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Controlled synthesis of surfactant-free water-dispersible colloidal 

platinum nanoparticles by the Co4Cat process 

Jonathan Quinson,*[a] Laura Kacenauskaite,[a] Søren B. Simonsen,[b] Luise Theil Kuhn,[b] Mehtap 

Oezaslan,[c] Sebastian Kunz[d] and Matthias Arenz*[e] 

Abstract: The recently reported Co4Cat process is a synthesis method 

bearing ecological and economic benefits to prepare precious metal 

nanoparticles (NPs) with optimized catalytic properties. In the Co4Cat 

process a metal precursor (e.g. H2PtCl6) is dissolved in an alkaline solution 

of a low boiling point solvent (methanol) and reduced to NPs at low 

temperature (< 80 °C) without the use of surfactants. We here describe in 

detail the Co4Cat process to prepare Pt NPs. The advantages of this new 

synthesis method for research and development, but also industrial 

production, are highlighted in a comparison with the popular ’polyol’ 

synthesis. The reduction of H2PtCl6 from Pt(IV) to Pt(II) and further to Pt(0) 

is followed by UV-vis and XANES/EXAFS measurements. It is demonstrated 

how the synthesis can be accelerated, how size control is achieved and 

how the colloidal dispersions can be stabilized without the use of 

surfactants. Despite being surfactant-free, the Pt NPs exhibit surprisingly 

long term (up 16 months) stability in water over a wide pH range (3-12) 

and in aqueous buffer solutions. The Co4Cat process is thus relevant to 

produce NPs for heterogeneous catalysis, electro-catalysis or bio/medical 

applications. 

Introduction 

Developing environmentally friendly catalytic processes is 

at the forefront of more sustainable societies[1] and 

prosperous industries.[2] Nanotechnologies and in particular 

nanoparticles (NPs), address worldwide challenges like 

water remediation,[3] chemical production,[4] energy 

conversion and storage.[5] Nanotechnologies are also 

expected to improve biomedical diagnosis and treatments[6] 

for instance in sensing, imaging or drug delivery.  

To ensure the application of a nanotechnology to real 

business cases, several parameters in the manufacturing of 

nanomaterials[7] must be controlled from production to 

processing. (1) Simple, cost-effective, eco-friendly and 

reliable production methods are needed. (2) The NP size 

must be controlled because it influences chemical, physical 

and catalytic properties at the nanoscale.[8] (3) Simple 

processing of the nanomaterials must be achieved to 

facilitate their applications, e.g. by achieving (re)dispersion 

in suitable[9] and ideally ‘green’[10] solvents.  

To meet the above criteria, wet-chemistry methods[11] like 

colloidal syntheses,[12] are suitable options because they 

are compatible with large scale production.[9c] They are also 

challenging because high boiling point solvents are typically 

used, which implies energy/resource intensive solvent 

removal and/or «washing» steps to process the NPs. These 

steps prevented the large-scale implementation of most 

colloidal routes. 

The ‘polyol process’ is a popular ‘green’ synthesis[13] of 

metal NPs for fundamental research but has not fully found 

its way to larger scale. Colloidal dispersions are obtained by 

reduction of a metal complex in an alkaline solution of a 

polyol to form NPs at high temperature (e.g. > 150 °C). 

Surfactants or polymers like polyvinylpyrrolidone (PVP) are 

typically added to avoid NP aggregation, achieve size and 

morphology control or tune colloidal properties like water-

dispersibility.[9b, 13b, 14] Using additives is an approach 

equally predominant in the preparation of metal NPs in low 

boiling point solvents like water,[15] methanol[16] and 

ethanol[17] or mixture of methanol and water[18] or ethanol 

and water.[9b, 19] In conventional approaches no NPs are 

formed[20] and/or the colloidal solutions in these solvents are 

unstable without additives. 

Developing surfactant-free syntheses is then identified as a 

key achievement for greener[21] and industrial[22] 

productions. This is because additives, surfactants or 

polymers, can be detrimental to the environment.[1-2] 

Furthermore, additives need to be removed after synthesis 

because they can negatively affect the catalytic activity.[23] 

Their removal for instance is key in electrochemistry and 

related energy applications,[15, 24] where fully accessible 

surfaces for electron transfer are necessary. Equally, from a 

research and development point of view, the use of 

additives is disadvantageous. It complicates systematic 

studies and a thorough testing of hypotheses by adding 

steps and uncertainties. Common procedures to remove 

additives are UV-irradiation, harsh thermal and/or chemical 

treatments[25] which can impair the composition and 

structure of the as-prepared NPs and may result in limited 

reproducibility and scalability.[23a]  
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Recent examples support the benefits of surfactant-free 

syntheses. ‘Unprotected’ or ‘weakly’ protected NPs reach 

competitive catalytic efficiency compared to state-of-the-

art.[26] For instance Pd NPs prepared in methanol for 

acetylene hydrogenation[27] and dehydrogenation of formic 

acid.[21] More efficient precious metal catalysts means a 

better use of the metal resources.  

Yet surfactant-free colloidal dispersions are typically not 

stable for more than few hours after synthesis. A support 

material needs to be added after or during synthesis to 

stabilise the NPs before they agglomerate into undesired 

lower surface area materials. In such one-pot synthesis,[28] 

the formation of catalysts into pores of the support cannot 

be excluded.[29] In the case of precious metal catalysts like 

platinum (Pt), the ‘loading’ of the expensive material may 

then be under-exploited during catalytic operation, which is 

neither desirable nor sustainable. 

Achieving reliable preparation methods of stable colloidal 

NPs has been a motivation over the years to develop a 

toolbox for systematic studies of precious metal NPs.[12] 

Since the pioneering work by Wang et al.[30] it is established 

that surfactant-free versions of the polyol synthesis lead to 

stable ‘unprotected’ colloidal NPs. ‘Unprotected’ NPs are 

stabilised by CO and OH- groups which do not require 

harsh treatments for removal.[31] The thus obtained NPs are 

a convenient building blocks to investigate and optimise 

NPs like Pt for electrocatalysis,[32] sensing[33] or chemical 

transformations.[34]  

Alkaline ethylene glycol (EG) has therefore long been 

considered the most suitable solvent for the widely used 

polyol process.[13, 35] Pt NPs obtained by this method are 

typically 1-2 nm in diameter. The small size achieved, even 

without surfactant, has been inferred to the high viscosity of 

the solvent preventing NP growth.[13b, 30, 36] This same 

property limits the industrial implementation of the 

synthesis.  

Against expectations from the state-of-the-art,[15-20] we 

found that a surfactant-free synthesis is possible in low 

boiling point solvents. In a recent communication, we 

introduced the ‘Co4Cat’ (colloids for catalysts) technology 

that addresses the challenges of colloidal NP synthesis for 

industrial applications.[26b] In the present work, we compare 

the Co4Cat process to the popular polyol method to 

prepare ‘unprotected’ NPs. We demonstrate that the 

Co4Cat process combines the advantages of a surfactant-

free synthesis with the benefits of low boiling point solvents. 

For this, we detail the Co4Cat process using alkaline 

methanol as a green solvent and provide fundamental and 

practical insights into the synthesis of stable colloidal Pt 

NPs. 

 

 

Results and Discussion 

The Co4Cat process: surfactant-free synthesis of Pt 

NPs in alkaline methanol. Upon heating up an alkaline 

solution of H2PtCl6 in a mono-alcohol like methanol, the 

initially yellow solution turns dark. It takes 2 to 20 minutes of 

micro-wave irradiation depending on the volume of solution 

used (8 to 80 mL, 2.5 mM H2PtCl6, 50 mM NaOH, see also 

experimental section) to observe this colour change 

indicating the formation of Pt NPs. A representative 

transmission electron microscopy (TEM) micrograph of Pt 

NPs obtained by the Co4Cat process is shown in Figure 1. 

Analysis of high resolution TEM micrographs (inset) shows 

NPs with a fcc crystal structure and a mean size of ca. 2 nm 

(1.8 ± 0.6 nm). The NP size and size distribution are 

comparable to the size and size distribution of NPs 

prepared in alkaline EG[30, 31b] or in mono-alcohols using 

surfactants (but no base)[9b] as well as in commercial 

supported Pt NPs,[37] Figure S1. This NP size is optimal for 

a range of applications like energy conversion.[8] 

 

 
Figure 1. TEM micrograph of Pt NPs prepared by the Co4Cat process in 
alkaline methanol. The inset is a high resolution TEM micrograph of an 
individual Pt NP. 

 

Reproducibility and scalability. To demonstrate that the 

synthesis is relatively fast, reproducible and robust to 

variations of experimental parameters like H2PtCl6 

concentration and the heating time – factors that become 

important in a scale up – a series of experiments was 

performed which results are summarized in Table 1. 

Different durations for the heating (15 or 60 minutes) and 

different concentrations of H2PtCl6 (0.5, 2.0, 2.5 mM) do not 

significantly influence the resulting size and size distribution 

of the NPs; i.e. the size of the particles is always around 2.0 
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± 0.5 nm. These results suggest a particle formation 

mechanism with a fast nucleation and a moderate growth 

over time. No significant metal leaching and Ostwald 

ripening occurs over longer heating. 
 

Table 1. Synthesis parameters and resulting size of Pt NPs obtained 

using a microwave synthesis. The total volume of alkaline methanol was 

80 mL. The NaOH/Pt molar ratio was 20. Histograms of the size 

distribution are reported in Figure S2. 

 A B C D E F 

H2PtCl6 / mM 0.5 0.5 2.0 2.0 2.5 2.5 

time / minutes 15 60 15 60 15 60 

Diameter / nm 1.9 1.9  2.1 1.6 2.1 1.9 

Deviation / nm 0.6 0.6 0.6 0.5 0.6 0.6 

 

General reduction mechanism. To learn more about the 

general reduction mechanism, the Co4Cat process was 

investigated by X-ray absorption near edge structure 

(XANES) and extended X-ray absorption fine structure 

(EXAFS) measurements. To follow the conversion of Pt(IV) 

species (2 mM) to metallic NPs Pt(0) in alkaline methanol 

(10 mL, NaOH/Pt molar ratio of 20), several experiments 

were performed using a microwave oven, stopped after 

different times of synthesis and stored in liquid nitrogen 

prior to measurements, Table 2 (fitting parameters in Table 

S1).  By using a linear combination fitting, the relative 

quantity of each oxidation state for Pt species was 

evaluated as a function of synthesis time from XANES 

spectra. In a first phase, the starting Pt(IV) complex H2PtCl6 

is gradually reduced to Pt(II). The time when the solution 

turns dark brown (02:15, mm:ss for this set of experiments) 

matches the time when the Pt(II) is being converted to 

Pt(0). From this point, a second phase of NP growth starts: 

a Pt-Pt bound signal around 2.5 - 2.9 Å is observed in the 

Fourier-transformed k2-weigthed EXAFS spectra reported in 

Figure 2. This indicates the formation of Pt NPs. The first 

neighbour coordination shell for Pt-Pt is around 5 as soon 

as the formation of Pt(0) starts and increases to 8 after few 

more minutes of synthesis. This coordination number 

corresponds to a final size of ca. 2 nm,[38] in agreement with 

TEM characterisation.  

 

Table 2. Relative percentage of Pt species with different oxidation state 

obtained by linear combination fitting from XANES data for different time 

of synthesis. See text for experimental details. 

time / mm:ss 00:00 00:30 02:00 02:15 10:00 

Pt(IV) / wt. % 100 
45.6  

± 2.0 

26.1  

± 0.8 

4.6  

± 2.6 
0 

Pt(II) /wt.  % 0 
54.4  

± 2.0 

73.9  

± 1.2 

39.9  

± 1.6 

26.5  

± 2.1 

Pt(0) /wt.  % 0 0 0 
55.5  

± 1.1 

73.5  

± 2.1 

 

 

In parallel, the Pt-Cl coordination number, with a signal 

around 2 Å and indicative of the presence of the Pt 

precursor, significantly decreases until the reaction mixture 

turns dark (02:15). No Pt-Cl bound is observed anymore 

within the detection limit of EXAFS after 10 minutes of 

reaction, suggesting the complete consumption of the 

Pt(IV)-Cl complex. No contribution of Pt-O is detected by 

EXAFS which suggests that the colloidal NPs are not 

oxidised, in line with results obtained with the EG 

synthesis.[30] 

 
Figure 2. Fourier-transformed k

2
-weighted Pt L3 edge EXAFS spectra of 

colloidal dispersions of Pt NPs for which the XANES data are reported in 

Table 2. Possible structures and chemical bounds in the main Pt species are 

suggested. The k-range for the Fourier-transformed spectra were from 3 to 15 

Å
-1

 for PtL3 edge. 

 

This mechanism with an induction period corresponding to 

the reduction of Pt(IV) to Pt(II), followed by nucleation and 

growth of Pt(0) NP is in agreement with the surfactant-

assisted formation of Pt NPs in mono-alcohols[16, 18a] 

previously studied without using a base. The mechanism 

also indicates a strategy how to accelerate the synthesis if 

required. 

Accelerating the synthesis of Pt NPs. Based on the 

reaction mechanism an option to avoid the induction period 

and speed up the reaction is to use a Pt(II) complex as Pt 

source.[19b] We investigated K2PtCl4 as a possible Pt(II) 

precursor but the solid only partially dissolves in pure or 

alkaline alcohols. K2PtCl4 in methanol turns to large grey 

flakes of solid material within few hours. No stable colloidal 

dispersions of NPs are obtained and K2PtCl4 was not 

considered further as a suitable precursor. 
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However, an alternative method was found based on the 

observation that solutions of 20 mM H2PtCl6 left in methanol 

for at least a week at ambient conditions (light and room 

temperature) turn from orange to red-orange, Figure 3. The 

same ‘ageing’ effect is achieved by irradiating the Pt(IV) salt 

solutions at 20 mM H2PtCl6 for 30 minutes with UV lamps, 

Figure S3. This colour change relates to the disappearance 

of a peak at 268 nm in the UV absorption spectra of the 

solutions, indicative of the consumption of the initial Pt(IV)-

Cl complex.[39] Interestingly this peak does not significantly 

change over time if the solution is kept in the dark. This 

means that the ageing process leads to a solution with a 

majority of Pt(II) species without the formation of Pt(0) NPs, 

Table 3 and Figure S4. The aged solutions are stable and 

can be stored for several months without significant 

reduction of the Pt(II) to NPs. It is noteworthy that during 

the ‘ageing’ and reduction of Pt(IV) to Pt(II) additional 

chemical changes occur in the H2PtCl6 solution, i.e. 

oxidation products of methanol like formic acid and methyl 

hydrogen carbonate are formed, Figure S5.  

 

Figure 3. UV-vis absorption spectra after dilution at 0.1 mM of a 20 mM 
H2PtCl6 solution in methanol. The grey line corresponds to the as-
prepared solution on day D0. The red line corresponds to the same 
sample after a week (D7) at ambient conditions (light and temperature). 
The black line corresponds to a sample stored in the dark for a week. 
Inset is images of the various samples on D0 and D7. 

 

Table 3. Relative percentage of Pt species with different oxidation state 

obtained by linear combination fitting from XANES data for a month old 

solution of 20 mM H2PtCl6. 

Pt(IV) / % 3.5 ± 1.2 

Pt(II) / % 96.5 ± 1.5 

Pt(0) / % 0.0 ± 0.0 

White line intensity 1.48 

ΔE0 [eV] -0.647± 0.026 

R 0.0034 

 

When such ‘aged’ Pt precursor solutions are used for NP 

synthesis in alkaline methanol, the formation of NPs is up to 

5 times faster as compared to using freshly prepared 

solutions of precursors. In Figure 4a the induction period 

before nucleation of the NPs is especially marked due to 

the larger volume of solution used (80 mL): it takes ca. 20 

minutes to observe the NP formation; using an ‘aged’ 

solution this time is significantly reduced to 3 minutes. 

‘Ageing’ the precursor H2PtCl6 before synthesis therefore 

accelerates the reaction. It does not however influence the 

size of the NPs, which is still ca. 2 nm in diameter, Figure 

4b. The Co4Cat synthesis is thus robust relative to the age 

of precursor used: there is no need for freshly prepared 

H2PtCl6 solutions. No solutions need to be discarded due to 

age. 

 

  
Figure 4. (a) Series of pictures of a reaction mixture at different times for 

a microwave synthesis with (top) a freshly prepared H2PtCl6 precursor in 

methanol and (bottom) a H2PtCl6 solution in methanol irradiated 30 

minutes with UV lamps prior to be mixed with alkaline methanol. All other 

experimental parameters were the same: 2.5 mM H2PtCl6, 80 mL, 

NaOH/Pt = 20. (b) Size of the NPs evaluated by TEM.  

 

Size control and influence of water content. In the polyol 

process the NaOH/Pt molar ratio affects the obtained NP 

size.[26a, 31b] To probe a similar effect in alkaline methanol, 

2.5 mM and 65 mM H2PtCl6 solutions in 50 mM NaOH were 

prepared. The results show that for 2.5 mM H2PtCl6 

nucleation occurs within few minutes upon heat treatment, 

whereas for 65 mM H2PtCl6 the solution remains orange 

even after 2 hours of heating. The NaOH/Pt molar ratio is 

therefore key to enable the formation of NP in the Co4Cat 

process. However, once the nucleation proceeds, no strong 

influence of the NaOH/Pt ratio on the NP size is observed. 

This is in clear contrast to the polyol process, where the 

NaOH/Pt molar ratio allows an accurate control of the size 

of the NPs.[26a, 31b] The NaOH/Pt ratio, however, affects the 

colloidal stability and the formation of agglomerates as is 

detailed below in parallel to a discussion on colloidal 

stability. 
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Figure 5. Size estimated by TEM for Pt NPs obtained with different 
H2PtCl6 concentration: (a.b) 0.5 mM and (c-f) 2.5 mM in alkaline 
methanol with different water content (volume %) of (a, c) 0 %, (d) 25 %, 
(e) 50 % and (b,f) 65 % water. Experimental conditions are detailed in 
SI. 

 

An alternative way to achieve accurate size control in the 

Co4Cat synthesis is to add water.[26b] Here we report the 

first detailed study on the influence of H2PtCl6 concentration 

and water content on the size control of Pt NPs. Water 

contents in the range 0-100 % were investigated. Figure 5 

displays the size distribution evaluated by TEM analysis 

when water is added to an alkaline methanol reaction 

mixture (TEM micrographs in Figure S6 and experimental 

details in SI). The associated mean diameters are (a) 1.7 ± 

0.5 nm, (b) 2.1 ± 0.6 nm, (c) 1.7 ± 0.5 nm, (d) 2.3 ± 1.0 nm, 

(e) 3.2 ± 0.7 nm and (f) 4.4 ± 1.3 nm, i.e. with the addition of 

water larger NPs are obtained. This is not surprising and 

indeed was expected based on our previous report. Our 

present results, however, demonstrate that the influence of 

water on the NP size depends on the Pt precursor 

concentration. For low H2PtCl6 concentration (0.5 mM) the 

water content has little influence on the size of the NPs. 

Despite adding a significant amount of water to the 

methanol, the size distribution only exhibits minor changes 

(Figure 5a,b). Only for larger precursor concentration (2.5 

mM, Figure 5c-f and 25 mM, Figure S7) the water content 

has a pronounced effect: as the water content increases, 

the NP size increases. The relative standard deviation is 

typically around 20-40 % regardless of the amount of water 

used. In the case of 100 % water, no NPs formed even after 

60 minutes of synthesis. For an alkaline reaction mixture of 

90 % water and 10 % methanol, some NPs formed but the 

sample is mainly composed of large aggregates, Figure 

S8. For water content up to 87.5 %, colloidal dispersions 

were obtained. 

These results are important to select strategies for size 

control in the Co4Cat process. A first option is to control the 

particle size by adding water if the H2PtCl6 concentration is 

relatively high (> 2.5 mM). A second option in alkaline 

methanol with large amount of water (> 50 %) is to tune the 

H2PtCl6 concentration. A direct consequence is that at lower 

H2PtCl6 concentration, the reaction is not very sensitive to 

the water content. Dry solvents and highly controlled 

reaction conditions are not necessary to obtain Pt NPs of 

ca. 2 nm in diameter. 

Analysing the mechanism, it is clear that opposed to the 

polyol process,[30] the increase in NP size with increasing 

water content cannot be inferred to a decrease in viscosity. 

The size distribution obtained for 25 % water in methanol is 

bi-modal, with two modes of mean particle size values 1.6 

and 3.2 nm, Figure 5b. These values correspond to the 

mean values for syntheses with 0 and 50 % water content, 

respectively. This suggests a complex influence of the 

water content on the size control and the growth 

mechanism. Adding water to achieve size control has been 

reported in polymer-assisted synthesis in mono-alcohols.[18] 

Most likely the effect of water on size relates to different 

kinetics of formation and reaction of hydro-Pt(IV) and hydro-

Pt(II) complexes.[18a] Adding NaOH to water-methanol 

mixtures adds an extra degree of complexity and in-situ 

characterisations are being performed to clarify the detailed 

reaction pathway. The related results will be the subject of 

further communication.  

The NPs are called ‘unprotected’, as per the terminology 

adopted in previous literature.[31] This does not mean they 

are free of surface groups. Due to the alkaline synthesis 

procedure, electrostatic NP stabilisation can be achieved by 

OH- or CO groups on the NP surface. The FTIR 

characterisation of Pt NPs obtained by the Co4Cat process 

presented in Figure 6 shows a typical feature of absorbed 

CO species on the Pt surface at 2015-2040 cm-1. As 

expected, it is observed that the wavelength shifts to larger 

values with increasing particle size (not shown).[31] The 

COads originates from the oxidation of methanol on the Pt 

surface. Other features in the spectrum can be attributed to 

methanol or water vapour. The formation of COads by 

oxidation at the NP surface might explain the size increase 

with increasing water content: a small amount of alcohol in 

high water content mixtures results in a decreased amount 

of COad formation (as compared to the pure methanol). This 

reduced ‘CO capping’ favours further growth of the NPs and 

so larger size NPs.  
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Figure 6. Infra-Red spectra of a Pt NP dispersion obtained by the 

Co4Cat process in alkaline methanol.  

 

Simple batch and flow syntheses. The combined benefits 

of a fast synthesis in a low boiling point, low viscosity 

solvent without addition of surfactants and without the need 

for inert atmosphere can be exploited in a simple batch as 

well as in a flow synthesis approach. As a simple batch 

synthesis process for Pt NPs alkaline H2PtCl6 reaction 

mixtures in a mono-alcohol with or without water are 

contained in a closed vessel such as a glass vial or plastic 

tubes and placed in a hot water bath at 70-95 °C (see 

experimental section). The synthesis is reliable as in a 

microwave, e.g. NPs with increasing size can be easily 

obtained by increasing the water content, Figure 7.  

The water bath approach can be implemented in most 

laboratories since it does not require specific equipment, 

techniques, knowledge or knowhow. Therefore, the 

synthesis strategy is especially well-suited for on going in-

situ studies. The synthesis of ‘unprotected’ Pt NPs in 

alkaline EG has been thermally induced in oil bath 

synthesis,[12] microwave synthesis,[40] at ambient 

temperature and light[41] or using UV-light.[39] This panel of 

suitable strategies makes the synthesis highly tuneable for 

specific needs. The same synthetic approaches are suitable 

with alkaline mono-alcohols as solvents.  

It takes ca. 30 hours at ambient temperature and light to 

observe a colour change of the reaction mixture from yellow 

to dark in alkaline methanol (5 mL, 2.5 mM H2PtCl6, 50 mM 

NaOH). For UV induced synthesis ca. 30 minutes are 

required (5 mL, 2.5 mM H2PtCl6, 50 mM NaOH). Pt NPs with 

a diameter of 2.0 ± 0.6 nm at ambient conditions and 1.8 ± 

0.5 nm for UV-induced synthesis are obtained. The NP 

diameter is similar for NPs obtained by thermally induced 

synthesis (microwave or oil/water bath synthesis). The 

Co4Cat process is also applicable to a flow configuration, 

relevant for industrial production,[42] Figure S10. Low 

concentration of H2PtCl6 can be used to get well-defined 

small size control and continuously produce NPs with high 

output. 

 
Figure 7. Size distribution estimated by TEM of Pt NPs obtained in 

alkaline methanol with different water content (as indicated). The 2.5 mM 
H2PtCl6 was placed in a closed container heated up in a hot water bath. 
The NaOH/Pt ratio was 20. TEM micrographs are reported in Figure S9. 

 

The NPs synthesised from a same H2PtCl6 concentration 

and same NaOH concentration in a batch synthesis mode 

using a microwave, the oil/water bath or a flow process 

have the same size and size distribution of ca. 2.0 ± 0.5 

nm, Figure S10. Little dependency of the mode of 

synthesis is observed for the NP size. The knowledge 

gained from one synthesis method, e.g. controlling size by 

adjusting the water content, can be transferred to other 

synthesis modes to best tune the NPs properties for 

dedicated applications. 

Colloidal stability of as-synthesised colloidal 

dispersions. Beyond a controlled and flexible synthesis, 

the stability of as-prepared colloidal suspensions and re-

dispersion properties of nanocatalysts are important for 

processing and applications. For several NP dispersions 

prepared in alkaline reaction mixtures (see experimental 

section and SI) the Pt NP size and colloidal stability was 

investigated after a week, Table 4.  

Colloids prepared with the same H2PtCl6 concentration of 

2.5 mM but NaOH/Pt molar ratio of 5, 20, 50 and 100, 

respectively, are listed as entries J, E, G, I. Evidently, the 

NaOH/Pt ratio strongly affects the NP colloidal stability, 

Figure 8. In the polyol process the NaOH/Pt molar ratio 

needs to be reduced to a value around 3 to obtain a stable 

colloidal dispersion of NPs with a size of ca. 5 nm.[26a] 

Reducing the NaOH/Pt molar ratio to 5 in the Co4Cat 

process (entry J) already exhibits a very poor colloidal 

stability, i.e. the Pt material sediments due to the formation 

of larger agglomerates. The agglomerates have a size of 

approximately 50 nm but seem to consist of individual NPs 

with a size of around 5 nm, Figure S11. This indicates that 

the NaOH/Pt ratio influences to some extent the size of the 

individual NPs but not as markedly as for the EG 

synthesis.[26a] Most importantly, the individual NPs are not 

stabilised against agglomeration. The same happens at 

high NaOH/Pt molar ratios (≥ 50; entries F, G, H and I). 
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Also at such conditions most of the NPs sediment. Dark-

coloured dispersions indicate that most of the NPs do not 

sediment and the colloid is stable.  

Only for molar ratios in the range of 10 ≤ NaOH/Pt ≤ 20, 

stable colloidal dispersions in methanol-water or alkaline 

methanol mixtures were obtained (for different H2PtCl6 

concentrations or NaOH concentrations), Figure 8. This 

relative narrow range of feasible NaOH/Pt ratio to 

synthesise stable colloidal dispersion might explain why 

previous reports stress that without surfactants (and without 

a base) no stable colloidal dispersions can be obtained.[16] 

By using a NaOH/Pt of 20 to obtain stable colloidal Pt NP 

dispersions, as preferred in this study, both the 

sustainability targets to limit the use of hazardous 

chemicals and developing safer synthesis - thus making the 

synthesis cheaper at larger scale - are met. 

 
Table 4. Synthesis parameters and resulting mean size of Pt NPs 
obtained using a microwave synthesis to heat up for 20 minutes 8 mL of 
H2PtCl6 solutions in 75 % water - 25 % methanol alkaline mixture with 
different H2PtCl6 concentrations and NaOH/Pt molar ratios.  

Entry H2PtCl6 / mM NaOH / mM NaOH/Pt  Diameter / nm 

A 0.5 10 20 2.8 ± 1.0 
B 1.0 20 20 3.3 ± 1.0 
C 1.5 30 20 2.8 ± 1.0 
D 2.0 40 20 2.9 ± 0-8 
E 2.5 50 20 3.0 ± 0.7 
F 1.0 50 50 2.1 ± 0.6 
G 2.5 125 50 2.2 ± 0.7 
H 0.5 50 100 2.1 ± 0.7 
I 2.5 250 100 2.0 ± 0.5 
J 2.5 12.5 5 ~ 5.0 ± 1.5 

 
Figure 8. Pictures of one week old Pt NP colloidal dispersions 
corresponding to entries A to J in Table 4.  

 

Re-dispersed colloidal dispersions. Even for the most 

stable as-synthesised colloidal dispersions prepared by the 

Co4Cat process, a few Pt NPs sediment within ca. 24 

hours.[26b] However, these sedimented NPs do not sinter but 

can be collected by centrifugation and re-dispersed, 

Scheme S1. All the NPs (sedimented and non-sedimented) 

can also be collected by evaporation of the solvent (e.g. by 

distillation or using a rotary evaporator). The NPs prepared 

by the Co4Cat process once collected and re-dispersed are 

stable more than 9 months in EG, cyclohexanone, 

methanol, and more surprisingly more than a year in pure 

water (Milli-Q or de-ionised water). NPs show stability for 

few months in ethanol and acetone but are not stable more 

than few hours in isopropanol, n-propanol, n-butanol, tert-

butanol, acetonitrile or tetrahydrofuran. This suggests that 

strong polar solvents are needed for stable re-dispersion. 

This can be explained based on our current understanding 

by the stabilisation of the NPs by CO and OH/OH- surface 

groups.  

Intense research has been dedicated to ensure the stability 

of NPs in water. To focus only on the example of Pt NPs, 

water dispersibility has been achieved with stabilizers like 

mercaptosuccinic acid,[43] phosphonic derivatives,[44] 

polymers[45] or carbene.[46] Thus it is quite remarkable that 

water dispersibility is achieved in the Co4Cat process as a 

simple surfactant-free approach. The ‘unprotected’ NPs 

obtained re-disperse in aqueous solvents, Figure 9, as 

simple as by shaking the NPs in water and there is no need 

for sonication to obtain stable dispersions. Even after 16 

months of storage, centrifugation at 2400 relative 

centrifugal force for 10 minutes does not lead to significant 

sedimentation of the NPs in solution. The NPs do not 

undergo any size changes even after such an extended 

storage. The stability of the colloidal dispersions after re-

dispersion is such that they can be shipped without 

affecting the stability.  

 

 
Figure 9. TEM micrographs of (a) as-prepared Pt NPs by the Co4Cat 
process (diameter 2.9 ± 0.7 nm), (b) the same Pt NPs after storage in 
Milli-Q water for 16 months (2.6 ± 0.7 nm). Inset show the Pt NPs 
dispersions in water after centrifugation at 2400 relative centrifugal force 
for 10 minutes. 

 

Influence of acid «washing» on colloidal stability. To 

identify the origin of the re-dispersibility of the NPs, further 

comparison with the polyol method was performed. NPs 

were synthesised by the standard EG synthesis, Figure S1, 

and re-dispersed in different solvents, Figure 10. The 

prepared NPs have been characterised previously and 

have a size of 1-2 nm.[12, 26a, 30] Four solvents for re-

dispersion of the NPs were selected: EG, cyclohexanone, 

methanol and water (Milli-Q). As expected from the current 

knowledge on NPs prepared by the EG synthesis[30] the 

NPs synthesised by the polyol method re-disperse well in 

EG (a-i) and cylohexanone (a-ii) but do not re-disperse in 

methanol (a-iii) and water (a-iv). In contrast, the particles 

synthesised by the Co4Cat process re-disperse in all the 

solvents (b-i to b-iv).  
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Figure 10. Pt NPs obtained from: (a) synthesis in EG where a 
«washing» step with HCl is needed before re-dispersion; (b) Co4Cat 
synthesis where no «washing» step is needed before re-dispersion; (c) 
the same as (b) where a «washing» step with HCl was performed on 
purpose. Solvents used for re-dispersion are: (i) EG, (ii) cyclohexanone, 
(iii) methanol, (iv) water (Milli-Q). 
 

Furthermore, as opposed to the polyol-process, the Co4Cat 

process does not require «washing» steps to process 

‘unprotected’ NPs. In particular there is no need for HCl 

«washing»: a poisoning agent for Pt[47] and an undesirable 

impurity in a range of fields of applications for 

nanomaterials. In the polyol synthesis a «washing» step 

with 1 M HCl in water is required to collect the NPs. 

«Washing» of the NPs obtained by the Co4Cat route in HCl 

was performed for comparative purposes. It is seen that 

after such treatment the NPs do not re-disperse in methanol 

(c-iii) and water (c-iv) anymore, while they still re-disperse 

in EG (c-i) and cyclohexanone (c-ii). Even after «washing» 

with large amount of water, the HCl-treated NPs were not 

re-dispersible in water or alkaline water (0.1 M NaOH).  

During the Co4Cat or polyol synthesis, without using NaOH 

NPs form agglomerate, in agreement with previous 

reports.[16] These agglomerates are not dispersible in water. 

This supports the role of OH- groups to stabilise the NPs. 

Possibly the «washing» step in acid reduces the amount of 

OH- groups on the NPs surface which reduces the stability 

of the NPs in low viscosity solvents like water and 

methanol. The only way to re-disperse NPs obtained by the 

EG synthesis in aqueous solutions is to perform a phase 

extraction in an alkaline water solutions from an organic 

solvent after several «washing» steps.[48] Thus, water 

dispersibility is achieved in the Co4Cat process in a much 

direct way.  

 

 
Figure 11. Colloidal dispersions of Pt NPs obtained by the Co4Cat 
process re-dispersed in (from left to right): 10 mM HCl, 1 mM HCl, 0.1 
mM HCl, 1 mM NaOH, 10 mM NaOH, 100 mM NaOH (all aqueous 
solutions). Dispersions are stable for at least 10 months. The dispersion 
at 10 mM HCl sedimented after 24 hours and illustrates an unstable 
dispersion. 

 
 

Re-dispersibility in aqueous buffers. In ‘real-life’ 

applications, like medical applications, it is not in pure water 

that NPs need to be re-dispersed, but in complex media 

with different ionic strength and pH. To test the bio-

applicability of NPs obtained by the Co4Cat process, we 

investigated the re-dispersion properties of Pt NPs in 

aqueous buffers. We found that the re-dispersed NPs 

obtained by the Co4Cat process are stable for several 

months in the pH range 3-12: 1 mM HCl to 100 mM NaOH, 

Figure 11. Stability for this range of pH is rather 

unexpected for ‘unprotected’ NPs. The stability is not much 

limited by pH range but affected by different ionic force. For 

instance, no stability was observed using tap water with 

uncontrolled ionic strength. When the ionic force increases 

the NP stability decreases. Stability up to a month was 

observed in 50 mM aqueous sodium phosphate buffer at 

pH 7, even longer stability of at least 8 months in a 10 mM 

buffer. Similar stability behaviour was observed for 8 

months in 25 mM aqueous NaCl. These results stress the 

importance of electrostatic stabilisation of unprotected NPs. 

It also stresses the strategic features of the Co4Cat process 

for catalysis in aqueous solutions[9b] or bio/medical 

applications.[9a, 49] 

Towards simple preparation of supported catalysts. To 

collect the NPs in the Co4Cat process, distillation of the low 

boiling point mono-alcohol is enough: no «washing» steps 

and no strong acid are needed. The solvent can be 

recovered at ca. 94 % and re-used.[26b] While the solvent 

recovery is performed, a solid powder is obtained suitable 

for isolation, storage and re-use of the unprotected NPs.[48] 

While this evaporation step is performed, a support material 

(e.g. carbon, alumina, silica, etc.) can be added to the 

colloidal solutions to obtain supported surfactant-free 

catalysts. Supports can also be added during the synthesis 

while the NPs are formed for one-pot preparation of 

heterogeneous catalysts or electrodes, Figure 12. The 

removal of the solvent is in all cases simpler than for the 

EG synthesis due to the lower boiling point of mono-

alcohols.  

 

 
Figure 12. TEM micrographs of: (a) Pt NPs (diameter 2.2 ± 0.6 nm) 
synthesised in alkaline methanol for which the solvent was evaporated 
after NP synthesis in presence of a carbon support (2.1 ± 0.7 nm), (b) 
NPs directly synthesised in presence of a carbon support using ethanol 
as solvent (2.2 ± 0.9 nm).  

a)

b)

c)

i ii iii iv
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Conclusions 

The Co4Cat process is a flexible synthesis tool to match 

both academic and industrial specific needs in the 

preparation of surfactant-free metal NPs. It is well-suited to 

synthesise precious metal NPs like Pt and shows multiple 

benefits compared to syntheses using mono-alcohols with 

surfactants or the popular polyol synthesis with or without 

surfactants. The Co4Cat process is flexible and displays 

promising features for fast and large-scale production of 

precious metal NPs. It generates minimal waste as 

compared to the polyol synthesis and avoids the use of 

energy demanding solvent-removal steps and strong acids 

for collection of the NPs. There is no need for freshly 

prepared precursor solutions, anhydrous conditions or 

controlled atmosphere as in other synthesis routes.[21, 27] 

Despite being surfactant-free, the Co4Cat process allows 

designing catalysts with controlled size and long-term re-

dispersion properties for instance in aqueous solvents.  

Metal NPs prepared by the Co4Cat process were shown to 

have competitive activity compared to state-of-the-art 

catalysts for heterogeneous and electrocatalysis and the 

technology is suitable to prepare bi-metallic 

nanomaterials.[26b] It is expected that the practical and 

fundamental insights given in this report on NP synthesis by 

the Co4Cat technology and dispersion of these NPs will be 

beneficial to design efficient catalysts in these fields but 

also for sensing, imaging or bio/medical applications. 

Experimental Section 

Chemicals and support materials 

All chemicals were used as received: H2PtCl6.6H2O (99.9 % 

Alfa Aesar); K2PtCl6 (99.9 % Alfa Aesar); K2PtCl4 (99.9 % 

Alfa Aesar); NaOH (98 %, Alfa Aesar or > 99%, Carl Roth 

GmbH); ethylene glycol (99+%, Sigma-Aldrich); methanol (≥ 

99.8 %, Sigma-Aldrich); ethanol (99.9 %, Kemetyl); water 

(Milli-Q, Millipore, resistivity > 18.2 MΩ·cm, total organic 

carbon (TOC) < 5 ppb); 1 M HCl (Suprapur®, EMD 

Millipore, Merck KGaA); NaHPO4 (≥ 99.0 %, Sigma); 

Na2PO4 (≥ 99.0 %, Sigma); HNO3 (65 %, Suprapur®, EMD 

Millipore, Merck KGaA); NaCl (ReagentPlus®, ≥ 99 %); 

carbon support (Vulcan XC72R, Cabot Corporation, BET 

area: 235 m2 g-1). 

 
Synthesis procedures 

General synthesis of Pt NPs in mono-alcohols. The 

metal salt H2PtCl6.6H2O is dispersed in alkaline NaOH 

methanol or ethanol with concentration of H2PtCl6.6H2O, 

concentration of NaOH, total volume and time of 

experiment as indicated in the text. Unless otherwise 

specified all experiments were performed with a NaOH/Pt 

molar ratio of 20. This ratio was fond to be suitable to (1) 

enable the formation of Pt NPs and (2) lead to stable 

colloidal dispersions. 

The formation of the Pt NPs can be initiated by leaving the 

reaction mixture at ambient conditions for several days, by 

UV-irradiation or thermal irradiation. Controlling the heating 

up and cooling down of the reaction mixture is easier using 

a microwave oven: unless otherwise specified the NPs 

were obtained using a microwave as described below. 

Synthesis of Pt NPs in ethylene glycol. The synthesis of 

NPs in ethylene glycol (EG) followed our previously 

reported recipe[12] adapted to a micro-wave oven 

synthesis.[50] The solution of H2PtCl6 (20 mM) in alkaline 

(0.2 M NaOH) EG was heated up in a close flask using a 

microwawe oven at 160 °C for 3 minutes. 

 

Materials and methods 

UV induced synthesis. Ten standard UV mercury lamps 

(PL-L-24W/10/4P Hg, Philips) were used to irradiate the 

solution mixture placed in a sealed glass vials.  

Oil bath synthesis. An oil bath heated at 75 °C (and stirred 

at 1000 rpm with a magnetic stirrer) was used and the 

reaction mixture, stirred with a magnetic stirrer at 1000 rpm, 

placed in a round flask connected to a reflux set up. 

Microwave synthesis. The reaction mixture was irradiated 

with a constant power of 100 W using a microwave oven 

(CEM Discover SP). The synthesis time is indicated in the 

text. While the solution was irradiated, a flow of N2 was 

passed on the outside of the vessel to cool it down, 

otherwise the temperature raised too quickly. No stirring 

was performed. 

Hot water bath synthesis. Plastic (alternatively glass) vials 

(without magnetic stirrers) containing 8 mL of 2.5 mM 

H2PtCl6  in methanol-water mixtures (water content from 00 

% to 87.5 %) were placed in a hot water bath. The water 

bath was first heated up at 60 °C but it then takes more 

than 120 minutes to see any colour change in the reaction 

mixtures. The temperature was gradually increased from 

60°C to 95 °C with a hold step of one hour each time a 

reaction mixture turned dark, the solution was removed 

from the bath. As the water content increases the 

temperature to reach to observe a colour change, indicative 

of NP nucleation, increases. 

pH. pH of solutions was measured using a pH meter 

(Symphony SP70P, VWR) with a glass electrode (InLab 

Routine, Mettler Toledo). pH of solutions was adjusted 

using HCl or NaOH solutions. Buffers were obtained mixing 

NaHPO4 and Na2PO4 aqueous solutions at 10 or 100 mM. 

Centrifuge. A 2400 relative centrifugal force (4000 

rotations per minute, Sigma 2-5) was used for 5 to 10 

minutes for all centrifugation steps for assessment of 

colloidal stability or «washing» procedures. 

Ageing of precursor. To artificially ageing the solutions of 

H2PtCl6, the solutions were exposed for 30 minutes to the 

light of ten standard UV mercury lamps (PL-L-24W/10/4P 
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Hg, Philips). Alternatively, the solutions were left at ambient 

conditions and light for at least a week. Unless otherwise 

specified, freshly (daily) prepared precursor solutions were 

used in all syntheses. 

 

Characterisation 

UV-vis absorption characterisation. UV-vis absorption 

spectra were acquired with a Lambda UV/VIS/NIR 

absorption spectrometer, Perkin Elmer by diluting the 

desired solution to a suitable concentration for 

spectroscopic measurements (typically 0.1 mM) and using 

the same solvent (e.g. methanol) for background and 

measurements.  

Determination of particle size distributions by 

transmission electron microscopy (TEM). For TEM 

analysis a JEOL 2100 microscopes operated at 200 kV was 

used. For high resolution TEM a JEOL 3000F equipped 

with a FEG and operated at 300 kV was used. Size and 

morphology were estimated by recording images at three 

different magnification (at least x300 000, x400 000, x500 

000) in at least three randomly selected areas. The 

samples were prepared by dropping the solutions 

containing the NPs and low boiling point solvent (e.g. 

methanol) on carbon coated copper TEM grids (Quantifoil). 

The particle size and size distribution analysis was 

performed by measuring the size (diameter) of at least 200 

and more typically between 700 and 1000 NPs using the 

software ImageJ. The mean diameter and the standard 

deviation for each sample are reported.  

From high resolution TEM images crystal with zone axis 

orientation were analysed by using the software 

CrystalMatch to assess that all measured lattice planes and 

their intersection angles were consistent with the Pt fcc 

zone axis within an error of 10 % for measured distances 

and 5 % for measured angles (estimated by analysis of 11 

crystals images)  

Redispersion studies. For re-dispersion studies, NPs that 

sediment after 24 hours from as-prepared colloidal 

solutions were separated from the supernatant by 

centrifugation and re-dispersed in the desired solvent. 

Alternatively, all the NPs produced were used after 

removing the solvent chosen for synthesis by distillation or 

using a rotary evaporator. The stability of the re-dispersion 

was followed over time and pictures taken at least on a 

weekly basis. A dispersion was considered stable if the 

supernatant maintained a brown or dark colour and no 

significant sedimentation of NPs was observed at the 

bottom of the vials. The concentration of Pt NPs typically 

used for re-dispersion vary between 0.1 and 0.5 g L-1 based 

on ICP-MS measurements performed as previously 

documented.[51] 

XAS measurements. XAS measurements were carried out 

at the Diamond Light Source (DLS), UK and Swiss Light 

Source, Switzerland, using the B18 and SuperXAS beam 

line, respectively. The storage ring of the DLS and SLS was 

operated at a beam current of 300 and 400 mA, 

respectively, and the storage ring energies were 3.0 and 

2.4 GeV, respectively. At the B18 beam line, the Pt L3 egde 

XAS spectra were recorded in fluorescence mode by using 

a 9 element Ge solid state detector system, while the 

acquisition of the Pt L3 edge XAS spectra was performed in 

transmission mode at the SuperXAS beam line by using N2-

filled ionization chambers with lengths of 15 and 30 cm for 

the incident (I0) and transmitted (I1 and I2) X-ray intensities. 

The averaged XAS spectra were then analysed by using 

the IFEFFIT software suite.[52] All spectra were background 

subtracted and normalized. The energy units (eV) were 

converted to photoelectron wave vector k units (Å-1) by 

assigning the photoelectron energy origin, E0, 

corresponding to k = 0, to the first inflection point of the 

absorption edge. The resulting χ(k) functions were weighted 

with k2 to compensate for the dampening of the XAFS 

amplitude with increasing k. The resulting EXAFS spectra 

then were Fourier-transformed to obtain pseudo radial 

structure functions (RSFs).  

To estimate the amplitude reduction factor (S0
2), a Pt foil 

was used as reference. The coordination number (N), 

interatomic bond length (R), mean squared bond length 

disorder (σ2) and correction to the energy origin (ΔE0), 

together with their error bars were established for each 

sample by fitting theoretical EXAFS signal to the data in r-

space. The linear fit combination method was carried out to 

establish the oxidation state of Pt species in the liquid by 

using the respective XANES spectra from K2PtCl4, K2PtCl6 

and Pt foil as reference. 

Head-space gas chromatography-mass spectroscopy 

(GC-MS). 

A headspace sampler (Agilent G1888 Network Headspace 

Sampler) connected to a gas chromatograph (Agilent 

6890N Network GC System) with a mass spectrometer 

(Agilent 5973 inert Mass Selective Detector) was used for 

the analysis. An Agilent 19091S-433 non-polar column was 

used (HP-5ms (5%-phenyl) methyl poly siloxane, 30.0 m, 

250 µm, 0.25µm). Chromatographs were recorded using a 

temperature ramp from 30 to 140 °C at 20 °C min-1.  

Infra-Red spectroscopy. 

The as-prepared Pt NPs in alkaline (NaOH) methanol were 

dropped onto a ZnSe ATR crystal. An alkaline (NaOH) 

solution of methanol was used as background. The IR 

spectra were recorded in ATR mode on a Thermo-Nicolet 

Avatar 370 FT-IR spectrometer. All spectra were recorded 

with a resolution of 4 cm-1 and taking 50 scans. 
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