics for all nuclei, perfectly 

monodisperse NPs with all the same size will be obtained. More realistically, there is an overlap of 

nucleation and growth: while the growth of some nuclei occurs, other are still forming, some NP 

then grow faster and bigger than others. An important outcome of studies in the formation of Pt NPs 

is therefore to suggest ways to separate nucleation and growth or at least to control them to obtain 

monodisperse NPs.  
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Figure 15. Schematic representation of an ideal case of separated nucleation then growth and a 

more realistic case of nucleation and growth occurring at the same time from a schematic [PtX] 

precursor. 

 

The growth of nanomaterials and NPs is generally more studied than reduction or nucleation. This 

is a direct results of the suitability of several (in situ) techniques to explore the growth of Pt 

nanomaterials from ca. 0.5-1 nm to larger size such as TEM,75 SAXS,80, 232 and XRD,74 see also Tables 

1 and 2. In addition, several models account for the time evolution of the material size, which render 

the analysis of growth kinetics directly relevant to understand the growth mechanisms.  

Once enough of the first nuclei or pre-nucleation clusters are formed, e.g. Pt0 or PtnClx, growth can 

proceed by different mechanisms.8, 157 The driving force in all cases is to minimize the surface energy 

related to the formation of a solvent-NP interface. This is achieved by growing larger NPs with a 

lower surface-to-volume ratio rather than creating new nuclei with high surface to volume ratio. 

Typical mechanisms observed during the growth are collisions, assembly or coalescence75 of several 

nuclei or NPs into larger structures77 illustrated in Figure 16a. Ostwald ripening80, 160 is also 

typically observed where the smallest and thermodynamically less stable NPs disappear at the 

expense of larger NPs,8 Figure 16b. This phenomena is typically characterized by a relationship 

between the size (e.g. radius) of the NP and time of synthesis as radius~𝑡
1

3.80, 81 
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Figure 16. Schematic representation of some NP growth mechanisms (a) coalescence, (b) Ostwald 

ripening and (c) autocatalytic growth.  

 

The frontier between solution-reduction, surface reduction, nucleation and growth is challenging 

to probe in the case of Pt.233 It was proposed that the salt precursor can be reduced in solution but 

also on another atom or group of atoms to contribute to the growth, Figure 16c.55, 77 This general 

formalism, generally described as the Finke-Watzky two steps mechanism, has been shown to well 

describe a range of experimental data.67, 225 In the so called double autocatalytic mechanism, 4 

pseudo-elementary steps describe well the formation of Pt NPs.67, 68 A slow continuous nucleation, 

an autocatalytic surface growth, Figure 16c, agglomeration of small atom assembles or NPs, Figure 

16a, an autocatalytic agglomeration where bulk-like or larger structures auto-catalyze the 

agglomeration of smaller structures or NPs.225 Interestingly, this general view is compatible with 

intermediates like PtI-PtII dimers.61 Ciacchi and Pompe showed theoretically that PtCl2(H2O)2 

complexes (Pt(II)) could react with Pt12, Pt12Cl4 and Pt13Cl6 with no need for further reducing 

electrons to give Pt13 and Pt14 structures.62 The added Pt atoms get gradually incorporated in the 

existing clusters and this formalism is compatible with autoaccelerrating kinetics observed 

experimentally. Growth by autocatalytic mechanisms are often considered a predominant driving 

force over time since the concentration of monomers decreases after the formation of the first 

nuclei, rending further nucleation less likely.  

Further coalescence events can be NP intra-particle growth where NPs change shape and/or 

structure e.g. by growing a preferred crystallographic orientation.8, 72, 137, 157 Different precursor 

concentration dependent reaction pathways are for instance reported: Faceted morphologies can 

be obtained under thermodynamic control at low precursor concentration and branched and 

porous morphologies at high concentration under kinetically controlled regime.74 Varghese and Rao 

followed the growth of Pt NPs obtained in heated water in presence of sodium citrate by TEM and 

SAXS and observed a marked growth by Ostwald ripening.80 In ethylene glycol and in the presence 
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of PVP, a contribution from surface reactions was needed to explain the time evolution of the NP 

size (Figure 11), As for reduction and nucleation, the NP growth mechanism(s) are strongly 

influenced by solvent and additives.65, 85  

3.4. From nanoparticles to assembles and structural changes 

The pathways of Pt NP formation open even more complex views on NP assembly and stability. Using the 

homemade Pt(dba)2 or Pt2(dba)3 (bda: dibenzylidene-acetone)101 complexes that react at room 

temperature in THF or toluene under CO or H2 atmospheres, several observations related to NP formation 

were made by Chaudret and co-workers.100 Using Infra-red spectroscopy, NMR, HRTEM, and wide angle X-

ray scattering (WAXS) with Fourier transform analysis to determine radial distribution function (RDF) of 

the NPs, it was found after reduction of Pt2(dba)3 in presence of CO in toluene that the core of 1.6 nm NPs 

and their outer shell had different atomic structure: The particles were ordered in the core, but disordered 

on the shell.163 The disorder was attributed to strongly coordinating ligands. Studying the effect of PVP, 

nitrocellulose or cellulose acetate, the size of the clusters could be controlled in the range < 1nm, 1.3 nm, 

1.7 nm, respectively, whereas larger 1.5 nm NPs were obtained using PVP and H2 as reducing agent as 

opposed to the <1 nm NPs in the case of PVP and CO. It was found using WAXS and HRTEM that models with 

a mix of two populations of NPs with whether 13 or 55 atoms NPs in a fcc structure best fitted the data. This 

is in relative good agreement with stable clusters suggested by theoretical models detailed in section 2.12. 

This illustrates the strong effect of the reductive agent (CO vs. H2) and surfactants to control the growth and 

therefore the size of the NPs. The surface functionalisation demonstrated was further exploited to develop 

more complex 2D and 3D structures with the NPs themselves as building blocks.232, 234 In the case of Pt this 

larger assembles can be achieved for instance with bi-functional amine,235 thiolate or oxazoline ligands.236, 

237  

Similarly, using Pt(dba)2 in toluene and stabilizers such as nitrocellulose and cellulose acetate, small 

clusters of ca. 1 or 1.5 nm can be obtained. This suggests a small effect of the starting precursor Pt(dba)2 238 

vs. Pt2(dba)3 163 on the resulting size with cellulose acetate. More interestingly for the scope of this review, 
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a complex interplay between precursor and NPs was reported when no stabilizers versus triphenylphospine 

(PPh3) is used. This interplay is summarized in Figure 17.56 Starting with Pt(dba)2 in toluene under CO 

atmosphere at room temperature without using surfactants, fcc Pt NPs (I) are obtained, ca. 1.5 nm (147 

atoms) with a broad size distribution. The Ptx(CO)y NPs are protected with CO. Re-dispersing (I) in THF, or 

performing the synthesis from Pt(dba)2 in THF in presence of CO, leads to fcc NPs (II) with better defined 

bi-modal distribution at 1.2 (55 atoms) and 1.6 nm (147 atoms) related to Ptx(CO)y(THF)z structures where 

THF plays an active role in the stabilization of the clusters. These examples stress the role of CO and 

different solvents in the stabilization of different clusters.  

When PPh3 is used, whether directly during synthesis in toluene before re-dispersion in THF or directly 

from (II) in THF, a product (III) is formed with size ca. 1.2-1.3 nm.56 Interestingly, (III) is not fcc but shows 

a isocahedral structure and is described as Pt NPs stabilized by solvent and ligand: Ptx(CO)y(PPh3)z(THF)w. 

This shows that in the presence of enough ligand structural changes in the NP can be induced. Further 

addition of PPh3 to (III) lead to (IV) which are NPs with the fcc structure and size now around 1.7 nm. 

Interestingly in this work the unprotected carbonyl NPs where used as convenient building blocks. Based 

on Infra-red data, the authors rationalize the formation of (III) directly from Pt(dba)2 with (I) and possibly 

(II) as intermediate species. In excess of PPh3 in THF, molecular Pt and small clusters stabilized by CO and 

PPh3 were evidenced by TEM, Infra-red and NMR. The results suggest that (I) is unstable enough to convert 

to smaller size clusters such as Pt5(CO)6(PPh3) or cis-Pt(CO)2(PPh3)2. A similar conversion of Pt NP colloids 

to Pt metal carbonyl clusters was also observed in presence of CO.239 Chini clusters87, 240 with general 

structure [Pt3(CO)6]n2- (n 1-10) were obtained with yield ca. 80-90%.239 In presence of KOH, [Pt9(CO)18]2- is 

promoted. This Pt colloid dissolution does not proceed if the colloid is treated with H2 before being placed 

in contact with CO. This suggests that the presence of unreduced Pt-ions adsorbed on the particle surface is 

key to convert Pt NPs to carbonyls.  

Rodriguez et al. concluded that ‘’The nature of the platinum present in a given solution can also change 

rapidly and dramatically according to the ligand system. This observation could be very important when 
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the ligand system changes with time […]’’.56 The results shine light on the complex interplay between 

molecular and colloidal systems164 and stress the need to carefully consider the effect of surfactant and/or 

solvent in the processes controlling the structure of NPs even after their formation. In this respect possible 

degradation of the solvent over time, e.g. by ageing during storage of colloids is important to keep in mind.  

  

Figure 17. Schematic representation the interplay between different Pt molecular species and NPs. 

Reproduced and adapted with permission from Rodriguez et al. Chem. Mater. 1996, 8, 1978.56 

Copyright (2020) American Chemical Society. 
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Figure 18. (a) Schematic representation of time-dependent steps for (i) reduction, (ii) nucleation and (iii) 

growth from Pt molecular precursors to NPs. (b) Related techniques suitable to study the different steps at 

different size scale.
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4. Discussion and summary 

Considering the wide number of studies exploring the properties of formed Pt NPs, there is 

surprisingly still little understanding on the way Pt NPs are forming. A general picture for Pt NP 

formation is proposed in Figure 18. It is generally agreed that Pt formation proceeds via the 

reduction of PtIV to PtII complexes to NPs, or directly from PtII complexes to NPs. However the 

general time evolution of the related species proposed in Figure 14, seems to be challenged over 

the years as detailed in Section 3.1 and is dependent on multiple experimental parameters 

illustrated in Table 1. The reduction steps (i) have been extensively studied by UV-vis 

measurements and XAS,29 as well as TG,70 whereas the nature of the Pt precursors has been studied 

by NMR,56, 63 Raman49 or MS.27 The growth (iii) of Pt nanomaterials detailed in Section 3.3 has been 

more densely documented. Well-developed techniques such as TEM74 and XRD/WAXS56 or SAXS80 

indeed allow detailed studies of the growth of Pt NPs from a size around 1 nm. In addition various 

models like Ostwald ripening80 or autocatalytic growth account for the experimental evidence 

reported.67, 68 

Studying the nucleation steps (ii) addressed in Section 3.2 remains a challenge. This is in great part 

due to a lack of suitable techniques: Only characterization methods sensitive to small molecules and 

small nanomaterials with suitable time resolution are adapted.156, 157 This calls for in situ 

measurements77 to capture the (short-lived) intermediates. Different techniques were used to 

characterize the chemical species/materials in the different stages of the synthesis. However, none 

of them cover the size range needed for a full study of the reduction-nucleation-growth illustrated 

in Figure 18. Promisingly, PDF was recently used to study nucleation and growth of Pt 

nanomaterials directly on support or in liquid/supercritical phase.42, 82 Recent progress in this 

technique offers new opportunities to understand material synthesis. Recent development for 

instance to couple different techniques12, 241 also bear promising to bring new insight into Pt NP 
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formation. Possibilities for ultrafast X-ray studies at new XFEL sources may also open for a new 

understanding of chemical reactions and nucleation.242 

The diversity of experimental parameters reported and detailed in Section 1 also account for the 

difficulty in obtaining a full understanding of Pt NP reactions. Many fundamental studies reported 

to date proceed at high temperature and pressure (e.g. super-critical conditions),74, 82 far from the 

more widely used conditions for bench colloidal syntheses.26 Different solvents, precursors and 

concentrations of precursors are typically used, see for instance Table 1, which render cross 

comparison of results challenging. This diversity of experimental conditions is also a unique 

opportunity. In particular, the role of additives and stabilizing agents such as surfactants in the 

reduction and nucleation stages of Pt NPs is still unclear. The role of surfactants remains difficult to 

model60 but certainly influence the growth of nanomaterials. It cannot be ruled out that surfactants 

also influence the nucleation.138 The effect of surfactants could be studied separately by comparison 

with surfactant-free syntheses.19, 26, 56 However, the few studies reported to date using surfactant-

free syntheses focus on either the reduction71, 84 or the growth.56, 81, 85  

Probably the most exciting scientific question ahead in the case of Pt NPs is on the nature of the pre-

nucleation clusters illustrated in Figure 18. It remains unclear if such species form by full reduction 

to Pt0 before the first Pt-Pt bond form, or if Pt-Pt bond pre-exist to their reduction to Pt metals.60 

Both scenarios have been documented but it is unclear is one of them is preferred across nature and 

under which conditions. The role of surfactants to stabilize possible PtnClx clusters and the exact 

nature and role of such intermediates is still to be clarified.29, 49 In particular, less theoretical work 

has been performed on PtnClx compared to unprotected Ptn clusters. A possible unified pathway 

between PtnClx species and Ptn clusters is still to be rationalized. For instance, triangular planar Pt6 

cluster rarely reported experimentally are strongly suggested in theoretical work to be key building 

blocks for larger NPs. 

A final challenge in addressing and validating models is to draw a clear frontier between the 

different steps, both in terms of time-resolution and structure of the Pt species. Several 
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intermediates probably co-exist and most syntheses will actually show an overlap between (i) 

reduction, (ii) nucleation and (iii) growth mechanism(s). With recent progress in understanding Pt 

NP formation it becomes clear that one unified model will hardly describe the complexity of NP 

formation.12 Nevertheless, inspiration can be gained from one system to another. A comprehensive 

understanding of the nucleation of Pt NPs would probably provide routes to develop new structures 

and shapes17, 29, 44, 48, 243 and so new properties for Pt based materials but also other (precious) 

metals. 
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5. Conclusion  

 Different studies addressing the formation of colloidal Pt NPs from Pt atoms in molecular precursor 

have been reviewed. The variety of experimental conditions reported and techniques applied 

prevent a fully unified view on NP formation. The general trend observed across the literature is a 

sequence of three steps in the formation of colloidal Pt NPs: (i) reduction, (ii) nucleation and (iii) 

growth. Reduction and growth have been widely studied by various techniques and different 

models account for the experimental observations made to date. Nucleation remains a challenging 

step to study. However new techniques, combination of techniques, model systems as well as 

theoretical work is expected to shine lights on key intermediates to explain the formation of Pt NPs. 

In particular great effort has been given to develop in situ structural characterization. Given the 

complex interplay between solvents, additives, growing NPs etc., combining the recent findings with 

more in situ chemical studies will probably greatly help to de-convolute the multiple dynamic 

factors possibly playing different roles at different stages of the synthesis.  

In particular the nucleation step seems to be proceeding by two different routes. In one case the 

formation of Pt0 seems to precede the formation of the first Pt-Pt bonds whereas in other cases non-

fully reduced Pt atoms in Pt-Pt bonds, e.g. within PtnClx molecules and/or Ptn clusters, seem to be 

involved in the nucleation process. Clarifying the driving force between these different routes would 

help our understanding of colloidal Pt NP formation. The role of surfactants to ensure the stability 

of these pre-nucleation clusters is for instance an open question. Surfactant-free colloidal syntheses 

may be an ideal platform to carry the relevant studies and answers the more general question on 

the role of surfactants not only to stabilize NPs after they are formed but while they form. 

The expected outcomes of future research will be directly relevant to understand the formation of 

other NPs such as Pd, Ir, Ru, Os also widely used in a range of applications like catalysis. It is 

expected that the knowledge gained will significantly contribute to develop improved production 



Review 

58 
 

methods of precious metals NP and develop nanomaterials with new properties in order to make 

an optimized used of these limited resources. 

 

h. Conflicts of interest 

The authors declare that the Co4CatTM synthesis mentioned is subject to a patenting process (EP 3 

329990 A1, WO 2018/099958 A1). 

i. Acknowledgements 

J.Q. has received funding from the European Union’s Horizon 2020 research and innovation programme 

under the Marie Skłodowska-Curie grant agreement No 840523 (CoSolCat). K.M.Ø.J is grateful to the 

Carlsberg Foundation for support through grant CF14-0652. K.M.Ø.J thank the Villum foundation for 

financial support through a Villum Young Investigator grant (No. 0015416). 

j. Appendices 

k. References 

1. Seh, Z. W.;  Kibsgaard, J.;  Dickens, C. F.;  Chorkendorff, I. B.;  Norskov, J. K.; Jaramillo, T. F., 

Combining theory and experiment in electrocatalysis: Insights into materials design. Science 

2017;355:6321. 

2. Chaudhary, S.;  Sharma, P.;  Chauhan, P.;  Kumar, R.; Umar, A., Functionalized nanomaterials: a 

new avenue for mitigating environmental problems. Int. J. Environ. Sci. Te. 2019;16:5331-5358. 

3. Rai, M.;  Ingle, A. P.;  Birla, S.;  Yadav, A.; Dos Santos, C. A., Strategic role of selected noble metal 

nanoparticles in medicine. Crit. Rev. Microbiol. 2016;42:696-719. 

4. Azharuddin, M.;  Zhu, G. H.;  Das, D.;  Ozgur, E.;  Uzun, L.;  Turner, A. P. F.; Patra, H. K., A repertoire 

of biomedical applications of noble metal nanoparticles. Chem. Commun. 2019;55:6964-6996. 

5. Adishev, A.;  Arrigo, R.;  Baletto, F.;  Bordet, A.;  Bukhtiyarov, V.;  Carosso, M.;  Catlow, R.;  

Conway, M.;  Davies, J.;  Davies, P.;  De Masi, D.;  Demirci, C.;  Edwards, J. K.;  Friend, C.;  Gallarati, S.;  

Hargreaves, J.;  Huang, H.;  Hutchings, G.;  Lai, S.;  Lamberti, C.;  Macino, M.;  Marchant, D.;  Murayama, 



Review 

59 
 

T.;  Odarchenko, Y.;  Peron, J.;  Prati, L.;  Quinson, J.;  Richards, N.;  Rogers, S.;  Russell, A.;  Selvam, P.;  

Shah, P.;  Shozi, M.;  Skylaris, C.-K.;  Soulantica, K.;  Spolaore, F.;  Tooze, B.;  Torrente-Murciano, L.;  

Trunschke, A.;  Venezia, B.;  Walker, J.; Whiston, K., Control of catalytic nanoparticle synthesis: general 

discussion. Faraday Discuss. 2018;208:471-495. 

6. Wilcoxon, J. P.; Abrams, B. L., Synthesis, structure and properties of metal nanoclusters. 

Chemical Society Reviews 2006, 35 (11), 1162-1194. 

7. Polte, J., Fundamental growth principles of colloidal metal nanoparticles - a new perspective. 

CrystEngComm 2015;17:6809-6830. 

8. Thanh, N. T. K.;  Maclean, N.; Mahiddine, S., Mechanisms of Nucleation and Growth of 

Nanoparticles in Solution. Chem. Rev. 2014;114:7610-7630. 

9. Cargnello, M., Colloidal Nanocrystals as Building Blocks for Well-Defined Heterogeneous 

Catalysts. Chem. Mater. 2019;31:576-596. 

10. Munnik, P.;  de Jongh, P. E.; de Jong, K. P., Recent Developments in the Synthesis of Supported 

Catalysts. Chem. Rev. 2015;115:6687-6718. 

11. Friend, C.; Xu, F., Perspectives on the design of nanoparticle systems for catalysis. Faraday 

Discuss. 2018;208:595-607. 

12. Bøjesen, E. D.; Iversen, B. B., The chemistry of nucleation. CrystEngComm 2016;18:8332-8353. 

13. Yang, T. H.;  Gilroy, K. D.; Xia, Y. N., Reduction rate as a quantitative knob for achieving 

deterministic synthesis of colloidal metal nanocrystals. Chem. Sci. 2017;8:6730-6749. 

14. Pollet, B. G.;  Kocha, S. S.; Staffell, I., Current status of automotive fuel cells for sustainable 

transport. Curr. Opin. Electrochem. 2019;16:90-95. 

15. Seo, Y.; Morimoto, S., Analyzing Platinum and Palladium Consumption and Demand Forecast in 

Japan. Resources 2017;6:61. 

16. Laursen, A. B.;  Sehested, J.;  Chorkendorff, I.; Vesborg, P. C. K., Availability of elements for 

heterogeneous catalysis: Predicting the industrial viability of novel catalysts. Chinese J. Catal. 

2018;39:16-26. 

17. Leong, G. J.;  Schulze, M. C.;  Strand, M. B.;  Maloney, D.;  Frisco, S. L.;  Dinh, H. N.;  Pivovar, B.; 

Richards, R. M., Shape-directed platinum nanoparticle synthesis: nanoscale design of novel catalysts. 

Appl. Organomet. Chem. 2014;28:1-17.. 

18. Kiilunen M; Aitio A; Santonen T.In Nordberg G, Fowler B, Nordberg M. (editors), Handbook on 

the Toxicology of Metals, Vol. I & II, 4th Edition. Elsevier; 2015. Chapter 50. 

19. Quinson, J.;  Neumann, S.;  Wannmacher, T.;  Kacenauskaite, L.;  Inaba, M.;  Bucher, J.;  Bizzotto, 

F.;  Simonsen, S. B.;  Kuhn, L. T.;  Bujak, D.;  Zana, A.;  Arenz, M.; Kunz, S., Colloids for Catalysts: A Concept 

for the Preparation of Superior Catalysts of Industrial Relevance. Ang. Chem. Int. Ed. 2018;57:12338-

12341. 



Review 

60 
 

20. Rioux, R. M.;  Song, H.;  Grass, M.;  Habas, S.;  Niesz, K.;  Hoefelmeyer, J. D.;  Yang, P.; Somorjai, G. 

A., Monodisperse platinum nanoparticles of well-defined shape: synthesise characterization, catalytic 

properties and future prospects. Top. Catal. 2006;39:167-174. 

21. Quinson, J.;  Inaba, M.;  Neumann, S.;  Swane, A. A.;  Bucher, J.;  Simonsen, S. B.;  Kuhn, L. T.;  

Kirkensgaard, J. J. K.;  Jensen, K. M. O.;  Oezaslan, M.;  Kunz, S.; Arenz, M., Investigating Particle Size 

Effects in Catalysis by Applying a Size-Controlled and Surfactant-Free Synthesis of Colloidal 

Nanoparticles in Alkaline Ethylene Glycol: Case Study of the Oxygen Reduction Reaction on Pt. ACS 

Catal. 2018;8:6627-6635. 

22. Li, D. G.;  Wang, C.;  Tripkovic, D.;  Sun, S. H.;  Markovic, N. M.; Stamenkovic, V. R., Surfactant 

Removal for Colloidal Nanoparticles from Solution Synthesis: The Effect on Catalytic Performance. ACS 

Catal. 2012;2:1358-1362. 

23. Pradeep, T.; Anshup, Noble metal nanoparticles for water purification: A critical review. Thin 

Solid Films 2009;517:6441-6478. 

24. Nie, L. H.;  Yu, J. G.;  Li, X. Y.;  Cheng, B.;  Liu, G.; Jaroniec, M., Enhanced Performance of NaOH-

Modified Pt/TiO2 toward Room Temperature Selective Oxidation of Formaldehyde. Environ. Sci. 

Technol. 2013;47:2777-2783. 

25. Pedone, D.;  Moglianetti, M.;  De Luca, E.;  Bardi, G.; Pompa, P. P., Platinum nanoparticles in 

nanobiomedicine. Soc. Rev. 2017;46:4951-4975. 

26. Wang, Y.;  Ren, J. W.;  Deng, K.;  Gui, L. L.; Tang, Y. Q., Preparation of tractable platinum, rhodium, 

and ruthenium nanoclusters with small particle size in organic media. Chem. Mater. 2000;12:1622-

1627. 

27. Chen, S. M.;  Yang, Q. Y.;  Wang, H. H.;  Zhang, S.;  Li, J.;  Wang, Y.;  Chu, W. S.;  Ye, Q.; Song, L., 

Initial Reaction Mechanism of Platinum Nanoparticle in Methanol-Water System and the Anomalous 

Catalytic Effect of Water. Nano Letters 2015, 15 (9), 5961-5968. 

28. van Embden, J.;  Chesman, A. S. R.; Jasieniak, J. J., The Heat-Up Synthesis of Colloidal 

Nanocrystals. Chem. Mater. 2015;27:246-2285. 

29. Yao, T.;  Liu, S. J.;  Sun, Z. H.;  Li, Y. Y.;  He, S.;  Cheng, H.;  Xie, Y.;  Liu, Q. H.;  Jiang, Y.;  Wu, Z. Y.;  

Pan, Z. Y.;  Yan, W. S.; Wei, S. Q., Probing Nucleation Pathways for Morphological Manipulation of 

Platinum Nanocrystals. J. Am. Chem. Soc. 2012;134:9410-9416. 

30. Cargnello, M.;  Chen, C.;  Diroll, B. T.;  Doan-Nguyen, V. V. T.;  Gorte, R. J.; Murray, C. B., Efficient 

Removal of Organic Ligands from Supported Nanocrystals by Fast Thermal Annealing Enables 

Catalytic Studies on Well-Defined Active Phases. J. Am. Chem. Soc. 2015;137:6906-6911. 

31. Niu, Z. Q.; Li, Y. D., Removal and Utilization of Capping Agents in Nanocatalysis. Chem. Mater. 

2014;26:72-83. 



Review 

61 
 

32. von Schnering, H. G.;  Chang, J. H.;  Peters, K.;  Peters, E. M.;  Wagner, F. R.;  Grin, Y.; Thiele, G., 

Structure and bonding of the hexameric platinum(II) dichloride, Pt6Cl12 (beta-PtCl2). Z. Anorg. Allg. 

Chem. 2003;629:516-522. 

33. Dell'Amico, D. B.;  Labella, L.;  Marchetti, F.;  Ramello, S.; Samaritani, S., Unprecedented 

pentanuclear mixed-valence Pt(II)-Pt(IV) complex anion in Q2Pt5Cl20 salts (Q = TBA, PPN). Inorg. Chem. 

Commun. 2018;95:167-169. 

34. Mingos, D. M. P.; Wardle, R. W. M., Homonuclear cluster compounds of platinum. Transit. Met. 

Chem. 1985;10:441-459. 

35. Mason, W. R., Platinum(II)-catalyzed substitutions of platinum(IV) complexes. Coord. Chem. 

Rev. 1972;7:241-255. 

36. Halpern, J.; Pribanic, M., The oxidation of platinum(II) complexes by hexachloroiodate(IV). 

Evidence for intermediate formation of platinum(III). J. Am. Chem. Soc. 1968;90:5942-5943. 

37. Xu, Y.;  Chen, L.;  Wang, X.;  Yao, W.; Zhang, Q., Recent advances in noble metal based composite 

nanocatalysts: colloidal synthesis, properties, and catalytic applications. Nanoscale 2015;7:10559-

10583. 

38. Mondloch, J. E.;  Bayram, E.; Finke, R. G., A review of the kinetics and mechanisms of formation 

of supported-nanoparticle heterogeneous catalysts. J. Mol. Catal. A Chem. 2012;355:1-38. 

39. Speder, J.;  Altmann, L.;  Roefzaad, M.;  Baumer, M.;  Kirkensgaard, J. J. K.;  Mortensen, K.; Arenz, 

M., Pt based PEMFC catalysts prepared from colloidal particle suspensions - a toolbox for model 

studies. Phys. Chem. Chem. Phys. 2013;15:3602-3608. 

40. Schaffer, J.;  Kondratenko, V. A.;  Steinfeldt, N.;  Sebek, M.; Kondratenko, E. V., Highly selective 

ammonia oxidation to nitric oxide over supported Pt nanoparticles. J. Catal. 2013;301:210-216. 

41. Navlani-Garcia, M.;  Salinas-Torres, D.;  Mori, K.;  Kuwahara, Y.; Yamashita, H., Tailoring the size 

and shape of colloidal noble metal nanocrystals as a valuable tool in catalysis. Catal. Surv. Asia 

2019;23:127-148. 

42. Chupas, P. J.;  Chapman, K. W.;  Jennings, G.;  Lee, P. L.; Grey, C. P., Watching nanoparticles grow: 

The mechanism and kinetics for the formation of TiO2-supported platinum nanoparticles. J. Am. Chem. 

Soc. 2007;129:13822. 

43. Lim, G. H.;  Yu, T.;  Koh, T.;  Lee, J. H.;  Jeong, U.; Lim, B., Reduction by water for eco-friendly, 

capping agent-free synthesis of ultrasmall platinum nanocrystals. Chem. Phys. Lett.2014;595:77-82. 

44. Cheong, S. S.;  Watt, J. D.; Tilley, R. D., Shape control of platinum and palladium nanoparticles 

for catalysis. Nanoscale 2010;2:2045-2053. 

45. Subhramannia, M.; Pillai, V. K., Shape-dependent electrocatalytic activity of platinum 

nanostructures. J. Mater. Chem. 2008;18:5858-5870. 



Review 

62 
 

46. Peng, Z. M.; Yang, H., Designer platinum nanoparticles: Control of shape, composition in alloy, 

nanostructure and electrocatalytic property. Nano Today 2009;4:143-164. 

47. An, K.; Somorjai, G. A., Size and shape control of metal nanoparticles for reaction selectivity in 

catalysis. ChemCatChem 2012;4:1512-1524. 

48. Burda, C.;  Chen, X. B.;  Narayanan, R.; El-Sayed, M. A., Chemistry and properties of nanocrystals 

of different shapes. Chem. Rev. 2005;105:1025-1102. 

49. Borodko, Y.;  Ercius, P.;  Zherebetskyy, D.;  Wang, Y.;  Sun, Y.; Somorjai, G., From single atoms to 

nanocrystals: photoreduction of PtCl62- in aqueous and tetrahydrofuran solutions of PVP.J. Phys. Chem. 

C 2013;117:26667-26674. 

50. Duff, D. G.;  Edwards, P. P.; Johnson, B. F. G., Formation of a polymer-protected platinum sol - a 

new understanding of the parameters controlling morphology. J. Phys. Chem. 1995;99:15934-15944. 

51. Siani, A.;  Wigal, K. R.;  Alexeev, O. S.; Amiridis, M. D., Synthesis and characterization of Pt 

clusters in aqueous solutions. J. Catal. 2008;257:5-15. 

52. Cameron, R. E.; Bocarsly, A. B., Photoactivated oxidation of aclohols by oxygen. J. Am. Chem. Soc. 

1985;107:6116-6117. 

53. Cameron, R. E.; Bocarsly, A. B., Multielectron-photoinduced reduction of chloroplatinum 

complexes - visible-light deposition of platinum metal. Inorg. Chem.1986;25:2910-2913. 

54. Duff, D. G.;  Edwards, P. P.;  Evans, J.;  Gauntlett, J. T.;  Jefferson, D. A.;  Johnson, B. F. G.;  Kirkland, 

A. I.; Smith, D. J., A joint structural characterization of colloidalplatinum by EXAFS and high-resolution 

electron-microscopy. Ang. Chem. Int. Ed. 1989;28:590-593. 

55. Henglein, A.;  Ershov, B. G.; Malow, M., Absorption-spectrum and some chemical-reactions of 

colloidal platinum in aqueous-solution. J. Phys. Chem. 1995;99:14129-14136. 

56. Rodriguez, A.;  Amiens, C.;  Chaudret, B.;  Casanove, M. J.;  Lecante, P.; Bradley, J. S., Synthesis 

and isolation of cuboctahedral and icosahedral platinum nanoparticles. Ligand-dependent structures. 

Chem. Mater. 1996;8:1978-1986. 

57. Ahmadi, T. S.;  Wang, Z. L.;  Green, T. C.;  Henglein, A.; ElSayed, M. A., Shape-controlled synthesis 

of colloidal platinum nanoparticles. Science 1996;272:1924-1926. 

58. Petroski, J. M.;  Wang, Z. L.;  Green, T. C.; El-Sayed, M. A., Kinetically controlled growth and shape 

formation mechanism of platinum nanoparticles. J. Phys. Chem. B 1998;102:3316-3320. 

59. Henglein, A.; Giersig, M., Reduction of Pt(II) by H-2: Effects of citrate and NaOH and reaction 

mechanism. J. Phys. Chem. B 2000;104:6767-6772. 

60. Ciacchi, L. C.;  Pompe, W.; De Vita, A., Initial nucleation of platinum clusters after reduction of 

K2PtCl4 in aqueous solution: A first principles study. J. Am. Chem. Soc. 2001;123:7371-7380. 

61. Ciacchi, L. C.;  Mertig, M.;  Pompe, W.;  Meriani, S.; De Vita, A., Nucleation and growth of platinum 

clusters in solution and on biopolymers. Platin. Met. Rev. 2003;47:98-107. 



Review 

63 
 

62. Ciacchi, L. C.;  Pompe, W.; De Vita, A., Growth of platinum clusters via addition of Pt(II) 

complexes: A first principles investigation. J. Phys. Chem. B 2003;107:1755-1764. 

63. Angermund, K.;  Buhl, M.;  Dinjus, E.;  Endruschat, U.;  Gassner, F.;  Haubold, H. G.;  Hormes, J.;  

Kohl, G.;  Mauschick, F. T.;  Modrow, H.;  Mortel, R.;  Mynott, R.;  Tesche, B.;  Vad, T.;  Waldofner, N.; 

Bonnemann, H., Nanoscopic Pt colloids in the "embryonic state". Ang. Chem. Int. Ed. 2002;41:4041-

4044. 

64. Angermund, K.;  Buhl, M.;  Endruschat, U.;  Mauschick, F. T.;  Mortel, R.;  Mynott, R.;  Tesche, B.;  

Waldofner, N.;  Bonnemann, H.;  Koehl, G.;  Modrow, H.;  Hormes, J.;  Dinjus, E.;  Gassner, F.;  Haubold, 

H. G.;  Vad, T.; Kaupp, M., In situ study on the wet chemical synthesis of nanoscopic Pt colloids by 

"reductive stabilization". J. Phys. Chem. B 2003;107:7507-7515. 

65. Herricks, T.;  Chen, J. Y.; Xia, Y. N., Polyol synthesis of platinum nanoparticles: Control of 

morphology with sodium nitrate. Nano Lett. 2004;4:2367-2371. 

66. Lin, C. S.;  Khan, M. R.; Lin, S. D., Platinum states in citrate sols by EXAFS. J. Colloid Interface Sci. 

2005;287:366-369. 

67. Besson, C.;  Finney, E. E.; Finke, R. G., A mechanism for transition-metal nanoparticle self-

assembly. J. Am. Chem. Soc. 2005;127:8179-8184. 

68. Besson, C.;  Finney, E. E.; Finke, R. G., Nanocluster nucleation, growth, and then agglomeration 

kinetic and mechanistic studies: A more general, four-step mechanism involving double autocatalysis. 

Chem. Mater. 2005;17:4925-4938. 

69. Lin, C.-S.;  Khan, M. R.; Lin, S. D., The preparation of Pt nanoparticles by methanol and citrate. J. 

Colloid Interface Sci. 2006;299:678-685. 

70. Harada, M.;  Okamoto, K.; Terazima, M., Diffusion of platinum ions and platinum nanoparticles 

during photoreduction processes using the transient grating method. Langmuir 2006;22:9142-9149. 

71. Harada, M.; Einaga, H., Formation mechanism of Pt particles by photoreduction of Pt ions in 

polymer solutions. Langmuir 2006;22:2371-2377. 

72. Ren, J.; Tilley, R. D., Preparation, self-assembly, and mechanistic study of highly monodispersed 

nanocubes. J. Am. Chem. Soc. 2007;129:3287-3291. 

73. Hwang, B. J.;  Sarma, L. S.;  Chen, C. H.;  Bock, C.;  Lai, F. J.;  Chang, S. H.;  Yen, S. C.;  Liu, D. G.;  Sheu, 

H. S.; Lee, J. F., Controlled synthesis andcharacterization of Ru-core-Pt-shell bimetallic nanoparticles.J. 

Phys. Chem. C 2008;112:19922-19929. 

74. Cheong, S.;  Watt, J.;  Ingham, B.;  Toney, M. F.; Tilley, R. D., In situ and ex situ studies of platinum 

nanocrystals: Growth and evolution in solution. J. Am. Chem. Soc. 2009;131:14590-14595. 

75. Zheng, H.;  Smith, R. K.;  Jun, Y.-w.;  Kisielowski, C.;  Dahmen, U.; Alivisatos, A. P., Observation of 

single colloidal platinum nanocrystal growth trajectories. Science 2009;324:1309-1312. 



Review 

64 
 

76. Maeda, N.;  Eitoku, T.;  Ikezoe, Y.; Katayama, K., Nucleation reaction dynamics of Pt 

nanoparticles observed by the heterodyne transient grating method. Phys. Chem. Chem. Phys. 

2012;14:200-204. 

77. Harada, M.; Kamigaito, Y., Nucleation and Aggregative Growth Process of Platinum 

Nanoparticles Studied by in Situ Quick XAFS Spectroscopy. Langmuir 2012,28:2415-2428. 

78. Borodko, Y.;  Ercius, P.;  Pushkarev, V.;  Thompson, C.; Somorjai, G., From single Pt atoms to Pt 

nanocrystals: Photoreduction of Pt2+ inside of a PAMAM dendrimer. J. Phys. Chem. Lett. 2012;3:236-

241. 

79. Steinfeldt, N., In Situ Monitoring of Pt nanoparticle formation in ethylene glycol solution by 

SAXS-influence of the NaOH to Pt ratio. Langmuir 2012;28:3072-13079. 

80. Varghese, N.; Rao, C. N. R., Growth kinetics of platinum nanocrystals prepared by two different 

methods: Role of the surface. J. Colloid Interface Sci. 2012;365:117-121. 

81. Boita, J.;  Nicolao, L.;  Alves, M. C. M.; Morais, J., Observing Pt nanoparticle formation at the 

atomic level during polyol synthesis. Phys. Chem. Chem. Phys. 2014;16:17640-17647. 

82. Saha, D.;  Bojesen, E. D.;  Jensen, K. M. Ø.;  Dippel, A. C.; Iversen, B. B., Formation mechanisms of 

Pt and Pt3Gd Nanoparticles under solvothermal conditions: An in situ total X-ray scattering study. J. 

Phys. Chem. C 2015;119:13357-13362. 

83. Quinson, J.;  Bucher, J.;  Simonsen, S. B.;  Theil Kuhn, u.;  Kunz, S.; Arenz, M., Monovalent alkali 

cations: simple and eco-friendly stabilizers for surfactant-free precious metal nanoparticle colloids. 

ACS Sustain. Chem. Eng. 2019;7:13680-13686. 

84. Quinson, J.;  Mathiesen, J. K.;  Schroder, J.;  Dworzak, A.;  Bizzotto, F.;  Zana, A.;  Simonsen, S. B.;  

Theil Kuhn, L.;  Oezaslan, M.;  Jensen, K. M. Ø.; Arenz, M., Teaching old precursors new tricks: fast room 

temperature synthesis of surfactant-free colloidal platinum nanoparticles. J. Colloid Interface Sci. 

2020;577:319-328. 

85. Quinson, J.;  Neumann, S.;  Kacenauskaite, L.;  Bucher, J.;  Kirkensgaard, J. J. K.;  Simonsen, S. B.;  

Theil Kuhn, L.;  Zana, A.;  Vosch, T.;  Oezaslan, M.;  Kunz, S.; Arenz, M., Solvent-dependent growth and 

stabilization mechanisms of surfactant-free colloidal Pt nanoparticles. Chem. Eur. J. 2020;26:9012 –

902. 

86. Quinson, J.;  Kacenauskaite, L.;  Schroder, J.;  Simonsen, S. B.;  Kuhn, L. T.;  Vosch, T.; Arenz, M., 

UV-induced syntheses of surfactant-free precious metal nanoparticles in alkaline methanol and 

ethanol. Nanoscale Adv. 2020;2:2288-2292. 

87. Longoni, G.; Chini, P., Synthesis and chemical characterization of platinum carbonyl dianions 

[Pt3(CO)6]n2- (n= .apprx 10,6,5,4,3,2,1). A new series of irnoganic oligomers. J. Am. Chem. Soc. 

1976;98:7225-7231. 



Review 

65 
 

88. Femoni, C.;  Kaswalder, F.;  Iapalucci, M. C.;  Longoni, G.; Zacchini, S., Infinite molecular {[Pt3n 

(CO)6n]2–}∞ conductor wires by self-assembly of [Pt3n(CO)6n]2– (n = 5–8) cluster dianions formally 

resembling CO-sheathed three-platinum cables. Eur. J. Inorg. Chem. 2007;(11):1483-1486. 

89. Ichikawa, M., Catalysis by supported metal crystallites form carbonyl clusters. 1. Catalytic 

methanol synthesis under mild conditions over supported rhodium, platinum, and iridium crystallites 

prepared from Rh, Pt, and Ir carbonyl cluster compounds deposited  ZnO. and MgO. Bull. Chem. Soc. 

Jpn. 1978;51:2268-2272. 

90. Chupas, P. J.;  Chapman, K. W.;  Chen, H. L.; Grey, C. P., Application of high-energy X-rays and 

Pair-Distribution-Function analysis to nano-scale structural studies in catalysis. Catal. Today 

2009;145:213-219. 

91. Yao, T.;  Sun, Z. H.;  Li, Y. Y.;  Pan, Z. Y.;  Wei, H.;  Xie, Y.;  Nomura, M.;  Niwa, Y.;  Yan, W. S.;  Wu, 

Z. Y.;  Jiang, Y.;  Liu, Q. H.; Wei, S. Q., Insights into initial kinetic nucleation of gold nanocrystals. J. Am. 

Chem. Soc. 2010;132:7696-7701. 

92. Wojnicki, M.; Kwolek, P., Reduction of hexachloroplatinate(IV) ions with methanol under UV 

radiation. J. Photoch. Photobio. A 2016;314:133-142. 

93. Xian, L.;  Engelbrecht, L.;  Barkhuysen, S.; Koch, K. R., Room temperature photo-induced 

deposition of platinum mirrors and nano-layers from simple Pt(II) precursor complexes in water-

methanol solutions. RSC Adv. 2016;6:34014-34018. 

94. Engelbrecht, L.;  Mocci, F.;  Laaksonen, A.; Koch, K. R., Pt-195 NMR and molecular dynamics 

simulation study of the solvation of PtCl62- in water-methanol and water-dimethoxyethane binary 

mixtures. Inorg. Chem.2018;57:12025-12037. 

95. El-Sayed, H. A.;  Burger, V. M.;  Miller, M.;  Wagenbauer, K.;  Wagenhofer, M.; Gasteiger, H. A., 

Ionic conductivity measurements-a powerful tool for monitoring polyol reduction reactions. Langmuir 

2017;33:13615-13624. 

96. Gao, W. P.;  Tieu, P.;  Addiego, C.;  Ma, Y. L.;  Wu, J. B.; Pan, X. Q., Probing the dynamics of 

nanoparticle formation from a precursor at atomic resolution. Sci. Adv. 2019;5: eaau9590. 

97. Henninen, T. R.;  Bon, M.;  Wang, F.;  Passerone, D.; Erni, R., The structure of sub-nm Platinum 

clusters at elevated Temperatures. Ang. Chem. Int. Ed. 2020;59:839-845. 

98. Sharma, R.;  Wang, Y.;  Li, F.;  Chamier, J.; Andersen, S. M., Synthesis of a Pt/C electrocatalyst 

from a user-friendly Pt precursor (ammonium hexachloroplatinate) through microwave-assisted 

polyol synthesis. ACS Appl. Energy Mater. 2019;2:6875-6882. 

99. de Caro, D.; Bradley, J. S., Investigation of the surface structure of colloidal platinum by infrared 

spectroscopy of adsorbed CO. New J. Chem. 1998;22:267-1273. 



Review 

66 
 

100. Amiens, C.;  Decaro, D.;  Chaudret, B.;  Bradley, J. S.;  Mazel, R.; Roucau, C., Selective synthesis, 

characterization, and spectroscopic studies on a novel class of reduced platinum and palladium 

particles stabilized by carbonyl and phosphine-ligands. J. Am. Chem. Soc. 1993;115:11638-11639. 

101. Moseley, K.; Maitlis, P. M., Bis- and tris- (dibenzylideneacetone) platinum and stabilization of 

zerovalent complexes by an unsaturated ketone. J. Chem. Soc. D 1971:982-983. 

102. Zacchini, S., Using metal carbonyl clusters to develop a molecular approach towards metal 

nanoparticles. Eur. J. Inorg. Chem. 2011;(27),:4125-4145. 

103. Bligaard, T.;  Bullock, R. M.;  Campbell, C. T.;  Chen, J. G. G.;  Gates, B. C.;  Gorte, R. J.;  Jones, C. W.;  

Jones, W. D.;  Kitchin, J. R.; Scott, S. L., Toward benchmarking in catalysis science: Best practices, 

challenges, and opportunities. ACS Catal. 2016;6:2590-2602. 

104. Yang, J.;  Deivaraj, T. C.;  Too, H. P.; Lee, J. Y., Acetate stabilization of metal nanoparticles and its 

role in the preparation of metal nanoparticles in ethylene glycol. Langmuir 2004, 20 (10), 4241-4245. 

105. Quinson, J.;  Kacenauskaite, L.;  Bucher, J.;  Simonsen, S. B.;  Kuhn, L. T.;  Oezaslan, M.;  Kunz, S.; 

Arenz, M., Controlled synthesis of surfactant-free water-dispersible colloidal platinum nanoparticles 

by the Co4Cat process. ChemSusChem 2019;12:1229-1239. 

106. Quinson, J.;  Kacenauskaite, L.;  Christiansen, T. L.;  Vosch, T.;  Arenz, M.; Jensen, K. M. O., Spatially 

Localized synthesis and structural characterization of platinum nanocrystals obtained using UV light. 

ACS Omega 2018;3;10351-10356. 

107. Liu, G. L.;  Arellano-Jimenez, M. J.;  Carter, C. B.; Agrios, A. G., Preparation of functionalized 

platinum nanoparticles: a comparison of different methods and reagents. J. Nanopart. Res. 2013;15: 

1744. 

108. Hubbard, A. T.; Anson, F. C., Study of electrochemistry of chloride and bromide complexes of 

platinum(II) and (IV) by thin layer electrochemistry. Anal. Chem. 1966;38:1887-1893. 

109. Dablemont, C.;  Lang, P.;  Mangeney, C.;  Piquemal, J. Y.;  Petkov, V.;  Herbst, F.; Viau, G., FTIR and 

XPS study of Pt nanoparticle functionalization and interaction with alumina. Langmuir 2008;24:5832-

5841. 

110. Fievet, F.;  Ammar-Merah, S.;  Brayner, R.;  Chau, F.;  Giraud, M.;  Mammeri, F.;  Peron, J.;  

Piquemal, J. Y.;  Sicard, L.; Viau, G., The polyol process: a unique method for easy access to metal 

nanoparticles with tailored sizes, shapes and compositions. Chem. Soc. Rev. 2018;47:5187-5233. 

111. Matveeva, S. G.;  Pozdnyakov, I. P.;  Grivin, V. P.;  Plyusnin, V. F.;  Mereshchenko, A. S.;  Melnikov, 

A. A.;  Chekalin, S. V.; Glebov, E. M., Primary photochemical processes for PtCl62- complex in acetonitrile 

solutions. J. Photoch. Photobio. A 2016;325:13-21. 

112. Chen, S. M.;  Wu, Y. F.;  Tao, S.;  Cui, P. X.;  Chu, W. S.;  Chen, X.; Wu, Z. Y., An X-ray absorption 

spectroscopic investigation of the geometry of Pt(IV) in H2PtCl6 ammonia solution. J. Mol. Struct. 

2013;1041:39-43. 



Review 

67 
 

113. Matveeva, S. G.;  Grivin, V. P.;  Plyusnin, V. F.;  Vasilchenko, D. B.; Glebov, E. M., Mechanism of 

chain photochemical reaction of (n-Bu4N)2PtCl6 in chloroform. J. Photoch. Photobio. A 2018;359:80-

86. 

114. Glebov, E. M.;  Pozdnyakov, I. P.;  Plyusnin, V. F.; Khmelinskii, I., Primary reactions in the 

photochemistry of hexahalide complexes of platinum group metals: A minireview. J. Photoch. Photobio. 

C 2015;24:1-15. 

115. Yu, Y. T.;  Wang, J.;  Zhang, J. H.;  Yang, H. J.;  Xu, B. Q.; Sun, J. C., A crucial step to platinum 

nanocrystals with special surfaces: Control of aquo/chloro ligand exchange in aqueous PtCl62- 

solution.J. Phys. Chem. C 2007;111:18563-18567. 

116. Cox, L. E.;  Wehry, E. L.; Peters, D. G., Photoaquation of hexachloroplatinate(IV). J. Inorg. Nuc. 

Chem.  1972, 34 (1), 297-305. 

117. Kacenauskaite, L.;  Quinson, J.;  Schultz, H.;  Kirkensgaard, J. J. K.;  Kunz, S.;  Vosch, T.; Arenz, M., 

UV-Induced synthesis and stabilization of surfactant-free colloidal Pt nanoparticles with controlled 

particle size in ethylene glycol. ChemNanoMat 2017;3:89-93. 

118. Grivin, V. P.;  Khmelinski, I. V.;  Plyusnin, V. F.;  Blinov, II; Balashev, K. P., Photochemistry of the 

PtCl62- complex in methanol solution. J. Photoch. Photobio. A 1990;51:167-178. 

119. Grivin, V. P.;  Khmelinski, I. V.; Plyusnin, V. F., Intermediates in the photoreduction of PtCl62- in 

methanol. J. Photoch. Photobio. A 1990;51:79-389. 

120. Zhao, M. Q.;  Sun, L.; Crooks, R. M., Preparation of Cu nanoclusters within dendrimer templates. 

J. Am. Chem. Soc. 1998;120:4877-4878. 

121. Knecht, M. R.;  Weir, M. G.;  Myers, V. S.;  Pyrz, W. D.;  Ye, H. C.;  Petkov, V.;  Buttrey, D. J.;  Frenkel, 

A. I.; Crooks, R. M., Synthesis and characterization of Pt dendrimer-encapsulated nanoparticles: Effect 

of the template on nanoparticle formation. Chem. Mater. 2008;20:218-5228. 

122. Sun, C. C.;  Sun, W. H.;  Price, S.;  Hughes, C.;  Ter Horst, J.;  Veesler, S.;  Lewtas, K.;  Myerson, A.;  

Pan, H. H.;  Coquerel, G.;  van den Ende, J.;  Meekes, H.;  Mazzotti, M.;  Rosbottom, I.;  Taulelle, F.;  Black, 

S.;  Mackenzie, A.;  Janbon, S.;  Vekilov, P.;  Threlfall, T.;  Turner, T.;  Back, K.;  Cuppen, H.;  Toroz, D.;  

Sefcik, J.;  Lovelock, J.;  Hammond, R.;  Candoni, N.;  Simone, E.;  Ward, M.;  Bertran, C. A.;  Vetter, T.;  

Sear, R.;  De Yoreo, J.;  Davey, R.;  Anwar, J.;  Santiso, E.;  Wu, D. T.;  Roberts, K.;  Peters, B.;  Schroeder, 

S.;  Jones, F.;  Rasmuson, A.;  Colfen, H.;  Zeglinski, J.; Salvalaglio, M., Solvent and additive interactions 

as determinants in the nucleation pathway: general discussion. Faraday Discuss. 2015;179:383-420. 

123. Garnweitner, G.; Niederberger, M., Organic chemistry in inorganic nanomaterials synthesis. J. 

Mater. Chem. 2008;18:1171-1182. 

124. Bock, C.;  Paquet, C.;  Couillard, M.;  Botton, G. A.; MacDougall, B. R., Size-selected synthesis of 

PtRu nano-catalysts: Reaction and size control mechanism. J. Am. Chem. Soc. 2004;126:8028-8037. 



Review 

68 
 

125. Schrader, I.;  Warneke, J.;  Neumann, S.;  Grotheer, S.;  Swane, A. A.;  Kirkensgaard, J. J. K.;  Arenz, 

M.; Kunz, S., Surface chemistry of "unprotected" nanoparticles: A spectroscopic investigation on 

colloidal particles.J. Phys. Chem. C 2015;119:17655-17661. 

126. Rodrigues, T. S.;  Zhao, M.;  Yang, T. H.;  Gilroy, K. D.;  da Silva, A. G. M.;  Camargo, P. H. C.; Xia, Y. 

N., Synthesis of colloidal metal nanocrystals: A comprehensive review on the reductants. Chem. Eur. J. 

2018;24:16944-16963. 

127. Luty-Blocho, M.;  Wojnicki, M.;  Paclawski, K.; Fitzner, K., The synthesis of platinum 

nanoparticles and their deposition on the active carbon fibers in one microreactor cycle. Chem. Eng. J. 

2013;226:46-51. 

128. Kang, Y. J.;  Ye, X. C.; Murray, C. B., Size- and shape-selective synthesis of metal nanocrystals and 

nanowires using CO as a reducing agent. Ang. Chem. Int. Ed. 2010;49:6156-6159. 

129. Broge, N. L. N.;  Sondergaard-Pedersen, F.;  Roelsgaard, M.;  Hassing-Hansen, X.; Iversen, B. B., 

Mapping the redox chemistry of common solvents in solvothermal synthesis through in situ X-ray 

diffraction. Nanoscale 2020;12:8511-8518. 

130. Xiong, Y. J.;  Washio, I.;  Chen, J. Y.;  Cai, H. G.;  Li, Z. Y.; Xia, Y. N., Poly(vinyl pyrrolidone): A dual 

functional reductant and stabilizer for the facile synthesis of noble metal nanoplates in aqueous 

solutions. Langmuir 2006;22:8563-8570. 

131. Coutanceau, C.;  Urchaga, P.;  Brimaud, S.; Baranton, S., Colloidal syntheses of shape- and size-

controlled Pt nanoparticles for electrocatalysis. Electrocatalysis 2012;3:75-87. 

132. Koczkur, K. M.;  Mourdikoudis, S.;  Polavarapu, L.; Skrabalak, S. E., Polyvinylpyrrolidone (PVP) 

in nanoparticle synthesis. Dalton Trans. 2015;44:17883-17905. 

133. Ott, L. S.; Finke, R. G., Transition-metal nanocluster stabilization for catalysis: A critical review 

of ranking methods and putative stabilizers. Coord. Chem. Rev. 2007;251:1075-1100. 

134. Borodko, Y.;  Humphrey, S. M.;  Tilley, T. D.;  Frei, H.; Somorjai, G. A., Charge-transfer interaction 

of poly(vinylpyrrolidone) with platinum and rhodium nanoparticles.J. Phys. Chem. C 2007;111:6288-

6295. 

135. Borodko, Y.;  Habas, S. E.;  Koebel, M.;  Yang, P. D.;  Frei, H.; Somorjai, G. A., Probing the 

interaction of poly( vinylpyrrolidone) with platinum nanocrystals by UV-Raman and FTIR. J. Phys. 

Chem. B 2006;110:23052-23059. 

136. Luty-Blocho, M., The influence of steric sabilization on process of Au, Pt nanoparticles 

formation. Arch. Metall. and Mater. 2019;64:55-63. 

137. Ahmadi, T. S.;  Wang, Z. L.;  Henglein, A.; ElSayed, M. A., ''Cubic'' colloidal platinum nanoparticles. 

Chem. Mater. 1996;8:1161-1163. 



Review 

69 
 

138. Yin, X.;  Shi, M.;  Wu, J. B.;  Pan, Y. T.;  Gray, D. L.;  Bertke, J. A.; Yang, H., Quantitative analysis of 

different formation modes of platinum nanocrystals controlled by ligand chemistry. Nano Lett. 

2017;17:6146-6150. 

139. Reichenberger, S.;  Marzun, G.;  Muhler, M.; Barcikowski, S., Perspective of surfactant-free 

colloidal nanoparticles in heterogeneous catalysis. ChemCatChem 2019;11:4489-4518. 

140. Chen, L. F.;  Yu, Y.;  Kuwa, M.;  Cheng, T.;  Liu, Y.;  Murakami, H.;  Harada, M.; Wang, Y., Insight 

into the formation mechanism of "unprotected" metal nanoclusters. Acta Phys.-Chim. Sin. 

2020;36:1907008 

141. Dong, H.;  Chen, Y. C.; Feldmann, C., Polyol synthesis of nanoparticles: status and options 

regarding metals, oxides, chalcogenides, and non-metal elements. Green Chem. 2015;17:4107-4132. 

142. Borodko, Y.;  Thompson, C. M.;  Huang, W. Y.;  Yildiz, H. B.;  Frei, H.; Somorjai, G. A., Spectroscopic 

study of platinum and rhodium dendrimer (PAMAM G4OH) compounds: Structure and stability. J. 

Phys. Chem. C 2011;115:4757-4767. 

143. Rampino, L. D.; Nord, F. F., Preparation of palladium and platinum synthetic high polymer 

catalysts and the relationship between particle size and rate of hydrogenation. J. Am. Chem. Soc. 

1941;63:2745-2749. 

144. Salzemann, C.; Petit, C., Influence of hydrogen on the morphology of platinum and palladium 

nanocrystals. Langmuir 2012;28:4835-4841. 

145. Kacenauskaite, L.;  Swane, A. A.;  Kirkensgaard, J. J. K.;  Fleige, M.;  Kunz, S.;  Vosch, T.; Arenz, M., 

Synthesis mechanism and influence of light on unprotected platinum nanoparticles synthesis at room 

temperature. ChemNanoMat 2016;2:104-107. 

146. Harada, M.;  Ueji, M.; Kimura, Y., Synthesis of colloidal particles of poly(2-vinylpyridine)-coated 

palladium and platinum in organic solutions under the high temperatures and high pressures. Colloids 

Surf. A Physicochem. Eng. Asp. 2008;315:304-310. 

147. Kimura, Y.;  Abe, D.;  Ohmori, T.;  Mizutani, M.; Harada, M., Synthesis of platinum nano-particles 

in high-temperatures and high-pressures fluids. Colloids Surf. A Physicochem. Eng. Asp. 2003, 231 (1-

3), 131-141. 

148. Becker, J.;  Bremholm, M.;  Tyrsted, C.;  Pauw, B.;  Jensen, K. M. O.;  Eltzholt, J.;  Christensen, M.; 

Iversen, B. B., Experimental setup for in situ X-ray SAXS/WAXS/PDF studies of the formation and 

growth of nanoparticles in near- and supercritical fluids. J. Appl. Crystallogr. 2010; 43:729-736. 

149. Harada, M.; Cong, C., Microwave-Assisted Polyol Synthesis of Polymer-Protected Monometallic 

Nanoparticles Prepared in Batch and Continuous-Flow Processing. Ind. Eng. Chem. Res. 

2016;55:5634-5643. 

150. Luty-Blocho, M.;  Wojnicki, M.;  Grzonka, J.; Kurzydlowski, K. J., The synthesis of stable platinum 

nanoparticles in the microreactor. Arch. Metall. Mater. 2014;59:509-512. 



Review 

70 
 

151. Suryawanshi, P. L.;  Gumfekar, S. P.;  Kumar, P. R.;  Kale, B. B.; Sonawane, S. H., Synthesis of ultra-

small platinum nanoparticles in a continuous flow microreactor. Colloids Interface Sci. Commun. 

2016;13:6-9. 

152. Arrigo, R.;  Badmus, K.;  Baletto, F.;  Boeije, M.;  Bowker, M.;  Brinkert, K.;  Bugaev, A.;  

Bukhtiyarov, V.;  Carosso, M.;  Catlow, R.;  Chanerika, R.;  Davies, P. R.;  Dononelli, W.;  Freund, H.-J.;  

Friend, C.;  Gallarati, S.;  Gates, B.;  Genest, A.;  Gibson, E. K.;  Hargreaves, J.;  Helveg, S.;  Huang, H.;  

Hutchings, G.;  Irvine, N.;  Johnston, R.;  Lai, S.;  Lamberti, C.;  Macginley, J.;  Marchant, D.;  Murayama, 

T.;  Nome, R.;  Odarchenko, Y.;  Quinson, J.;  Rogers, S.;  Russell, A.;  Said, S.;  Sermon, P.;  Shah, P.;  

Simoncelli, S.;  Soulantica, K.;  Spolaore, F.;  Tooze, B.;  Torrente-Murciano, L.;  Trunschke, A.;  Willock, 

D.; Zhang, J., The challenges of characterising nanoparticulate catalysts: general discussion. Faraday 

Discuss. 2018;208:339-394. 

153. Handwerk, D. R.;  Shipman, P. D.;  Whitehead, C. B.;  Ozkar, S.; Finke, R. G., Mechanism-enabled 

population balance modeling of particle formation en route to particle average size and size 

distribution understanding and control. J. Am. Chem. Soc. 2019;141:15827-15839. 

154. Mourdikoudis, S.;  Pallares, R. M.; Thanh, N. T. K., Characterization techniques for nanoparticles: 

comparison and complementarity upon studying nanoparticle properties. Nanoscale 2018;10:12871-

12934. 

155. Modena, M. M.;  Ruhle, B.;  Burg, T. P.; Wuttke, S., Nanoparticle characterization: What to 

measure? Adv. Mater. 2019, 31:1901556. 

156. Sun, Y. G.; Ren, Y., In situ synchrotron X-Ray techniques for real-time probing of colloidal 

nanoparticle synthesis. Part. Part. Syst. Charact. 2013;30:399-419. 

157. Wu, S. Y.;  Li, M. R.; Sun, Y. G., In situ synchrotron X-ray characterization shining light on the 

nucleation and growth kinetics of colloidal nanoparticles. Ang. Chem. Int. Ed. 2019;58:8987-8995. 

158. Koziej, D., Revealing complexity of nanoparticle synthesis in solution by in situ hard X-ray 

spectroscopy-Today and beyond. Chem. Mater. 2016;28:2478-2490. 

159. Latour, V.;  Maisonnat, A.;  Coppel, Y.;  Colliere, V.;  Fau, P.; Chaudret, B., Urea-stabilized air-

stable Pt nanoparticles for thin film deposition. Chem. Commun. 2010;46:2683-2685. 

160. Harada, M.;  Tamura, N.; Takenaka, M., Nucleation and growth of metal nanoparticles during 

photoreduction using in situ time-resolved SAXS analysis. J. Phys. Chem. C 2011;115:14081-14092. 

161. Fedotov, M. A., Applications of nuclear magnetic resonance to study the structure of platinum-

group metal complexes in aqueous solutions. J. Struct. Chem. 2016;57:563-613. 

162. Shelimov, B.;  Lambert, J. F.;  Che, M.; Didillon, B., Application of NMR to interfacial coordination 

chemistry: A Pt-195 NMR study of the interaction of hexachloroplatinic acid aqueous solutions with 

alumina. J. Am. Chem. Soc. 1999;121:545-556. 



Review 

71 
 

163. Dassenoy, F.;  Philippot, K.;  Ould-Ely, T.;  Amiens, C.;  Lecante, P.;  Snoeck, E.;  Mosset, A.;  

Casanove, M. J.; Chaudret, B., Platinum nanoparticles stabilized by CO and octanethiol ligands or 

polymers: FT-IR, NMR, HREM and WAXS studies. New J. Chem. 1998;22:703-711. 

164. Bradley, J. S.;  Millar, J. M.;  Hill, E. W.; Behal, S., Surface-chemistry on transition-metal colloids - 

an Infrared and NMR-study of carbon-monoxide adsoprtion on colloidal platinum. J. Catal. 

1991;129:530-539. 

165. Costa-Fernandez, J. M.;  Menendez-Miranda, M.;  Bouzas-Ramos, D.;  Encinar, J. R.; Sanz-Medel, 

A., Mass spectrometry for the characterization and quantification of engineered inorganic 

nanoparticles. Trac-Trends in Anal. Chem. 2016;84:139-148. 

166. Haake, P.; Mastin, S. H., Mass spectrometry of platinum(II) complexes - comparison of cis and 

trans isomers - fragmentation and rearrangement  pathways. J. Am. Chem. Soc. 1971, 93:6823-6828. 

167. Navin, J. K.;  Grass, M. E.;  Somorjai, G. A.; Marsh, A. L., Characterization of colloidal platinum 

nanoparticles by MALDI-TOF mass spectrometry. Anal. Chem. 2009;81:6295-6299. 

168. Denning, R. G.; Ware, M. J., Vibrational spectra of Pt(II) complexes. I. Raman and Infrared 

spectra of Pt(CO)Cl3- and Pt(NH3)Cl3- ions. Spectrochim. Acta A 1968, A 24:1785-1794. 

169. Mahtani, H. K.; Stein, P., Correlation between the optical transitions and metal-metal vibrational 

frequencies in Pt9+ 4 cations: A resonnce Raman study. J. Am. Chem. Soc. 1989;111:1505-1506. 

 

170. Gharibshahi, E.;  Saion, E.;  Johnston, R. L.; Ashraf, A., Theory and experiment of optical 

absorption of platinum nanoparticles synthesized by gamma radiation. Appl. Radiat. Isotopes 

2019;147:204-210. 

171. Feng, E. Y.;  Zelaya, R.;  Holm, A.;  Yang, A.-C.; Cargnello, M., Investigation of the optical properties 

of uniform platinum, palladium, and nickel nanocrystals enables direct measurements of their 

concentrations in solution. Colloid. Surface. A 2020;601:125007. 

172. Mang, T.;  Breitscheidel, B.;  Polanek, P.; Knozinger, H., Adsorption of platinum complexes on 

silica and alumina - preparation of uniform metal distributions within support pellets. Appl. Catal. A-

Gen. 1993;106:239-258. 

173. Zheng, H. M.; Zhu, Y. M., Perspectives on in situ electron microscopy. Ultramicroscopy 

2017;180:188-196. 

174. Helveg, S., An industrial perspective of the impact of Haldor Topsoe on (in situ) electron 

microscopy in catalysis. J. Catal. 2015;328:102-110. 

175. Liao, H. G.;  Niu, K. Y.; Zheng, H. M., Observation of growth of metal nanoparticles. Chem. 

Commun. 2013;49:11720-11727. 



Review 

72 
 

176. Yokota, T.;  Murayama, M.; Howe, J. M., In situ transmission-electron-microscopy investigation 

of melting in submicron Al-Si alloy particles under electron-beam irradiation. Phys. Rev. Lett. 2003;91: 

265504. 

177. Howe, J. M.;  Yokota, T.;  Murayama, M.; Jesser, W. A., Effects of heat and electron irradiation on 

the melting behavior of Al-Si alloy particles and motion of the Al nanosphere within. Journal of Electron 

Microscopy 2004;53:107-114. 

178. Zheng, H. M.;  Claridge, S. A.;  Minor, A. M.;  Alivisatos, A. P.; Dahmen, U., Nanocrystal diffusion 

in a liquid thin film observed by in situ transmission electron microscopy. Nano Lett. 2009;9:2460-

2465. 

179 Belloni, J.;  Marignier, J. L.; Mostafavi, M., Mechanisms of metal nanoparticles nucleation and 

growth studied by radiolysis. Radiat. Phys. Chem. 2020;169:107952. 

180. Chen, X.;  Chu, W. S.;  Wang, L.; Wu, Z. Y., Geometry of Pt(IV) in H2PtCl6 aqueous solution: An X-

ray absorption spectroscopic investigation. J. Mol. Struct. 2009;920:40-44. 

181. Li, T.;  Senesi, A. J.; Lee, B., Small angle X-ray scattering for nanoparticle research. Chem. Rev. 

2016;116:11128-11180. 

182. Mi, J. L.;  Clausen, H. F.;  Bremholm, M.;  Schmokel, M. S.;  Hernandez-Fernandez, P.;  Becker, J.; 

Iversen, B. B., Pulsed-flow near-critical and supercritical synthesis of carbon-supported platinum 

nanoparticles and in situ X-ray diffraction study of their formation and growth. Chem. Mater. 

2015;27:450-456. 

183. Billinge, S. J. L.; Kanatzidis, M. G., Beyond crystallography: the study of disorder, 

nanocrystallinity and crystallographically challenged materials with pair distribution functions. Chem. 

Commun. 2004;(7):749-760. 

184. Christiansen, T. L.;  Cooper, S. R.; Jensen, K. M. Ø., There's no place like real-space: elucidating 

size-dependent atomic structure of nanomaterials using pair distribution function analysis. Nanoscale 

Adv. 2020;2:2234-2254. 

185. Harada, M.;  Ikegami, R.;  Kumara, L. S. R.;  Kohara, S.; Sakata, O., Reverse Monte Carlo modeling 

for local structures of noble metal nanoparticles using high-energy XRD and EXAFS. RSC Adv. 

2019;9:29511-29521. 

186. Fernando, A.;  Dimuthu, K. L.;  Weerawardene, M.;  Karimova, N. V.; Aikens, C. M., Quantum 

mechanical studies of large metal, metal oxide, and metal chalcogenide nanoparticles and clusters. 

Chem. Rev. 2015;115:6112-6216. 

187. Ciacchi, L. C.;  Mertig, M.;  Seidel, R.;  Pompe, W.; De Vita, A., Nucleation of platinum clusters on 

biopolymers: a first principles study of the molecular mechanisms. Nanotechnol. 2003;14:840-848. 

188. Nie, A. H.;  Wu, J. P.;  Zhou, C. G.;  Yao, S. J.;  Forrey, R. C.; Cheng, H. S., Structural evolution of 

subnano platinum clusters. Int. J. Quantum Chem. 2007;107:219-224. 



Review 

73 
 

189. Heredia, C. L.;  Ferraresi-Curotto, V.; Lopez, M. B., Characterization of Ptn (n=2-12) clusters 

through global reactivity descriptors and vibrational spectroscopy, a theoretical study. Comput. Mater. 

Sci. 2012;53:18-24. 

190. Chaves, A. S.;  Rondina, G. G.;  Piotrowski, M. J.;  Tereshchuk, P.; Da Silva, J. L. F., The role of 

charge states in the atomic structure of Cun and Ptn (n=2-14 atoms) clusters: A DFT investigation. J. 

Phys. Chem. A 2014;118:10813-10821. 

191. Sebetci, A., New minima for the Pt8 cluster. Comput. Mater. Sci. 2013, 78, 9-11. 

192. Balasubramanian, K., Electronic states of Pt2. J. Chem. Phys. 1987;87:6573-6578. 

193. Taylor, S.;  Lemire, G. W.;  Hamrick, Y. M.;  Fu, Z. W.; Morse, M. D., Resonant 2-photon ionization 

spectroscopy of jet-cooled Pt2. J. Chem. Phys. 1988;89:5517-5523. 

194. Ho, J.;  Polak, M. L.;  Ervin, K. M.; Lineberger, W. C., Photoelectron-spectroscopy of nickel group 

dimers Ni2, Pd2 and Pt2. J. Chem. Phys. 1993;99:8542-8551. 

195. Xu, W. X.;  Schierbaum, K. D.; Goepel, W., Ab initio study of electronic structures of Ptn clusters 

(n=2-12). Int. J. Quantum Chem. 1997;62:427-436. 

196. Yang, S. H.;  Drabold, D. A.;  Adams, J. B.;  Ordejon, P.; Glassford, K., Density functional studies of 

small platinum clusters. J. Condens. Matter Phys. 1997;9:L39-L45. 

197. Gronbeck, H.; Andreoni, W., Gold and platinum microclusters and their anions: comparison of 

structural and electronic properties. Chem. Phys. 2000;262:1-14. 

198. Li, T.; Balbuena, P. B., Computational studies of the interactions of oxygen with platinum 

clusters. J. Phys. Chem. B 2001;105:9943-9952. 

199. Xu, Y.;  Shelton, W. A.; Schneider, W. F., Effect of particle size on the oxidizability of platinum 

clusters. J. Phys. Chem. A 2006;110:5839-5846. 

200. Bhattacharyya, K.; Majumder, C., Growth pattern and bonding trends in Ptn (n=2-13) clusters: 

Theoretical investigation based on first principle calculations. Chem. Phys. Lett.2007;446:374-379. 

201. Singh, N. B.; Sarkar, U., Structure, vibrational, and optical properties of platinum cluster: a 

density functional theory approach. J. Mol. Model. 2014;20: 2537. 

202. Ignatov, S. K.;  Razuvaev, A. G.;  Loginova, A. S.; Masunov, A. E., Global structure optimization of 

Pt clusters based on the modified empirical potentials, calibrated using Density Functional Theory. J. 

Phys. Chem. C 2019;123:29024-29036. 

203. Harada, M.; Dexpert, H., Electronic structure of transition metal clusters from density functional 

theory .1. Transition metal dimers. J. Phys. Chem. 1996;100:565-572. 

204. Ervin, K. M.;  Ho, J.; Lineberger, W. C., Electronic and vibrational structure of transition metal 

tirmers: Photoelectron-spectra of Ni3-, Pd3- and Pt3-. J. Chem. Phys. 1988;89:4514-4521. 

205. Majumdar, D.;  Dai, D. G.; Balasubramanian, K., Theoretical study of the electronic states of 

platinum trimer (Pt3). J. Chem. Phys. 2000;113:7919-7927. 



Review 

74 
 

206. Ferrari, P.;  Janssens, E.;  Lievens, P.; Hansen, K., Radiative cooling of size-selected gas phase 

clusters. Int. Rev. Phys. Chem. 2019;38:405-440. 

207. Dai, D. G.; Balasubramanian, K., Electronic structures of Pd4- and Pt4-. J. Chem. Phys. 

1995;103:648-655. 

208. Fortunelli, A., Density functional calculations on small platinum clusters: Ptnq (n=1-4, q=0, +/- 

1). J. Mol. Struct.-Theochem 1999;493:233-240. 

209. Zhang, W. Q.;  Xiao, L.;  Hirata, Y.;  Pawluk, T.; Wang, L. C., The simple cubic structure of Ir clusters 

and the element effect on cluster structures. Chem. Phys. Lett. 2004;383:67-71. 

210. Majumdar, D.;  Dai, D. G.; Balasubramanian, K., Theoretical study of electronic states of platinum 

pentamer (Pt5). J. Chem. Phys. 2000;113:7928-7938. 

211. Kumar, V.; Kawazoe, Y., Evolution of atomic and electronic structure of Pt clusters: Planar, 

layered, pyramidal, cage, cubic, and octahedral growth. Phys. Rev. B 2008;77:205418. 

212. Li, R.;  Odunlami, M.; Carbonniere, P., Low-lying Ptn cluster structures (n=6-10) from global 

optimizations based on DFT potential energy surfaces: Sensitivity of the chemical ordering with the 

functional. Comput. Theor. Chem. 2017;1107:136-141. 

213. Fung, V.; Jiang, D. E., Exploring structural diversity and fluxionality of Ptn (n=10-13) clusters 

from first-principles. J. Phys. Chem. C 2017;121:10796-10802. 

214. Wei, G. F.; Liu, Z. P., Subnano Pt particles from a first-principles stochastic surface walking 

global search.J. Chem. Theory Comput. 2016;12:4698-4706. 

215. Watari, N.; Ohnishi, S., Atomic and electronic structures of Pd13 and Pt13 clusters. Phys. Rev. B 

1998;58:1665-1677. 

216. Apra, E.; Fortunelli, A., Density-functional study of Pt13 and Pt55 cuboctahedral clusters. J. Mol. 

Struct.-Theochem 2000;501:251-259. 

217. Apra, E.; Fortunelli, A., Density-functional calculations on platinum nanoclusters: Pt13, Pt38, and 

Pt55. J. Phys. Chem. A 2003;107:2934-2942. 

218. Maldonado, A. S.;  Cabeza, G. F.; Ramos, S. B., Dynamical stability and vibrational properties of 

Pt clusters. J. Phys. Chem. Solids 2019;131:131-138. 

219. Wang, X. L.; Tian, D. X., Structures and structural evolution of Ptn (n=15-24) clusters with 

combined density functional and genetic algorithm methods. Comput. Mater. Sci. 2009; 46:239-244. 

220. Xiao, L.; Wang, L. C., Structures of platinum clusters: Planar or spherical? J. Phys. Chem. A 

2004;108:8605-8614. 

221. Wang, R. Y.;  Zhao, L.;  Jia, J. F.; Wu, H. S., O2 adsorbed on Ptn clusters: Structure and optical 

absorption. AIP Adv. 2018, 8:035307. 

222. Wu, Y. E.;  Wang, D. S.; Li, Y. D., Nanocrystals from solutions: catalysts. Chem. Soc. Rev. 

2014;43:2112-2124. 



Review 

75 
 

223. Finney, E. E.; Finke, R. G., Nanocluster nucleation and growth kinetic and mechanistic studies: 

A review emphasizing transition-metal nanoclusters. J. Colloid Interface Sci. 2008;317:351-374. 

224. Finney, E. E.; Finke, R. G., The four-step, double-autocatalytic mechanism for transition-metal 

nanocluster nucleation, growth, and then agglomeration: Metal, ligand, concentration, temperature, 

and solvent dependency studies. Chem. Mater. 2008;20:1956-1970. 

225. Watzky, M. A.; Finke, R. G., Transition metal nanocluster formation kinetic and mechanistic 

studies. A new mechanism when hydrogen is the reductant: Slow, continuous nucleation and fast 

autocatalytic surface growth. J. Am. Chem. Soc. 1997;119:10382-10400. 

226. LaMer, V. K.; Dinegar, R. H., Theory, production and mechanism of formation of monodispersed 

hydrosols. J. Am. Chem. Soc. 1950;72:4847-4854. 

227. Fang, D. H.;  Zhang, H. J.;  He, L.;  Geng, J. T.;  Song, W.;  Sun, S. C.;  Shao, Z. G.; Yi, B. L., Facile 

synthesis of nanoporous Pt-encapsulated Ir black as a bifunctional oxygen catalyst via modified polyol 

process at room temperature. ChemElectroChem 2019;6:3633-3643. 

228. Znakovskaya, I. V.;  Sosedova, Y. A.;  Glebov, E. M.;  Grivin, V. P.; Plyusnin, V. F., Intermediates 

formed by laser flash photolysis of PtCl62- in aqueous solutions. Photoch. Photobio. Sci. 2005;4:897-

902. 

229. Gebauer, D.;  Raiteri, P.;  Gale, J. D.; Colfen, H., On classical and non-classical views on nucleation. 

Am. J.  Sci. 2018;318:969-988. 

230. Li, D. S.;  Nielsen, M. H.;  Lee, J. R. I.;  Frandsen, C.;  Banfield, J. F.; De Yoreo, J. J., Direction-specific 

interactions control crystal growth by oriented attachment. Science 2012;336:1014-1018. 

231. Jensen, K. M. O.;  Tyrsted, C.;  Bremholm, M.; Iversen, B. B., In situ studies of solvothermal 

synthesis of energy materials. ChemSusChem 2014;7: 1594-1611. 

232. Wu, L. H.;  Willis, J. J.;  McKay, I. S.;  Diroll, B. T.;  Qin, J.;  Cargnello, M.; Tassone, C. J., High-

temperature crystallization of nanocrystals into three-dimensional superlattices. Nature 

2017;548:197-201. 

233. Yang, T. H.;  Peng, H. C.;  Zhou, S.;  Lee, C. T.;  Bao, S. X.;  Lee, Y. H.;  Wu, J. M.; Xia, Y. N., Toward a 

quantitative understanding of the reduction pathways of a salt precursor in the synthesis of metal 

nanocrystals. Nano Lett. 2017;17:334-340. 

234. Tan, R.;  Zhu, H.;  Cao, C.; Chen, O., Multi-component superstructures self-assembled from 

nanocrystal building blocks. Nanoscale 2016;8:9944-9961. 

235. Morsbach, E.;  Speder, J.;  Arenz, M.;  Brauns, E.;  Lang, W.;  Kunz, S.; Baumer, M., Stabilizing 

catalytically active nanoparticles by ligand linking: toward three-dimensional networks with high 

catalytic surface area. Langmuir 2014;30:5564-5573. 



Review 

76 
 

236. Gomez, S.;  Erades, L.;  Philippot, K.;  Chaudret, B.;  Colliere, V.;  Balmes, O.; Bovin, J. O., Platinum 

colloids stabilized by bifunctional ligands: self-organization and connection to gold. Chem. Commun. 

2001;(16):1474-1475. 

237. Gomez, M.;  Philippot, K.;  Colliere, V.;  Lecante, P.;  Muller, G.; Chaudret, B., Novel super-

structures resulting from the coordination of chiral oxazolines on platinum nanoparticles. New J. 

Chem. 2003;27:114-120. 

238. Duteil, A.;  Queau, R.;  Chaudret, B.;  Mazel, R.;  Roucau, C.; Bradley, J. S., Preparation of organic 

solutions or solid films of small particles of ruthenium, palladium and platinum from organometallic 

precursors in the presence of cellulose derivatives. Chem. Mater. 1993;5:341-347. 

239. Henglein, F. A., Formation of a Pt-carbonyl colloid by reaction of colloidal Pt with CO. J. Phys. 

Chem. B 1997;101:5889-5894. 

240. Calabrese, J. C.;  Dahl, L. F.;  Chini, P.;  Longoni, G.; Martinengo, S., Synthesis and structural 

characterization of platinum carbonyl cluster dianions. [Pt3(CO)3(µ2-CO)3]n2-(n=2,3,4,5). A new series 

of Inorganic Oligomers.. J. Am. Chem. Soc. 1974;96:2614-2616. 

241. Shen, X. C.;  Zhang, C. L.;  Zhang, S. Y.;  Dai, S.;  Zhang, G. H.;  Ge, M. Y.;  Pan, Y. B.;  Sharkey, S. M.;  

Graham, G. W.;  Hunt, A.;  Waluyo, I.;  Miller, J. T.;  Pan, X. Q.; Peng, Z. M., Deconvolution of octahedral 

Pt3Ni nanoparticle growth pathway from in situ characterizations. Nat. Commun. 2018;9:4485. 

242. Pellegrini, C., The development of XFELs. Nat. Rev. Phys. 2020;2:330–331. 

243. St John, S.;  Hu, N. P.;  Schaefer, D. W.; Angelopoulos, A. P., Time-resolved, in situ, small- and 

wide-angle X-ray scattering to monitor Pt nanoparticle structure evolution stabilized by adsorbed 

SnCl3- ligands during synthesis. J. Phys. Chem. C 2013;117:7924-7933. 

 



Review 

77 
 

 

l. Tables 

 



Review 

78 
 

Table 1. Comparison of different conditions and characterization techniques used to investigate the formation of Pt NPs. The insight gained regarding 

the formation mechanism(s) and main conclusions of the selected studies are briefly summarized. 

 

Colloidal Pt NPs 
Ref. Date Precursor Solvent Concentration Additives Method  Techniques* Main insights 

52 1985 H2PtCl6 Alcohols 6-800 mM O2, CuCl2 Light induced NMR PtCl6
2- → PtCl4

2- + [PtCl3(ROH)]- 

53 1986 
H2PtCl6, 

Na2PtCl6 

K2PtCl4 

Alcohols + H2O 15 mM - Light induced 
UV-vis 
NMR 

(1) PtCl6
2- → PtCl42- → Pt0 

(2) PtCl4
2- accumulates before Pt0 forms 

(3) Possible formation of PtIII species 
54 1989 H2PtCl4 Methanol + H2O 10 mM PVP Boiling TEM, XAS  Pt-Pt distances shorter in colloids vs. bulk  

55 1995 K2PtCl4 Methanol + H2O 0.2-5 mM 
(C3H5NO)n 
(NaPO3)n   
SC, PVP 

Radiolysis 
vs. H2 

vs. boiling 
UV-vis 

(1) Autocatalytic reduction of metal ions  
at the metal surface formed 

(2) Cluster combination/coalescence 

50 1995 H2PtCl6 Methanol + H2O 1-10 mM PVP 80-110 °C 
TEM 

UV-vis 
(1) Atom by atom growth 

(2) Pt0
sol coalescence 

56 1996 Pt(dba)2 Toluene vs. THF 5 mM 
CO 

PPh3 
RT 

IR, NMR 
WAXS 

HRTEM 

(1) Structural transition from fcc to isocahedral 
depending on solvent 

(2) Colloids can convert  
back to molecular clusters 

57 1996 K2PtCl4 H2O 0.1 mM 
Sodium 

polyacrylate 
RT, H2 TEM Shape controlled by metal:capping agent ratio 

58 1998 K2PtCl4 H2O 0.08 mM 
Sodium 

polyacrylate 
RT, H2 TEM Shape changes over time 

59 2000 K2PtCl4 H2O  10 mM 
H2 

NaOH 
SC 

RT 
UV-vis 
TEM 

Conductivity  

(1) Formation of  [Pt(HO)(H2O)2Cl]2- 
(2) NaOH slows down the reaction 

(3) Autocatalytic reduction 
26 2000 H2PtCl6 EG 20 mM NaOH 160 °C TEM, XRD Surfactant-free synthesis 

60 
61 
62 

2001 
2003 
2003 

K2PtCl4 H2O DFT 

(1) PtI-PtII dimers and trimers 
(2) Pt(H2O)2Cl2 reacts with  PtCl2

-/PtCl2
2-  

(3) Pt atoms from Pt(H2O)2Cl2 can be added to Pt12, 
Pt12Cl4, Pt13Cl6 

63 
64 

2002 
2003 

Pt(acac)2 Toluene 30 mM AlMe3 RT 
NMR, XAS 
SAXS, DFT 

Stabilized binuclear Pt complexes  
with a O-bridge as embryonic species 

65 2004 H2PtCl6 EG 10 mM PVP, NaNO3 160 °C TEM, UV-vis 
(1) Shape control using NaNO3 

(2) Effect of gas atmosphere 

66 2005 H2PtCl6 H2O 2.25-67.5 mM SC 70-90 °C EXAFS 

(1) Pt(O)4 species formed 

(2) No Pt-Pt bonds, no PtOx,  
no shared O between Pt 

(3) Key role of O groups from SC 
67 
68 

2005 
(1,5-COD) 

PtCl2 
cyclohexene 

acetone 
1.34 mM 

Bu3N 
PS 

RT 
40 psig H2 

TEM, XPS 
NMR 

4 steps, double autocatalytic mechanism 
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69 2006 H2PtCl6 
Methanol 
(+H2O) 

0.1-100 mM SC 80 °C 
UV-vis 
TEM  

EXAFS 

(1) Still PtCl6
- present while Pt0 form 

(2) Slower reaction if SC is used  
or more reducing agent (methanol) 

70 2006 H2PtCl6 Ethanol + H2O 0.66 mM 
PVP 
N2 

UV induced 
TEM  
TG 

PtIV →PtII → Pt0 
PtII builds up before any Pt0 form 

71 2006 H2PtCl6 Ethanol + H2O 0.66-10 mM 
PVP 
N2 

UV induced 
UV-vis  
TEM  

in situ XAS 

(1) PtCl6
2- → PtCl42- → Pt2+ → Pt0 

(2) Pt0-Pt0 form and growth 
(3) PVP leads to slower kinetics 

72 2007 Pt(acac)2 Toluene 5-50 mM 
H2 

OLA 
70 °C  
3 bar 

TEM 
Concentration dependent growth  
and shape evolution (nanocubes) 

73 2008 H2PtCl6 EG 60 mM Base 80 °C XAS Pt(OH)4
2-  forms upon heating up 

51 2008 H2PtCl6 H2O 0.26 mM 
PVA 

NaBH4 
RT 

UV-vis 
XAS 

(1) Formation of [PtCl2(H2O)4]2+ 

(2) Pt4, Pt6 clusters formed at low concentration 

74 2009 Pt(acac)2 Toluene  5-50 mM 
H2 

OLA 
70 °C 

200 kPa 
TEM  

in situ XRD  
Concentration dependent growth  

and shape evolution 

75 2009 Pt(acac)2 o-dichlorobenzene 51 mM OLA Beam-induced in situ TEM 
(1) Overlap of nucleation and growth 

(2) Growth by monomer addition and coalescence 

76 2012 H2PtCl6 Ethanol + H2O 0.2-1 mM PVP Light induced 
UV-vis  

SEM, TG 

(1) PVP as reducing agent  
(2) From a 1 to 2 steps mechanism  

upon adding ethanol 

77 2012 
H2PtCl6 

K2PtCl4 
Ethanol + H2O 24.4 mM 

PVP 
(Benzoin, 

Benzophenone,  
Acetophonone) 

Photo-
reduction 

UV-vis 
TEM  

in situ XAS  

(1) PtIV →PtII → Pt0 
(2) PtCl6

2- inhibits NP formation 
(3) Kinetics of formation retrieved 

(4) Reduction-nucleation is followed by 
autocatalytic surface growth and Ostwald 

ripening-based growth. 

78 2012 K2PtCl4 H2O 2 mM PAMAM UV induced 

UV-vis 
Raman 
TEM 
XPS 

PAMAM polymer create a cage that account for 
stabilization of Ptᵟ+n  (n=2-8) linear complexes 

29 2012 K2PtCl4 
EG  

or CA + H2O 
10 mM PVP 60 °C 

in situ UV-vis 
TEM  

in situ XAS 
PtnClx complexes, Cl3Pt-PtCl3 suggested 

79 2012 H2PtCl6 EG 5.4 mM 
NaOH 
PVP 

90 °C in situ SAXS 
Growth studied with and without surfactant  

under different concentration of NaOH 

80 2012 H2PtCl6 H2O vs. EG 8 mM 
SC vs. 

PVP+NaNO3 
Boiling vs. 

160 °C 
TEM  
SAXS 

(1) H2O+SC: growth by Ostwald ripening 
(2) EG+PVP: surface reaction contribution  

49 2013 H2PtCl6 
H2O 
THF 

10 mM 
PVP 

PAMAM 
UV induced 

Beam induced 

UV-vis 
Raman 

in situ TEM 
XPS 

(1) Non-metallic Ptn linear clusters (n = 2-8)  
→  Coalescence into mesocrystals 

→ Nanocrystal formation 
(2) Capping agent key to stabilize Ptn structures  

81 2014 K2PtCl6 EG 30 mM 
AA 
PVP 
SC 

50 °C 
TEM  

in situ XAS 

(1) Fast nucleation to Pt0 
(2) Ostwald ripening 

(3) Slow growth and stabilization 
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27 2015 H2PtCl6 
Methanol 

H2O 
4 mM PVP Boiling 

UV-vis, MS 
XAS, DFT 

(1) Solvent dependent pathway 
(2) Catalytic effect of water 

82 2015 H2PtCl6 
Ethanol 

(supercritical) 
500 mM - 

250 °C 
(250 bar) 

in situ PDF 
(1) PtCl6 → PtCl4 → NPs  

(2) 1st PDF study for colloids 

83 2019 H2PtCl6 Methanol 2.5 mM 
LiOH, NaOH, 
KOH, CsOH 

65 °C TEM 
Influence of cations  

on the stability of surfactant-free NPs 

84 2020 H2PtCl6 Methanol 2.5 mM LiOH 25 °C TEM Fast room temperature using aged precursors 

85 
86 

2020 H2PtCl6 
Methanol 
Ethanol 

2.5-10 mM NaOH 
UV-induced 

Reflux 

TEM, Raman 
XAS, UV-vis 
in situ SAXS 

Slow nucleation, moderate growth in methanol  
vs. fast nucleation, agglomeration in ethanol 

Other studies on Pt NP formation 

87 1976 

Na2PtCl6 
H2PtCl6

 

Na2PtCl4 

Pt(CO)2Cl2 

Methanol 
vs. THF 

73 mM 
Alkaline 

CO (1 atm) 
25 °C IR 

Formation of [Pt3(CO)6]n
2- 

n= 1-6,10 

Possibility to form complex Pt molecular 
structures88 used to develop supported NPs89 

42 
90 

2007 
2009 

H2PtCl6 (solid phase) - TiO2 supported  200-500 °C in situ PDF Use of PDF for new insights 

91 2010 HAuCl4 H20 7.4 mM 
PVP 
CA 

70 °C 
UV-vis, TEM 

XAS, DFT 
AunClx 

 species like -Cl3Au-AuCl3
-
 

92 2015 PtCl6
2-

 Methanol + H2O 0.5 mM - Light induced  UV-vis Kinetics of reduction of PtCl6
2- to PtCl4

2- 
93 
94 

2016 
2018 

K2PtCl4 

K2PtCl6 
Methanol + H2O 1 mM - Light induced NMR 

Formation of different Pt films from different 
precursors, [PtCl3(CH3OH)]- as intermediate 

95 2017 
H2PtCl6 

K2PtCl6 

K2PtCl4 

EG 0.3-1.2 mM - < 120 °C IC 
Different steps studied by 

 conductivity measurements 

96 2019 K2PtCl4 (solid phase) - Carbon supported  Electron beam in situ TEM 
Breaking ionic bond K+ PtCl4

2- 
→  PtCl2 formation 
→  Pt-Pt formation 

97 2020 
Plasma 

sputtering 
(solid phase) - 

Carbon or SiN 
supported 

Electron beam  
Flash heating 

in situ STEM 
DFT 

Correlation between images  
and calculated Ptn clusters 
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Table 2. Techniques used to characterize Pt colloids formation mechanisms: benefits and limitations for 

studying (i) the molecular precursor and their reduction, (ii) nucleation and (iii) growth. 

Techniques e.g. Focus on Benefits Drawbacks 

NMR 63, 159 (i) Molecular structure 
 requires stable complexes  
 in situ or in line challenging 

MS 27 (i) Molecular structure 

 Pt complexes may react and fragment 
differently depending on ionization 
parameters 

 in situ or in line challenging 

UV-vis 29 
(i) Molecular structure 
(ii) Nucleation 
(iii) Growth 

 strong PtIV-Cl signal    
 low concentrations  

 attribution of absorptions can be 
challenging 

Raman 49 (i) Molecular structure 
 may need high concentrations 
 laser (high) intensity can induce 

reactions 

TG 70 
(i) Molecular structure 
(ii) Nucleation 
(iii) Early growth 

 low concentrations  Not a routine approach 

IC 95 (i) Molecular (charged) species 
 Conductivity is measured so the 

method has little specificity to the 
species probed 

TEM 49, 75 
(ii) Nucleation 

(iii) Growth 

 in situ challenging  
(e.g. electron beam induced reactions) 

 typically suited for structure > 0.5 nm 
 only few NPs at a time 

XAS 29, 71 

(i) Molecular structure 
(i) Reduction 

(ii) Nucleation 
(iii) Growth 

 oxidation degree 
 coordination:  

nature + number 

 requires access to synchrotrons 
 access to coordination numbers but 

little information on the structure of 
the species 

SAXS 79, 160 (iii) Growth 
 only for relatively large structures  

e.g. > 0.5-1 nm 

XRD 74 (iii) Growth 
 sensitive to larger structures  

e.g. > 2-3 nm 

PDF 82 

(i) Molecular structure 
 (i) Reduction 

 (ii) Nucleation 
(iii) Growth 

 typically require access to 
synchrotrons 

 high concentrations needed 
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Table 3. Overview gathering references to theoretical work on Ptn structures for different n values. 

n 2 3 4 5 6 7 

References 
49, 189, 190, 192-

203 

189, 190, 195, 196, 198-

202, 204-206 

189, 190, 195, 196, 198-203, 

206-209 

189, 190, 195-

202, 206, 210 

189, 190, 195, 

196, 198, 200-

202, 206, 211, 

212 

189, 190, 195, 200-

202, 206, 212 

n 8 9 10 11 12 13 

References 
189-191, 195, 200-

202, 206, 209, 212 

189, 190, 195, 200-202, 

209, 211, 212 

189, 190, 195, 199-202, 211-

213 

189, 190, 195, 

200, 213 

189, 190, 195, 

200, 209, 213, 

214 

190, 196, 200, 209, 

213-218 

n 14 15-37 38 39-46 55 > 55 
References 190, 211, 214 202, 211, 214, 218, 219 202, 211, 214, 217 211, 214 202, 216-218 202, 211, 218 
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m. Figure Captions 

 

Figure 1. Illustrative examples of Pt nanoparticle applications. 

Figure 2. Schematic representation of the reaction pathway in methanol and methanol-water mixture 

for the conversion of PtCl62- to NPs. PVP was used during the synthesis. Reprinted with permission from 

Chen et al. Nano Lett. 2015, 15, 5961.27 Copyright (2020) American Chemical Society. 

Figure 3. Pictures of alkaline solution of methanol with H2PtCl6 before and after treatment with 

a microwave-reactor (MW). Reprinted with permission from the supplementary information of 

Quinson et al. ACS Sustainable Chemistry and Engineering 2019, 7, 13680.83 Copyright (2020) 

American Chemical Society. 

Figure 4. (c) Schematic representation of the effect of solvent on the Pt nanomaterial formation 

in different solvents in presence of PVP. (d,e) TEM micrographs of Pt nanostructures obtained 

using (d) ethylene glycol and (e) citric acid in water as solvent and reducing agents. Adapted and 

reprinted with permission from Yao et al. JACS 2012, 134, 9410.29 Copyright (2020) American 

Chemical Society.  

Figure 5. (A) Calculated Raman spectra of various Pt-Pt dimers. (B) Calculated Raman spectra of a Pt-

O-Pt bridged moiety. Reprinted with permission from Borodko et al. J. Phys. Chem. C, 2013, 117, 26667.71 

Copyright (2020) American Chemical Society. 

Figure 6. (c-d) Time resolved UV-vis spectra for the Pt NP formation in (c) ethylene glycol and (d) citric 

acid in water. Reprinted and adapted with permission from Yao et al. J. Am. Chem. Soc. 2012, 134, 9410.29 

Copyright (2020) American Chemical Society. 

Figure 7. Ionic conductivity profile as a function of temperature with ethylene glycol as solvent 

during formation of Pt NPs. Reprinted with permission from El-Sayed et al. Langmuir 2017, 33, 

13615.95 Copyright (2020) American Chemical Society. 

Figure 8. Time series HRTEM micrographs of Pt precursors with (A) PAMAM and (B) PVP, 

photosynthesized in aqueous solutions and drop casted onto graphene substrates. Reprinted and 

adapted with permission from Borodko et al. J. Phys. Chem. C 2013, 117, 26667.49 Copyright (2020) 

American Chemical Society. 

Figure 9. Time resolved evolution of XANES spectra during the formation of Pt NPs in ethylene glycol. 

Reproduced from Boita et al. Phys. Chem. Chem. Phys. 2014, 16, 17640.81 with permission from the PCCP 

Owner Societies. 
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Figure 10.  Time resolved evolution of EXAFS spectra during the formation of Pt NPs. Reprinted with 

permission from Lin et al. J. Colloid Interface Sci. 2006, 299, 678,69 Copyright Elsevier (2020). 

Figure 11. (Left) Example of SAXS data and fit for the synthesis of Pt NPs in ethylene glycol in presence 

of PVP and (Right) NP diameter evaluation over time estimated by TEM and SAXS and fitted to different 

growth models. The scattering vector q is defined as q= 4π sin (ϴ) / λ, where λ is the wavelength and 2θ 

is the scattering angle. Reprinted with permission from Varghese et al. J. Colloid Interface Sci., 2012, 365, 

117,80 Copyright Elsevier (2020). 

Figure 12. Time evolution of the normalized area under the PDF peaks for Pt–Cl and Pt–Pt bonds during 

synthesis of Pt NPs in supercritical ethanol and related schematic mechanism. Reproduced with 

permission from Saha et al. J. Phys. Chem. C 2015, 119, 13357.82 Copyright (2020) American Chemical 

Society. 

Figure 13. Putative global minimum configurations for Ptn (n=2-14) clusters in the cationic, 

neutral and anionic state. Reproduced with permission from Chaves et al. J. Phys. Chem. A 2014, 

118, 10814.190 Copyright (2020) American Chemical Society. 

 

Figure 14. Schematic illustrative general evolution of different Pt species over the reduction 

step. The induction phase corresponds to the time needed to see the first NP formation when 

enough Pt0 has been formed. 

 

Figure 15. Schematic representation of an ideal case of separated nucleation then growth and a 

more realistic case of nucleation and growth occurring at the same time from a schematic [PtX] 

precursor. 

 

Figure 16. Schematic representation of some NP growth mechanisms (a) coalescence, (b) 

Ostwald ripening and (c) autocatalytic growth.  

 

Figure 17. Schematic representation the interplay between different Pt molecular species and 

NPs. Reproduced and adapted with permission from Rodriguez et al. Chem. Mater. 1996, 8, 

1978.56 Copyright (2020) American Chemical Society. 

 

Figure 18. (a) Schematic representation of time-dependent steps for (i) reduction, (ii) nucleation and 

(iii) growth from Pt molecular precursors to NPs. (b) Related techniques suitable to study the different 

steps at different size scale.
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Figure 17. 

 

 

Figure 18.  
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