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TEM images and Size Distribution 

TEM analyses were carried out for the prepared different size of Fe3O4 and Fe3O4@C core-shell 

nanoparticles. TEM images were selected for the size analyses with the help of ImageJ software 

by considering around 50 nanoparticles for the average size distribution. Size distribution 

histograms were also plotted for the respective TEM images and presented in Fig.S1. The 

average sizes of Fe3O4 nanoparticles were measured to be 12 nm and 25 nm. The TEM images 

show the agglomeration in Fe3O4 nanoparticles due to high surface energy [1]. Similarly, average 

sizes of 14 nm and 28 nm were obtained for Fe3O4@C core-shell nanoparticles. 



Figure S1: TEM images of Fe3O4 nanoparticles (a, c) and Fe3O4@C core-shell 
nanoparticles (b, d) and Size distribution histogram of Fe3O4 nanoparticles (e, g) and 
Fe3O4@C core-shell nanoparticles (f, h).



Effect of Nanoparticles Size on Electrical and Thermal Conductivities of Ferrofluids:

(a) Electrical Conductivity 

The electrical conductivities (ECs) of ferrofluids based Fe3O4 NPs of 12 nm and 25 nm were 

measured with different concentrations and temperature. The EC of the ferrofluid was found to 

be increased with an increase in the concentration and temperature [3]. The ECs of the 

ferrofluids was found to be many times higher than the EC of the base fluid (De-ionize water). 

Similar trends were followed by the Fe3O4@C core-shell NPs based ferrofluids. However, the 

ECs of bare Fe3O4 NPs based ferrofluids were found to be higher than the core-shell NPs based 

ferrofluids. Fig.S2a demonstrates the percent enhancement in the EC for 12 nm sized Fe3O4 NPs 

based ferrofluid. It was found that the Fe3O4 NPs based ferrofluid exhibited the maximum 

enhancement i.e. 3064.5% for 0.7 Vol.% of NPs at 50 ℃. In the same way, percent enhancement 

in EC of 25 nm size Fe3O4 NPs based ferrofluid were found to be 2874.6 % for 0.7 Vol.% of 

NPs as shown in Fig.S2c. On the other hand, the EC was recorded for Fe3O4@C core-shell NPs 

based ferrofluid at the same concentration and temperature. The percent enhancement in EC of 

14 nm and 28 nm sized Fe3O4@C core-shell NPs based ferrofluid were found to be 1893.6 % 

and 1735.4% respectively for 0.7 Vol.% of NPs as shown in Fig.S2 (b, d). It is observed that (i) 

the Fe3O4 NPs based ferrofluids have higher electrical conductivity than Fe3O4@C core-shell 

NPs based ferrofluids under the same conditions and (ii) electrical conductivity of smaller sized 

NPs found to be higher than the large sized NPs [4]. 



Figure S2: Percent enhancement in electrical conductivity (a, c) Fe3O4 nanoparticles and 
(b, d) Fe3O4@C core-shell nanoparticles based ferrofluids on varying concentration of 
nanoparticles at 50 °C temperature.

(b) Thermal Conductivity 

The thermal conductivity coefficient of larger size magnetite NPs (12 nm and 25 nm) and core-

shell NPs (14 nm and 28 nm) were measured in the same way as it was measured for 5 nm 

(Fe3O4) and 7 nm (Fe3O4@C core-shell NPs) (as presented in the main manuscript). The thermal 

conductivity coefficient of water and ferrofluids were calculated by Fourier’s law. Then, % 

enhancement in thermal conductivity of ferrofluids calculated against the thermal conductivity of 

base fluid (water), presented in Fig.S3. The thermal conductivity of ferrofluids increased with an 

increase in vol.% of the NPs [5]. Fig.S3 (a) presents the percent enhancement of 12 nm sized 

Fe3O4 NPs. The highest thermal conductivity enhancement i.e.  ~111 % was obtained at 0.7 vol. 



% of NPs. Similarly, for 25 nm sized Fe3O4 NPs, it is found to be 95.4% at 0.7 vol.% of NPs as 

shown in Fig.S3b. Furthermore, the thermal conductivity enhancement was calculated as ~104 

% and ~95 % for Fe3O4@C core-shell NPs of 14 nm and 28 nm size, respectively, at 0.7 vol. % 

of NPs. Thus, it is noted that Fe3O4 and Fe3O4@C core-shell NPs based ferrofluids exhibits 

higher thermal conductivity for smaller sized NPs as compared to larger sized NPs. The increase 

in thermal conductivity with decrease in particles size is in agreement with the previously 

published research [6, 7].

Figure S3: Percent enhancement in thermal conductivity of (a, c) Fe3O4 nanoparticles (12 
nm and 25 nm) and (b, d) Fe3O4@C core-shell nanoparticles (14 nm and 28 nm) based 
ferrofluids at varying concentration of nanoparticles.
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