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Abstract 

Nickel nanoparticles have been synthesized in a CSTR using microwave induced heating. These 
magnetic Ni NPs were used for preparation of Pd-on-Ni core-shell NPs with Palladium precursor in a 
non reducing solvent by galvanic exchange reaction (GER). Properties of Pd-on-Ni NPs can be tuned by 
changing reaction parameters and examined by using X-Ray diffractometer (XRD), Transmission 
Electron Microscopy (TEM), Magnetic measurement instrument and X-ray photoelectron spectroscopy. 
Two phase continuous flow synthesis method will be applied for better control over composition and 
homogeneity in structure and shape due to better mass and heat transfer and also better mixing. A 
generic modelling framework for the reaction system will be developed to understand the reactive 
particle formation process from operational and modeling point of view. Prediction of overall production 
rate and particle size distribution will be done using a model based on nucleation and growth rates.  
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Core-shell metallic nanomaterial have emerged as highly 
functional material and have great advantage over 
monometallic materials owing to its properties. Electronic, 
magnetic, opto-electronic and catalytic properties of 
bimetallic nanomaterials have been reported by Chaudhuri 
and Paria (2011) . Samal et al., (2013) have found that 
control over size, shape and morphology of particles can 
tune optical properties.  A key challenge in the synthesis of 
core-shell particles is controlling size, composition, and 
surface properties.  

Conventionally, batch reaction approach is used for 
synthesis of core-shell nanomaterials though it faces 
problems in terms of multistep operation, scale-up, and 

homogeneity in size, shape and reproducibility. Recently 
Eluri and Paul (2012) have been able to synthesize Ni 
nanoparticles in flow synthesis with great control over 
composition, size and shape due to efficient mass, heat 
transfer and mixing. Song et al., (2006) have reviewed 
reactions performed in droplets formed in small channels. 
A continuous approach is proposed here to alleviate 
complex multistep and enhancing yield and selectivity. 
Modelling of mass transfer, residence time distribution 
(RTD), pressure drop, particle size distribution and finally 
the production rate per unit volume in the continuous flow 
reaction system is proposed for tuning of reaction 



  
 
parameters resulting in better control over composition, 
size, shape and homogeneity.  

 
Methodology  
 

  Pd-on-Ni nanoparticles were synthesized using a 
novel batch operation in two step synthesis. Magnetic 
nickel nanoparticles are obtained in a batch process by 
microwave assisted synthesis with benzyl alcohol as 
solvent and reducing agent. Control over the size of Ni 
NPs has been achieved by changing concentration of 
reactant. Pd-on-Ni core-shell nanoparticles are synthesized 
over the Ni NPs in the following step by reduction and 
(GER) of Pd2+ precursor (Pd-Ac). (TEM Image in Fig. 1) 
 

 
 
Figure 1. Transmission electron micrograph of  a) Ni NPs 
by microwave b)Pd-on-Ni NPs by reduction c) Pd-on-Ni 

NPs by galvanic exchange reaction (GER) 
 
An optimized continuous flow approach for preparation 
Pd-on-Ni core-shell nanoparticles is being adapted from 
the aforementioned novel batch reaction approach. 
Diffusion controlled deposition of Pd on Ni core is being 
achieved in slug flow for higher yield, narrower size 
distribution and tunable shell thickness. Accumulation of 
NPs at the micro channel walls is prevented by confining 
the reaction with in the droplets. Slug flow is chosen for 
very low macromixing combined with good mass transfer 
and low pressure drop for a given specific contact area as 
applied by Kreutzer et al., (2005). Concentration of 
reactants, temperature and flowrates is studied as reaction 
parameters. Mixing has been recognized to be a source of 
irregularities in batch reactions.  The effect of mixing on 
the overall reactions rates within slugs is being studied.  

 
 

Figure 2. Schematic of Continuous flow methodology 
 
Nucleation rate and growth rate of precipitated 

particles will be predicted by reaction rate, mass balance, 
and number of particles. Particle size distribution of Ni 
NPs after the first step reaction will be critical for Pd 

forming at their surface. For the first step reaction, CSTR 
model for energy and mass balance will be applied and for 
the 2nd step reaction the same will be done for PFR model 
with suitable modifications. Kreutzer et al., (2005) have 
shown mass transfer, RTD and pressure drop can be 
modelled for a slug flow system in monoliths. The yield 
per unit volume will be modeled as a function of 
nucleation and growth rate, PSD, suspension density, 
surface and volume shape factor.  

 

 
Figure 3. Flowchart of the modelling methodology 

 
Conclusion 
 

  Synthesis of controlled Ni NPs have been achieved by 
a surfactant free approach in a solvent acting as reducing 
agent. High purity of Ni NPs are obtained in this method 
as it is surfactant free and solvent acting as reducing agent 
is easily separable. Surfactant free Ni NP surface is 
available for reduction or GER of Pd2+ resulting in Pd-on-
Ni core-shell NPs. Adaptation of the chemistry in a 
continuous flow is being achieved as well as a model will 
be developed for optimization of the process and 
prediction of the yield and PSD. 
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