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Abstract
The comparative study on the thermo-physical properties of water-based ZnO nanofluids and Ag/ZnO hybrid nanofluids is

reported in the present study. The outer surface of ZnO nanoparticles was modified with a thin coating of Ag nanoparticles

by a wet chemical method for improved stability and heat transfer properties. The ZnO and Ag/ZnO nanofluids were

prepared with varying volume concentration (/ = 0.02–0.1%). The synthesized nanoparticles and nanofluids were char-

acterized with different characterization methods viz., scanning electron microscopy, X-ray diffraction, dynamic light

scattering, thermal conductivity measurement, and viscosity measurement. Results show that thermal conductivity of Ag/

ZnO hybrid nanofluids is found to be significantly higher compared to ZnO nanofluids. The maximum thermal conductivity

an enhancement for Ag/ZnO nanofluid (/ = 0.1%) is found to 20% and 28% when it compared with ZnO nanofluid (/
= 0.1%) and water, respectively.

Keywords ZnO nanofluids � Ag/ZnO hybrid nanofluids � Wet chemical method � Thermal conductivity � Viscosity

List of symbols
l Viscosity (Pa s)

/ Volume concentration (%)

m Mass (kg)

q Density (kg m-3)

k Thermal conductivity (W m-1 K-1)

Dc Diffusion coefficient

KB Boltzmann constant

T Absolute temperature

r Radius of the particles

Subscript
b Base fluid (deionized water)

n Nanoparticles

nf Nanofluid

Abbreviations
EG Ethylene glycol

TC Thermal conductivity

Ag/ZnO Silver-coated zinc oxide nanoparticles

Introduction

Nowadays, miniaturization of the product by utilizing

advanced fabrication techniques is a key to innovation and

development in various sectors indicating aerospace,

automobile, chemical, power, and electronics. In case of a

miniaturized system, thermal management plays a vital

role in its reliability and life cycle. For thermal manage-

ment, various heat transfer enhancement devices have been

reported in the literature. The nanofluids can be utilized to

improve heat transfer performance in various cooling

techniques such as microchannels, heat pipes, heat

exchangers, and jet impingement cooling [1–4]. In the first

the attempt, Choi et al. [5] reported the significant

improvement in thermal conductivity by dispersing nano-

sized particles in base fluids. The various nanoparticles

namely oxides (Al2O3, CuO, ZnO, TiO2, SiO2) [6–10],
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metallic nanoparticles (Ag, Cu) [11, 12] and carbon-based

nanoparticles (carbon nanotubes and graphene) [13] were

studied by the various researcher for its heat transfer

applications. The thermo-physical properties of these

nanofluids primarily depend upon the parameters like

concentration, temperature, synthesis method, shape, and

size of the nanoparticles [14].

Most of the reportedworkwas based on the use of one type

of nanoparticles to enhance the thermo-physical properties

of the base fluids. The performance of these nanofluids

related to thermal conduction is not up to the mark using

either a metal oxide or metallic nanoparticles in the base

fluid. The major issue with the use of one type of nanopar-

ticle-based nanofluids is their monopoly in physical and

chemical properties [15]. The metallic nanoparticles have

good thermal properties (metallic Ag, Cu, etc.) but less

stable in the base fluids. On contrary, metal oxide nanopar-

ticles are more stable in base fluids (Al2O3, CuO, etc.).

However, they have very limited thermal conductivity value.

In view of this, nowadays, researchers reported various

methods of preparation of hybrid nanofluids [16–24]. Hybrid

nanofluid contains a combination of two or more type of

nanoparticles in base fluid either bymixing or in situ process.

It was observed that the addition of higher conductivity

nanoparticles (metallic or carbon based) to the metal oxides

significantly enhanced the thermal conductivities of

nanofluids. Yarmand et al. [16] studied the graphene coated

with Ag to form a nanocomposite (hybrid nanoparticles).

They used 0.1% mass concentration of nanoparticles to

prepare Ag/graphene nanofluids with water as the base fluid.

They reported enhancement in thermal conductivity by

22.22% at 40 �C. Similarly, Baby et al. [17] synthesized

CuO-coated graphene hybrid nanoparticles by chemical

reduction method. These nanoparticles were used to prepare

surfactant-free nanofluidswithDIwater and ethylene glycol.

The maximum enhancement of 28% in thermal conductivity

at 0.05% volume concentration was reported. The Ag-mixed

multi-walled CNTs without surfactant nanofluid was syn-

thesized by Munkhbayer et al. [18]. For improving stability

and thermal conductivity, they prepared hybrid nanofluids

by one-step method using pulse power evaporation. Results

show that the improvement in thermal conductivity of hybrid

nanofluid is found to be 14.5% at 40 �C when it compared

with the base fluid. Tadjarodi et al. [19] reported modified

surface properties of silica nanoparticles by coating it with

metallic Ag nanoparticles. It is observed that in base fluids

(ethyl glycol) thermal conductivity was increased by 10.95%

by the addition of nanoparticles of 2.5%mass concentration.

Suresh et al. [20] prepared Al2O3–Cu hybrid nanofluids with

varying volume concentration of 0.1–2%with sodium lauryl

sulfate as a dispersant. Authors concluded that an increase in

volume concentration of nanoparticles leads to an increase in

the thermal conductivity of the nanofluids. The thermo-

physical properties of the Ag–MgO/water hybrid nanofluids

were studied by Esfe et al. [21] and proposed the theoretical

models for thermal conductivity and viscosity for the hybrid

nanofluids. The results of developed theoretical models were

found in good agreement with experimental results at low

volume concentration. Madhesh et al. [22] studied convec-

tive heat transfer analysis of Cu–TiO2 hybrid nanofluids in

the tube-type heat exchanger. They found that the convective

heat transfer coefficient was enhanced by 68% using hybrid

nanofluids (/ = 1%). Apart from the thermal conductivity,

Yarmand et al. [23] investigated other important properties

such as density, specific heat, and viscosity of graphene

nanoplatelet/platinum hybrid nanofluids. The qualitative

investigation of these properties is important for the calcu-

lation of heat transfer enhancement in the synthesis of hybrid

nanofluids. Low-cost hybrid nanofluid containing

nanocomposite of biomass carbon/graphene oxide was pre-

pared by Yarmand et al. [24] and its thermo-physical prop-

erties were studied. The key literature is summarized in

Tables 1 and 2 [25–30]. Recently, Esfe et al. [31] has carried

out a price performance analysis of hybrid nanofluids in

consideration with thermal conductivity. Authors concluded

that for improved heat transfer of hybrid nanofluids, the extra

cost needs to be paid for synthesis process.

It is evident from the literature that, most of hybrid

nanofluid synthesismethods did not have proper stability due

to uneven mixing or irregular coating of nanoparticles over

other nanoparticles surface. These uneven mixing or irreg-

ular coating of nanoparticles leads to improper stability, and

it limits the enhancement in thermal properties. In view of

this, the high-thermal-conductivity nanoparticles (metallic

and carbon based) can be uniformly coated on the surface of

the low-thermal-conductivity nanoparticles (metal oxides)

for improving its thermal performance. The present study

reports the comparative study of thermo-physical properties

of water-based ZnO and Ag/ZnO hybrid nanofluids. The

efforts have been taken to coat Ag nanoparticles uniformly

over ZnO nanoparticles bywet chemicalmethods. Literature

review concludes that no study has been reported on the

synthesis and thermo-physical properties of water-basedAg/

ZnO hybrid nanofluids.

Synthesis of water-based ZnO and Ag/ZnO
nanofluids

The nanofluids were prepared by the two-phase method. In

the initial phase, the ZnO and Ag/ZnO nanoparticles were

synthesized by the wet chemical method. In the next phase,

the prepared nanoparticles were dispersed in base fluid (DI

water) to get the desired nanofluids of different volume

concentration ranging from 0.02 to 0.1%.
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Table 1 Summary of thermal conductivity enhancement in hybrid nanofluids

Author(s) Hybrid nanoparticles synthesis

method

Base fluid Thermal conductivity (TC) enhancement

Yarmand et al. [16] Graphene ? Ag

chemical vapor deposition

Water Enhancement in TC was 22.22% at 0.1% mass concentration for 40 �C

Baby et al. [17] CuO ? graphene

(reduction method)

Water and

EG

Enhancement in TC was * 28% at 0.05% volume concentration for

25 �C

Munkhbayar et al.

[18]

Ag ? MWCNT

(pulse power evaporation)

Water Enhancement in TC was 14.5% at 3% mass concentration for 40 �C

Tadjarodi et al. [19] Ag ? silica

(reduction method)

Glycerol Enhancement in TC was 10.95% at 4% Silica and 2.98% Ag mass

concentration for 25 �C

Suresh et al. [20]. Al2O3 ? Cu

(thermo-chemical synthesis)

Water Enhancement in TC was 12.11%

at 2% volume concentration

Hemmat Esfe et al.

[21]

ZnO ? DWCNT

(mixed)

Water and

EG

Enhancement in TC was* 32% at 1% volume concentration for 50 �C

Madhesh et al. [22] Cu ? TiO2

(milling)

Water Enhancement in TC was * 9% at 2% volume concentration for 45 �C

Yarmand et al. [23] Graphene ? platinum

(chemical reaction)

Water Enhancement in TC was * 17.77% at 0.1% mass concentration

Yarmand et al. [24] Biomass carbon/graphene

oxide (mixed)

EG Enhancement in TC was* 6.67% at 0.06% mass concentration for

40 �C
Syam Sundar et al.

[25]

MWCNT ? Fe2O3

(chemical co-precipitation)

Water Enhancement in TC was * 21% at .3% volume concentration for

40 �C

Esfe et al. [26] Ag ? MgO

(mixed)

Water Enhancement in TC was * 20% at 0.02% volume concentration

Toghraie et al. [28] ZnO–TiO2/EG EG Enhancement in TC was 22% at 0.96% mass concentration for 50 �C
Masoud

Zadkhast et al. [29]

MWCNT–CuO/water Water Enhancement in TC was 30.38% at 0.6% mass concentration for 50 �C

Esfe et al. [30]. MWCNT/SiO2

(mixed)

Water ? EG Enhancement in TC was 32% at 3.5% mass concentration for 50 �C

Table 2 Summary of viscosity enhancement in hybrid nanofluids

Author(s) Hybrid nanoparticles synthesis method Enhancement in viscosity

Yarmand et al. [16] Graphene ? Ag

chemical vapor deposition

Enhancement in viscosity was

30% at 0.1% mass conc. at

40 �C
Tadjarodi et al. [19] Ag ? silica

(reduction method)

Enhancement in viscosity was

54% at 4% mass conc. at 20 �C

Suresh et al. [20] Al2O3 ? Cu

(thermo-chemical synthesis)

Enhancement in viscosity was

115% at 2% volume conc.

Yarmand et al. [23] Graphene ? platinum

chemical reaction

Enhancement in viscosity was 1.33

times of water at 0.1% mass

conc. at 40 �C
Yarmand et al. [24] Biomass carbon/graphene oxide

(mixed)

Enhancement in viscosity was

4.16% at 0.06% mass conc. at

20 �C
Syam Sundar et al. [25] MWCNT ? Fe2O3

(chemical co-precipitation)

Enhancement in viscosity was 1.5

times of water at 3% volume

conc. at 60 �C
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Chemicals and materials

The primary chemicals utilized in the preparation are zinc

salt [Zn(NO3)2�6H2O, molecular

weight = 297.49 gm mol-1], silver nitrate [AgNO3,

molecular weight = 169.87 g mol-1], polyvinyl alcohol

[molecular weight = 96800 g mol-1, degree of polymer-

ization of 2000], ammonium hydroxide [NH4OH], sucrose

[C12H22O11, molecular weight = 342.30 g mol-1, 99.95%

pure]. The chemicals, namely zinc salt and silver nitrate,

were procured from Sigma-Aldrich, USA. The ammonia

solution and sucrose were procured from Merck, USA, and

polyvinyl alcohol (The Fischer Scientific) in the solid form.

All chemicals and materials which have been used in the

synthesis of ZnO and Ag/ZnO have purity more than

99.90%. The schematic representation of the synthesis of

Ag/ZnO nanoparticles is described in Fig. 1.

Synthesis of ZnO and Ag/ZnO nanoparticles

In a systematic synthesis process, a continuous magnetic

stirring of the aqueous PVA/sucrose solution (taken in a

ratio of 1:10 by mass) was performed for 24 h. After 24 h,

PVA/sucrose solution was heated up to 60–65 �C followed

by dropwise addition of aqueous solution of Zn2? salt

(0.2 M concentration) into PVA/sucrose solution. The pH

of the reaction mixture was kept constant (approximately

9) by supplying the required amount of NH4OH solution to

balance the addition of hydrogen in Zn2? cations. After the

completion of the reaction, the mixture was maintained at

25 �C for a 24-h period before gradually pouring out the

clear and colorless top portion of the polyvinyl alco-

hol/sucrose solution. Eventually, the acquired solution was

thoroughly washed with methanol followed by drying at a

temperature of about 50–60 �C to acquire the white mass

of polymer-capped ZnO/precursor powders. Recrystallized

pristine ZnO nanoparticles were acquired after heating the

synthesized polymeric precursor powder at 400–500 �C in

a furnace for a duration of 2 h.

For the preparation of Ag-coated ZnO nanoparticles, the

dried ZnO precursor powder (5.0 g by mass) was mixed in

an aqueous solution of silver nitrate with 0.25 M concen-

tration and 100 mL quantity under continuous magnetic

stirring at 50–60 �C in darkness. After 20–30 min of

reaction, the powders were recovered by gradually pouring

out the AgNO3 mixture and subsequent cleaning in hot

water and dehydrating at a relatively lower pressure

(10–100 mbar) environment at 20–25 �C. Eventually, the
dehydrated powders were heated between 400 and 500 �C
for a time period of 2 h in ambient air. The recrystallized

ZnO nanoparticles so acquired are now capped with a thin

and uniform shell layer of Ag. This synthesized Ag/ZnO

nanoparticles can be used to prepare nanofluids.

Preparation of ZnO and Ag/ZnO nanofluids

The use of nanofluids in heat transfer applications depends on

methods of synthesis, long-term stability, surfactant-free sta-

bilization, improved heat transfer capacity, and low viscosity

which reduces pumping power in case of active heat transfer

devices. The stability of nanofluids extensively depends upon

factors like surface energies of the nanoparticles, van der

Waals forces, and Brownian motion of nanoparticles in the

base fluid. More surface charge on the particles results in the

instability and agglomeration of the nanoparticleswhich leads

to a decrease in heat transfer capacity of nanofluids [32]. In

addition, the high concentration of nanoparticles in base fluid

is restricted because it leads to agglomeration and increase in

viscosity. The ZnO and Ag/ZnO are highly dense nanoparti-

cles. Thus, stabilization of these particles becomes difficult at

high concentration. Taking a hint from the literature, the dif-

ferent concentrations selected to study the stability and

thermo-physical properties are varied at volumeconcentration

from0.02, 0.04, 0.06, 0.08, and 0.1% (for both ZnO/water and

Ag/ZnO/water nanofluids). In the present study, the nanoflu-

ids were synthesized with the use of deionized water (DI) as a

base fluid by a two-step method. The ZnO/water nanofluids

were prepared by adding an acetyl–acetone surfactant

(Fig. 2a). Water-based ZnO nanofluids stability is one of the

Aqueous solution
of PVA–sucrose

Znz+PVA–sucrose
      precursor

Znz+ catios

Micelle

Znz+catios

Ag+ catios

Heat ZnO

core

shell

Ag:ZnO nanoparticles

AgNO3Zn(NO3)2

Ag Ag

Ag

Ag

Ag

Ag

Ag

Ag

Ag
Ag Ag

Ag

Ag

Ag

Ag

Fig. 1 Schematic representation of the synthesis of Ag/ZnO nanoparticles
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challenges and which is discussed by previous research [8].

However, in case of Ag/ZnO nanoparticles, the outer surface

of ZnO becomes hydrophilic in nature that helps in making

nanofluids without any surfactant. However, due to the high

density of Ag/ZnO nanoparticles, the stability of the

nanofluids is the issue. This issuewas solved by sonicating the

nanofluids for about 5 h. Figure 2b shows the nanofluids at

different volume concentration. The addition of surfactant

during nanofluids synthesis may change the thermo-physical

characteristics of base fluids. The amount of nanoparticles

required for a varied range of volume concentration is cal-

culated by using Eq. (1). The surfactant-free Ag/ZnO

nanofluids is the main focus of the study which is reported in

the next section.

/ ¼
mn

qn
mb

qb
þ mn

qn

ð1Þ

Characterization of ZnO and Ag/ZnO
nanoparticles and thermo-physical properties
measurement of nanofluids

The morphology of the ZnO and Ag/ZnO nanoparticles

were observed and studied with a field emission scanning

electron microscope (FESEM Carl Zeiss SUPRA 55). The

elemental constitution was also observed and studied with

energy-dispersive spectrometer (EDS) equipped with the

FESEM. The crystalline nature and phase purity of the

samples were observed and studied with an X-ray

diffraction machine by use of CuKa radiation of wave-

length 0.1545 nm (PANalytical X’Pert Pro). The average

hydrodynamic nanoparticles diameter measured by

dynamic light-scattering (DLS) technique for nanofluids

(ZnO and Ag/ZnO). The zeta potential value was reported

to confirm the stability of various nanofluids.

To understand and study the performance and behavior

of nanofluids for heat transfer, two important thermo-

physical characteristics, namely thermal conductivity and

viscosity, were measured. The transient hot-wire method

was used to measure the thermal conductivity of liquids to

avoid natural convection effects during measurement. In

this view, KD2 Pro thermal property analyzer (Model:

KD2 Pro., Make: Decagon Device, USA) was used to

measure the thermal conductivity property of Ag/ZnO

nanofluids. The KD2 Pro thermal property analyzer meets

both ASTM D5334 and IEEE442-1981 standard. The

principle behind this measurement is that it measures time–

temperature response by transient hot wire to an electrical

impulse. Targeted prototypes thermal conductivity is

sensed by the thermal temperatures variation for a specified

time interval. As it is temperature dependent, the mea-

surements were taken at different temperature variations

(20–45 �C). The targeted sample is filled in the 45-mL

sealed tube in which the sensor is dipped. At the time of

measurement for maintaining a constant temperature, the

sample is allowed to stabilize for some time.

The measurement of viscosity is very important as

pumping cost increases with an increase in viscosity. In this

work, the viscosity was measured by cone and plate vis-

cometer (model Brookfield DVII ? Pro, make Brookfield

digital viscometer, USA). The cone is connected to the

spindle drive, while the plate is mounted on the sample

cup. The spindle (CPE-40) is used in this study and can be

used for measuring the viscosity in the range

0.015–3065 cP. The viscometer consists of a cone of angle

0.080� and 2.4 cm length attached to the spindle drive.

When the spindle rotates, it measures the viscous force of

fluid against the spindle by the deviation of the calibrated

spring.

Results and discussion

The synthesized ZnO and Ag/ZnO nanoparticles were

characterized by different characterization methods viz.

scanning electron microscopy (SEM) and X-ray diffraction

(XRD). In the successive step, the nanofluids of ZnO and
Fig. 2 Images of a ZnO nanofluids, b Ag/ZnO nanofluid at a different

volume concentration
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Ag/ZnO were prepared with varied volume concentration

(/ = 0.02–0.1%). The stability and thermo-physical prop-

erties of the prepared nanofluids were measured. The

observations obtained from the present investigation are

summarized below.

Structural properties of the ZnO and Ag/ZnO
nanoparticles

Figure 3 shows the X-ray diffraction patterns of (1) the

ZnO nanoparticles after heating the precursor at a tem-

perature of 500 �C, (2) Ag-treated ZnO polymer precursor

powder and (3) Ag-coated ZnO nanoparticles after heating

at 500 �C for a time duration of 2 h. Figure 3 depicts the

X-ray diffraction pattern of ZnO nanoparticles with eleven

expansive and well-defined peaks in the diffraction angle

range of 20�–80�, corresponding to the wurtzite-type

crystal structure of ZnO (JCPDS#036-1451-space group

P63mc). The X-ray diffraction pattern of the Ag-coated

ZnO precursor shows four well-defined peaks analogous to

the metallic Ag of face-centered-cubic crystal structure

(JCPDS#04-0783) and two weakened peaks analogous to

cubic silver oxide (JCPDS#04-013-0189). This affirms that

the Zn2?–polyvinyl alcohol–sucrose precursor powders act

as a soft template for the growth of silver ions on ZnO. The

X-ray diffraction pattern of Ag-coated ZnO nanoparticles

heated at 500 �C consist of nine distinct peaks of wurtzite-

type ZnO along with the four intense and wide peaks of

face-centered-cubic Ag in the 2h range of 20�–80�. No
traces of AgO can be seen in this recrystallized Ag-coated

ZnO nanoparticles powder. It confirms the formation of

Ag-coated ZnO heterostructure. The mean size of ZnO

crystallites (dDS-ZnO) in the pure and Ag/ZnO nanoparticles

heated at 500 �C is 15 and 20 nm, respectively. Similar

values are predicted from the full width at half maxima

(FWHM) values of the X-ray diffraction peaks and Debye–

Scherrer’s formula. In a similar way, mean size of silver

crystallites (dDS-Ag) is calculated and observed to be 18 and

25 nm in the Ag-coated precursor powders and the Ag/ZnO

sample processed at 500 �C, respectively. Rietveld inves-

tigation of the ZnO peaks gives the lattice parameters,

a = 0.3252 nm, c = 0.5215 nm, c/a = 1.6036, and unit cell

volume (V0) = 47.76 9 10-3 nm3 in ZnO nanoparticles

heated at 500 �C, as compared to the values of

a = 0.3257 nm, c = 0.5226 nm, c/a ratio is observed to be

1.6045 and V0 = 48.02 9 10-3 nm3 in Ag-coated ZnO

nanoparticles heated at same temperature. The fcc Ag

(Fm3m space group) peaks show the values

a = 0.4087 nm, and V0 = 68.27 9 10-3 nm3 for the sam-

ples derived at 500 �C, correlated to the values of

a = 0.4086 nm and V0 = 68.22 9 10-3 nm3 in bulk Ag

(JCPDS card: 04-0783). These results throw light upon the

renovation of the surface of ZnO nanoparticles. The

preparation procedure is very compelling in acquiring Ag

coating through the soft base template of a polymeric

precursor of ZnO.

The surface morphology of ZnO and Ag/ZnO nanopar-

ticles has been studied using SEM images depicted in

Fig. 4a–e. Figure 4a–c shows loose agglomerates of ZnO

and Ag/ZnO nanoparticles in the micrographs. The mag-

nified view reveals that the nanoparticles have grown

bigger in size by forming clusters up to 500 nm–1 lm. The

Ag/ZnO nanoparticles show flower-like morphologies and

ZnO nanoparticles show hexagonal structure (Fig. 4d–e). A

closer observation of the magnified images indicates that

these clusters consist of the well-organized group of flower

petal-like structure along the axial development of the

clusters (perpendicular to the plane of the image), and the

petal-like structures are stretched out in a radial direction

from the hexagonal faces of the cluster assembly. Each of

these petal-like structures can be distinguished as a cluster

of tiny Ag-coated ZnO nanoparticles. A closer view shows

that ZnO nanoparticles has hexagonal platelet size less than

100 nm and residing with one another in the assembly of

facet structures (Fig. 4e). Figure 4f shows the elemental

composition of the synthesized Ag/ZnO nanoparticles

calcinated at 500 �C. A quantitative measurement shows an

atomic content of 34.81% zinc, 61.05% oxygen, and 4.14%

silver.

Stability of the nanofluids

The stability of nanofluids has its own importance to decide

the nanofluids thermo-physical properties. Many authors

reported several methods to analyze the stability of the

nanofluids such as spectral analysis, zeta potential, and

dynamic light-scattering methods. In this study, stability
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Fig. 3 X-ray diffraction peaks for (i) ZnO at 500 �C, (ii) Ag/ZnO

precursor, (iii) Ag/ZnO at 500 �C nanoparticles
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has been analyzed using zeta potential test (model Nano-

ZS, make Malvern Instrument, UK). The electrostatic

repulsion is considered as the mechanism to stabilize the

colloidal suspensions. These repulsive forces are suffi-

ciently strong to overcome the attractive forces caused by

van der Waals forces. Zeta potential is the measure of the

repulsive forces between particles. According to the sta-

bilization theory, the electrostatic repulsion between the

particles increases if the zeta potential has higher absolute

value. This may be due to the fact that at a higher surface

charge, the repulsion between the particles increases

resulting in lesser agglomeration [33]. It is argued that the

suspension exhibits good stability if the zeta potential value

is higher than 30 mV. The measured value of the zeta

potential at room temperature (25 �C) for varying con-

centration (/ = 0.02–0.1%) of Ag/ZnO nanofluids are

summarized in Table 3. It is also observed that the zeta

potential decreases with increase in volume concentration.

The increase in volume concentration increases in

agglomeration among the nanoparticles which lead to a

lower value of zeta potential. The variation in zeta potential

with temperature is depicted in Fig. 5. The increase in

temperature accelerates agglomeration which leads to

higher average hydrodynamic sizes and lower value of zeta

potential. At high temperatures, the velocity or kinetic

energy is high enough to overcome the Van der Waals

forces, and it destabilizes the nanofluids. Similar observa-

tions also reported in the past literature [34].

The dynamic light-scattering (DLS) test was performed

to determine the particles size distribution and mean par-

ticle size of the nanoparticles in nanofluids In this method,

a continuous-wave laser beam (632.8 nm range) passes

through a colloidal suspension of a given sample and the

particles in the suspension scatter some of the light in all

direction (Rayleigh scattering). This is due to smaller

particle size compared to the laser wavelength. In addition,

the small particles in the suspension move randomly

resulting in fluctuation in the scattered light in the detector

plane. This fluctuation is related to the diffusion rate of the

14

12

10

8

4

6

2

0
84 62 141210
KeV

cp
s/

eV

Fig. 4 FESEM images: a, b Ag/

ZnO nanoparticles at

magnification of 9 100,000,

c Ag/ZnO nanoparticles at

magnification of 9 200,000,

d ZnO nanoparticles

magnification of 9 200,000,

e ZnO nanoparticles

magnification of 9 400,000,

f EDS spectrum of Ag/ZnO
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particles, and the diffusion coefficient of the particles is

given by [33],

Dc ¼
KBT

6plr
ð2Þ

The average hydrodynamic diameters for Ag/ZnO

nanofluids with 0.02% and 0.1% volume concentration was

found to be in the range of 96 nm and 125 nm, respec-

tively. It is observed that, at higher particles volume con-

centrations, nanoparticles agglomerate due to strong inter

particles interaction resulting sedimentation of the

nanofluids. On the contrary, lower nanoparticles concen-

tration reduces the interparticle interaction and enhances

the stability.

Thermal conductivity and viscosity of nanofluids

In this study, the effective thermal conductivity of the

nanofluids was measured by using the thermal property

analyzer (model KD2 Pro., make Decagon Device, USA)

with isothermal bath. The sensor needle (KS-1) used during

measurement was made up of stainless steel with 6 cm

long and 0.13 cm in diameter. The calibration of the sensor

needle was carried out by measuring the thermal conduc-

tivity of various known fluid such as DI water and glycerin.

The measured thermal conductivities for distilled water and

glycerin are found 0.63 W m-1 K-1 and

0.292 W m-1 K-1, respectively. The sensor needle can be

used to measure the thermal conductivity of the fluids in

the range of 0.02–2 W m-1 K-1 with an accuracy

of ± 5%.

Figure 6 depicts the variation in thermal conductivity

for ZnO and Ag/ZnO nanofluids at 25 �C. The thermal

conductivity of Ag/ZnO nanofluids is found higher com-

pared to ZnO nanofluids at each concentration. The max-

imum value of thermal conductivity for Ag/ZnO nanofluid

is found to be 20% and 28% when they compared with

ZnO nanofluid and water, respectively. The coating of Ag

nanoparticles by wet chemical method helps for uniform

covering of Ag nanoparticles over ZnO micelle (Fig. 4c)

which leads to improving the stability of nanoparticles. The

increase thermal conductivity of Ag/ZnO nanofluid is

combined effect of increased stability and higher thermal

conductivity coating of Ag nanoparticles over ZnO

nanoparticles. The temperature variation for thermal con-

ductivity at varying concentration of ZnO nanofluids is

shown in Fig. 7a. It is observed that the thermal conduc-

tivity of the ZnO nanofluids increases with increase in

temperature. The increase in temperature promotes Brow-

nian motion among nanoparticles, which leads to an

increase in thermal conductivity. The maximum thermal

conductivity of the ZnO nanofluid found to be 8.0% at

45 �C (for / = 0.1%). The ZnO nanoparticles are

hydrophobic in nature and not easily disperse in water.

Many researchers prepared water-based ZnO nanofluid

with different surfactant addition methods at low volume
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Fig. 6 Enhancement in the thermal conductivity of ZnO nanofluids

by a coating of Ag

Table 3 Zeta potential values at different concentration

Zeta potential value/mV Volume concentration (/)/%

42 0.02

39 0.04

37 0.06

34 0.08

29 0.1
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concentration [8]. The amount of surfactant required for

proper stability of nanofluid increases with increase in

concentration. The higher amount of surfactant may lead to

change in thermo-physical properties because of agglom-

eration of the nanoparticles [8].

Most of the recent work focused on the synthesis of

hybrid nanofluid to improve the thermal properties by

mixing low-thermal-conductivity nanoparticles with high-

thermal-conductivity nanoparticles [18, 21]. Present

research work involves uniform coating of highly con-

ductive Ag nanoparticles on ZnO nanoparticles where Ag

get bonded firmly on the periphery of ZnO nanoparticles.

Figure 7b shows enhancement in thermal conductivity of

the Ag/ZnO nanoparticles dispersed in water with tem-

peratures and at varying concentration. The increase in

thermal conductivity can be defined in different ways.

Firstly, the addition of nanoparticles in the base fluid

decreases the mean free path between the adjacent particles

and enhances the Brownian motion. Secondly, the increase

in the Brownian motion of the nanoparticles helps to shoot

up the lattice vibration between the molecules. In addition

to Brownian motion, high-thermal-conductivity nanolayer

(Ag) is formed in case of Ag/ZnO nanofluids. This nano-

layer is a coating of highly thermally conductive Ag metal

on ZnO nanoparticles. The uniform coating shown in

FESEM images (Fig. 4a–c) helps to improve the surface

properties of ZnO nanoparticles, which is a feasible con-

dition for increased thermal conductivity and stability. In

addition, uniform coating of Ag makes ZnO nanoparticles

more hydrophilic in nature which leads to enhancing the

stability of nanofluid because of proper dispersion of

nanoparticles in water base fluids. The proper stability is

one of the reasons for enhanced thermal conductivity. Also,

the result shows that the trends of variation in increase in

the thermal conductivity of Ag/ZnO nanofluids with tem-

perature are found similar to ZnO nanofluids, but in case of

Ag/ZnO nanofluids, trends are more inclined (Fig. 7a, b).

The viscosity of the fluid is the measure of its resistance

to deformation. In case of flow through ducts, the pressure

drop and the pumping power requirement depends on the

viscosity of the fluid, although the nanofluid increases the

heat transfer performance. These fluids exhibit an

enhancement in the viscosity compared to the base fluid.

The viscosity of the nanofluid depends on the particle

shape, particles size, volume fraction, and temperature of

the nanofluid. In present work, the efforts have been made

to study the effects of the temperature and the nanoparticles

concentration on viscosity. The calibration of the vis-

cometer was carried out by measuring the viscosity of

various known fluids such as DI water and glycerin. The

measured viscosity values for distilled water and glycerin

are found 0.00083 and 0.0109 Pa s, respectively. The

results agree well with the literature value of 0.00079 and

0.0107 Pa s for water and glycerin with an accuracy of ±

5%. Figure 8 depicts the viscosity of ZnO nanofluids at

varying concentration (/ = 0.02–0.1%). The viscosity of

both the nanofluids increases with increase in nanoparticles

concentration in base fluids. The agglomeration and clus-

tering are the reasons for the enhanced viscosity of

nanofluids. The clustering of nanoparticles in base fluid

promotes heat transfer in certain conditions [35]. On one

hand, clustering should be in limit; otherwise, it leads to

agglomeration. The trend of viscosity variation at different

concentration of nanoparticles for ZnO and Ag/ZnO

nanofluids if found to be similar. The Ag/ZnO nanofluids

show a negligible increase in viscosity when it compared

with results of the viscosity of ZnO nanofluids. For the

various heat transfer applications, flow properties of the
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varying temperature at 0.02–0.1% volume concentration
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nanofluids are very essential. In addition to that, clustering

and agglomeration also affect the heat transfer. In this case,

the heat transfer process can be view as a function of

viscosity, which describes resistance to the flow and also

function of temperature. For the same reason, the dynamic

viscosity of different concentration of ZnO and Ag/ZnO at

a constant shear rate as was measured as a function of the

temperature (20–40 �C) is shown in Fig. 9a, b. The

dynamic viscosity of the nanofluids increases with increase

in the concentration of nanoparticles and decreases with

increase in temperature. For all concentration of the ZnO

nanofluids, change in viscosity with respect to temperature

shows linear behavior.

Conclusions

In this study, two different nanoparticles namely, ZnO and

Ag/ZnO have been synthesized by the wet chemical

method. The materials characterization techniques such as

FESEM, X-ray diffraction method, and EDS utilized to

confirm surfaces morphology, elemental composition, and

particle size. After successful synthesis and characteriza-

tion of nanoparticles, the water-based nanofluids namely

ZnO and Ag/ZnO were prepared with varying concentra-

tion (/ = 0.02–0.1%). The stability and thermo-physical

properties for nanofluids were measured and studied with

different parameters (concentration and temperature). The

conclusions of the above study are elaborated:

(1) The surface morphology confirms hexagonal-shaped

structures for ZnO nanoparticles and the petal-like

structures for Ag/ZnO hybrid nanoparticles (Ag

stretched out in a radial direction from the hexagonal

faces of the ZnO nanoparticles).

(2) The average crystallite size for Ag/ZnO nanoparti-

cles found to be 25 nm. X-ray diffraction patterns

revealed the presence of the uniform coating of Ag

over the ZnO nanoparticles.

(3) The average hydrodynamic diameters for Ag/ZnO

nanofluids with 0.02% and 0.1% volume concentra-

tion was found to be in the range of 96 nm and

125 nm. The stability of nanofluids was measured by

zeta potential test. The prepared nanofluids are found

to be stable and its corresponding zeta potential

values are in the range of 29–42 mV.

(4) The thermal conductivity of Ag/ZnO nanofluids is

found to be higher when it is compared to ZnO

nanofluids. The maximum thermal conductivity

enhancement for Ag/ZnO nanofluids are found to
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20% and 28% when it compared with ZnO nanoflu-

ids and water, respectively.

(5) The uniform coating of higher thermal conductivity

materials (Ag) over metallic oxides (ZnO) causes an

increase in thermal conductivity. In addition, uni-

form coating of Ag makes ZnO nanoparticles more

hydrophilic in nature which leads to enhanced

stability of nanofluids because of proper dispersion

of nanoparticles in water base fluids. The good

stability is one of the reasons for enhancement in

thermal conductivity. These two important fact leads

to the use of hybrid Ag/ZnO nanofluids for heat

transfer applications.

(6) The thermal conductivity of nanofluids increases

with increase in temperature for both ZnO and Ag/

ZnO nanofluids.

(7) The Ag/ZnO nanofluids show a negligible increase in

viscosity when it compared with results of the

viscosity of ZnO nanofluids.
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