
u n i ve r s i t y  o f  co pe n h ag e n  

Teaching old precursors new tricks

Fast room temperature synthesis of surfactant-free colloidal platinum nanoparticles

Quinson, J.; Mathiesen, J.k.; Schröder, J.; Dworzak, A.; Bizzotto, F.; Zana, A.; Simonsen,
S.b.; Theil Kuhn, L.; Oezaslan, M.; Jensen, K.m.ø.; Arenz, M.

Published in:
Journal of Colloid and Interface Science

DOI:
10.1016/j.jcis.2020.05.078

Publication date:
2020

Document version
Peer reviewed version

Document license:
Unspecified

Citation for published version (APA):
Quinson, J., Mathiesen, J. K., Schröder, J., Dworzak, A., Bizzotto, F., Zana, A., Simonsen, S. B., Theil Kuhn, L.,
Oezaslan, M., Jensen, K. M. Ø., & Arenz, M. (2020). Teaching old precursors new tricks: Fast room temperature
synthesis of surfactant-free colloidal platinum nanoparticles. Journal of Colloid and Interface Science, 577, 319-
328. https://doi.org/10.1016/j.jcis.2020.05.078

Download date: 24. maj. 2023

https://doi.org/10.1016/j.jcis.2020.05.078
https://curis.ku.dk/portal/da/persons/jonathan-quinson(cc8174db-da46-46b9-9514-b5f0821164be).html
https://curis.ku.dk/portal/da/persons/matthias-arenz(9b8fca13-e108-4ae5-84f3-50a527d85231).html
https://curis.ku.dk/portal/da/publications/teaching-old-precursors-new-tricks(4f5123eb-7c9a-4154-9305-cbba92379851).html
https://curis.ku.dk/portal/da/publications/teaching-old-precursors-new-tricks(4f5123eb-7c9a-4154-9305-cbba92379851).html
https://doi.org/10.1016/j.jcis.2020.05.078


1 
 

Teaching old precursors new tricks: fast room temperature synthesis of 1 

surfactant-free colloidal platinum nanoparticles 2 

J. Quinson,a,* J. K. Mathiesen,a J. Schröder,b A. Dworzak,c,† F. Bizzotto,b A. Zana,b S. B. 3 

Simonsen,d L. Theil Kuhn,d M. Oezaslan,c,† K. M. Ø. Jensena,* and M. Arenzb,*  4 

 5 

a. University of Copenhagen, Chemistry Department, Universitetsparken 5, 2100 6 

Copenhagen Ø, Denmark.  7 

b. University of Bern, Department of Chemistry and Biochemistry, Freiestrasse 3 CH-3012 8 

Bern, Switzerland.  9 

c. School of Mathematics and Science, Department of Chemistry, Carl von Ossietzky 10 

Universität Oldenburg, 26111 Oldenburg, Germany  11 

d. Technical, University of Denmark, Department of Energy Conversion and Storage, 12 

Fysikvej Bldg. 310, DK-2800 Kgs. Lyngby, Denmark  13 

jonathan.quinson@chem.ku.dk, kirsten@chem.ku.dk, matthias.arenz@dcb.unibe.ch  14 

† Present address: Institute of Technical Chemistry, Technische Universität Braunschweig, 15 

Hagenring 30, 38106 Braunschweig, Germany 16 

 17 

 18 

 19 

 20 

 21 

mailto:jonathan.quinson@chem.ku.dk
mailto:kirsten@chem.ku.dk
mailto:matthias.arenz@dcb.unibe.ch


2 
 

Abstract 22 

A fast, simple, instrument-free room temperature synthesis of stable electroactive 23 

surfactant-free colloidal Pt nanoparticles in alkaline methanol and methanol-water 24 

mixtures is presented. Pair distribution function (PDF) analysis suggests that methoxy 25 

substitution of chloride ligands from H2PtCl6 occurs in methanol. X-ray absorption 26 

spectroscopy (XAS) studies and UV-vis measurements show that solutions of H2PtCl6 in 27 

methanol age and are reduced to Pt(II) species over time. These species are ideal 28 

precursors to significantly reduce the induction period typically observed in colloidal Pt 29 

nanoparticle syntheses as well as the temperature needed to form nanoparticles. The room 30 

temperature synthesis presented here allows designing simple in situ studies of the 31 

nanoparticle formation. In situ infra-red spectroscopy gives insight into the formation and 32 

stabilization mechanism of surfactant-free nanoparticles by CO surface groups. Finally, the 33 

surfactant-free nanoparticles ca. 2-3 nm in diameter obtained are shown to be readily 34 

active electrocatalysts e.g. for methanol oxidation.  The synthesis approach presented bears 35 

several advantages to design new studies and new syntheses of surfactant-free colloidal 36 

nanomaterials. 37 

Keywords 38 

Co4Cat process; surfactant-free; colloid; platinum nanoparticles; room temperature 39 
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1. Introduction  43 

Nanomaterials are at the forefront of new technologies as they offer a variety of 44 

compositions, sizes and structures leading to unique properties.1,2 Due to the 45 

increasing understanding of their fundamental structure-property relationships, 46 

nanomaterials are expected to address and solve challenges in areas as diverse as 47 

chemical production, energy conversion, sensors or medicine.1,3,4 In many 48 

applications, such as chemical production or energy conversion, maximizing the 49 

access to the surface atoms of a material is key to efficiently perform catalytic and 50 

electrochemical processes. Great efforts have therefore been dedicated to develop 51 

nanoparticles (NPs) characterized by a high surface-to-volume ratio.5  52 

The successful implementation of nanomaterials and NPs in a technology strongly 53 

relies on identifying a suitable synthesis.2 Not only must well-defined structural and 54 

chemical properties be obtained, but nanomaterials must be produced by synthetic 55 

routes ensuring safety, scalability, reproducibility and low cost.6 To address these 56 

requirements, colloidal  routes are popular synthesis strategies.7 Colloids facilitate 57 

NP processing and their implementation in large scale applications (e.g. by 58 

simplifying coating, recovery, dispersion, etc.). However, small and narrow NP size 59 

distributions as well as colloidal stability are typically achieved by using 60 

surfactants.8  61 

Unfortunately, such additives like surfactants, polymers or biomolecules block the 62 

active sites e.g. in heterogeneous and electrochemical catalysis. Surfactants need to 63 

be removed by time and energy consuming steps like thermal annealing or washing 64 

with hazardous chemicals.9 By comparison, surfactant-free syntheses10 typically 65 

require high-viscosity solvents to obtain stable colloidal solutions11 so further 66 

‘washing steps’ are needed to flocculate and to collect the NPs. These extra steps 67 

generate additional waste and introduce extra complexity to the preparation of 68 

catalysts. Examples of surfactant-free colloidal approaches remain relatively scarce 69 

but bear promising features for fundamental studies of colloids and their complex 70 

chemistry as well as research and development.10-13 71 
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We recently reported a surfactant-free synthesis of mono and bimetallic precious 72 

metal NPs12 in ‘green’14 low boiling point alkaline mono-alcohols. This ‘colloids for 73 

catalysis’ (Co4CatTM) technology bears economic and ecological advantages to 74 

prepare readily active catalysts for heterogeneous and electrochemical processes.15 75 

It is performed at relatively low temperatures (< 80 °C) without the need for an inert 76 

atmosphere and is relatively fast when performed with a microwave reactor. We 77 

here show that this general method is suitable to develop new synthesis approaches 78 

and to study stabilization strategies of ‘unprotected’ NP colloids. 79 

Surprisingly, it was noted for the above-described microwave induced synthesis that 80 

the reaction could be up to 5 times faster when an ‘aged’ (1 week old) precursor in 81 

methanol was used.16 Since microwave syntheses are regarded as ‘fast’, performing 82 

an ‘even faster’ synthesis is not a trivial achievement. Although the synthesis is 83 

performed at relatively low temperature, it still required a heat source.  84 

Here, a new synthesis approach is reported that requires neither specific 85 

instruments nor heat source. We fully explore and exploit the use of aged precursors 86 

to first speed up the NP formation and achieve a fast, simple, instrument-free 87 

synthesis of NP colloidal dispersions within few seconds to some minutes at room 88 

temperature and ambient pressure. To achieve this, we use precursor solutions 89 

prepared several months before the synthesis. The later are typically considered 90 

‘waste’ if they are not used on the day of preparation. They are advantageously used 91 

in this work to develop a simple synthesis of Pt NPs. At the same time this allows to 92 

make the most of the non-renewable Pt resources. We illustrate further how this 93 

synthesis is suitable to get insight into the key reactive species to form Pt NPs in 94 

methanol solutions using characterization techniques such as pair distribution 95 

function (PDF) analysis, UV-vis measurements, gas chromatography coupled to mass 96 

spectrometry (GC-MS) and X-ray absorption spectroscopy (XAS). We also show how 97 

the room temperature synthesis is ideal to obtain deeper insight into the growth and 98 

stabilization mechanisms of surfactant-free NPs, e.g. by in situ infra-red 99 

spectroscopy. Finally, we demonstrate how the formed NPs can be used for 100 

electrocatalytic reactions by pipetting them directly from the suspension without 101 

any washing steps, activation or post-treatments.  102 
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2. Experimental  103 

2.1. Chemicals 104 

All chemical were used as received: H2PtCl6.6H2O (99.9 % Alfa Aesar); K2PtCl6 (99.9 105 

% Alfa Aesar); K2PtCl4 (99.9 % Alfa Aesar); LiOH (98 %, Alfa Aesar); water (Milli-Q, 106 

Millipore, resistivity of > 18.2 MΩ·cm, total organic carbon (TOC) < 5 ppb); methanol 107 

(≥ 99.8%, VWR), KOH (EMSURE®, Merck Millipore), Argon (99.999%, Air Liquide). 108 

 109 

2.2. Precursor ageing 110 

The ‘old’ or ‘aged’ precursor were obtained by storing a solution of 20 mM H2PtCl6 in 111 

methanol  at room temperature (20-25°C) and room light for 4 months. If lower 112 

concentrations are used, grey deposits are observed after few months. Equally, if an 113 

old solution at 20 mM is diluted, further reduction and formation of grey deposit is 114 

observed within few days in the diluted solution whereas the aged stock solution at 115 

20 mM does not show any grey deposit for the same time span.  116 

 117 

2.3. Pt nanoparticle synthesis  118 

The NPs were synthesized by mixing an ‘aged’ precursor (4 months old) solution of 119 

20 mM H2PtCl6 with alkaline LiOH methanol (stock solution 57 mM LiOH) or alkaline 120 

methanol-water solution (volume ratio methanol:water of 1:7). The alkaline solution 121 

was then left to react at room temperature without stirring and room light for 24 122 

hours and then stored in a fridge. Unless otherwise specified, the final concentration 123 

is 2.5 mM of aged H2PtCl6 and 50 mM LiOH (typically 2 mL). LiOH was used as a 124 

better cation to stabilize the NPs.17 125 

 126 

2.4. UV-vis measurements  127 

UV-vis spectra were acquired with a Lambda UV/VIS/NIR absorption spectrometer 128 

(PerkinElmer). Methanol was used as a baseline; samples were diluted up to 100 129 

times for UV/Vis absorption. 130 

 131 

2.5. Head-space gas chromatography-mass spectroscopy (GC-MS)  132 
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Measurements were performed using the following equipment. Headspace sampler: 133 

Agilent G1888 Network Headspace Sampler; gas chromatograph: Agilent 6890N 134 

Network GC System; mass spectrometer: Agilent 5973 inert Mass Selective Detector. 135 

An Agilent 19091S-433 non-polar column was used (HP-5ms (5%-phenyl) methyl 136 

poly siloxane, 30.0 m, 250 µm, 0.25µm). Chromatographs were recorded using a 137 

temperature ramp from 30 to 140 °C at 20 °C min-1. 138 

 139 

2.6. Transmission electron microscopy (TEM) 140 

 For TEM characterization, a drop of the colloidal Pt NP dispersions was placed on a 141 

TEM copper grid with holey carbon (Quantifoil). A JEOL 2100 microscope operated 142 

at 200 keV was used to record the TEM micrographs. At least 200 NPs from at least 3 143 

randomly selected areas of the grids were analyzed with the ImageJ software to 144 

determine the average diameter and deviation of the NP size distribution. 145 

 146 

2.7. Fourier Transform Infra-Red (FTIR) spectroscopy 147 

The as-prepared colloidal dispersions were dropped onto a ZnSe crystal. An alkaline 148 

(LiOH) methanol or methanol:water (1:7) solution was used as background. The IR 149 

spectra were recorded in attenuated total reflectance mode on a Thermo-Nicolet 150 

Avatar 370 FT-IR spectrometer (Thermo Electron Corporation). All spectra were 151 

recorded with a resolution of 4 cm-1 and taking 50 scans. For in situ time resolved 152 

measurements only 1 scan was recorded per spectrum and the COad peak position 153 

and intensity were analyzed after adjusting the background taken as a flat signal on 154 

both side of the COad peak in the range 2200-1800 cm-1.  155 

 156 

2.7. X-ray absorption near edge structure (XANES) and X-ray absorption fine 157 

structure (EXAFS).  158 

Data acquisition. Synchrotron-based XAS measurements were carried out at the 159 

ROCK beamline of the SOLEIL (France). The beamline is on a bending magnet (Ec = 160 

8.65 keV) and the first collimating toroidal mirror of Si is coated with Ir (50nm). The 161 

beam current was 450 mA. The Si(111) monochromator and two mirrors for the 162 

harmonic rejection (1st flat, 2nd bendable) were tilted at 3 mrad with the stripe of Pd. 163 
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The XAS spectra at the Pt L3 edge were recorded in transmission mode. The 164 

ionization chambers were filled with pure nitrogen. The length of the ionization 165 

chamber for the incident X-ray intensity (I0) was 188 mm, while for the transmitted 166 

X-ray intensity after the sample and reference foil (I1 and Iref) the ionization 167 

chambers were both 328 mm long, respectively. For data in Supplementary 168 

Information the measurements were performed at the SuperXAS beamline of the 169 

Swiss Light Source (SLS), Switzerland. 170 

XAS analysis. Analysis was performed by using the IFEFFIT software package.18 First, 171 

the XAS data were aligned, averaged, background corrected and normalized by the 172 

edge jump. The energy units (eV) were converted to photoelectron wave number k 173 

units (Å-1) by assigning the photoelectron energy origin, E0, corresponding to k = 0, 174 

to the first inflection point of the absorption edge. The resulting χ(k) functions were 175 

weighted with k2 and then Fourier-transformed to obtain pseudo-radial structure 176 

functions. Pure Pt foil was taken as reference and the amplitude reduction factors 177 

(S0
2) was 0.83. For Pt L3 edge XANES data, the white line intensity reported relates 178 

to the 2p3/2 to 5d transition, corresponding closely to the density of unoccupied 179 

states. The shift of energy (E0) and closeness of the fit as quality parameter (Rf – 180 

factor) are given. Linear combination fitting (LCF) analysis of the XANES spectra at 181 

the Pt L3 edge was performed to establish the contribution of the various chemical Pt 182 

species based on the reference spectra of Pt foil (as Pt(0)), K2PtCl4 (as Pt(II)) and 183 

K2PtCl6 (as Pt(IV)).   184 

For EXAFS data, the nearest neighbor coordination shell (N), atomic bond length (R), 185 

disorder number (2), shift of energy (E0) and closeness of the fit as quality 186 

parameter (Rf – factor) are also given. The k-range for the Fourier-transformed 187 

EXAFS spectra reported was between 3 and 15 Å-1, while the range for the fit was 188 

from 1.0 to 2.8 Å, respectively.  189 

 190 

2.8. Mass spectroscopy (MS) 191 

MS was performed in negative mode using nano electrospray ionization (nano ESI) 192 

and a LTQ Orbitrap XL from Thermo. For the fresh precursor a fresh prepared 193 
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solution of 20 mM H2PtCl6 in methanol was diluted to 99.5 µM Pt. The aged 194 

precursor was obtained by aging a diluted solution of 99.5 µM Pt in methanol for 44 195 

days. No grey deposit that would indicate NP of film formation was observed for this 196 

ageing procedure. The measurements were performed at four different tube lens 197 

(TL) voltages of 0, -50, -100, and -250 V. For the analysis the theoretical isotropic 198 

distribution of platinum complexes, Pt(0) to Pt(IV), with different “ligands” (H+, Cl-, 199 

CH3O-, and CO) were simulated. The distance Δ between the peaks show the charge  200 

of a complex (Δ=1 for a charge of -1, Δ=0.5 for a charge of -2). 201 

 202 

2.9. Pair distribution function analysis (PDF) 203 

Data acquisition. X-ray total scattering data were obtained at beamline 11-ID-B, 204 

Advanced Photon Source (APS), Argonne National Laboratory, USA. The total 205 

scattering experiments of H2PtCl6 in methanol were conducted by injecting the 206 

precursor solution into a thin NMR-tube (from Wilmad) with a 3 mm diameter and a 207 

wall thickness of 0.29 mm, ensuring a high transmission of X-rays.  Total scattering 208 

data were collected in transmission geometry using a Perkin-Elmer flat panel 209 

detector with a pixel size of 200x200 µm in the RA-PDF setup.19 A wavelength of 210 

0.2114 Å was used, and the sample-to-detector distance was calibrated using a CeO2 211 

standard. The 2D data were integrated using Fit2D.20,21  212 

PDF modelling. X-ray total scattering data were Fourier transformed through 213 

xPDFsuite22 to obtain the PDFs using a Qmin of 1.5 Å-1 and a Qmax of 19.7 Å-1. The 214 

scattering signal measured from pure methanol was subtracted from the data before 215 

obtaining the PDFs. Diffpy-CMI was applied for modelling of the obtained PDFs, in 216 

which a least-square optimization procedure is performed between a PDF calculated 217 

from a structural model and the experimental PDF.23 The structures of the Pt 218 

complex models were based on reported studies.24 PDFs were calculated from 219 

coordinates of atoms in finite clusters, where a scale factor, a factor allowing the 220 

cluster to isotropically expand or contract, as well as atomic displacement 221 

parameters (ADPs) for the Pt and Cl atoms in the model were refined.  222 

 223 

2.10. Electrochemical characterization 224 
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5 µL of the as-prepared NPs were deposited directly onto a glassy carbon electrode 225 

(5 mm diameter) which had previously been polished to mirror finish with 1.0 and 226 

0.3 µm aluminum oxide paste (AP-D suspension, Struer). The electrocatalytic activity 227 

was assessed at room temperature by potential cycling the working electrode in a 228 

three-electrode configuration using a carbon rod as counter electrode and a 229 

saturated calomel electrode (SCE) as reference electrode. Solutions of 1 M methanol 230 

in 1 M KOH were used and bubbled with Argon. 5 scans of cyclic voltammetry 231 

between -0.8 and 0.2 V vs SCE were performed with a scan rate of 50 mV s-1. Only the 232 

5th scan is reported. Potential vs SCE were converted to potential vs the relative 233 

hydrogen electrode (RHE) using the relationship: V vs RHE = V vs SCE + 1.07 V. The 234 

Pt-based mass activity was evaluated based on the expected nominal Pt loading.  235 

3. Results and discussion 236 

3.1. Pt nanoparticle synthesis with aged precursors 237 

The use of ‘‘old’’ solutions of H2PtCl6 in methanol as precursor to synthesize NPs in 238 

alkaline conditions leads to a surprisingly fast formation of Pt NPs at room 239 

temperature, Fig. 1a. Upon adding a solution of H2PtCl6 left 4 months in a sealed 240 

glass container at room temperature and exposed to daylight to an alkaline solution 241 

of methanol, a color change to brown is observed within a few minutes. The solution 242 

progressively turns brownish and after 20 minutes no significant color change is 243 

noticed anymore. In a methanol-water mixture (87.5 % water in volume) the 244 

process is even faster, whereby the solution turns dark within few seconds (after 245 

adding 0.25 mL of the aged 20 mM H2PtCl6 to a 1.75 mL of alkaline methanol-water 246 

mixture). The color change is associated to the formation of a highly stable colloidal 247 

suspension of Pt NPs in alkaline conditions. Centrifugation (2400 relative centrifugal 248 

forces) of the suspension does not lead to sedimentation.  249 

The Pt NPs exhibit a particle size around 2-3 nm in both cases. In TEM micrographs, 250 

few NPs seem to agglomerate on the carbon film of the TEM grid, Fig. 1b-c, see also 251 

Fig. S1 in supplementary information. We attribute this observation to the drying 252 

process on the TEM grids since the NPs are colloidally stable upon centrifugation. 253 



10 
 

Although the synthesis does not require any gases or technical instruments (heating 254 

plate, microwave, etc.), the size range of the NPs is only slightly larger than the one 255 

achieved for the NPs obtained with the thermally induced approach previously 256 

introduced.12  257 

 258 

 259 

Fig. 1. (a) Pictures of time-resolved series of 2.5 mM aged H2PtCl6 solutions in 260 

alkaline (top) methanol and (bottom) methanol–water (volume ratio 1:7) at room 261 

temperature. The molar LiOH/Pt ratio is 20. The volume in the centrifuge tube is 2 262 

mL. TEM micrographs of the Pt NPs obtained after 24 hours using (b) methanol and 263 

(c) methanol-water during the room temperature synthesis. 264 

 265 

 266 

 267 
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 268 

3.2. H2PtCl6 precursor in methanol 269 

Understanding the growth of nanomaterials from a molecular mono-metallic 270 

precursor to organized nanostructured particles comprising several hundreds of 271 

atom is still a key challenge.25  Solvents certainly play a complex role in the synthesis 272 

of nanostructures. A first step is to understand the nature of the starting precursor.  273 

To provide experimental insight into the initial formation processes of metal 274 

clusters, we performed total scattering of a surfactant-free solution containing 275 

H2PtCl6 in methanol with subsequent PDF analysis. PDF analysis is a powerful 276 

technique to probe both the short- and long-range order structure of nanomaterials. 277 

We first consider the scattering data in Q-space, Fig. S2, plotted as the reduced 278 

structure function F(Q). The data show broad oscillations in Q-space, originating 279 

from a small cluster structure. The Q-space data were Fourier transformed into the 280 

PDF (G(r) function), which represents a histogram of interatomic distances in the 281 

sample. As the synthesis starts with H2PtCl6 in methanol, we first modelled the data 282 

with a [PtCl6]2-
 structure.26,27 Fig. 2 and Table S1 show the refinement of the data 283 

with the structural motif PtCl6. To avoid unphysical values for the Pt atomic 284 

displacement parameters (ADPs), this value was constrained to values above 0.05 285 

Å2. While the structure describes the main peaks at 2.2 Å (arising from Pt-Cl 286 

distances), the Cl-Cl peak seen at 3.3 Å is clearly too intense in the model compared 287 

to the data. The poor agreement between the theoretical models and the 288 

experimental data can thus be attributed to a lower electron density in the ligand 289 

shell in the structure.  290 
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 291 

Fig. 2. PDF data from top to bottom and as indicated of PtCl6, PtCl4 and PtCl5(OCH3) 292 

structural motifs in methanol. Experimental data (blue), fitted model (red), and 293 

difference between fitted model and experimental data (green).  294 

 295 

We therefore attempted a fit with the square planar [PtCl4]2- complex,27 which gives 296 

a better description of the data as reported in Fig. 2. Rw values express the fit quality 297 

with lower values indicating better fits.28 However, a full reduction of [PtCl6]2-
 to 298 

[PtCl4]2-
 is not likely to be so pronounced and fast for a freshly prepared sample 299 

considered here. Linear combination fit (LCF) analysis of the XANES data was also 300 

performed to provide more quantitative information of the different oxidation states 301 

of the Pt species. Based on the LCF analysis, the solution shows a Pt(IV):Pt(II):Pt(0) 302 

ratio of 40:53:7 (wt.%) after dissolving H2PtCl6 in pure methanol, see Table S2. A fit 303 
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using a PtCl5(OCH3) structure was found to also provide a good agreement between 304 

model and PDF data, as displayed in Fig. 2. The fitted parameters are found in SI 305 

Table S1 and the ADPs for the ligands (and especially O) in the structure refine to 306 

rather high values, which could indicate large (and possibly anisotropic) ligand 307 

movements.  308 

The PtCl4 and the PtCl5(OCH3) structural motifs are both found to provide a good 309 

description of the experimental PDF. It can be expected that both structures are 310 

present in solution. Eventually, this indicates that the H2PtCl6 precursor undergoes a 311 

partial reduction accounting for the decrease in the electron density in the Cl-Cl 312 

bond observed, compared to the original PtCl6 structural motif. Such a partial 313 

reduction can be due to natural light induced reduction of H2PtCl6 in methanol even 314 

for ‘fresh’ solutions.26 It is also possible that beam-induced reduction occurs as 315 

suggested by XANES data. It must however be kept in mind that the energy required 316 

for XANES is higher than for PDF when comparing the two sets of data. This would 317 

result in an enhanced reduction process of Pt(IV) to Pt(II) species in pure methanol. 318 

The PtCl5(OCH3) structure suggested from PDF analysis is in agreement with 319 

previous reports on a surfactant-based synthesis where it is stated that H2PtCl6 in 320 

methanol could undergo methoxy substitution.24 321 
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 322 

Fig. 3. MS data and tentative attribution for (a) freshly prepared and (b) aged 323 

H2PtCl6 in methanol. In (a) the fragment with m/z around 430 is an overlap of two 324 

species and can only be hypothetically attributed to [Pt IVCl5(CH3OH)(CO)]-. (b) The 325 
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peaks indicated with an * do not correspond to Pt containing species given the 326 

isotopic distribution and are attributed to organic molecules as well as the 327 

fragments observed for m/z < 200. 328 

 329 

To get further insight into the nature of the complexes formed, additional MS 330 

characterization was performed. MS analysis of a freshly prepared solution of 331 

H2PtCl6 in methanol indeed suggests that Cl and methoxy substituted Pt complexes 332 

such as PtCl5(OCH3) are formed together with reduced Pt(II) species, Fig. 3. The use 333 

of MS has previously been reported to characterize Pt species in methanol and 334 

presence of surfactants.24 However, we experienced that the data analysis and 335 

fragment attribution is not straightforward. The complex is found to decompose into 336 

different species depending on the tube lens voltages, see Fig. S3. This renders any 337 

attribution of the observed fragments challenging, since the later are potentially 338 

formed during the measurement itself. It was furthermore observed that the isotopic 339 

distribution sometimes only fit to a complex by considering an additional H+. For 340 

instance, in the case of PtCl5(OCH3) the main peak fragment is expected at m/z = 341 

402.8, but we observed it at m/z = 403.8. 342 
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 343 

Fig. 4. (a) UV-vis absorption spectra of a freshly prepared solution of 20 mM H2PtCl6 344 

(orange) diluted at 0.02 mM and a 4 months old solution of 20 mM H2PtCl6 undiluted 345 

(black). The inset is a picture of the 4 months old solutions. (b) Head-space GC-MS 346 

chromatogram of methanol (grey), freshly prepared H2PtCl6 in methanol (orange) 347 

and aged 20 mM H2PtCl6 in methanol (black). 348 
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3.3. Precursor ageing in methanol 350 

Substitution of the -Cl by -OCH3 and partial reduction of the H2PtCl6 precursor are 351 

only the initial modifications occurring. Ageing solutions of H2PtCl6 in methanol with 352 

UV or natural light can lead to the reduction of the initial Pt(IV) complex without the 353 

formation of Pt NPs.26 For instance, a 20 mM H2PtCl6 solution in methanol left for 4 354 

months in a sealed container in the laboratory exposed to natural light and room 355 

temperature loses its original pronounced orange color as seen in the inset of Fig. 356 

4a. In UV-vis spectroscopy, a fresh solution of H2PtCl6 in methanol is characterized 357 

by a strong absorption peak at 268 nm that is assigned to the Pt(IV)-Cl bonds.29 By 358 

comparison, a 4 month-old solution does not exhibit any characteristic features in 359 

the UV-vis spectrum, signifying that during the ‘ageing’ the initial H2PtCl6 precursor 360 

undergoes more significant modifications, Fig. 4a.  361 

In head-space gas chromatography measurements coupled to mass spectrometry 362 

(GC-MS), no specific species other than methanol could be identified in a fresh 363 

solution of H2PtCl6 in methanol, Fig. 4b. However, for the aged solution peaks 364 

characterized by a m/z value of 46 at 1.7 minutes as well as by a m/z value of 45 and 365 

75 at 2.5 min were recorded. We attribute the peaks to formic acid and methyl 366 

hydrogen carbonate, which are oxidation products from methanol, formed during 367 

the chemical reduction of Pt(IV) to Pt(II). 368 

MS analysis of an aged solution show fragments attributed to Cl and methoxy 369 

substituted Pt species such as PtCl3(OCH3), but also CO substituted species are 370 

observed, Fig. 3b. This observation is difficult to rationalize as discussed above, 371 

since the fragmentation observed depends on the tube lens voltages. However, it 372 

stresses that different chemical species are formed upon ageing.   373 

Furthermore, XANES analysis evidences that the colour change and loss of the 374 

characteristic UV-vis absorption peak is associated with the full conversion of the 375 

initial H2PtCl6 (Pt(IV)) to Pt(II) species, see Tab. 1 and Fig. 5. To corroborate the 376 

change of the oxidation state from Pt(IV) to Pt(II) species and the resulting change in 377 

the ligand shell (coordination number), EXAFS was also carried out. Based on the 378 

EXAFS analysis the nearest coordination number of the Pt-Cl obtained is close to 3, 379 
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indicating that the main structure is not represented by a PtCl4 structurtal motif. 380 

This further suggests that the precursor contains some degree of substituted species 381 

such as [PtCl3(OCH3)]2-, in line with previously proposed reduction mechanisms in 382 

methanol in presence of surfactants.24 From these characterisations it can be 383 

concluded that upon ageing the Pt(IV) H2PtCl6 gets reduced to Pt(II), while the 384 

solvent gets oxidised. Eventually, the ageing process of H2PtCl6 in methanol can be 385 

described as a conversion of the initial [PtCl6]2-
 complex into [PtCl5(OCH3)]2- 386 

followed by further reduction into species Pt(II) like [PtCl3(OCH3)]2-, while methanol 387 

gets oxidised.  388 

 389 

Table 1. Linear combination fitting (LCF) analysis of the XANES data and Fourier-390 

transformed magnitudes of the k2-weighted EXAFS data at the Pt L3 edge for an aged 391 

solution of H2PtCl6 in methanol. Nearest neighbour coordination shell (N), atomic bond 392 

length (R), disorder number (σ2), shift of energy (ΔE0) and closeness of the fit as quality 393 

parameter (Rf – factor) are given. 394 

LCF analysis (XANES) 

Pt(IV)  

wt. % 

Pt(II)  

wt. % 

Pt(0)  

wt. % 

White line 

intensity 

ΔE0 / eV Rf 

- 100 ± 8 0.0 ± 1 1.54 0.244 ± 0.032 0.005 

Pt- Cl (EXAFS) 

NPt-Cl RPt-Cl/ Å Pt-Cl: σ2 * 10-4 / Å ΔE0 / eV Rf 

3.3 ± 0.3 2.321 ± 0.007 31 ± 8 10.0 ± 1.0 0.007 

 395 
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 396 

Fig. 5. (a) Normalized Pt L3 edge XANES spectrum (black) of the ‘aged’ solution of 397 

H2PtCl6 in methanol. The corresponding fit based on the LCF analysis is denoted in 398 

red. The difference between data and fit is reported in blue. (b) k2-weighted EXAFS 399 

spectra and (c) Fourier-transformed k2-weighted EXAFS spectrum of the ‘aged’ 400 

solution of H2PtCl6 in methanol in R space.  401 
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Pt NP synthesis usually proceeds with the reduction of a Pt(IV) complex to Pt(II) 402 

species followed by additional reduction to Pt(0) for the formation and growth of 403 

NPs.24 The conversion of Pt(IV) to Pt(II) is usually characterized by an induction 404 

period during which the reaction mixture needs to be kept at high temperature 405 

before the nucleation of NPs proceeds.24,30 Once the nucleation starts, NPs quickly 406 

form. Most of the energy during the synthesis – typically supplied by heating devices, 407 

microwave reactors or UV-light – is actually needed to convert the Pt(IV) complex to 408 

Pt(II).29,31,32 As a consequence, it would be favored to use Pt(II) complexes as 409 

precursors to accelerate the reaction processes. However, commercially available 410 

Pt(II) precursors (e.g. K2PtCl4) show limited solubility in mono- alcohols and are 411 

prone to uncontrolled reduction that does not lead to stable colloidal dispersions.16  412 

The Pt(II) species obtained by natural ageing of H2PtCl6 in methanol are here found 413 

to be suitable reactive molecules to synthesize Pt NPs. These Pt(II) species are key to 414 

achieve the fast and instrument-free formation of Pt NPs at room temperature 415 

conditions. They could be contemplated as simple Pt(II) precursors for the synthesis 416 

of other materials.33,34  417 

 418 

3.4. Nanoparticle formation mechanism 419 

Attempts to further characterise the molecular species formed in presence of a base 420 

before Pt NPs are formed (e.g. by NMR) are challenging due to practical limitations: 421 

the NPs form too quickly. For MS characterisation, the concentration of LiOH is too 422 

high and leads to the formation of clusters that could damage the equipment. 423 

A further interest was given to stabilisation and growth of the NPs obtained by this 424 

instrument-free approach using aged precursor solutions. The size histograms 425 

obtained from TEM micrographs of colloidal dispersions obtained after 20 minutes 426 

of synthesis and after 24-hour are reported in Fig. 6. The NPs obtained in alkaline 427 

methanol after 20 minutes exhibit a diameter of 2.2 ± 0.6 nm, whereas after 24 428 

hours an average diameter of 2.6 ± 0.6 nm was determined. The synthesis 429 

performed in alkaline methanol-water mixture leads to similar sizes, i.e. 2.1 ± 0.5 nm 430 
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after 20 minutes and 2.8 ± 1.0 nm after 24 hours. The slightly larger size obtained in 431 

presence of water is consistent with microwave assisted synthesis.13,14 432 

 433 

 434 

Fig. 6. Size distributions obtained from TEM analysis of Pt NPs for NPs synthesized 435 

from a 2.5 mM aged H2PtCl6 solution with a LiOH/Pt molar ratio of 20 in (a,b) 436 

alkaline methanol and (b,c) alkaline methanol–water (1:7). The TEM micrographs 437 

correspond to the analysis of aliquots taken after (a,c) 20 minutes and (b,d) 24 hours 438 

at room temperature. 439 
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As in most colloidal syntheses, the NP formation can be explained by a nucleation-441 

growth mechanism proposed by LaMer.35 The small tail in the size distribution 442 

towards larger NPs after 24 hours in both cases in Fig. 6 suggests that after 443 

nucleation only a moderate growth takes place.36 In alkaline methanol the 444 

nucleation step is surprisingly fast considering that it takes several days to observe 445 

the formation of NPs in alkaline methanol using a freshly prepared H2PtCl6 solution 446 

and several minutes are needed in a microwave assisted synthesis.12 The synthesis 447 

in alkaline methanol-water mixtures at room temperature is characterized by an 448 

even faster nucleation processes in less than a second, but also a slightly higher 449 

growth over time.  450 

The kinetics of the growth processes are investigated by surface characterization of 451 

the NPs via Fourier Transform Infra-red (FTIR) spectroscopy. FTIR reveals that after 452 

being left at room temperature and light for 24 hours, the surface of the NPs is 453 

covered by adsorbed CO molecules (COad),37,38 as seen from the peak at around 454 

2030-2050 cm-1 in Fig. 7a. The spectrum of NPs synthesized in methanol exhibits a 455 

peak with a maximum intensity at 2036 cm-1, whereas the spectrum of NPs 456 

synthesized in alkaline methanol-water mixture exhibits a peak with maximum 457 

intensity at 2046 cm-1 and a shoulder towards lower wave numbers. The FTIR 458 

spectrum of the NPs obtained in alkaline methanol-water mixtures (as compared to 459 

alkaline methanol without water added) exhibit a peak at a higher wave number 460 

consistent with a broader size distribution and the formation of larger NPs.37 The 461 

COad likely originates from the decomposition of methanol by oxidation on the Pt 462 

surface. The role of COad for the stabilization of ‘unprotected’ NPs is well 463 

documented for other solvents.37,38 COad functions as a stabilizing agent38 and 464 

protects the NPs from agglomeration by CO-CO repulsion. For previous studies 465 

ethylene glycol was a preferred solvent. It is here shown that a similar COad 466 

stabilization is at stake in mono-alcohols.  467 

  468 

 469 
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 470 

Fig. 7. (a) Infra-red spectra of Pt NPs obtained in (black) alkaline methanol and 471 

(blue) alkaline methanol:water (1:7) after 24 hours. (a-b) Time resolved in situ FTIR 472 

measurements of the COad peak (b) position and (c) relative intensity (normalized 473 

for the intensity after 12 hours) for room temperature synthesis of Pt NPs in (dark 474 

square) alkaline methanol and (blue dots) alkaline methanol:water (1:7) mixtures. 475 

The data points corresponding to 20 min and 24 hours are highlighted in orange. 476 
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Moreover, the time dependent formation of the COad during the NP synthesis has not 477 

been investigated to the best of our knowledge. A preparation of Pt NPs at room 478 

temperature is not only a beneficial simplification of the synthesis but it also 479 

facilitates such in situ studies. To understand better the synthesis and stabilization 480 

of the NPs, we followed the COad peak position and intensity as a function of the 481 

reaction time by FTIR, Fig. 7b,c. In alkaline methanol, the COad peak is observed 482 

almost immediately after the aged solution of H2PtCl6 is added to the alkaline 483 

solvent. The peak intensity rapidly increases with time and after ca. 2 hours the final 484 

peak position at 2036 cm-1 is reached, indicating that the NPs do not grow further. In 485 

alkaline methanol-water mixture, the COad signal can be observed only after ca. 30 486 

minutes of synthesis despite the very fast nucleation and almost instant formation of 487 

NPs (Figs. 1,6,7). The peak intensity slowly increases over time and the peak 488 

becomes more pronounced only after 2 hours of synthesis, while the peak position 489 

shifts towards larger wave number before reaching a constant value around 2046 490 

cm-1. This points towards a continuing growth of the NPs after the initial nucleation 491 

and suggests that a delayed COad formation (due to the low methanol content) leads 492 

to a delayed stabilization of the NPs by COad coming into play only after ca. 30 493 

minutes after the nucleation process. Due to alkaline conditions, the NPs are also 494 

covered with species like OH-.38 This in situ study suggests that in the first steps of 495 

the synthesis in alkaline methanol-water media, stabilization by OH- is predominant 496 

vs. stabilization by COad. This delayed stabilization may account for the slightly larger 497 

size of the NPs obtained in water and different growth mechanism.  498 

It is also well established that Pt complexes undergo pH dependent hydrolysis and 499 

aquation.39,40 The formation of NPs in alkaline conditions has previously been 500 

attributed to the key role of hydroxyl species favoring further reduction to NPs.11,33 501 

Considering the kinetics of reduction being faster in alkaline conditions, and as 502 

demonstrated even faster in aqueous conditions,24 the slightly larger particle size 503 

obtained in aqueous media can also be related to the different nature of precursors. 504 

There is therefore a complex interplay between precursor nature and stabilization 505 

of formed NPs to explain the differences observed in alkaline methanol and alkaline 506 

water-methanol mixtures. Investigating this interplay further would require a 507 
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deeper investigation and ideally in situ studies with high temporal resolution to 508 

identify the exact nature of the different species formed. 509 

 510 

3.5. Electrocatalytic activity 511 

In order to demonstrate that the NPs are readily active catalysts, without the need 512 

for intense washing or activation steps, the electrocatalytic activity of NP-coated 513 

electrodes was investigated. Active electrodes were simply obtained by directly 514 

depositing a drop of the as-produced colloidal dispersions on a conductive material. 515 

As test reaction we choose the methanol electrooxidation14,41 in an alkaline 516 

electrolyte. 517 

The recorded cyclic voltammograms in Fig. 8 exhibit the typical two oxidation 518 

waves for this reaction demonstrating that the NPs directly taken from the stable NP 519 

suspension are catalytic active without additional treatment. The highest current 520 

density is seen at around 0.85 V vs RHE on the forward scan, whereas in the 521 

backward scan the current density is decreased, and the peak position shifted to 522 

lower potentials. This is the typical behavior for methanol oxidation via COad as 523 

intermediate on a Pt surface. The oxidation in the backward scan is related to the 524 

removal of incompletely oxidized carbonaceous species formed during the alcohol 525 

oxidation.42 It is interesting to note that comparing the NPs obtained in alkaline 526 

methanol-water solutions to the ones obtained in alkaline methanol without added 527 

water, the former exhibit much higher catalytic activity. The maximum current 528 

density in the forward scan of the CV is more than three times higher for the NPs 529 

obtained in methanol-water solutions.  530 
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 531 

Fig. 8. Electrochemical characterization of Pt NPs obtained using alkaline methanol 532 

(black) or alkaline methanol-water (blue) as solvent for methanol electro-oxidation 533 

in 1 M methanol in 1 M KOH. Darker and lighter curves correspond to the forward 534 

and backward scans respectively.  535 

The difference in observed current density can be related to the different yields of 536 

synthesis in the different solvents under the mild room temperature conditions 537 

used. The NPs obtained in alkaline methanol only, are quickly formed and quickly 538 

covered by COad. The formation (yield) of the NPs may then be limited over time 539 

which accounts for the plateau in intensity observed in Fig. 7b,c. It is also observed 540 

in Fig. 1a that the colloidal suspension obtained in alklalime methanol or ligh-brown 541 

whereas the suspension obtained in alkaline methanol-water mixture is darker. This 542 

could be inferred to a higher yield of NP formation in presence of water. In alkaline 543 

methanol-water mixture, the NPs then form rapidly, with possibly a higher yield, and 544 

only progressively get covered with CO. This leads to the slow increase of the COad 545 

peak intensity and the continuous growth observed in Fig. 7b,c. 546 

With respect to commercial Pt catalysts reported in the literature with a maximum 547 

activity of e.g. 1 A mg-1,43 the as prepared NPs in alkaline methanol-water solutions 548 
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show a higher current density with ca. 1.4 A mg-1 without activation of cleaning 549 

steps. Compared to popular synthesis approaches where surfactants are needed8,44 550 

and where hazardous chemicals and/or energy intensive steps are required while 551 

waste is being generated, the simple synthesis presented bears promising features 552 

to rapidly develop performant catalysts by eco-friendly routes. 553 

 554 

4. Conclusions 555 

It is shown that an ‘aged’ Pt(IV) H2PtCl6 precursor dissolved in methanol is reduced 556 

to Pt(II) species, while methanol gets oxidized. Methoxy substituted Pt-species such 557 

as [PtCl5(OCH3)]2-/[PtCl3(OCH3)]2- are formed. The Pt(II) precursors obtained can be 558 

used for the fast, simple and instrument-free room temperature synthesis of 2-3 nm 559 

diameter NPs in alkaline methanol and alkaline water-methanol mixtures without 560 

surfactants.  561 

In methanol, the NPs are stabilized by COad groups at a very early stage of the 562 

formation. In presence of water the main stabilization process is first inferred to 563 

electrostatic interactions before COad groups contribute to the stabilization. The 564 

surfactant-free NPs are readily catalytically active without the need for intense 565 

washing or activation. In particular, the NPs obtained by the ultrafast synthesis in 566 

methanol-water mixture show a promising (electro)catalytic activity without 567 

lengthy catalyst preparation, pre-treatment or activation.  568 

The results overall confirm that the nature of molecular precursors severely impact 569 

the formation of nanoparticles and that fast, room condition temperature and 570 

surfactant-free synthesis can be developed by carefully selecting and considering the 571 

properties of molecular metallic precursors. The understanding provided allows 572 

developing simpler synthesis of Pt NPs and designing simpler studies compared to 573 

alternative approaches.1, 6, 8 574 

 575 

Beyond showing how old precursor solutions can be ‘recycled’ for improved 576 

synthesis leading to active catalysts, the results stress the importance of further 577 

understanding in the formation mechanism(s) of NPs. For instance the results call 578 
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for the synthesis of stable Pt(II) inorganic complexes to be used as precursor for 579 

room conditions synthesis of Pt NPs. There is also a need for a better understanding 580 

of the role of water in the kinetics of NP formation, pointed out in recent work.24,34,45 581 

Moreover, the role of water in the stabilization of colloidal NPs, in particular 582 

surfactant-free colloidal NPs, influence on size of the NPs and yield in room 583 

temperature syntheses is still be clarified to control and improve even further the 584 

formation of Pt-based nanomaterials and colloids in general in green solvents with 585 

minimal energy requirement and minimal waste generation.  586 
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