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ABSTRACT: The Co4Cat process is a surfactant-free, one-step synthesis of precious metal nanoparticles in alkaline monoalcohols. It is well-suited to prepare nanomaterials with improved properties for heterogeneous and electrochemical
catalysis. The synthesis can be considered as ‘facile’, since it does not require the addition of surfactants, only few chemicals
are needed, and the synthesis is performed under mild conditions like low temperature. Nevertheless, the process is
sensitive to experimental parameters that are masked in alternative conventional colloidal syntheses. In our work, we
demonstrate a strong influence of the oxidation properties of the solvent on the formation of Pt nanoparticles. Based on
the in situ formation of CO adsorbed on the surface of the Pt nanoparticles and produced by solvent oxidation, a model is
proposed that accounts for the different growth and stabilization mechanisms as well as re-dispersion properties of the
colloidal nanoparticles in different solvents. Using transmission electron microscopy, X-ray absorption spectroscopy, in situ
small angle X-ray scattering, Fourier-transform infra-red spectroscopy, gas chromatography coupled to mass spectrometry,
micro Raman spectroscopy, UV-vis absorption and fluorescence measurements, it is established that in methanol, a slow
nucleation with a limited particle growth is achieved whereas in ethanol a fast nucleation followed by continuous and
pronounced particle sintering is observed over extended reaction time. The results presented support the design of novel
strategies to produce improved precious metal nanoparticles for research and development.

INTRODUCTION
Nanoparticles (NPs) find applications in an increasing
number of technologies and are expected to contribute
solving worldwide challenges in energy production and
storage,1 chemical production,2 water remediation3 or

medicine,4 to name only a few. To address specific needs,
studying the growth mechanism of NPs is a rewarding
strategy5-7 that usually leads to a controlled design of NPs
with
desirable
features:
e.g.
composition
or
functionalization to tune activity, stability8 or selectivity9
in catalysis. Fundamental research often focuses on wet-

chemical syntheses to prepare NPs due to scalability and
usually good reproducibility.5, 10-12 Typically, colloidal
syntheses require surfactants to tune NP properties.
Surfactants ensure simple size and/or shape control, favor
colloidal stability and facilitate further processing by
providing for instance suitable re-dispersion properties.13
Unfortunately, the surfactants typically need to be
removed,14-19 in particular for catalytic applications to
obtain a ‘free’ catalytic surface. Their removal requires
energy and time-consuming steps, with hazardous
chemicals and/or harsh conditions. These steps can
ultimately decrease reproducibility and negatively impact
the catalytic properties. Moreover, surfactants are often
derived from petroleum-based resources and so often not
environmentally friendly. For cheap, safe and green
production processes,16, 17 surfactant-free approaches are
receiving increasing attention from both academia and
industries.20-24 Nevertheless, surfactant-free syntheses are
still challenging to perform and control.
The Co4CatTM process is a surfactant-free, one-step
synthesis that requires only a metal precursor, a monoalcohol, a base and energy (e.g. thermal treatment,
microwaves or alternatively UV-light).25 The NPs obtained
by this method show superior catalytic activity compared
to state-of-the-art catalysts for chemical production and
energy conversion.25, 26 These improved properties can be
attributed to the absence of surfactants, the improved
dispersion at high metal loadings after supporting step on
a support material, no need for extensive washing and no
need for pre-treatment steps, resulting in readily active
catalysts. Although often referred to as ‘unprotected’,27, 28
surfactant-free NPs must contain some form of surface
functionalization that ensures stable colloidal dispersions.
To optimize the Co4Cat process, a deeper understanding
of the NP formation and stabilization mechanisms is
required.
The price for the relative simplicity of the synthesis, i.e. the
absence of any surfactants, low temperature, low pressure,
no need for inert atmosphere etc., is sensitivity to
parameters that are usually ‘disregarded’ because they do
not strongly influence size or colloidal properties in stateof-the-art colloidal approaches.29 In conventional
syntheses, colloidal stability is typically achieved by using
additives such as polymers, anions and/or viscous media28,
30-32
to ‘protect’ the NPs. These additives also mask the
influence of other parameters. One of the most important
parameters in colloidal syntheses is obviously the solvent.
In the presented work, we investigate the influence of the
solvent properties on the particle formation and
stabilization. Platinum (Pt) is chosen as case study since it
is an important catalytic element for energy, automotive,
chemical synthesis but also medicine and solvent
remediation.3, 4, 8, 33, 34 Using transmission electron
microscopy (TEM), X-ray absorption near edge structure
spectroscopy (XANES), in situ small angle X-ray scattering
(SAXS), Fourier-transform infra-red spectroscopy (FTIR),
micro
Raman
spectroscopy,
head-space
gas
chromatography coupled to mass spectrometry (GC-MS),
UV-vis absorption and fluorescence measurements, it is
established why the formation mechanisms of Pt NPs

strongly differ in the two simplest mono-alcohols:
methanol and ethanol.

EXPERIMENTAL SECTION
Chemicals. 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%); methanol (≥ 99.8 %, Sigma-Aldrich);
ethanol (99.9 %, Kemetyl); ethylene glycol (EG, 99+%,
Sigma-Aldrich); water (Milli-Q, Millipore, resistivity > 18.2
MΩ·cm, total organic carbon (TOC) < 5 ppb); HCl (30 %
Suprapur®, EMD Millipore, Merck KGaA), commercial 46.5
wt % Pt/C catalyst (TEC10E50E, Tanaka Kikinzoku Kogyo).
Synthesis of Pt NPs in mono-alcohols. H2PtCl6 is
dissolved in alkaline (NaOH) methanol or ethanol, or their
mixture thereof with water, with the concentrations of
H2PtCl6, NaOH, as well as the total volume and time of
synthesis indicated in the text. Unless otherwise specified,
all experiments were performed with a NaOH/Pt molar
ratio of 20. The nucleation of Pt NPs can be initiated by
thermal treatment: using a hot-water bath or a microwave
reactor. The respective method is indicated in the text.
Hot water bath synthesis. A hot water bath heated to 7075 °C and stirred with a magnetic stirrer (1000 rotations per
minute, rpm) was used. H2PtCl6 dissolved in an alkaline
(NaOH) methanol or ethanol solution (also stirred with a
magnetic stirrer at 1000 rpm) was placed in a closed glass
or plastic container (typical volume of 8 mL). The
container was then placed in the hot water bath. The
reaction times are indicated in the text.
Microwave synthesis. H2PtCl6 dissolved in an alkaline
(NaOH) methanol or ethanol was irradiated with a
constant power of 100 W using a microwave reactor (CEM
Discover SP) in a reflux set-up for a synthesis time as
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.
Ageing of precursor. To artificially age 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
Hg, Philips) for ‘UV-aged’ precursors. Alternatively, the
solutions were left at room temperature and exposed to
daylight for at least a week for ‘time-aged’ precursors.
Unless otherwise specified, daily freshly prepared solutions
were used in all syntheses.
Re-dispersion studies. For re-dispersion studies, the assynthesized NPs with a starting concentration of 2.5 mM
H2PtCl6 to give a concentration of ca. 0.5 mgPt mL-1 were
precipitated and collected by mixing with aqueous
solutions of 1 M HCl as typically performed for the polyol
synthesis.35, 36 After centrifugation (5 to 10 minutes at 4000
rotations per minute, 2400 relative centrifugal force in a
Sigma 2–5 laboratory centrifuge, Sigma) the NPs were redispersed at the same concentration in various solvents as
indicated.
X-ray absorption near edge structure spectroscopy
(XANES). X-ray absorption spectroscopy measurements
were carried out at the B18 beamline of Diamond Light

Source (DLS), UK (beam current of 300 mA, storage ring
energy of 3.0 GeV) or at the SuperXAS beamline of Swiss
Light Source (SLS), Switzerland (beam current of 400 mA,
storage ring energy of 2.4 GeV). At the B18 beamline, the
Pt L3 edge 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
beamline 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 spectra were
analyzed by using the IFEFFIT software suite.37 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.
Linear combination fit (LCF) method was carried out to
establish the oxidation state of Pt species in the colloidal
dispersions by using the respective XANES reference
spectra of K2PtCl4, K2PtCl6 and Pt foil. From the XANES
data, a LCF analysis was used to evaluate the relative
weight percentage of Pt(0), Pt(II) and Pt(IV) and the
related parameters: white line intensity, shift of energy
(ΔE0) at the corresponding edge and R factor (closeness of
the fit as quality parameter) are reported.
To monitor the conversion of H2PtCl6 to Pt(0) a sealed
container (total reaction volume of 16 mL) with 4 mM
H2PtCl6 and a NaOH/Pt molar ratio of 20 was placed in a
hot water bath at 70 °C under stirring. Aliquots of the
reaction solution were sampled at different times and
quenched by using liquid nitrogen prior to measurements
performed at room temperature. In methanol a color
change to brown was observed at ca. 1h 45 minutes during
the experiments. In ethanol this color change occurred
after ca. 20 minutes.
Determination of particle size distributions by
transmission electron microscopy (TEM). For the TEM
analysis, a JEOL 2100 transmission electron microscope
operated at 200 kV was used. Particle size and morphology
were estimated by recording images at different
magnifications (at least x300 000, x400 000, x500 000) in
minimum three randomly selected areas. The samples
were prepared for TEM analysis by dropping the
dispersions containing the Pt NPs in low boiling point
solvent (e.g. methanol, ethanol) on carbon coated copper
TEM grids (Quantifoil). The particle size and size
distribution analysis was performed by measuring the size
(projected diameter) of at least 50 and more typically
between 700-1000 Pt NPs using the software ImageJ. The
mean diameter and the standard deviation (σ, in nm) for
each sample are reported. For time dependent studies,
aliquots of the reactive media were taken at desired times
and deposited on TEM grids.
Determination of particle size distributions by smallangle X-ray scattering (SAXS). The size of the particles
obtained was assessed by SAXS measurements as
previously reported38-40 Experiments were performed using
a SAXSLab instrument (JJ-XRay) with a Rigaku 100 XL+
micro focus sealed X-ray tube and a Dectris 2D 300 K

Pilatus detector installed at the Niels Bohr Institute of the
University of Copenhagen. For in-situ measurements: 10
mM H2PtCl6.6H2O and 200 mM NaOH in methanol or
ethanol solutions were used to fill a quartz capillary placed
itself in a temperature controlled holder. The same trends
could be observed for 5 mM H2PtCl6.6H2O and 10 mM
NaOH but the signal to noise ratios were improved at
higher H2PtCl6.6H2O and NaOH concentrations. The
recording of the SAXS data started at room temperature
and the temperature was then raised up to 70 °C at a rate
of ca. 7 °C per min.
The data analysis was performed using a method described
previously 27, 40 using a polydisperse spheres model. The
first dataset recorded at room temperature was used as
background. Each dataset was recorded for 3 minutes and
the total time of experiments was between 2 and 10 hours.
Control experiments show that performing the reaction at
50 °C requires longer time to observe a formation of NPs.
At room temperature no NPs could be formed even after 10
hours of exposure to X-rays. The time dependence
reported for the diameter of the NP was observed in at least
four independent experiments for methanol and four
independent experiments for ethanol.
Fast
Fourier-Transform
Infra-red
(FTIR)
measurements. The as-prepared Pt NPs in alkaline
(NaOH) methanol, ethanol or re-dispersed in methanol,
ethanol or EG were dropped onto a ZnSe crystal for
attenuated total reflectance acquisition. As reference the
same solution as the solvent in which the NPs were redispersed (methanol, ethanol, EG with or without NaOH)
was used. 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
averaging 50 scans.
Head-space gas chromatography - mass spectrometry
(GC-MS). A gas chromatograph (Agilent 6890N Network
GC System) with a headspace sampler (Agilent G1888
Network Headspace Sampler), with an Agilent 19091S-433
non-polar column (HP-5ms (5%-phenyl) methyl poly
siloxane, 30.0 m, 250 µm, 0.25µm) connected to a mass
spectrometer (Agilent 5973 inert Mass Selective Detector)
was used. Chromatographs were acquired with a
temperature ramp from 30 to 140 °C at 20 °C min-1.
UV-vis absorption characterization. UV-vis absorption
spectra were acquired with a Lambda1050 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 as for the measurements (e.g. methanol,
ethanol or EG) for background.
Micro Raman spectroscopy. Raman measurements were
performed using a micro-Raman setup in backscattering
geometry. The 632.8 nm line of a HeNe laser (Thorlabs
HRR170-1) was used (6.6 mW on top of the objective). The
beam was focused in an inverted confocal microscope
(Olympus IX71) by an Olympus CPlanFL N 10x objective
inside the capillary tube containing the sample. Raman
spectra were collected using a Princeton Instruments SPEC
10:100 B/LN-eXcelon CCD detector and an SP 2356
spectrometer with 600 g/mm grating. A LL01-633 filter

(Semrock) was used to clean the laser light, a LPD02633RU (Semrock) was used as dichroic mirror and 2 LP02633RE filters (Semrock) were used to block the remaining
laser light in the detection path. X-axis calibration was
performed with a neon spectral lamp (6032 Newport). The
acquisition time was 1 minute for each spectrum. No Y-axis
corrections or background removal procedures were
performed. Only a constant value was added or subtracted
for display purposes.
For recording spectra, 50 mM H2PtCl6 in 1 M NaOH in
methanol or ethanol were placed in sealed borocapillaries
(Mark-Rohrchen, 1 mm outer diameter, 10 μm thick, 8 cm
long) and heated up with a heat gun. Using a 632.8 nm laser
no significant laser-induced reaction could be noticed. In
most cases however the formation of Pt NPs lead to a
complete attenuation of the signal, typically marked by the
decrease in intensity of the peaks related to the solvent41
despite the capillary still containing solvent. For kinetics
study the first minute was recorded at room temperature
(ca. 25 °C) and the later spectra while heating up.
Fluorescence measurements. A Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies)
was used with methanol / ethanol / EG as a background. In
all cases the samples were diluted to a suitable
concentration for spectroscopic measurements (typically
0.1 mM). An excitation wavelength of 360 nm was used.
Zeta potential measurements. The analysis was carried
out with a Litesizer 500 (Anton Paar) and the
corresponding Software Kalliope. The cuvettes used were
disposables (Sarstedt) with a path length of 10 mm
equipped with a Univette (Anton Paar). Microwave
synthesized Pt NPs from 2.5 mM H2PtCl6 alkaline solutions
in methanol and ethanol, were diluted with methanol and
ethanol, respectively in a ratio of 1:10 (final concentration
of Pt for the analysis: 0.25 mM). The analysis temperature
was adjusted to 20 °C. Further adjustments in the software
were an equilibration time of 1 minute, a Hueckle
approximation and a number of runs of 100. The solvent
properties used were for methanol a refractive index of
1.3292, viscosity of 0.000594 Pa.s and a relative permittivity
of 30.57. For ethanol the refractive index used was 1.3571, a
viscosity of 0.001144 Pa.s and a relative permittivity of 24.3.
A series of 5 measurements was carried out and an average
value out of these 5 measurements was calculated.

RESULTS AND DISCUSSION
General synthesis and use of ‘aged’ precursors. In
alkaline methanol, it takes ca. 15 minutes in a microwave
reactor synthesis before a color change is observed from
yellow to dark brown for 2.5 mM H2PtCl6 solution (total
volume of 80 mL), see Figure 1a. This color change is
indicative of the formation of Pt NPs as previously
reported.25 In the alkaline methanol-based synthesis the
reaction time, i.e. the time required for the formation of
particles indicated by a color change from yellow to black,
corresponds to the consecutive reduction of Pt(IV) to Pt(II)
and eventually Pt(0). This reaction time can be
significantly shortened when the precursor is dissolved in
methanol and not immediately used for the synthesis, but

stored as a stock solution prior to application for NP
synthesis.42 Such ‘aged’ precursor solutions are obtained by
storing a 20 mM H2PtCl6 solution (without base) while
remaining exposed to ambient day light and room
temperature for a week (‘time-aged’). ‘Aged’ solutions can
also be obtained in a faster manner by irradiating 20 mM
H2PtCl6 solution with UV lamps for 30 minutes (‘UV-aged’).
These ‘aged’ precursor solutions contain an increased
proportion of Pt(II) species, as previously demonstrated in
methanol by UV-vis absorption and X-ray absorption
spectroscopy measurements.42, 43 During the ageing
process the reduction of the Pt(IV) complex occurs in
parallel to the oxidation of the solvent to formic acid and
methyl carbonate.42 Due to the higher proportion of Pt(II)
species, the nucleation is ca. 5 times faster if an ‘aged’
precursor is used for the synthesis in alkaline conditions,
see Figure 1a,b.
In addition to previous work on ‘aged’ precursors in
methanol, here we report an additional characterization,
see Figure 2. Using Raman spectroscopy, changes are
observed when a fresh solution of H2PtCl6 turns into a
‘time-aged’ solution. The typical two peaks at 319 and 342
cm-1 ascribed to Pt-Cl bounds in [PtCl6]2-,44 turn into one
broad feature, with a maximum peak at around 330 cm-1 in
methanol attributed to [PtCl4]2- species, see Figure S1.
In alkaline ethanol, upon microwave heating, a color
change occurs in less than 5 minutes when a freshly
prepare H2PtCl6 precursor is used, see Figure 1c. Using
Raman spectroscopy, it is observed that a fresh H2PtCl6
solution in ethanol features the same two peaks at 318 and
342 cm-1 as for methanol. Upon ageing, these two peaks
become a single peak as well, which is centered at 340 cm1
. ‘Time-aged’ solutions of Pt(IV) precursor in ethanol are
characterized by a decrease in the intensity of the UV-vis
absorption peak at 268 nm, indicative of the disappearance
of the initial [Pt(IV)Cl6]2- complex, see Figure 3 and Figure
S2. In parallel, an increase in the proportion of Pt(II)
species in the ‘time-aged’ precursor in ethanol is confirmed
by XANES data, see Table 1. It is therefore concluded that
in both methanol and ethanol the initial H2Pt(IV)Cl6
complex undergoes a reduction to Pt(II) upon ageing.
Comparing the effect of using ‘aged’ precursor in methanol
and ethanol on the kinetics of formation of the Pt NPs, it is
found that in a microwave reactor its effect is less
pronounced

Table 1. Pt L3 edge XANES data for H2PtCl6 solutions in
ethanol: fresh and UV-aged.

a)

Solvent
Treatment
Pt(IV) [wt. %]
Pt(II) [wt. %]
Pt(0) [wt. %]
White line
intensity
ΔE0 [eV]
R

b)

c)

Ethanol
Fresh
UV-aged
95.5 ± 0.6
15.9 ± 1.8
4.5 ± 2.4
84.1 ± 1.1
0
0
2.11

1.58

-0.222± 0.008
0.001

0.030 ± 0.022
0.003

d)
t = 0 min t = 3 min t = 5 min t = 14 min t = 15 min
Figure 1. Pictures of 2.5 mM H2PtCl6 in alkaline (a, b)
methanol and (c,d) ethanol for different times of continuous
microwave heating. The reaction mixtures were obtained with
(a,c) a freshly prepared precursor, (b,d) with a precursor
irradiated 30 minutes with UV light prior to mixing with the
alkaline solvent.

b)
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Figure 2. Raman spectra of fresh (grey) and time-aged (black)
50 mM H2PtCl6 solutions in (a) methanol and (b) ethanol (no
base).
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Figure 3. UV-vis absorption spectra of H2PtCl6 in ethanol.
The grey line corresponds to the fresh solution. The orange
bold line corresponds to a UV-aged solution (30 minutes
irradiation with UV lamps). The inset is a collection of pictures
showing the solution of 20 mM H2PtCl6 in ethanol: fresh (top)
and UV-aged (bottom).

in alkaline ethanol because the reaction time is
significantly shorter as compared to alkaline methanol,
independent of whether using ‘fresh’ or ‘aged’ H2PtCl6
solutions as precursor, see Figure 1c,d. In parallel, an
increase in the proportion of Pt(II) species in the ‘aged’
precursor in ethanol is confirmed by XANES data, see
Table 1. This means, that the reaction time is reduced to
ca. 2-3 minutes independent of whether the precursors
used for the synthesis contains mainly Pt(II) or Pt(IV)
species.
Kinetics of the Pt NP formation. It could be argued that
the differences in kinetics observed in Figure 1 relate to the
fact that ethanol is a better solvent to absorb microwaves.
The energy dissipation factor tan(δ) indicates how well a
solvent absorb microwaves. The higher tan(δ), the more
suitable the solvent is for synthesis (strong absorber). For
ethanol this factor is slightly higher than for methanol (0.6
vs. 0.3).45 However, even when performed thermally
without microwave and at lower temperature, the reaction
of the complex still occurs faster in alkaline ethanol. This
faster formation of Pt NPs cannot be explained only by the
redox properties of the solvent since methanol should be a
better reducing agent than ethanol.46 To perform detailed
kinetics studies, the Pt NP formation conveniently can be
induced in closed vessels, using a water (alternatively oil)
bath approach, allowing to slow down the reaction kinetics
which facilitates the study of the precursor conversion to
Pt NPs. Using this approach, it is observed that similar to
the microwave synthesis, the formation of Pt NPs is still
faster in ethanol than in methanol, see Figure S3.
The Pt L3 edge XANES measurements confirm the fast
conversion of Pt(IV) to Pt(II), and further to Pt(0), in
alkaline ethanol, see Table 2 and S1. Using a water bath at
70 °C, it takes only 45 minutes to nearly fully convert all
the Pt(IV) to Pt(0) in alkaline ethanol, whereas after ca. 2
hours only 42 wt. % of the Pt is converted to Pt(0) in
alkaline methanol. These results confirm the faster
reaction time in alkaline ethanol. It also indicates that once
Pt(II) species are formed they quickly get reduced to Pt(0)
ethanol.
Raman spectroscopy was used to follow the initial steps of
the reaction in alkaline conditions, see Figure 4. In
methanol, the peaks at 319 and 343 cm-1 remain unchanged,
with or without heating to up to 65 °C. By comparison, in
ethanol the fresh H2PtCl6 precursor solution undergoes

Alkaline
Solvent
Methanol
Ethanol
Methanol
Ethanol

Pt (IV)
[wt. %]
100
100
100.0 ± 0.0
63.0 ± 1.9

Pt (II)
[wt. %]
0.0 ± 1.7
-

0h45

Ethanol

7.1 ± 6.7

-

1h55

Methanol

8.1 ± 3.8

50.2 ± 2.8

time
0h00
0h30

Absorbance / a.u.

2.0
1.5

a)

0.2 M NaOH in EG
heated up for 3 min at 160 C
1 month old stock 0.2 M NaOH

b)

Pt (0)
[wt.%]
37.0 ± 2.6
92.9 ±
0.3
41.7 ± 1.6

50 mM NaOH in Ethanol
heated up for 1h - reflux
1 month old 57 mM NaOH

Ethanol

NaOH
5 min - 65 °C

NaOH
5 min - 60°C

NaOH
2 min - 65 °C

NaOH
2 min - 60 °C

NaOH
1 min - 25 °C

NaOH
1 min - 25 °C

No NaOH
25 C

No NaOH
25 C

200
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Raman shift / cm-1
Figure 4. Raman spectra of fresh H2PtCl6 precursor
solutions in (a) methanol and (b) ethanol, without and
with addition of NaOH, as indicated. Time and
temperature from the start of the experiment are indicated
(note that this time is not the time after addition of NaOH
to the fresh H2PtCl6 precursor solution but the time after
heating up and exposure to laser light).

These differences in kinetics for the particle formation in
alkaline ethanol and methanol point towards a strong
influence of the chemical properties of the solvent on the
formation mechanisms. In particular it seems that Pt(IV)
species as well as Pt(II) species are more quickly reduced
to Pt(0) in alkaline ethanol, see Figures 2,4 and Table 2.
To further clarify the influence of different alkaline
solvents in the stabilization and reaction of Pt(IV) or Pt(II)
complexes the solvent related side reactions were
analyzed.

c)

50 mM NaOH in Methanol
heated up for 1h - reflux
1 month old 57 mM NaOH

1.0
0.5

Intensity / a.u.

Table 2. Results from Pt L3 edge XANES data for the
synthesis of colloidal Pt NP dispersions using the Co4Cat
process in alkaline methanol and ethanol after various
reaction times (see Experimental Section for further details
on the synthesis, Table S1 and Figure S4).

Methanol

Raman intensity / a.u.

rapid changes. As soon as the alkaline ethanol is added to
the fresh precursor, the strong peaks at 319 and 343 cm-1
disappear and are replaced by a smaller peak at 327 cm-1
which completely disappears upon heating the solution to
a temperature of 60 °C. The bands related to the solvent
also decreased significantly which indicates the formation
of Pt NPs absorbing the light from the laser beam. This is
confirmed by observing a strong and almost immediate
decrease in intensity of the Raman band related to the
solvent in ethanol and a slower decrease in the case of
methanol. The faster formation of NPs (Pt(0)) in the
Raman experiment is in agreement with the XANES data.

d)

EG, Ethanol
Methanol
Stock
Heated up

0.0
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Figure 5. (a-c) UV-vis absorption spectra of 1-month old stock solutions of NaOH in different solvents and heat-treated solution
of the same alkaline solutions with (a) EG, (b) ethanol and (c) methanol as solvents. (d) Fluorescence spectra (excitation
wavelength: 360 nm) of NaOH solutions of EG (blue), ethanol (orange) and methanol (black) before (lighter lines) and after
(darker lines) microwave-reactor heating. No H2PtCl6 was used. Peaks around 400 mn in (d) correspond to Raman scattering from
the solvent.

Solvent-related side reactions in alkaline media. To
assess possible by-products of the solvent formed during
the NP synthesis and their possible influence on the
nucleation and particle growth process, UV-vis absorption
and fluorescence measurements were performed. In this
comparative study, EG was also considered since it is a
common solvent to perform the synthesis of ‘unprotected’

NPs27, 28, 35, 40 and the formation mechanism of NPs in EG is
still subject to investigation.27, 47-49
Stock solutions of alkaline solvents (stored at room
temperature and exposed to light for one month) were
subjected to a microwave induced heat treatment identical
to those performed during NP synthesis but without any
H2PtCl6 precursor. The solutions were first studied by UV-

vis absorption spectroscopy, see Figure 5a-c. The “timeaged” alkaline stock solutions do not show any features as
compared to a background recorded with the pure solvent.
However, upon heating the alkaline EG and alkaline
ethanol exhibit new features in the region 240-420 nm. By
comparison, alkaline methanol exhibits no significant
difference before or after the heat treatment.
This demonstrates that at the temperature at which the
synthesis is typically performed, alkaline EG and ethanol
undergo modifications - even without the reaction partner
H2PtCl6 - whereas alkaline methanol is ‘stable’. The color
change typically observed under highly alkaline conditions
in EG and ethanol after extended period of storage
supports further this hypothesis, see Figure S5. This color
change is attributed in ethanol to the degradation of the
solvent.50 Characterization by fluorescence measurements,
see Figure 5d, indicates that fluorescent species are
formed in minor contents. This observation is compatible
with the presence of side reactions suggested from the UVvis absorption measurements.
In methanol, neither additional UV-vis adsorption peaks
nor fluorescent species were observed after heat treatment
of alkaline solutions. No color change is observed for
alkaline methanol either, even at high NaOH
concentration and after storage for several months, see
Figure S5. In a very simplistic view, within the limits of the
characterization performed here, this indicates that the
degradation of methanol in alkaline conditions is not
favored.
The fact that alkaline ethanol undergoes more sidereactions in alkaline media than methanol, see Figure 5,
might influence the particle formation as well as the
further processing in supporting the NPs, but the later
needs further investigation. From a mechanistic point of
view, it has been proposed based on TEM images that the
fluorescent species formed in EG could be carbon dots and
could favor the formation of NPs.49, 51
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Figure 6. TEM micrographs of Pt NPs obtained by the Co4Cat
mono-alcohol process in (a-d) alkaline ethanol, (e) alkaline
ethanol under CO atmosphere, (f) alkaline methanol. See text
for experimental details.
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FTIR spectra for Pt NPs obtained in alkaline (c) methanol (d) ethanol. Schematic representation of the formation mechanism of
Pt NPs in alkaline (e) methanol and (f) ethanol.
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Figure 8. Head space GC-MS chromatograph of 2.5 mM
H2PtCl6 in alkaline ethanol or methanol after microwave
heating and Pt NP formation. The broad feature at 2 and 2.25
minutes correspond to methanol and ethanol respectively.
The first peak at 1.4 min corresponds to light gases like N2 and
CO. Methyl formate appears as an extra peak at 2.0 min on
top of the methanol peak.

Since the UV-vis absorption or fluorescence signals from
such ‘side-products’ are not detected in methanol, the
presented results do not support this hypothesis that
carbon dots are needed for NP nucleation.

Growth and stability of the Pt NPs. The growth and
stabilization of the Pt NPs in the different alkaline solvents
has been investigated with zeta potential measurements.
For the zeta potential of Pt NPs prepared in methanol -43.0
± 0.6 mV was determined, whereas the NPs prepared in
ethanol have a Zeta potential of -13 ± 1.9 mV, see also
Figure S8. This indicates that negatively charged groups
account at least partially for the NP stabilization, in
agreement with previous reports.27, 42, 52 The lower value for
the NPs prepared in methanol suggests a higher stability of
NPs prepared in methanol.53 This is in good agreement
with relative stability observed by eye of colloidal
dispersions obtained in these two solvents.
In the following section, we investigated if the different
formation kinetics and stabilization of Pt NPs observed in
the two solvents influence the obtained particle size. An
exclusive focus is given on the growth of the NPs after
nucleation: i.e. from a point where size estimation of Pt
NPs is possible by TEM or SAXS (ca. > 1 nm in diameter).
In a first approach, TEM was used to evaluate the size of
the formed NPs, see Figure 6. The synthesis was
performed with 8 mL of 2.5 mM H2PtCl6 in alkaline ethanol
in a microwave reactor and the reaction was stopped at
different times: (a) 1 minute, (b) 5 minutes, (c) 15 minutes
and (d) 1 hour. The average diameter of the nanostructures
obtained is (a) 1.9 ± 0.7 nm, (b) 2.0 ± 0.6 nm, (c) 2.3 ± 2.0
nm and (d) 3.5 ± 1.6 nm, respectively. These results show
that in alkaline ethanol, the size of the Pt NPs increases
with time of synthesis.

Due to the variety of shapes observed by TEM, the larger
size is likely to be a result from NP sintering. Interestingly,
the increase in particle size can be influenced with the gas
atmosphere during the reaction. Typically, the synthesis is
performed without purging the solvent with a gas.
However, in a CO atmosphere, the obtained particle size is
limited (e) to 1.6 ± 0.4 nm even after 1 hour of synthesis.
In alkaline methanol (without CO atmosphere) no
synthesis time dependent particle size is observed. The
obtained particle size is always around 2 nm, even after 1
hour of synthesis (f) the size is still 1.9 ± 0.6 nm.
The same trends are observed if alkaline solutions of
H2PtCl6 precursor are left for several hours at 70 °C in a hot
water bath in closed containers. Aliquots characterized for
different synthesis time are shown in Figure S3. In
methanol the size is rather consistent around 2 nm over
time. In ethanol the size of the NP size increases with time
from ca 1.5 nm to larger agglomerates of few hundreds of
nanometers after several hours of heating. While TEM
measurements allow characterizing the NPs size at
different points in time, in situ SAXS experiments were
performed to gain real-time information on the dynamic
increase in size of the Pt NPs, see Figure 7. In alkaline
methanol the size of the Pt NPs changes as follows: after a
period where no size fit could realistically be performed
due to very low signal-to-background ratio (grey area, see
also Figure S6-7) a constant size around 2 nm is quickly
reached, see Figure 7a. This observation and the size range
observed are in agreement with a relative fast nucleation
and moderate growth previously reported.25, 42
By comparison in alkaline ethanol, a much shorter period
for particle formation is observed. At the start, the signalto-background ratio is still low and leads to fits with very
small or very large size deviation. The signal-tobackground ratio progressively increases over time which
accounts for the trend to observe the mean value of the
diameter increasing with the reaction time. Upon reaching
a size of ca. 1 nm, the signal-to-background ratio is
sufficient for proper fitting and it is observed that the NP
size continuously increases, see Figure 7b. In conclusion,
the nucleation process is slower in alkaline methanol and
followed by a moderate growth of NPs reaching a diameter
of ~2 nm over time. In contrast, the nucleation is faster in
alkaline ethanol, but the particle size continuously
increases over time in agreement with the TEM results.
FTIR was used to correlate these results to the surface
functionalization of Pt NPs of ca. 2 nm obtained in alkaline
methanol or ethanol. In particular the band related to CO
adsorbed (COad) on the NP surface was studied as it is
proposed to be an important stabilizing molecule and its
presence in the synthesis influences the obtained particle
size (see above). In Figure 7c,d FTIR spectra of Pt NPs
obtained in alkaline methanol and ethanol are displayed.
The NPs synthesized in methanol exhibit a characteristic
absorption peak around 2040 cm-1 corresponding to COad
on the Pt surface. This feature is typical of so-called
‘unprotected’ NPs as previously reported using EG as
solvent.27 In this respect, the qualification of
‘unprotected’27 NPs used in the literature is misleading as
it is shown that the NPs are covered with residual

functional groups like COad and/or OH. Interestingly, the
NPs synthesized in alkaline ethanol exhibit a much smaller
signal for COad pointing to a lower surface coverage. It
however appears at a different wavenumber, which suggest
that the surface coverage or the chemical identity of the
NPs obtained by these two syntheses is not identical.
In parallel to the formation of the NPs in methanol,
oxidation products like CO2 and methyl formate are
detected by head-space GC-MS, see Figure 8. Their
formation can be explained by the reduction of H2PtCl6 in
alkaline media while the oxidation of methanol occurs.
These products are not observed if Pt NPs obtained from a
commercial supplier are heated up under reflux conditions
in alkaline methanol, see Table S2. This indicates that
these are reaction products directly related to the NP
formation from H2PtCl6. In ethanol, no additional CO2 (no
relative increase of the peak intensity at 1.5 min compared
to a control sample with just ethanol) was detected but
acetaldehyde was. The same product is also detected
during the ageing procedure of H2PtCl6 in ethanol.
Previously reported intermediates of methanol or ethanol
degradation studied under different conditions like
formaldehyde (Tbp=-19 °C, thus difficult to detect in our
post-synthesis study)43 and methyl acetate, respectively,
were not identified by head space GC-MS.
It is proposed here that the respective oxidation properties
of the solvent, playing also here the role of reducing
agent,46 can explain the observed differences in nucleation
and growth/sintering of Pt NPs in alkaline methanol and
alkaline ethanol. Methanol is more easily oxidized, e.g. to
CO and CO2, than ethanol.54-56 We suggest that due to its
oxidation properties, methanol more easily leads to COad
surface groups on the NP surface which prevent further
growth. Less COad surface groups are produced from the
oxidation of ethanol, resulting in a particle sintering over
time. Such model is in agreement with the size control
observed in CO atmosphere and alkaline ethanol as well as
head space GC-MS results where oxidation products and
fragments of methanol are identified only in presence of
H2PtCl6. Using alkaline methanol COad surface groups are
conveniently formed in situ stopping the particle growth
whereas in alkaline ethanol the duration of the heating can
be used to influence the NP size via particle sintering. This
simple model accounting for the different growth
mechanisms in alkaline NaOH methanol and ethanol is
summarized in Figure 7e,f. The likelihood of the solvent
to reduce H2PtCl6 while being oxidized to CO, influences
the mechanism. In EG the sintering of Pt NPs is also
moderate.57 It has been evidenced that EG can be cleaved
homolytically to lead to COad.58 This simple model is
therefore also in agreement with the formation mechanism
of Pt NPs in alkaline EG.
Redispersion properties. The model also accounts for redispersion properties of Pt NPs. In Figure 9, focus is given
on COad bands for NPs re-dispersed in different solvents.
NPs as-synthesized in ethanol do not show a pronounced
COad band, Figure 9a,b – black spectra. However, after redispersion in EG or methanol, a pronounced COad band is
formed, Figure 9a,b – grey spectra. NPs prepared in
methanol show a COad band as-synthesized but also after

Transmittance / a.u.

re-dispersion in EG, Figure 9c. Finally, if the NPs are
synthesized in ethanol under CO atmosphere, a
pronounced COad band is observed as well, Figure 9d. NPs
obtained in EG can progressively recover COad coverage by
degradation of EG at the Pt surface.27, 35 For NPs
synthesized in methanol or ethanol, after re-dispersion in
EG it is shown here that the COad bands also become more
pronounced over time.
The observed shift in position of the peak towards lower
wavenumber may be attributed to several factors. The
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initial spectra (black) were recorded in alkaline conditions;
re-dispersion (grey) was in pure solvent (without base).
The change in NaOH concentration can influence the local
environment of the COad as well as its coverage thus
inducing a shift in peak position.59 After washing and redispersion in the new solvent it can take some time to
establish equilibrium for COad coverage. In addition, it was
recently shown that traces of HCl, used here to collect and
re-disperse the
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Figure 9. (a-c) FTIR spectra of NPs as-synthesized in alkaline solvent (black) and re-dispersed in different solvents after washing
with HCl (grey). (d) FTIR spectrum of Pt NPs as-synthesized in alkaline ethanol under CO atmosphere.

NPs, can lead to leaching of Pt atoms resulting in a change
of NP size.57 Smaller nanoparticles present a COad peak at
lower wavenumber as well.27
The observations support the ability of already formed Pt
NPs to ‘(re)cover themselves’ with COad by solvent
oxidation and thus stabilizing the suspension. The stability
of the colloidal suspensions decreases in the relative order
EG > methanol > ethanol. NPs synthesized in ethanol
under CO atmosphere are also stable for several weeks.
The improved stability in EG can be related to the high
viscosity of the solvent – as opposed to the low viscosity of
methanol and ethanol. In addition, the relative colloidal
stability correlates also well with the presence of a COad
band which stresses further the key role of COad to stabilize
‘unprotected’ NPs.
Size control strategies. Based on the model proposed and
summarized in Figure 7e,f, different strategies can be
explored to achieve size control in the Co4Cat process.
Using methanol a size of around 2 nm is obtained
regardless of the time of synthesis.25, 42 The synthesis in
methanol is robust to changes in experimental parameters.
A first option to tune the size of the NPs is therefore to
control the time of synthesis in alkaline ethanol.
Alternatively, if the amount of COad formed is controlled,
different NP sizes should be obtained. This can be achieved
using CO gas, but methanol can fulfill the role as CO
source as well, in a safer way by ‘in situ’ formation.
To achieve a larger particle size, the amount of methanol
should be minimized in mixtures between methanol and a
solvent with poor oxidation properties. Larger NPs are
indeed formed in methanol-water mixtures as the water
content increases.25, 42 In methanol-ethanol mixtures with
different ratios of the two solvents and different synthesis
times the size can be controlled as well, see Table S3 and
Figure S9. For high methanol content, the time of
synthesis has little influence on size and stability of the

NPs. For higher ethanol content, the size of the NPs
increases more significantly with time of experiment and
NP sedimentation is more pronounced. This result
supports our proposed stabilization model.
In ethanol, adding water also leads to larger NPs, see
Figure 10. For example, in a water bath synthesis (70-75
°C) for 8 mL solutions of 2.5 mM H2PtCl6 with (a) 0 %, (b)
25 %, (c) 50 % and (d) 75 % water (vol.%), the solutions
turned darker in (a) 15, (b) 45, (c) 60 and (d) 135 minutes,
respectively. Once the solutions turn dark the vessel was
left for 1 hour to react and finally lead to NPs with sizes of
(a) 1.6 ± 0.4 nm, (b) 1.7 ± 0.7 nm (c) 2.3 ± 1.1 nm and (d) 3.5
± 0.8 nm. However, large agglomerates form at higher
water content (e.g. 75 % water). As the water content
increases the colloidal stability is reduced and NPs tend to
sediment, see Figure S10. Achieving size control adding
water in ethanol and at the same time colloidal stability is
therefore more challenging than with methanol.
An important last difference between ethanol and
methanol is their behavior at low H2PtCl6 concentration.
In methanol, there is no effect of the water content on size
of the NPs at low H2PtCl6 concentration.25, 42 In ethanol,
even at relatively low concentration of H2PtCl6 precursor
(e.g. 0.5 mM), the influence of water is pronounced. To
demonstrate this, synthesis was performed in a microwave
reactor in 80 mL methanol with 0.5 mM H2PtCl6. The size
obtained is little affected by the amount of water: 1.6 ± 0.5
nm without water (40 minutes synthesis) and 1.5 ± 0.5 nm
with 80 % water (40 minutes synthesis). By comparison the
behavior in ethanol is shown in Figure 11. For 0.5 mM
H2PtCl6 in ethanol without adding water the NPs are (a) 1.7
± 0.4 nm (10 minutes synthesis corresponding to ca. 8
minutes under reflux conditions after the solution turned
dark) and the size increases to (b) 2.0 ± 1.0 nm with 80 %
water (20 minutes synthesis, corresponding to ca. 3
minutes under reflux conditions after the solution turned

dark). As the H2PtCl6 concentration increases to 2.5 mM
the effect of water is more pronounced with (c) 1.4 ± 0.4
nm without water and (d) 2.7 ± 0.54 nm for the smallest
individual NPs that can be observed with 80 % water. This
means that in contrast to methanol, size
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Figure 10. TEM micrographs of Pt NPs obtained using 2.5 mM
H2PtCl6 in alkaline NaOH ethanol when (a) 0 %, (b) 25 %, (c)
50 % and (d) 75 % water is added to ethanol.
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Figure 11. TEM micrographs of the Pt NPs obtained for (a,b)
10 minutes and (c,d) 20 minutes synthesis using 80 mL of (a,b)
alkaline NaOH ethanol as solvent or (c,d) 80 % water in
alkaline NaOH ethanol. The H2PtCl6 concentration was (a,c)
0.5 mM and (b,d) 2.5 mM.
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Figure 12. Images at different times of 4mL of 0.5 mM H2PtCl6
in alkaline (NaOH) ethanol after the solution is simply left in
a closed plastic or glass container placed in a hot water bath
at 70 °C. The last image was taken 7 months after the synthesis
was performed.

control is achieved at low H2PtCl6 concentration by adding
water in ethanol.
The previous results suggest that to obtain stable colloidal
dispersions of Pt NPs in alkaline ethanol a low H 2PtCl6
concentration is preferable. At lower H2PtCl6
concentrations COad is more efficient than at high H2PtCl6
concentrations where with respect to the number of NPs
‘less’ CO is formed. As a consequence, at lower H2PtCl6
concentration (e.g. 0.5 mM) no strong influence of the
reaction time could be observed in ethanol, just like in
methanol. The NPs obtained using alkaline ethanol can be
produced with a small size of ca. 1-2 nm, see Figure 11, and
give stable colloidal dispersion, see Figure 12. This is the
size typically obtained in EG synthesis40 or methanol25 and
is considered ideal for a range of applications8 in
homo/hetero catalysis as well as electrocatalysis and
possibly in medicine.
Fundamental,
practical
and
industrial
considerations.
The selection between methanol and ethanol depends on
practical factors. Alkaline methanol appears as a ‘less
complex’ solvent, respective to the UV-vis absorption and
fluorescence measurements performed here. It is more
suited if a fixed (around 2 nm) particle size should be
obtained in the most reproducible fashion. For industrial
applications, ethanol can be obtained at large scale by
sustainable routes and is arguably a cheaper, ‘greener’, and
safer chemical than methanol. However, the solubility of
NaOH in ethanol is slightly lower than in methanol, yet
high enough to perform the synthesis of precious metal
NPs. Methanol has a lower boiling point than ethanol (Tbpmethanol = 65 °C < Tbp-ethanol=78 °C), NP synthesis and further
processing like solvent removal for NPs collection can then
be performed at lower temperature so at lower energy cost
in methanol.

CONCLUSIONS
It is demonstrated that methanol and ethanol are suitable
to produce NPs by the surfactant-free Co4Cat process. The
NPs form by nucleation and growth, followed by a
sintering over time in the absence of COad protective
groups. The formation of COad is determined by oxidation
properties of the solvent. Thus, in methanol a fixed NP
sized control is achieved in a reproducible way with almost
no sintering over extensive heating times. This finding is
related to the facile oxidation of methanol to COad leading
to protective groups impairing NP sintering. Via control of
the amount of formed COad the obtained NP size can be
varied. Selecting suitable solvent mixtures thereby is a
sustainable and safer approach than using a CO reaction
atmosphere. The findings reported have direct relevance to
design further synthesis strategies and to propose reliable
and large-scale production route of surfactant-free NPs.
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