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 Thermal transport of nanoﬂuid having networked & non-networked Au
nanoparticles.
 Au network nanoﬂuid is made by a
simple, single step laser ablation
method.
 Measured nanoﬂuids (network &
nonnetwork based) have similar
viscosity.
 Thermal conductivity enhancement
(~35%) in network based Au
nanoﬂuid.
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In this report, we have shown that gold nanoﬂuid containing networked gold particles have much more
enhancement (z35%) in thermal transport in comparison to gold nanoﬂuid containing conventional
spherical gold nanoparticles under similar condition and loading fraction. This shows that structure or
shape of the loading materials has very important effect on thermal conductivity of a nanoﬂuid. Connected structure helps to increase the rate of heat transfer in the medium. The gold nanoﬂuid having
network of gold nanoparticles is synthesized in a single step process by pulsed laser ablation. The
nanoﬂuid (containing gold network) is stable and in addition to enhanced thermal conduction
(compared to conventional gold nanoﬂuids) shows no enhancement of viscosity unlike that seen in many
nanoﬂuids containing elongated nanomaterials (like cylinder or ellipsoids) in the dispersed phase which
limits the use of nanoﬂuids containing these kind of elongated structures in thermal transport though
they have enhanced thermal conductivity than the conventional nanoﬂuids (containing spherical nano
particles). We synthesized and investigated the thermal transport in nanoﬂuids containing network of Au
nanoparticles instead of elongated nanomaterials in the dispersed phase as it retains the advantage of
the spherical nanoparticles yet utilizes the enhanced heat transport by the network structure.
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Observation of enhanced thermal transport in nanoﬂuids is a
topic of considerable interest. Nanoﬂuids are liquids with dispersed
phases of nanoparticles which have dimensions of few tens of nm
or even smaller. The enhancement of the heat transport in nanoﬂuids can arise from one or more of the proposed reasons like: (1)

Brownian motion of the nanoparticles [1,2] (2) ballistic heat
transport in nanoparticles [3](3) molecular-level layering of the
liquid at the liquid-particle interface [4] and (4) local clustering of
nanoparticles [5,6]. While most of the reported investigations were
carried out using nanoparticles with near spherical or random
shapes, there has been interesting reports that investigated thermal transport in nanofuids with elongated shape in the dispersed
phase. For example, it was found that nanoﬂuids with SiC cylinders
(dia ¼ 600 nm, length few mm) have larger thermal conductivity
than nanoﬂuids with SiC nanoparticles (dia ¼ 26 nm) [7]. Nanoﬂuids with 1 vol% of MWCNT (diameter ¼ 25 nm, length ¼ 50 m)
immersed in poly oil shows a large enhancement in thermal conductivity [8]. There are reports which show that Si nanowire
decorated with Gold nanoparticle in aqueous solution can be efﬁcient heat transport agents [9]. It has been investigated that
nanoﬂuids with non-spherical or cylindrical nanoparticles as the
dispersed phase exhibit higher thermal conductivity compared
with the nanoﬂuids having spherical nanoparticles [10,11].
Improvement in thermal conductivity of parafﬁn by adding high
aspect-ratio carbon-based nano-ﬁllers such as CNT or Graphene has
also been reported [12,13]. The enhancement of heat conduction in
such nanoﬂuids with non-spherical nanomaterials in the dispersed
phase can arise from the formation of mesh like or long onedimensional structures formed by the elongated nanomaterials.
Though the “structured” nanoﬂuids with non-spherical nanomaterials show larger thermal conductivity, it is used less
compared to nanoﬂuids with spherical or random shaped nanoparticles. This is due to the three principle reasons: (1) lack of easy
synthesis route for nonspherical dispersed phase, (2) large viscosity
of such structured nanoﬂuid which needs higher pumping power
for circulation and (3) the possibility of jamming of narrow channels in heat exchangers in case of nanofuids containing cylindrical
nano materials (having larger aspect ratio) as a dispersed phase.
These serious bottlenecks (discussed above) limit the applications
of nanoﬂuids containing elongated (like cylinders, ellipsoids etc.)
nano structures in spite of higher thermal conductivity.
In this paper, we address the above issues and investigated the
heat transport in gold nanoﬂuids containing elongated structure
(network of gold nanoparticles) which is synthesized in a simple
one-step laser based method without adding any external agent
(for making the network structure). We used gold nanoparticle
based nanoﬂuid for our study due to the fact that Au nanoparticles
can be easily dispersed in a liquid medium for having higher positive electron afﬁnity than the other metals. As Au is a noble metal,
Au nanoparticles do not readily react with the surrounding environment. The most important part is that Au is bio-compatible and
can be easily attached with the organic molecules. It has been
shown that when Au nanoparticle hybridized with organic or
inorganic material it leads to many biomedical applications like
radiation therapy [14], photothermal therapy [9], cancer cell imaging [15], biosensors [16] etc. Here, we found that the gold
nanoﬂuid containing the interconnected network (NW) or a chain
of Au nanoparticles (NP) can show enhanced thermal transport
than the nanoﬂuid with dispersed Au nanoparticles without signiﬁcant enhancement of its viscosity. The gold-nanoﬂuid with
AuNW (AuNW-NF) is synthesized by pulsed laser ablation technique which leads to a stable assembly of Au nanoparticles into
chains in the ethylene glycol medium (base liquid for the nanoﬂuid). The main idea that was used in the paper is to have a long
chain of connected tree like network of Au nanoparticles instead of
cylindrical or long aspect ratio nanomaterials in the dispersed
phase that retains the advantage of the spherical nanoparticles yet
utilizes the enhanced heat transport by the network structure that
is also soft. We showed that there is 35% enhancement of the
thermal conductivity of AuNW-NF (compared to that of a nanoﬂuid

with a dispersed phase of only gold nanoparticles of similar size
(referred as AuNP-NF) and loading fraction.
2. Experiment
2.1. Sample preparation
The dispersed phase of AuNP-NF is non-networked and random.
AuNW-NF was fabricated by Laser ablation of a Au target (a gold
coin) using a pulsed excimer laser of wavelength 248 nm. The target
is kept within a beaker ﬁlled with ethylene glycol (MEG) which acts
as a base ﬂuid of the nanoﬂuid. The schematic diagram of the
procedure is shown in Fig. 1.
A laser beam of ﬂuence 1e2 J/cm2 was focused on the Au target
which creates plasma of the materials in the liquid. The ablation of
Au target in liquid is similar to ablation of solid materials in vacuum
or under high pressure. Huge heat is generated during the ablation
process and it makes vapour bubbles of the liquid around the Au
target. The high surrounding temperature & pressure generally
leads to the formation of Au vapour cloud and a pressure region
near the surface of the Au target. The high pressure produces surface hydrodynamic instabilities of the molten top Au layer and
forms droplets of similar diameters [17]. After the formation of Au
droplets, MEG acts as link to connect these Au droplets as it has an
extraordinary capability of functionalising with Au. We found the
signature of these MEG linkers by NMR study [17]. The details of the
AuNW synthesis and its characterizations are given in our earlier
publications [17,18]. This method gives a nanoﬂuid where the
nanoparticle is stabilized without any external surfactant. Here,
MEG acts as a link and provides stability to the AuNW. For comparison, we also made a conventional nanoﬂuid (AuNP-NF) with Au
nanoparticles as the dispersed phase (AuNP) within MEG as a
dispersing medium. The sample was synthesized by standard
chemical technique within the MEG as the dispersing medium by
reduction of Gold tetra Auro Chlorate (HAuCl4$3H2 O) by using PVP
(Poly Vinyl Pyrrolidone) [19].
2.2. Sample characterization
A number of techniques including Scanning Electron Microscope (SEM) and Transmission Electron Microscope (TEM) were
used to characterize the samples [17]. Fig. 2(a) shows the
TEM(200 KV Technai 200) image of the AuNW in which individuals
AuNP are connected as a network like structure spreading over
length scale of few mm which is much larger than the size of the
individual nanoparticles. In Fig. 2(b), we have shown the high

Fig. 1. Schematic diagram of the experimental setup to make Au network.

Fig. 2. (a) TEM image of the AuNW. (b)TEM image of the AuNW in higher magniﬁcation. (c) TEM image of the AuNP. (d) HRTEM image of the AuNP. (e) AFM image of AuNW. (f)
UVeVisible spectra of AuNW & AuNP in MEG.

resolution TEM (HRTEM) image of a particular AuNW branch.
Fig. 2(b) shows the individual lattice fringe of AuNPs as well as cross
fringes over an area where two nanoparticles make a junction in
the AuNW. Fig. 2(c) shows the TEM images of the AuNPs prepared
by the chemical route. The HRTEM image of a particular Au nanoparticle is shown in Fig. 2(d) where the diffraction fringes of the
crystal lattice is clearly visible. The HRTEM image in Fig. 2(b) and
(d) shows the lattice spacing of 2.5 Å which corresponds to the
lattice spacing of gold [17] and conﬁrms the AuNW chains are made
of AuNPs. We found that the size of the nanoparticles in AuNP-NF &
AuNW-NF is in the range of 3e7 nm. Synthesis of the AuNW-NF is
repeated several times and the same structure was obtained with
the average size distribution in the same range. The AuNWs in
nanoﬂuid are very stable and we can transfer the AuNW on a solid
substrate like Si, Quartz for further solid state applications. In
Fig. 2(e), we have shown the AFM image of a transferred AuNW
having a size of few mm. We have also measured the viscosity of the
base ﬂuid as well as the nanoﬂuids using standard automated
“Microviscometer” instrument from Anton-Paar. The viscosity was
measured using rolling ball in liquid medium principle (the liquid
viscosity is directly proportional to the rolling time of the ball)
using a capillary tube of diameter 3 mm and a steel ball of diameter
2.5 mm having density 7.72 g/cm3. The inclination of the capillary
tube was varied from an angle of 15 e70 with step of 1 to measure the viscosity of the sample. We found that viscosity of both the
samples are similar and have a value 17.5 cPs. The formation of the
AuNW in the base ﬂuid does not lead to any discernible change in
the viscosity, mainly because of low ﬁller volume fraction (f). For
the sake of proper comparison, volume fractions of both the
nanoﬂuids are kept same, having value 0.026. For the AuNP-NF, f is
calculated as usual manner. But for AuNW-NF, we have to ﬁrst ﬁnd
out the mass of gold (etched from the coin by ablation) entered into
the known volume of solution and then took their ratio. Fig. 2(f)

shows the UVeVisible absorption spectra of AuNW-NP & AuNWNF. AuNP-NF shows a sharp absorption peak around 520 nm
while the peak gets broaden and shows a peak around 550 nm for
the AuNW-NF due to the elongated feature of the Au-network.
2.3. Thermal measurements
The thermal measurements were done using a 3u technique
[20e22]. The measurement details of the method as applied for a
nanoﬂuid are given elsewhere [23,24]. We used a sputtered Pt ﬁlm
(width ¼ 300 mm, thickness ¼ 50 nm, length ¼ 5 mm) grown on a
glass substrate as a heater as well as a thermometer. The ﬁlm carrying a current at frequency f is immersed in the liquid in which
measurements have to be made [20]. The periodic heating of the
ﬁlm, due to the sinusoidal current, makes the temperature oscillate
around the average with an amplitude dT2u at a frequency 2u
(u ¼ 2pf). This leads to resistance oscillations of amplitude dR2u,
where dR2u ¼ aR0 dT2u, a is the temperature coefﬁcient of resistance (TCR) of the heater and R0 is the average resistance of the
heater. The resistance oscillation dR2u at frequency 2u mixes with
g ) with a
the current at frequency u to produce a potential drop (V
3u
component at 3u (sum band). The experiment measures the
g
complex voltage (V
3u ), using a phase-sensitive detection technique
(PSD). The thermal properties of the heater-on-substrate (S) and
surrounding liquid (L) are given by two parameters Z and the phase
f. When the surrounding liquid is nanoﬂuid we use the sub-script
NF. These parameters are obtained experimentally from the
g ) are given by Ref. [20]:
observed signal (V
3u

expðifÞ
2A pﬃﬃﬃﬃﬃﬃ g
2uV3u
ZexpðifÞ ¼ pﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃ ¼
xS þ xL aP

(1)

Here, A is the area of the heater, P is power dissipated, and TCR

(a) was measured experimentally for the Pt ﬁlm. The thermal
parameter that one obtains from the equation above is the effusivity given as, x ¼ Ckp. L and S refer to the liquid and the substrate
respectively.
The effusivity parameter xNF ¼ (Ckp)NF for the NF can be obtained
from the experimentally measured parameters ZS and ZNF using the
relation:





xNF ¼ Cp k

NF

¼



ZS  ZNF 2
xS
ZNF

(2)

Since we can also measure the actual temperature oscillation

dT2u we can ﬁnd independently the thermal conductivity k using
the frequency dependence of the temperature oscillation using the
relation:

k¼



PL dT2u 1
2p dlnu

(3)

The main source of error in this measurement is the noise in the
g (the third harmonic). At lower frequency the signal is
detected V
3u
in the range of a few 100 mV and the error is less. The second source
of the error arises from equation (2) where one has to subtract two
numbers ZS and ZNF which may in some cases are of comparable
magnitude. From the data acquired in the experiment we ﬁnd that
the relative error is approximately 15% which increases for
f > 50e100 Hz and the detected voltage (mV) becomes of the order
of the instrumental resolution.
3. Result & discussions
By using above thermal measurement technique, information
about thermal conductivity of various Nanoﬂuids such as ZnO, Ag,
Au etc. also are obtained [23,24]. Same process is repeated for
AuNW-NF sample also. All data were taken inside a temperature
controlled bath tub (Julabo). A typical frequency dependence of
dT2u for MEG (the base ﬂuid) as well as the AuNP and AuNW are
shown in Fig. 3. The curve shows a limiting slope for f 5 Hz.
The values of thermal conductivities of the two nanoﬂuids were
found to be kAuNP ¼ 1.7 W/mK, kAuNW ¼ 2.3 W/mK. For both nanoﬂuids MEG is the base ﬂuid and from our measurement we ﬁnd
kMEG ¼ 0.18 W/mK which agrees with standard thermal conductivity data of MEG [25]. The thermal conductivity for nanoﬂuid with
the dispersed phase of Au network is more than that of the

nanoﬂuid with dispersed phase of random gold nanoparticles by
nearly 35%. A summary of the above results for the two nanoﬂuids
is given in Table 1. We found that the enhancement ratio of the
thermal conductivity of the two nanoﬂuids over the base ﬂuid
(shown in Table 1). We have also shown the ratios of the effusivities
(x) of the nanoﬂuids and the base ﬂuids in Table 1).
The effusivities were calculated from the measured Z values
using eqn. (2). Table 1 clearly establishes that both the thermal
parameters, thermal conductivities as well as the effusivities, are
enhanced substantially in the AuNW-NF compared to AuNP-NF
with same volume fraction. The enhancement of x values in the
AuNW-NF occurs due to the enhancement in the thermal conductivity. Fig. 4 shows the frequency dependent measurements of
effusion constant x(¼Cpk) from Z using eqn. (2) for both the nanoﬂuids and bare base ﬂuid (MEG).
In Fig. 4, we observed a frequency dependency of Cpk values of
the nanoﬂuids. At lower frequency (5 Hz) there is a large
enhancement which eventually merges with the value of the base
liquid. The enhancement observed in case of AuNP-NF w. r.t base
ﬂuid (0.7  106 JW/m4 K is almost 8.5 times and 11 times for the
AuNW-NF case). This frequency dependence is similar to those
observed by us in nanoﬂuids with ZnO nanoparticles as dispersed
phase in ethanol [24]. In both cases, results show that the there is
no frequency dependence of x of the base ﬂuids. The enhancement
of the x for both the nanoﬂuids at low frequencies (<5 Hz) (see
Table 1) are substantial and it tracks the enhancement in k values.
As noted in case of AuNW nanoﬂuid the enhancement in x is
(z35%) higher compared to that in AuNP-NF. At higher frequency
(>5 Hz), the value of x for the nanoﬂuids follows the frequency
response of a low-pass ﬁlter. The decrease in x for both the nanoﬂuids can be ﬁtted by the following equation (shown in Fig. 5):



Cp k NF ðf Þ
1


¼ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2n
Cp k NF ðf ¼ 0Þ
1 þ ff

(4)

c

where n is the order of the ﬁlter. We ﬁnd the roll-off ﬁts that of a 3rd
order (n ¼ 3) ﬁlter eqn. From the ﬁt the corner frequencies (fc) given
in Table 2 below.
The existence of such a corner frequency fc would associate a
ﬁnite thermal response time tc with the nanoﬂuids. This thermal
relaxation can be associated with local aggregate formation (by
thermal diffusion) so that for time scales smaller than tc the
nanoﬂuid looses thermal equilibrium with the dispersed phase.
One can calculate the thermal relaxation (tc) from fc. The frequency
f is the frequency of the excitation current, leading to the temperature oscillation occurring at 2f. Thus the corner frequency will be
related to the time scale of thermal relaxation by the following
relation:

tc ¼ ð4pfc Þ1

(5)

The calculated thermal relaxation times (tc) for both the nanoﬂuids (AuNP-NF and AuNW-NF) are shown in Table 2. For both the
nanoﬂuids tc is around few tens of msec although it is about
20e25% less in the AuNW-NF compared to that of the AuNP
nanoﬂuid. This reﬂects the enhancement (z35%) in k of the AuNWTable 1
Nanoﬂuids with corresponding enhancement ratio of Cpk and k w.r.t the base ﬂuid
(MEG).

Fig. 3. Variation of dT2u with frequency (f) for only MEG, AuNP in MEG (AuNP-NF) and
AuNW in MEG (AuNW-NF). Dotted lines indicate the regions where slope has been
taken.

Method

AuNP

AuNW

Slope of dT2u curve
Slope of 3u method

(k)ratio ~ 8.5
(CPk)ratio ~ 8.1

(k)ratio ~ 11.5
(CPk)ratio ~ 11.2

Fig. 4. Enhancement of Cpk of (a)AuNP-NF and (b) AuNW-NF respectively w. r.t MEG value.

Fig. 5. Low pass ﬁlter ﬁt for ﬁnding the corner frequency for AuNP and AunW solutions. (Cpk)max represents ðCp kÞNF ðf ¼ 0Þ.

Table 2
Corner frequencies and thermal relaxation times of Nanoﬂuids containing AuNP and
AuNW dispersed phase.
Nanoﬂuid system

fc (Hz)

t(ms)

AuNP
AuNW

4.4 ± 0.1
6.2 ± 0.1

18 ± 0.2
12 ± 0.1

NF over that of the AuNP-NF. Due to presence of networked &
connected structure (as shown in Fig. 2) of the Au nanoparticles in
AuNW-NF, one would expect an enhanced thermal transport due to
the long chain structure. These continuous structures provide the
backbone for the heat transport through the connected nanoparticles over a large length scale [26].
4. Conclusion
In conclusion, it is shown that a nanoﬂuid which contains an
interconnected network of Au nanoparticles as dispersed phase
(AuNW) leads to appreciable enhancement of the thermal conductivity over the base ﬂuid (MEG). The nanoﬂuid is synthesized by
simple, one step process without involving any complicated
chemistry. The observed thermal conductivity enhancement is
larger than that seen in a conventional AuNP nanoﬂuid that has Au
nanoparticles in a non-networked dispersed phase in the same
base ﬂuid. We found that though the nanoﬂuid containing AuNW
shows enhanced thermal conductivity but does not have any

appreciable increase in its viscosity. This is a very important
observation of this study as the increase of viscosity was an issue
for parctical applications of structured nanoﬂuids (having nanoﬁllers of long aspect ratio like cylinders, CNT, Graphene etc) as
thermal conductivity enhancing materials. The observed large
thermal transport without associated problem of viscosity
enhancement and simple laser based synthesis (that is also
amenable to up-scaling) method enhances the application potential of such nanoﬂuids containing networked structures like AuNW.
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