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Abstract
Copper/carbon dot nanohybrids (Cu/CD NHs) were prepared via a facile precipitation method through a disproportionation

reaction. The surface characterization was performed by various techniques such as XRD, FTIR and TEM. Then, water-

based nanofluids composed of Cu/CD NHs at 0.1 and 0.5 mass% were prepared, and their thermo-physical properties

including thermal conductivity, viscosity, density and specific heat were evaluated at various temperatures. The water-

based Cu/CD nanofluid demonstrated to be a potential heat transfer fluid with a high stability. It was found that the thermal

conductivity can be enhanced by increasing the nanoparticle concentration and temperature. Almost 1.25-fold increase in

thermal conductivity has been achieved by raising the temperature up to 50 �C and at the concentration of 0.5 mass%. The

heat capacity was found to increase with increasing concentration. Moreover, by increasing temperature the density and

viscosity of the as-prepared nanofluid decreased, whereas the heat capacity showed an increasing trend.
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Introduction

Nanofluids are the suspensions of nanomaterials, such as

nanoparticles, nanofibers, nanotubes, nanowires, nanorods,

nanosheets or droplets in a base fluid, and their specific

properties offer potentials for many applications. The

preparation of the nanofluid is commonly carried out by

two methods of single-step and two-step [1].

Many researchers have recently reported the enhance-

ment of convective heat transfer coefficient of various

nanofluids in several channels and heat exchangers [2–12].

This enhancement was attributed to the enhancement of

thermal conductivity, Brownian motion, thermo-phoresis,

diffusion phoresis, and so on. In this regard, various studies

have been carried out on the thermo-physical properties of

different nanofluids [13–17]. On the other hand, the sta-

bility of nanofluids has always been a big challenge since

the agglomeration tendency of the nanoparticles in the base

fluid not only leads to the settlement and plugging prob-

lems, but also changes the physical properties of the

nanofluid [1]. In this regard, various methods including pH

control, addition of surfactants and sonication have been

used to provide the stability of the nanofluids [18]. How-

ever, some constraints have been arising when such stabi-

lized nanofluids were used as the working fluid in heat

transfer devices, especially when a surfactant was added to

maintain the nanofluid stability. Nanoparticles may lose

their connections with the surfactant molecules at higher

temperatures and hence may aggregate and collapse.

Additionally, foaming of nanofluids in heat transfer devices

was reported as another drawback of using surfactants [1].

Quantum dots (QDs) are nanoparticles of semiconduc-

tors usually employed in sensor applications because of

their optical properties [19]. Carbon quantum dots, usually
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referred to as carbon dots (CDs), mainly comprised of

carbon and oxygen have recently received special attention

for the biological applications. Unlike QDs of heavy metal,

the CDs cause no toxicity or pollution to the environment

[20]. Moreover, due to the high concentration of functional

groups such as carboxyl group on the surface of CDs, they

have excellent stability in aqueous solutions and also can

be functionalized easily [21–23].

Nanohybrids (NHs) are the combination of two or more

materials on the nanoscale, which offer multiple func-

tionalities. The valuable achievements in synthesis of

nanometals and semiconductors resulted in the develop-

ment of metal-semiconductor NHs, which exhibited the

combined and often synergistic properties [24]. Early

instances of metal-semiconductor NHs are the growth of

Cu, Au, Ag and Pt shells on ZnO cores [25].

CDs can easily be functionalized and used as NHs since

they are capable of reducing metal salts [22, 23, 26].

Various techniques such as the chemical oxidation [27], the

thermal cracking of organic compounds [28], the micro-

wave-assisted hydrothermal synthesis [29], the rapid

plasma pyrolysis [30], the alkali-assisted electrolysis of

graphite [31] and various carbon precursors including

graphite [32–35], graphene oxides [36–39], fullerene [40],

carbon fibers [41] and organic carbon sources [42–46] have

been used to prepare CDs. Owing to their excellent optical

properties, thermal stability, chemical inertness and bio-

compatibility, CDs were employed in catalysis and energy-

related fields [26]. Recently, they have been used as

reducing and stabilizing agents in the synthesis of

nanometals and effective catalysts [22, 23]. However, CDs

are rarely used in the manufacture of nanofluids, and in

particular, they have not been used in hybrids with other

particles for heat transfer purposes according to our liter-

ature survey. A very novel research by Ettefaghi et al. [47]

suggests that CDs have formed a very stable nanofluid, and

its thermal properties in various concentrations have also

been discussed. As mentioned previously, CDs can be

employed as a reducing agent and are easily functionalized.

Inspired by these capabilities, we have used CDs for the

preparation of water-based Cu nanofluid, because they

were capable of reducing the copper (I) and copper (II) ions

to the copper (0), and simultaneously, a hybrid of copper

supported on CDs was expected to be formed in the solu-

tion. Further, since CDs are stable in aqueous solutions

[21–23], the dispersion of the Cu/CD NHs in water could

also yield a stable nanofluid. Therefore, the aim of this

report is to propose a method of preparation of Cu/CD

NHs, followed by evaluating the thermo-physical proper-

ties thereof. The prepared Cu/CD nanofluid with a high

stability can be used in thermal applications, without

addition of any dispersant or surfactants. We believe that

further progress of research on metal/carbon dot nanofluids

leads to promising results in enhancement of heat transfer.

Materials and methods

Materials

All the chemicals were analytical grade and used as pur-

chased without further purification. Copper (I) iodide, CuI,

of 99% purity (Merck), was used as the precursor. Carbon

dot previously synthesized by sonoelectrochemical exfoli-

ation method [48] was utilized as reducing and stabilizing

agent. Distilled water was used as the solvent. Sodium

hydroxide (NaOH) and acetic acid (CH3COOH, [ 98%,

China) were used to adjust the pH.

Synthesis of Cu/CD NHs

As mentioned previously, the copper nanoparticles are

required to be protected from possible agglomeration, prior

to their dispersion in water. For this purpose, inspired by

the work of [22] the carbon dot is selected as a reducing

and capping (protecting) agent in the stage of synthesis. It

is expected that the Cu nanoparticles is formed while being

capped by CDs through a disproportionation reaction.

Disproportionation reaction is a reaction in which oxi-

dation and reduction of an element occur at the same time,

leading to the production of two different substances [49].

By a typically reversible disproportionation reaction, the

copper (I) ion produces both copper (II) and copper (0)

through oxidation and reduction, respectively. However, as

the electrochemical potential of the reaction presented in

Eq. (1) is positive [50], the Cu (II) is more stable in the

aqueous solution than Cu(I). Hence, the disproportionation

reaction presented as Eq. (2) proceeds to the right.

Cu2þ aqð Þ þ e ! Cuþ aqð Þ E0 ¼ 0:153 V

Cuþ aqð Þ þ e ! Cu aqð Þ E0 ¼ 0:521 V
ð1Þ

E0 ¼ 0:521� 0:153 ¼ 0:368 V[ 0

2Cuþ aqð Þ $ Cu2þ aqð Þ þ Cu sð Þ
ð2Þ

To describe the synthesis method, first a suspension of CDs

in water was prepared by a simple mixing of CDs powder

(1 g) with water (100 mL). Then, a homogeneous mixture

of copper iodide and water was prepared at a vigorously

stirred condition. Due to its very low solubility in water,

copper iodide (0.1 g CuI/(1 l water)) could easily make the

distilled water supersaturated at 80 �C while vigorously

stirred under reflux condition. After half an hour, the

transparent solution changed to a milky one, and then the

carbon dot suspension was added drop wise to the solution
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at constant temperature of 80 �C. The mixture gradually

turned into brown, then light yellow and finally dark yellow

after the completion of the reaction (almost 8 h).

At the next stage, the suspension underwent three stages

of annealing (warming up to 50 �C followed by cooling to

the ambient temperature in each stage) in order to further

strengthen the suspended nanoparticles. According to [24],

this temperature treatment leads to a high-quality epitaxial

interface between the metal and CDs. Finally, the sedi-

ments were removed by filtration under vacuum. The

particles were collected by centrifugation at 4000 rpm for

20 min (Kobuta Model 6500), washed with ethanol for

three times and dried in open air. Figure 1 shows the

physical appearance and the reduction mechanism of the

prepared Cu/CD nanohybrids.

It seems that the supersaturated solution of Cu? pro-

ceeds with the nucleation, then formation of metallic Cu

nanoparticles on carbon surface. In other words,

Cu(s) which is produced from the disproportionation

reaction finds CDs as appropriate sites for its heteroge-

neous nucleation and growth to form Cu/CD NHs.

Preparation of Cu/CD nanofluid

The two-step method was employed to prepare the Cu/CD

nanofluid. To follow this procedure, certain amount of the

prepared Cu/CD NHs was dispersed in distilled water using

stirrer for almost 1 h to obtain a homogeneous suspension

as the nanofluid. The Cu/CD nanofluid was prepared at two

mass fractions of 0.1 and 0.5%. No further material

including surfactant or dispersant was used in the process

of the nanofluid preparation.

Characterization

A Shimadzu-FTIR-8300 spectrophotometer was used to

collect spectra. The morphology of the nanoparticles was

investigated via transmission electron microscopy (TEM,

CM30-Philips). The phase composition and crystallinity of

the products were characterized using an X-ray

diffractometer (XRD, Bruker D8). The size distribution of

the nanoparticles was obtained by particle size analyzer

(Scatteroscope, Quidix Co). Zetasizer Nano ZS (Malvern

Instruments Ltd, Malvern, UK) was used to perform the

Zeta potential tests on the synthesized nanofluids by the

Electrophoretic Light Scattering (ELS) technique. UV–Vis

absorption was collected using a UV–Vis spectropho-

tometer (JENWAY-7315). Investigation of copper con-

centration in the suspension of Cu/CD NHs was carried out

by Varian-SpectrAA 220/880 Zeeman Atomic Absorption.

Thermo-physical properties of the Cu/CD nanofluid

such as thermal conductivity, density and viscosity were

also experimentally measured. The KD2 Pro thermal con-

ductivity meter (Decagon devices, Inc.) was used to mea-

sure the thermal conductivity with a maximum uncertainty

of ± 2%. The density of the nanofluid was measured using

portable DMA 35 N density meter (Anton Paar Co.) with

an uncertainty of 0.0001 g cm-3, and the viscosity was

measured using Cannon–Fenske viscometer with an

uncertainty of 0.001 cS.

Results and discussion

Infrared spectroscopic studies

The FTIR spectra of CDs and Cu/CD NHs are shown in

Fig. 2. Comparing the two spectra, it is observed that the

C–O stretching vibration at 1099 and 1261 cm-1 reduced

to some extent, signifying the involvement of the carboxyl

and carbonyl groups in the reduction process and subse-

quent action as a stabilizing agent where the metal surface

is bound to the carboxylic moieties by coordination reac-

tions [22]. However, the peak at 1373 cm-1 [51] indicated

the increase of carboxyl groups. The peak at 594 cm-1 is

attributed to the formation of Cu–O [23]. Other functional

groups and chemical linkages of carbon dot (e.g., hydroxyl

groups at 3400–3500 cm-1, C–H vibration at

2850–2923 cm-1, hydroxyl group at 1627–1635 cm-1)

[22, 23] remained intact after the formation of the

O

OH

OH

2l–
OH

O

OH

Cu

Cu2+ Cu (s)

CD

Cu/CD

Disproportionation

[Cul2]
–

reaction

(a) (b)

Fig. 1 a Physical appearance of the prepared Cu/CD NHs, b reduction mechanism for the preparation of Cu/CD NHs
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nanohybrid. The peripheral polar groups on the CDs also

stabilize the Cu nanoparticles.

The abundant hydrophilic groups play an important role

in stability of the Cu/CD in the aqueous solution, which is

useful when the powder is dispersed in water to prepare the

nanofluid for heat transfer purposes.

The physical structure of Cu/CDNHs

Figure 3 shows the TEM image of Cu/CD NHs, showing

clearly that the as-prepared nanohybrids are quasi-spheres,

and well dispersed particles having an average diameter of

20 nm. As demonstrated in the figure, the Cu nanoparticles

appeared to form chain like structures embedded within a

carbon matrix, suggesting that the growth of the nanopar-

ticles was initiated from the CD surface [22]. The periph-

eral carboxyl groups presumably facilitated the binding and

subsequent reduction of the metal salts. The SEM image is

also presented in Fig. 3b, c, which shows the particle size is

in the range of 10–60 nm.

Crystal phase of the products

The formation of Cu was confirmed through the XRD

pattern of the nanohybrid (Fig. 4), using CuKa as a radi-

ation source (k=1.5406 Å). The samples were scanned in

the 2h range from 10� to 90� at a scanning rate of 5� min-1.

The peaks in Fig. 4 at 2h (�) = 50.25 and 72.3 are corre-

sponding to crystallographic spacing d200 and d220,

respectively, which were found in accordance to other

reports and JCPDF #78-2076 data for Cu nanoparticles

[52, 53]. The average grain size of Cu/CD calculated by

Scherrer’s equation [54] was found to be around 20 nm,

which agrees with the result of the particle size determined

by TEM technique.

Particle size distribution (PSD)

Besides the mean particle size, the size distribution is the

most important information obtained from the PSD data

from which the broadness and the degree of asymmetry of

size distribution are obtained [54]. The PSD results of the

prepared nanofluids for both concentrations were almost

the same, shown in Fig. 5. The figure indicates that the Cu/

4000.0 3000.0 2000.0 1500.0 1000.0 500.0
1/cm

CD

Cu/CD

Testscan Shimadzu FTIR 8000 series
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1022.2
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Fig. 2 FTIR spectra of CD and

Cu/CD NHs

Fig. 3 a TEM image, b, c SEM

images of Cu/CD NHs
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CD NHs have a narrow size distribution centering at ca.

25 nm, with an average size of 25.7 nm. As illustrated, the

distribution is almost symmetrical with a little broadness.

Therefore, the as-prepared nanofluid is homogeneous from

the particle size point of view.

Stability of Cu/CD nanofluid

Figure 6 shows the photograph of the as-prepared suspen-

sion of Cu/CD NHs; no sediments were found after

1 month being at a stationary state. This excellent stability

of the suspension can be explained through the synthesis

process. In the reduction process of Cu? to form Cu0,

carbon dots not only act as the reducing agent, but also act

as the stabilizing agent which can establish a good dis-

persion of generated nanohybrids. This is due to existence

of a large number hydroxyl, carbonyl, carboxylic acid and

epoxy groups on the surface of carbon dots, as previously

reported by [48]. Therefore, utilizing the CD as the sites of

nanoparticle growth can also provide an excellent stability

for the nanofluid. Moreover, the peripheral polar groups,

such as hydroxyl and aldehyde of carbon dots, helped to

reduce Cu? into Cu0.

Apart from the stabilizing character of the CD, the

dynamic nature of the suspension probably helped its high

stability. According to HSAB theory, soft acids form

stronger bonds with soft bases, whereas hard acids form

stronger bonds with hard bases [55]. In the suspension

under study, the soft base of I- in combination with the soft

acid of Cu? formed a soft–soft interaction [56] resulting in

the consumption of Cu?. Consequently, regarding the

disproportionation reaction Eq. (2), the reverse reaction

proceeded. According to the positive electrochemical

potential and at the same time the soft–soft interaction, the

forward reaction proceeded at the same rate as the reverse

reaction. Therefore, the possible agglomeration of the

nanohybrids was prevented yielding a dynamically

stable suspension.

Figure 7a shows the absorption spectra of CD (dispersed

in water at 0.1 mass%) and Cu/CD nanofluids at 0.1 and

0.5 mass%. A narrow peak at 250 nm in the CD can be

assigned to the p–p* transition of nanocarbon [57]. How-

ever, in the Cu/CD nanofluid, this characteristic peak

disappeared.

Li et al. [54] studied the effect of some influencing

parameters including pH on the stability of Cu nanofluid. A

similar investigation was conducted to find the optimum

pH for the present suspension using UV–visible spec-

troscopy (wavelength = 300 nm). The results of this anal-

ysis were recorded after 1 day in stationary state. The

higher absorption shows the larger number of suspended

nanoparticles in water, which indicates a higher stability

for the nanofluid. Figure 7b shows the absorption against

pH for a sample of Cu/CD nanofluid at a concentration of

0.1 mass%. According to the figure, the optimum pH to

reach the stable nanofluid is 6.2.

The relative concentration is the ratio of the daily con-

centration of nanofluid to its initial concentration (in the
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fresh state), previously defined by [57]. To investigate the

relative concentrations versus time in the present work, the

mass concentration of the samples of Cu/CD nanofluids at

0.1 and 0.5 mass% were measured during a month and

presented in Fig. 8. This figure shows that the Cu/CD

nanofluids have a stable condition under UV–Vis irradia-

tion. It is also inferred that after an initial decrease of the

relative concentrations, it fluctuates, e.g., around 99.4 for

0.1 mass%. The maximum decreasing rate at the initial

stage is around 7%.

Zeta potential can also be used to identify the stability of

a colloidal suspension [57]. The result of Zeta potential test

is shown in Fig. 9. As can be seen, the Zeta potential value

was found to be about-31.5 mV, indicating high stability of

the Cu/CD nanofluid.

An atomic absorption analysis was also carried out to

determine the concentration of various copper compounds

present in the suspension. The two samples of 1000 mL

volume of suspensions of nanohybrids (named s1 and s2)

produced in water were subjected to this analysis. The

concentrations of Cu/CD NHs were 0.1 and 0.5 mass% in

s1 and s2, respectively. The unknown concentration related

to Cu compounds was determined in terms of the carbon

dot content of each sample. Results of the atomic absorp-

tion show that Cu content of the sample s1 is

52.10 mg(Cu)/g(CD) and that of s2 is 102.73 mg(Cu)/

g(CD).

Effect of temperature on thermo-physical
properties

The improving performance of the nanofluids in heat

transfer devices is usually justified through the investiga-

tion of thermo-physical properties [58]. The thermo-phys-

ical properties may change in the heat transfer processes

mainly due to their temperature dependency. In this

research, the variations of density, viscosity, heat capacity

and thermal conductivity with temperature were investi-

gated for the Cu/CD nanofluid at two different concentra-

tions of 0.1 and 0.5 mass%, shown in Fig. 10a–d.

According to Fig. 10a, b, the density as well as viscosity

decreased with increasing temperature. Moreover, a four-

fold increase in the viscosity was obtained by increase of

the nanofluid mass fraction, while the impact of concen-

tration variation on the density was not appreciable.

The variations of the heat capacity of the Cu/CD

nanofluid against temperature were also investigated and

compared with those reported by Barbes et al. [59] for CuO

nanofluid (Fig. 10c). As shown in the figure, contrary to the
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results presented by Barbes et al. [59], the heat capacity of

the prepared nanofluid increased with concentration.

Among the reported studies on thermo-physical prop-

erties of nanofluids, the effect of the presence of

nanoparticles on heat capacity of the base fluid does not

yield a consistent result (e.g., [60–65]). There are several

studies which report the strong and weak dependence of Cp

on the volume fraction of nanoparticles. Yang et al. [66]

reported that at low volume fraction and moderate tem-

perature change, the heat capacity of nanofluid doesn’t

change much when compared to that of base fluid. Das and

co-workers observed reduced specific heat capacities of a

mixture of water and ethylene glycol by the addition of

silicon dioxide, zinc oxide and alumina nanoparticles. They

have reported the decrease of specific heat capacity of the

nanofluid with increasing nanoparticle concentration

[60–62]. Zhou and Ni [63] also found a reduced specific

heat capacity of the water-based alumina. However,

enhanced heat capacity of the nanofluid compared to that of

base fluid was also reported in [67–69], for the particle

mass concentration less than 1 mass% which was attributed

to the existence of nanolayers surrounding the nanoparti-

cles. Angayarkann et al. [70] reported that the specific heat

capacity of Al2O3/PAO increased up to 4 mass%
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nanoparticle concentration. Further increase in Al2O3

concentration led to a decrease in the Cpnf but larger than

the Cpbf. These results suggest that PAO molecules

strongly modify the interfacial thermal characteristics of

Al2O3 nanoparticles that increases the heat capacity of

PAO based Al2O3 nanofluids. They have discussed that this

enhancement can be due to the additional thermal storage

mechanisms caused by interfacial interactions between

nanoparticle and the adhering liquid molecules, and the

existence of semisolid–liquid layer adhering to the

nanoparticles, which are likely to enhance the specific heat

capacity due to the smaller intermolecular spacing similar

to the nanoparticle lattice structure on the surface.

Also, regarding the results of [59], the impact of tem-

perature on heat capacity of Cu/CD nanofluid at 0.5 mass%

is comparatively considerable, and the heat capacity in the

present work can be enhanced almost 0.7% by increasing

the temperature up to 60 �C.
Thermal conductivity was also studied in terms of the

ratio of thermal conductivity of the nanofluid to that of the

distilled water (knf/kb), shown in Fig. 10d. According to

Yu et al. [71], thermal conductivity of the ethylene glycol-

based nanofluid containing copper nanoparticles improves

significantly with increasing temperature. For the present

Cu/CD nanofluid, the (knf/kbf) also increased, almost 25%,

at temperature of 50 �C. There are various models in lit-

erature predicting the thermal conductivity referred to as

effective thermal conductivity [72], but few of them con-

cerned the effect of temperature. It is believed that the

nanoparticles carry a relatively large volumes of the base

fluid during their randomly movement in a quiescent sus-

pension; and this effect known as Brownian motion is

raised by the increase in temperature [73]. The data pre-

sented by Chon et al. also show that the Brownian motion

is evidently a function of temperature especially for the

smaller sizes of the nanoparticles [74]. The particle size of

the present study is almost 25 nm; hence, the increase in

thermal conductivity with temperature is expected.

Various models proposed for thermal conductivity of

nanofluids show a link between knf and u, the volume

fraction of nanoparticles. Almost all of them indicate the

ascending trend of thermal conductivity with increasing the

nanoparticle concentration [75–78]. However, as shown in

Fig. 10d, compared to Yu et al. [71] who reported an

increase of up to 45% for the thermal conductivity using

ethylene glycol-based copper nanofluid, it is observable

that the corresponding value is only 25% at the same

temperature in the present work. They prepared stable Cu-

EG nanofluid by addition of the copper nanoparticles into

30 mL ethylene glycol with 1.5 g PVP as dispersant under

ultrasonic oscillation for 30 min. The size of resulted

copper nanoparticles ranged from 5 to 10 nm [71], which is

less than the particle size of Cu/CD NHs in the present

study. More importantly, the particle concentrations used

in the present work are based on mass fraction, while

Yu et al. [71] have introduced the volume fractions, and the

corresponding mass fractions would be a higher value.

Therefore, the lower thermal conductivity ratio in the

present work shown in Fig. 10d can be attributed to the

lower particle concentrations. Another factor which should

be taken into account is the phenomenon of nanoparticle

clustering, which plays an important role in improving the

thermal conductivity of nanofluids. The low concentration

of Cu/CD nanofluid may lead to decrease of nanoparticle

clustering and the thermal conductivity ratio is subse-

quently reduced compared to the result of Yu et al. [71].

Moreover, a recent study on the synthesis and applica-

tion of a graphene quantum dot nanofluid by Ettefaghi et al.

[79] indicates that the thermal conductivity enhancement

for a concentration of 0.1 mass% at ambient temperature is

5.7%, which agrees with our own result at the same tem-

perature and concentration.

Conclusions

The main goal of the present work is to introduce quantum

dots-based nanofluids with high stability, appropriate heat

transfer properties accompanied by environmentally

friendly and cost-effective characteristics which lead to

energy conservation. Owing to the possible environmental

risks caused by the use of surfactants as stabilizing agents

for the preparation of heat transfer nanofluids, biocom-

patible CD is considered in the present research as a

reducing, and at the same time-stabilizing agent. Therefore,

Cu/CD nanohybrid with an average size of 25.7 nm was

synthesized through growing the Cu nanoparticles on the

surface of the CD. The water-based nanofluid containing

nanohybrids of Cu/CD exhibited well dispersion and high

stability in the absence of any stabilizer. The measurement

of thermo-physical properties has revealed that temperature

can affect the density, viscosity and thermal conductivity

of the as-prepared nanofluid, and to a lesser extent, the heat

capacity thereof. However, the heat capacity increased with

increasing concentration. A 25% enhancement in thermal

conductivity is also achieved by increasing the nanofluid

concentration to 0.5 mass%. Due to the small size of Cu/

CD nanohybrids, higher enhancement of thermal conduc-

tivity ratio (knf/kbf) may be possible if the nanofluid is

employed at higher temperatures and concentrations.
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