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Understanding the nucleation and growth mechanism of bimetallic nanoparticles in 

solvothermal synthesis is important for further development of nanoparticles with tailored 

nanostructure and properties. Here the formation of PtRu alloy nanoparticles in a 

solvothermal synthesis using metal acetylacetonate salts as precursors and ethanol as both 

solvent and reducing agent has been studied by in situ synchrotron radiation powder X-ray 

diffraction (SR-PXRD). Unlike the classical mechanism for the synthesis of monodispersed 

sols, the nucleation and growth processes of bimetallic PtRu nanoparticles occur 

simultaneously under solvothermal conditions. In the literature co-reduction of Pt and Ru 

is often assumed to be required to form PtRu bimetallic nanocrystals, but it is shown that 

monometallic Pt nanocrystals nucleate first and rapidly grow to an average size of 5 nm. 

Subsequently, the PtRu bimetallic alloy is formed in a second nucleation stage through a 
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surface nucleation mechanism related to the reduction of Ru. The calculated average 

crystallite size of the resulting PtRu nanocrystals is smaller than that of the primary Pt 

nanocrystals due to the large disorder in the PtRu alloyed structure.  

 

Introduction 

Bimetallic nanoparticles are of increasing importance in many areas related to green and 

sustainable energy applications, e.g. fuel cells, H2 production and CO oxidation.1-3 Control of 

composition, shape, particle size and architecture are critical factors in tailoring the catalytic 

properties of the bimetallic nanoparticles.4 Establishing control over these factors requires a 

detailed understanding of the nucleation and growth mechanism of nanoparticles in solution.5 In 

general, the nucleation and grain growth in the solid state have been studied in great detail, 

however, studies of kinetics under solvothermal conditions are still limited. Recently, there have 

been an increasing number of studies of nucleation mechanisms in solution thanks to the 

development of different in situ techniques. For example, with the use of in situ transmission 

electron microscopy, it has been suggested that the growth of Pt nanoparticles can take place 

either via monomer attachment or through particle coalescence.6 In situ small-angle X-ray 

scattering and X-ray absorption near-edge spectroscopy have been applied to study the formation 

mechanism of gold nanoparticles,7 and the nucleation kinetics of gold nanocrystals has been 

studied using in situ X-ray absorption fine structure spectroscopy.8 While there has been 

significant progress in the understanding of the nucleation and growth of monometallic 

nanoparticles,6-8 quantum dots,9 metal oxides,10 few studies have investigated the formation 

mechanism of bimetallic nanoparticles in solutions, especially, for solutions at high temperatures 

and high pressures. Although, many methods have been proposed for the synthesis of bimetallic 
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nanoparticles, it is highly challenging to synchronously control the nucleation and growth of 

bimetallic nanoparticles.11 The particle architectures e.g. alloy, core-shell, or monometallic 

mixtures can be varied depending on the synthesis conditions. Generally, it is assumed that the 

alloyed bimetallic nanoparticles are formed by simultaneous reduction of the two corresponding 

two metal ions,12 even though the thermodynamic and kinetic characteristics of the two distinct 

metals are always different. It is clearly of interest to study the exact formation mechanism 

during the reaction. The real-time probing of formation and growth is more complicated for 

bimetallic systems because the detailed structure and composition of the bimetallic nanoparticles 

are difficult to ascertain, especially during the reaction. An additional challenge for studies of the 

formation mechanisms under solvothermal conditions is the absorption and diffraction from the 

pressurized steel autoclaves or steel tubes. By using in situ synchrotron radiation powder X-ray 

diffraction (SR-PXRD) and specially designed sapphire capillary reactors, detailed information 

about the formation and growth has been achieved for different nanoparticles under solvothermal 

synthesis conditions.13 In this communication, we report our studies of the formation mechanism 

of bimetallic PtRu alloy nanoparticles under solvothermal condition in real-time using the in situ 

SR-PXRD technique. 

Previously we have developed a green solvothermal method for synthesis of metallic 

nanoparticles through the reduction of metal salts using solvents such as ethanol, i.e. without any 

strong or toxic reducing agents. As examples monometallic Pt and Ru nanoparticles have been 

prepared by using ethanol as both a solvent and a reducing agent.14,15 Here, the solvothermal 

synthesis of PtRu nanoparticles from a mixture of ruthenium acetylacetonate (Ru(acac)3) and 

platinum acetylacetonate (Pt(acac)2) in ethanol solution has been carried out using a molar ratio 

of Pt:Ru = 1:1. A custom designed reactor that allows the real-time probing of SR-PXRD was 

used for the solvothermal synthesis.16 The experiment was performed at a reaction temperature of 
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200 °C and a pressure of 25 MPa. Further experimental details are available in the supporting 

information. 

 

Results and Discussion 

Fig. 1a shows the time evolution of the SR-PXRD patterns during the first 10 min of the 

solvothermal synthesis of PtRu nanoparticles. Before heating, diffraction peaks from the 

precursor are observed, because the precursor is not fully dissolved. As shown in Fig. 1b, no 

diffraction peaks are observed in the diffraction pattern at a reaction time of 5 s, which shows 

that the precursor is fully dissolved before any nucleation is observed. After a reaction time of 10 

s diffraction peaks corresponding to a face-centered cubic (fcc) structure are observed with unit 

cell parameters that match monometallic Pt. The integrated intensity of the diffraction peaks 

increase with reaction time and become sharper at 15 s, but then broaden again with further 

reaction at 2 and 10 min. No diffraction peaks from other phases are observed. The positions of 

the diffraction peaks at 2 and 10 min shift to higher angles compared with those at 10 and 15 s, 

indicating that the composition of the nanoparticles changes during the reaction.  

In order to obtain more detailed microstructural information, the in situ SR-PXRD data were 

corrected for instrumental broadening using a LaB6 standard and analyzed by Rietveld refinement 

using the FullProf program.17 Besides the scale factor and the unit cell parameter, a Lorentzian 

peak-shape parameter is refined and the crystallite size is calculated from the peak-shape 

parameter.18 The refined SR-PXRD patterns for PtRu nanoparticles show good agreement with 

the observed patterns (Fig. S1). Selected refinement parameters are displayed in Table S1 for the 

in situ PXRD patterns at the reaction time of 10 s, 15 s, 2 min and 10 min, respectively. The 

relation between the composition and the cell parameter of Pt-Ru alloys with fcc structure has 
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been studied in great detail and it is well established that PtRu is contracted compared with that 

of pure Pt.19 In the present study, cell parameters of 3.9304(2) and 3.9312(2) Å are obtained for 

particles at reaction time of 10 and 15 s, respectively, which are quite close to that of 

monometallic Pt of 3.924 Å.20 On the other hand cell parameters of 3.8978(2) and 3.9084(2) Å 

are obtained for particles at reaction time of 2 and 10 min, respectively, which are comparable to 

that of PtRu alloy with the cell parameter of 3.889 Å.1 Although a direct comparison of the unit 

cell parameters from different studies requires some caution because of potential systematic 

errors (e.g. different setup, different crystallite sizes and temperature), then the in situ data are 

collected at the exact same reaction conditions in a single experiment, and this ensures good 

correspondence between the data points and clearly shows the relative change of unit cell 

parameters with reaction time. There is a general understanding that co-reduction of the two 

metals ions is required to form bimetallic alloy nanoparticles,11,12 but this suggestion has never 

been fully supported due to lack of knowledge about whether the two metals ions are really 

reduced simultaneously. The fact that reduction of Pt is observed to precede that of Ru under the 

present solvothermal conditions can be understood since Pt is a more noble metal than Ru.21 

Compared to the particles at 15 s, the particles at 2 and 10 min show broader diffraction peaks. 

Bimetallic alloyed nanoparticles have a random distribution of the two elements, resulting in 

large disorder and strain in the crystal structure. It has been verified in many studies that the 

average diameters calculated from PXRD data are lower than the diameters determined by TEM 

measurements for alloyed nanoparticles.22 It has furthermore been shown that bimetallic alloyed 

PtRu nanoparticles have broader X-ray diffraction peaks than Pt nanoparticles with similar 

particle sizes.23 As a result, the broader diffraction peaks for the particles at 2 and 10 min suggest 

that the nanoparticles are less ordered, indicating a formation of bimetallic alloyed nanoparticles. 
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Thus, bimetallic PtRu alloyed nanoparticles in the present study are formed through a second 

stage of nucleation and growth rather than by co-reduction of Pt and Ru ions from the solution.  

 

Fig. 1 (a) Time resolved in situ SR-PXRD patterns showing the transformation of the precursor 

to bimetallic PtRu alloy nanoparticles. (b) PXRD patterns at selected reaction time of 0 s, 5 s, 10 

s, 15 s, 2 min and 10 min. The dashed line marks the Bragg angle for the primary nanoparticles. 

 

For a detailed understanding of the nucleation mechanism and growth kinetics of PtRu 

nanoparticles, the refined scale factors, crystallite sizes and unit cell parameters are plotted as 

functions of reaction time as in Fig. 2. The relative amount of the product can be estimated from 

the scale factors. It can be seen that the scale factor (normalized to the equilibrium value) 

increases with reaction time and reaches a maximum after 2 min indicating that the formation of 
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the PtRu nanoparticles occurs in only about 2 min. The nucleation and growth of particles under 

solvothermal conditions is usually different from the formation of monodispersed sols from 

solutions at ambient pressure or from the crystallization in solid state reactions. The classical 

nucleation and growth mechanism of monodisperse sols was first explained by LaMer and 

requires separation of nucleation and growth into two stages.24 The formation of bimetallic PtRu 

in the present study clearly proceeds via a very different route. The Avrami equation25 is often 

used to describe the kinetics of crystallization for solid-state transformations. Here we attempt to 

use the Avrami equation to describe the formation process of bimetallic PtRu under solvothermal 

condition, even though it is not the same as a solid-state phase transformation: 

α = 1 – exp [–(kt)n]                                                          (1) 

where k is a rate constant related to the activation energy, α is the fraction of transformation, t is 

the reaction time and n is a parameter related to the crystallization mechanisms.26 Bulk 

nucleation mechanisms often result in n parameters larger than 1 and surface nucleation yields n 

~ 1.27,28 α is estimated from the normalized scale factors. It is found that the time evolution of the 

scale factor fits the Avrami equation quite well with the fitting values of k = 2.5(1) min-1 and n = 

1.1(1). This suggests that the formation of PtRu is mainly via a surface nucleation mechanism. 

This can be interpreted as initial fast formation of monometallic Pt nanoparticles, followed by the 

second stage of relative slower nucleation of PtRu nanoparticles on the surface of the primary Pt 

nanoparticles. However, more evidence is needed to clarify whether the present non solid-state 

transformation obeys the Avrami equation. The mechanism could also be described as a two-step 

mechanism for transition-metal nanocluster formation, including nucleation (A →  B, rate 

constant k1) and autocatalytic growth (A + B → 2B, rate constant k2), in which A represents the 

precursor and B represents the growing nanocluster.29,30 The rate constant k1 is inversely 
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proportional to the length of the induction period and k2 is proportional to the normalized slope 

of the linear part of the curve after the induction period. As shown in Fig. S2, a reasonable fit of 

the kinetic curve with k1 = 2.2(5) min-1 and k2 = 0.7(2) min-1 is obtained for the two-step 

mechanism.  

As shown in Fig. 2a, the crystallite size increases rapidly in the beginning and reaches a 

maximum value of 4.9 nm at a reaction time of 10 s showing the nucleation and growth of Pt 

nanoparticles. Afterwards, the crystallite size decreases with reaction time to an equilibrium 

value of ~3 nm at 2 min illustrating the formation and alloying process of PtRu nanoparticles. It 

should be noted that the crystallite size determined by PXRD in this case is not the real particle 

size. The real particle size of PtRu particles should increase compared to primary Pt particles due 

to the growth of the nanoparticles. The calculated crystallite size of PtRu is smaller than Pt, and 

this is explained by the larger disorder in the bimetallic crystal structure due to the random 

distribution of the two elements. Accordingly, the unit cell parameter decreases from that of pure 

Pt to bimetallic PtRu as shown in Figure 2b. The slight increase of unit cell parameter during the 

reaction from 2 to 5 min could be due to the composition homogenization of the PtRu 

nanoparticles. It could also be attributed to an increase of particle sizes which results in a 

decrease of surface stress, though it is not revealed by the crystallite size curve.  
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Fig. 2 (a) Time evolution of normalized scale factor and crystallite size of products. The 

normalized scale factor represents the formation curve during the reaction and the solid line is a 

fit using Avrami equation to the formation curve. (b) Time evolution of unit cell parameter of the 

products. 

 

On the basis of the above analysis, a formation mechanism of PtRu nanoparticles can be 

proposed under solvothermal conditions using metal acetylacetonate salts as precursors and 

ethanol as both solvent and reducing agent as shown in Fig. 3. Initially, the metal salt precursors 

are dissolved in ethanol (Fig. 3a). Next, the nucleation of Pt occurs very quickly and rapid 

growth of the Pt nanoparticles occurs simultaneously (Fig. 3b). At a reaction time of 20 s, a 

second stage of nucleation occurs due to the slower reduction of Ru and surface nucleation 

occurs on the primary Pt nanoparticles (Fig. 3c). Finally, PtRu alloyed bimetallic nanoparticles 

are formed by a diffusion process (Fig. 3d). In some ex situ TEM studies of Pt-based alloy 

nanoparticles it was also suggested that the formation of bimetallic alloy nanoparticles does not 

take place via simultaneous co-reduction, for example, the nucleation of Pt occurs firstly for 

PtRu nanoparticles,31 while the nucleation of Pd is observed to precede that of Pt for PtPd 

nanocrystals.32  
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Fig. 3 Schematic illustration of the formation mechanism of PtRu nanoparticles. 

 

Conclusions 

By using in situ SR-PXRD, we have studied the nucleation and growth mechanism of bimetallic 

PtRu alloy nanoparticles during the solvothermal synthesis process. The analysis of in situ SR-

PXRD indicates it only takes about 2 min for the formation of PtRu nanoparticles. Contrary to 

general expectation the nanoparticle formation does not take place via simultaneous co-reduction 

of the metal salts. Instead the formation mechanism of PtRu involves several steps. Initially, Pt 

nucleates and grows very quickly. Subsequently, Ru atoms are reduced and deposited to the 

primary Pt nanoparticles. Finally, Ru atoms diffuse to the nanoparticles and PtRu alloyed 

nanoparticles are formed. The random distribution of the two elements results a strain-

broadening in the diffraction patterns of PtRu alloyed nanoparticles. Due to the large disorder in 

the PtRu alloyed structure, the calculated crystallite size of PtRu nanoparticles is smaller than the 

primary Pt nanoparticles, despite of the growth of nanoparticles. These findings enrich our 
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understanding of the nucleation process of the formation of bimetallic nanoparticles formation 

under solvothermal condition. 
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