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Abstract: Direct-absorption solar collectors have the potential to offer an unlimited source 

of renewable energy with minimal environmental impact. Unfortunately, their performance is 

limited by the absorption efficiency of the working fluid. Nanoparticles of functionalized carbon 

nanospheres (CNS) have the potential to improve the photothermal properties of the working 

fluid. CNS are produced by the pyrolysis of acetylene gas in a tube-based electric furnace/

chemical vapor deposition apparatus. The reaction takes place at 1000°C in the presence of 

nitrogen gas without the use of a catalyst. The synthesized CNS were examined and characterized 

using field-emission scanning electron microscopy, transmission electron microscopy, X-ray 

diffraction spectroscopy, Raman spectroscopy, thermal gravimetric analysis, and ultraviolet-

visible analysis. The CNS powders with a mean particle size of 210 nm were then functionalized 

using tetraethylammonium hydroxide ([C
2
H

5
]

4
 N[OH]) and used to produce a series of aqueous 

nanofluids with varying mass content. The photothermal response of both the nanofluids and 

films composed of CNS were investigated under 1000 W/m2 solar irradiation.
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Introduction
The development of new and efficient energy technologies that can deliver environmentally 

friendly, practical, and economically sustainable sources of energy is an important factor 

in tackling global warming and reducing carbon dioxide emissions. Sunlight falling on 

Earth offers a solution, since the hourly solar flux incident on Earth’s surface is greater 

than the annual human consumption of energy in a year.1 It is also the largest source of 

renewable energy, and has been collected, concentrated, and converted into usable forms 

of energy. However, the major obstacles in optimizing the use of this renewable energy 

lie in efficiently collecting and converting it into other useful forms of energy. One of 

the most common methods of collection is through solar thermal collectors, which vary 

in design for collecting solar radiation and efficiently converting the energy.2,3 A typical 

solar thermal collector consists of a black absorber surface, usually plates or tubes that are 

coated with a spectrally selective material that enhances the absorption of solar energy. 

The absorber then transfers heat to a working fluid or heat-transfer fluid flowing in tubes 

encased or attached to the absorber. There are clearly significant advantages to using 

this type of solar energy collection system: it is potentially 100% renewable, produces 

no emissions, and greatly reduces the cost of heating the working fluid.
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However, the efficiency of conventional solar thermal col-

lectors is not only dependent on how effectively the absorber 

can capture solar energy but also on how effectively heat can 

be transferred to the working fluid and heat losses from the 

collector. It is therefore not surprising that there is consider-

able interest in improving solar energy collection efficiency, 

which will in turn produce greater heating efficiencies. To 

significantly reduce the shortcomings of the conventional 

solar thermal collector, an alternative collector design was 

proposed in the 1970s. The so-called direct-absorption solar 

collector has the potential to directly absorb solar energy 

within the working fluid volume and significantly enhance 

the heating efficiency of the collector.2,4 For high-flux applica-

tions, the collector consists of a closed-loop heat-exchange 

circuit that separates the heat-transfer fluid from the potable 

water circuit. Initially, the solar energy is directly absorbed by 

working fluid in the absorber panels; the heated working fluid 

then flows through the piping circuit to the heat exchanger, 

where it transfers its heat to the potable water circuit. Typical 

examples of traditional working or heat-transfer fluids such 

as water, ethylene glycol, water/ethylene glycol mixtures, 

and oils have been shown to have extremely low adsorptive 

properties over the solar spectrum (0.25 , λ , 2.5 µm).5,6 

Therefore, for the direct solar absorption collector to operate 

at its optimal efficiency, its working fluid must have superior 

absorption properties over the solar spectrum. Hence the need 

for seeding the working fluid with suitable particles that can 

enhance the absorption properties of the base fluid.

Research in the late twentieth century focused on devel-

oping black liquids that contained small particle sizes ranging 

from the millimeter scale down to the micrometer scale that 

could be used to enhance the absorptive properties of the 

working fluid. Despite having good absorption properties, 

many of these particle-seeded fluids or microfluids were 

abrasive and suffered from particle precipitation and sedi-

mentation, which tended to block tubes, valves, and pumps in 

the collector piping system.2,7 Recent developments in nano-

technology have seen the discovery of many new materials 

with novel properties that are significantly different from their 

bulk form. The inclusion of nanoparticles in liquids to form 

stable suspensions has also been investigated, since nanoflu-

ids have the potential to significantly improve a number of 

fluid properties, such as thermal conductivity,8 heat transfer 

and transport properties,9 optical properties,6 and viscosity.10 

In addition, several researchers have reported that nanofluids 

have the potential to become an effective working fluid in 

direct solar thermal collectors.11–13 For example, a study by 

Tyagi et al revealed that a nanofluid composed of aluminum 

nanoparticles and pure water had an increased absorption 

capacity of 10% compared to a pure-water working fluid in 

a convention flat-plate solar collector.14 In a similar study, 

Han et al were able to demonstrate that nanofluids composed 

of carbon black particles displayed significant temperature-

increase enhancements compared to pure water.7

As early as 1985, the discovery of Buckminsterfullerenes, 

or buckyballs, heralded a renewed interest in new forms of 

carbonaceous materials. These new carbon nanostructured 

materials from the C
n
 family consist of nanotubes (CNTs),15–17 

nanofilaments,18 nanocapsules,19 and the recently discovered 

carbon nanospheres (CNS). CNTs are the blackest materials 

discovered to date,20 with excellent thermal and electrical 

conductivities,21,22 which makes them highly desirable for 

a number of applications, such as particle additives to the 

working fluids of direct solar absorption collectors. The nano-

sphere form of carbon has been synthesized and studied by 

a number of research groups worldwide23–25 due to its novel 

properties and potential applications. For example, the lumi-

nescent and fluorescent properties of carbon quantum dots are 

being explored as a low-toxicity alternative to metal-based 

quantum dots.26,27 Serp et al have classified carbon spheres 

into three categories: the first contains the C
n
 family and the 

well graphitized onion-like structures that have diameters in 

the range of 2–20 nm; the second contains the less graphitized 

nanosized spheres that range in diameter from 50 nm to 1 µm; 

and the final category contains the carbon beads that range 

in diameter from 1 to several µm.28

The properties of CNS are similar to those of graphite or 

fullerenes. Some of these properties include high temperature 

stability, a large packing density, and excellent electrical 

conductivity.29 These properties make CNS an attractive mate-

rial for a variety of potential applications, such as lubricating 

materials, energy-storage devices, supercapacitors, catalyst 

supports, superconductivity, and special rubber additives.30,31 

Recent studies by Wang et al have demonstrated the possible 

application of carbon-based graphene nanostructures in com-

puter hardware and nanoelectronic devices.32 The advantage 

of replacing copper and other metallic interconnections in 

micro- and nanoelectronic devices with graphene sheets and 

carbonaceous nanomaterials is that it will increase performance 

and overcome the large failure rate in metallic interconnections 

that has resulted from the trend in miniaturization.33,34 This 

paper investigates the potential use of CNS in an aqueous-

based nanofluid that has the potential to be used as the working 

fluid in a direct solar absorption collector.

Many techniques have been used to produce CNS to date: 

the carbonization of pitch,25 arc discharge,35 the pyrolysis 
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of hydrocarbons such as styrene, toluene, benzene, hexane, 

and ethene,36 chemical vapor deposition (CVD),28,37 the use 

of micelles,38 and ultrasonic processing.39

The CVD technique is considered to be one of the most 

effective processes available to produce CNS. In 1996, using 

a CVD equipped with a catalyst bed composed of mixed-

valent oxides and rare earth metals, with methane gas as the 

carbon source and operating with a reaction temperature of 

1100°C, Wang and Kang were able to produce monodis-

persed CNS.40 The composite oxide catalyst played a key 

role in releasing oxygen, which in turn reacted with hydrogen 

atoms of the methane molecule. The net result of this reaction 

process was the production of carbon nanostructures. Using 

a similar technique to Wang and Kang,40 but using an iron 

catalyst, Serp et al28 were able to produce CNS with a size 

range starting from 10 nm up to a maximum of 300 nm in 

diameter. Also using a CVD experimental setup operating 

with reaction temperature range of 650°C–850°C, with a 

catalyst bed of transitional metal salts supported by kaolin, 

Miao et al were able to produce CNS and carbon beads rang-

ing in size from 400 nm to 2 µm in diameter.41

CVD techniques that produce CNS without the use of 

catalysts have also been investigated by several researchers. 

The pyrolysis of both methane and benzene in a hydrogen 

atmosphere was investigated by Govindaraj et al for the 

production of CNS.42 In addition, Qian et al devised a 

noncatalyzed CVD process that used toluene as the carbon 

source for producing CNS that ranged in size from 60 nm 

to 1 µm in diameter.37 Furthermore, Jin et al have reported 

the use of a noncatalyzed process for producing CNS that 

used the direct pyrolysis of a hydrocarbon.36 The range of 

hydrocarbons investigated included benzene, ethane, hexane, 

styrene, and toluene. The size of the CNS produced ranged 

from 50 nm to 1 µm in diameter.36

This study is composed of two parts. In the first part, 

CNS were synthesized using a single-step CVD process 

that was capable of producing high yields of CNS without 

the use of a catalyst bed. In the second part, a two-step 

method of producing CNS-based nanofluids was adopted. 

In the first part, the process involved the direct pyrolysis of 

acetylene gas at a reaction temperature of 1000°C. The use 

of acetylene as the carbon feedstock made the process more 

economical than using conventional carbon sources such as 

hexane and toluene. After pyrolysis, the CNS powder was 

collected from the deposition sites in the CVD chamber or 

over water in the collecting chamber, and then examined 

and characterized using six advanced analysis techniques. 

These included field-emission scanning electron micros-

copy (FESEM), transmission electron microscopy (TEM), 

Raman spectroscopy, X-ray diffraction spectroscopy (XRD), 

thermogravimetric analysis (TGA), and ultraviolet (UV)-

visible analysis. After characterization, the CNS powders 

were then functionalized using tetraethylammonium 

 hydroxide (TEAH). This was necessary because untreated 

CNS are extremely hydrophobic, and a reactant was 

needed to attain suspension stability of the nanofluid. 

The second part investigates the photothermal response 

of five CNS-based nanofluids and a CNS base film when 

exposed to solar irradiation. The CNS film was also examined 

for its electrical conductivity.

Materials and methods
Chemicals
All chemicals used were of chemical-grade purity, purchased 

from Sigma-Aldrich (Castle Hill, NSW, Australia) and 

used without further purification. Milli-Q water  (Barnstead 

 Ultrapure Water System D11931; Thermo Scientific, Dubuque, 

IA) (18.3 MΩ cm–1) was used throughout all synthesis pro-

cedures involving aqueous solutions. The reactant/surfactant 

used in the preparation of the CNS was TEAH ([C
2
H

5
]

4
 

N[OH]).

Synthesis of carbon nanospheres
The pyrolysis of instrument-grade acetylene (C

2
H

2
) gas in 

the presence of high-purity nitrogen (N
2
) was carried out 

using a CVD apparatus to synthesize carbon CNS. The CVD 

setup consisted of a simple electrical furnace equipped with 

a horizontal quartz tube that was 3.8 cm in diameter and 

90 cm in length (Figure 1A). Once the furnace temperature 

was stabilized at 1000°C, the gases were introduced into the 

quartz tube of the CVD. The flow rates of both gases were 

monitored using flow meters (Dwyer Instruments, Michigan 

City, IN); the acetylene flow rate was 400 standard cubic 

centimetres per minute (sccm), while the nitrogen flow rate 

was 1200 sccm. During the pyrolysis process, no metallic 

catalysts were used, and nitrogen was used as a buffer gas. 

When both gases entered the quartz tube, the pyrolysis of 

acetylene immediately took place, and the formation of car-

bon soot could easily be seen. The soot formed on the inside 

wall of the quartz tube and also collected on the surface of 

Milli-Q water in the carbon-collecting chamber.

The difference in weight of the CVD collecting compo-

nents resulting from carbon deposition over a set period of 

time enabled the determination of the mass flow rate during 

the pyrolysis process. Over a series of 5-minute time inter-

vals, a mean carbon deposition rate was found to be 1.990 g 
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per 5 minutes or 0.398 g per minute. The mass balance indi-

cated that all of the carbon originally contained in the acety-

lene was deposited onto the collecting components within 

the CVD. The hydrogen from the acetylene combined with 

nitrogen to form ammonia (NH
3
). Thus, by mass, 92.3% of 

the acetylene was deposited as carbon in the form of soot dur-

ing the pyrolysis process. The collected carbon soot was then 

investigated and characterized using FESEM, TEM, XRD, 

Raman spectroscopy, TGA, and UV-visible analysis.

Characterization of carbon nanospheres
The particle size and structural and morphological features 

of the carbon soot were investigated using both FESEM and 

TEM. The morphological features of the soot were investi-

gated using a high resolution FESEM (1555 VP-FESEM; 

Zeiss, Oberkochen, Germany) at 3 kV with a 30-µm aperture 

operating under a pressure of 1 × 10–10 Torr, (Figure 2). TEM 

scans were taken using a Philips (Amsterdam, Netherlands) 

CM100 Twin TEM operating at 1 × 10–8 Torr pressure and a 

voltage of 80 kV. Images from both techniques were also used 

to graphically determine the mean CNS diameter.

The XRD spectra were recorded using a Siemens  (Berlin, 

Germany) D500 series diffractometer (Cu Kα = 1.5406 Å 

radiation source) operating at 40 kV and 30 mA. The dif-

fraction patterns were collected at room temperature over the 

2θ range from 20°C to 60°C with an incremental step size 

of 0.04°. The acquisition time was 2.0 seconds. The Raman 

spectra of the samples were recorded using a LabRAM 

model 2B dispersive Raman spectrophotometer (Horiba, 

Kyoto, Japan) that was equipped with a 2-mW helium–neon 

(λ = 632 nm) laser. All spectra were collected between 

4000 cm–1 and 125 cm–1 using a diffraction grating consisting 

of 600 lines per millimeter.

TGA was used to investigate the thermal stability of the 

CNS using an SDT 2960 (TA Instruments, New Castle, DE). 

Initially, two 8-mg carbon soot samples were prepared; the 

first sample was used in a high-purity argon atmosphere, and 

the second sample was used in normal atmospheric air. The 

TGA procedure determined the start and completion of the 

oxidation process of each sample and the respective atmo-

sphere in turn as the temperature was increased, (heating rate 

of 10°C/minute) from room temperature (24°C) to a maxi-

mum temperature of 900°C, (see Figure 3). The UV-visible 

response of the carbon soot was examined by first dissolving 

a small amount of CNS in ethanol. The mixture was then 

passed through a 0.22 µm Whatman Millipore syringe filter, 

and the resulting filtrate was examined using a Varian (Palo 

Alto, CA) Cary 50 series UV-visible spectrophotometer 

version 3, over a spectral range of 200–800 nm, with a 1-nm 

resolution over 1 hour using a scan rate of 400 nm per sec at 

a room temperature of 24°C.

Functionalization of carbon nanospheres 
and synthesis of nanofluids
The synthesized CNS powders were found to be extremely 

hydrophobic and needed to be functionalized before 

being dispersed in Milli-Q water (see Figure 4B insert). 

 Functionalization consisted of adding 1–2 mL of 20% TEAH 

to a specific mass of CNS powder in a mortar. The range of 

CNS sample masses functionalized was 0.005, 0.010, 0.020, 

0.030, and 0.040 g. Each individual sample was then ground 

for 15 minutes to produce a smooth paste using a pestle and 

mortar. The paste was then added to a small vial containing a 

solution of 10 mL of 20% TEAH and 90 mL of Milli-Q water. 

The mixture was then sonicated for 1 hour using an ultra-

sonic processor (UP50H, 100% amplitude, 50 W, 30 kHz, 

MS7 Sonotrode [7 mm diameter, 80 mm length]; Hielscher 

Ultrasonics, Teltow, Germany) to disperse the CNS.

Photothermal response of a CNS-based 
film in air
The effectiveness of using a CNS film for temperature 

enhancement of a substrate surface exposed to solar irradia-

tion was investigated. A functionalized CNS paste was made 

by mixing 1–2 ml of 20% TEAH with 0.05 g CNS powder 

in a mortar. The mixture was then ground for 15 minutes 

to produce a smooth paste using a pestle and mortar. Two 

15-mm squares of Parafilm M (SPI Supplies, West Chester, 

PA) sealing film were cut. The first was untreated and used 

as the control. The second was coated with a thin layer of 

CNS paste that was evenly spread over the upper surface. 

The film was then allowed to naturally air-dry. Both film 

samples were then laid on a standard laboratory glass slide 

for support and handling. The slide was then placed into 

a specifically designed light box fitted with a solar light 

source (1000 W/m2). Both films were initially photographed 

using a thermal imager (Ti25; Fluke, Everett, WA) and then 

irradiated for 160 seconds. At the end of this time, both films 

were again photographed using the thermal imager. The pho-

tographic data was then processed and used to produce a set 

of before-and-after thermal images (see Figure 5A).

Photothermal response of nanofluids
The photothermal response of the nanofluids was carried 

out in a specifically designed light box fitted with a solar 

light source (1000 W/m2). The nanofluids were sealed in 
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glass vials, all filled to the same level to ensure the same 

thermal transfer area. The temperatures of each nanofluid 

sample were monitored using a QM-1600 meter (Digitech, 

Hounslow, UK) with the thermocouple inserted into the fluid. 

Three sets of temperature measurements were carried out and 

recorded in real time, with the average value being used. The 

average atmospheric temperature was 28°C.

Electrical conductivity measurements
Thin films with a mean thickness of 0.3 mm composed 

of functionalized CNS were examined for their electrical 

 conductivity. The functionalized CNS paste was made by 

 mixing 1–2 mL of 20% TEAH with 0.05 g CNS powder in a 

mortar. The mixture was then ground for 15 minutes using a 

pestle and mortar to produce a smooth paste. Then three 15-mm 

squares of Parafilm M sealing film were cut; these were used as 

backing support for the CNS film. The Parafilm M films were 

then coated with a thin layer of CNS paste that was evenly 

spread over the upper surface. The film was then allowed to 

naturally air-dry. The electrical conductivity characteristics 

of all three CNS films were carried out using a power supply 

(Escort dual tracking, model 3030TD; Microtek Instruments, 

Chennai, India) as the voltage source. The current and volt-

age measurements were taken using two digital multimeters 

(True RMS Digital Multimeter model 506; Protek, Morwood, 

NJ). The voltmeter probes were positioned 1 cm apart on the 

surface of the CNS film. Three sets of measurements were 

carried out on each film, and average values from all three sets 

of film measurements were used to produce a representative 

current–voltage curve for the film.

Results and discussion
The structural and morphological features of the CNS pro-

duced from the pyrolysis of acetylene were examined using 

both TEM (Figure 1B) and FESEM (Figure 2). Figure 1 

presents TEM images of the carbon soot particles that were 

collected directly from the collecting components within the 

CVD. The FESEM images (Figure 2) reveal that the untreated 

soot, in bulk, appears black and is composed of nanosized 

carbon spheres. The sphere diameters range in size from 

100 nm to 400 nm. This spherical particle morphology was 

confirmed by the TEM analysis. The images reveal that the 

CNS are consistently spherical in shape and range in size 

from 100 nm to 500 nm in diameter. Graphical analysis of 

both FESEM and TEM images revealed that the mean particle 

size of the CNS was 210 nm. The images of both FESEM and 

TEM also clearly demonstrate that a metallic catalyst was not 

needed during the pyrolysis of acetylene to form CNS.

The bonding and thermal stability of the produced CNS 

was investigated using both Raman spectroscopy and XRD. 

The Raman spectrum presented in Figure 3A reveals two 

prominent peaks, the first located at 1325 cm–1 and the second 

at 1583 cm–1. The first peak represents the D band, which 

results from defects and the disordered nature of the carbon 

soot, while the second peak results from the graphitization 

of the carbon soot (stretching mode of the carbon–carbon 

bonds). The peak intensity ratio of the D and G bands (I
D
/I

G
) 

is commonly used to describe the degree of graphitization of 

a carbon material.43,44 A recent study involving the noncata-

lytic pyrolysis of toluene to synthesize CNS by Qian et al 

produced a peak intensity ratio of 0.84,37 while Xu et al23 

reported a value of 1.15 for pyrolyzing a mixture of C
2
Cl

4
 

and Fe(CH
5
)

2
.45 This investigation found a peak intensity ratio 

value of 1.14; this value indicates that the CNS produced 

in this work have a lower degree of graphitization and the 

presence of disordered carbon.29,41

To confirm the degree of graphitization that has taken 

place in producing the CNS, an XRD study was undertaken. 

The results of the XRD study are presented in Figure 3B; 

Gas flow meters

Electric furnace

Gas bottles and pressure
regulation

Gas manifold
T

Quartz tube
(carbon collecting)

Transfer tube

Carbon collecting
chamber

A

Gas
vent

C2H2 N2

B

100 nm200 nm1 µm

Figure 1 (A) Schematic of the chemical vapor deposition equipment; 
(B) transmission electron microscopy images of carbon nanospheres produced by 
the pyrolysis of acetylene gas taken at three magnifications (left 1 µm, middle 
200 nm, and right 100 nm).
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inspection of the XRD pattern reveals two dominant peaks, 

the first occurring at a 2θ angle of 24.96° and 45.08°. 

These angles correspond to the (002) and (100) graphitic 

planes, respectively. Figure 4B also reveals a broadening in 

the XRD peaks, suggesting that there is some amorphous 

 carbon structure present with a lower degree of  graphitization. 

These results are similar to those reported by Jin et al, who 

produced CNS from a variety of hydrocarbons.36

TGA was used to investigate the thermal stability of the 

CNS; the results are presented graphically in Figure 3A. 

The initial thermal stability investigation was carried out in 

an Argon atmosphere (curve 1) from room temperature to 

900°C. Over this temperature range, a 4.619% weight loss 

was detected in the sample, which was believed to be the 

result of the amorphous carbon and trapped gases escaping 

from the sample. The TGA result for argon indicates that 

the CNS retained their spherical morphology and structural 

stability at temperatures up to 900°C in an inert atmosphere. 

This behavior is similar to the results obtained by Jin et al in 

a similar study.36 In the second part of the experiment, the 

thermal stability of the CNS in air (curve 2) was investigated. 

This was done because the CNS are known to be sensitive to 

oxidation. From Figure 3A, it is evident that the sample was 

stable below 500°C, but at higher temperatures there was a 

rapid onset of oxidation. Just above 500°C, the oxidation 

process began and rapidly increased until a sharp declining 

slope developed at 562.12°C, indicating the onset of a rapid 

oxidation rate. The steepness of this slope indicates that 

there are a large number of lattice defects in the structure 

of the CNS that enable oxygen to travel into the structure 

and facilitate a high oxidation rate. The oxidation process 

continued until all the carbon soot was completely oxidized, 

and the reaction abruptly ended at 658.19°C.

UV-visible analysis was used to investigate the fluorescent 

properties of the CNS produced in this work. The ultraviolet 

response of oxidized carbon nanoparticles formed in candle 

soot was first demonstrated by Liu et al.27 In their study, they 

found that the fluorescent properties of the candle soot were 

dependent upon the size of the carbon nanoparticles formed. 

A similar technique was used in this work to investigate the UV-

visible response of the CNS. In general, carbon soot is highly 

hydrophobic; however, the CNS produced in this study were 

able to be dissolved in alcoholic solutions.23 A small quantity 

of CNS were dissolved in ethanol, filtered using a 0.22-µm 

syringe filter and then submitted to UV-visible analysis. The 

absorbance peaks in the UV-visible spectrum are presented in 

Figure 3B. The preliminary optical results indicate that the CNS 

produced by the pyrolysis of acetylene show absorbance peaks, 

which could relate to the different CNS sizes.  Furthermore, 

under UV irradiation, the CNS in ethanol are fluorescent, as 

seen in the Figure 3B insert. This preliminary study clearly 

indicates that further investigation is needed.

Nanofluid stability is influenced by particle properties 

such as morphology and surface chemistry and the chemistry 

of the base fluid. The CNS synthesized in this work have a 

surface chemistry that makes them extremely hydrophobic 

(see Figure 4B insert, i). Therefore, it was necessary to 

functionalize the surface of the CNS using TEAH, which 

effectively modified the surface chemistry of the CNS. The 

fictionalization process effectively increased the wettability 

of the CNS surface, which allowed easier dispersion of the 

CNS into the Milli-Q water, hence forming the CNS-based 

aqueous nanofluid suspension (see Figure 4B insert, ii). The 

CNS-based aqueous nanofluid suspensions were stable for 

periods ranging from 2 to 3 weeks. After 2 weeks of standing 

in a glass vial under standard laboratory conditions, CNS 

particle precipitation could be observed. And by the end of 

the third week, sedimentation could be easily seen in the bot-

tom of the vial. Further investigation is needed to improve 

the long-term stability of the CNS nanofluids for periods 

greater than 2 weeks, when the nanofluid is left standing for 

extended periods.

Figure 2 (A–F) Field-emission scanning electron microscopy images of carbon 
nanospheres produced by the pyrolysis of acetylene gas taken at various 
magnifications ranging from 100 µm down to 100 nm.
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When a thin CNS layer film deposited on a Parafilm M 

film was exposed to 1000 W/m2 of solar irradiation, there 

was a significant photothermal response. After 30 seconds, 

the temperature of CNS-coated film was 4.5°C higher than 

the uncoated Parafilm M film, and after 160 seconds the 

temperature difference was 6.2°C. Thermal images of the 

CNS-coated and uncoated films are presented in Figure 5A. 

The complete thermal data for the 160-second test period 

are presented; the graphical plots reveal that there was a 

significant temperature difference throughout the test period. 

The data confirm that the CNS coating was able to provide 

a significant temperature enhancement to the Parafilm 

M film. In addition, the results of electrical conductivity 

measurements revealed that the current–voltage character-

istics of the TEAH-functionalized CNS films were linear 

(ohmic  behavior) over the experimental range examined (see 

 Figure 6B). The slope of the line fit indicates that the resis-

tance of the CNS films was relatively high, with a mean value 

of 920 ± 30 kΩ between the test probes (1 cm spacing).

A similar temperature-enhancement trend was also seen 

with the inclusion of CNS in an aqueous-based nanofluid. 

The base solution was composed of a solution of 10 mL 

20% TEAH and 90 mL Milli-Q water. The presence of 

TEAH in the base solution had no significant photothermal 

response when compared to the pure Milli-Q water control 

solution; therefore, the photothermal response seen in all 
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CNS nanofluids was the result of the CNS present. This can 

be seen in Figure 5B, in which increasing amounts of CNS 

in the base solution produce a greater photothermal response. 

In the case of the nanofluid with the smallest mass of CNS 

present (0.005 g); the temperature enhancement after 60 min-

utes was 3.5°C, while the nanofluid with the largest mass of 

CNS (0.04 g) had a temperature enhancement of 8.1°C for 

the same period of time (see Figure 6A). This result clearly 

indicates increasing CNS mass content in the nanofluid 

significantly improves the photothermal properties in the 

experimental range.

However, a similar study by Han et al using carbon black 

nanofluids found that the temperature enhancement of a 7.7-

vol% carbon black nanofluid was similar to a 6.6-vol% sample, 

thus indicating that the photothermal properties did not increase 

significantly above the 6.6-vol% sample.7 The 7.7-vol% carbon 

black nanofluid was found to produce a 7.2°C temperature 

enhancement compared to pure water. This is similar to the 

8.1°C temperature enhancement of the 0.04-g CNS nanofluid, 

the only major difference being in the type of carbon and its 

content. In terms of volume fraction, the 0.04-vol% (0.04 g) 

used in this study was significantly less than the values used 
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by Han et al.7 In addition, the CNS functionalized with TEAH 

appear to have enhanced photothermal properties compared to 

carbon black when we consider the low volume fractions being 

used in this work. Han et al also pointed out that the temperature 

enhancements of their carbon black nanofluids were higher 

than those of Mu et al’s TiO
2
/water, SiO

2
/water, and ZrC/water 

nanofluids (,1 wt%).7,46 The superior photothermal response 

of the carbon black nanofluids is believed to be due to the high 

concentration and good solar absorption of carbon black present 

in the water based fluid compared to the metallic nanoparticles 

used by Mu et al.46 The CNS used in this work also display the 

superior solar absorption properties of carbon black, but with 

much lower volume fractions. The lower fractions of CNS used 

this work make them highly suitable for incorporation into water 

based working fluids within a conventional pumping system, 

since unlike larger micrometer-sized particles, the nanosized 

CNS will have few detrimental effects, such as increased fluid 

friction, sedimentation, and blockages.

Conclusion
CNS were produced via the noncatalyzed pyrolysis of acety-

lene gas at 1000°C in the presence of nitrogen gas in a simple 
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electric furnace–based CVD apparatus. The resultant carbon 

soot contained CNS that ranged in size from 100 nm to 500 nm 

in diameter. Raman spectroscopy, XRD, and TGA analysis 

indicated a lower degree of graphitization in the CNS, which 

produced stable spherical structures with a mean particle size 

of 210 nm. The preliminary UV-visible analysis of filtered 

CNS dispersed in ethanol revealed some interesting features 

that will need further investigation. In addition, a detailed 

study is needed to investigate the effect of different reaction 

conditions on the size, structure, and morphology of CNS 

being formed during pyrolysis. The results of this further study 

would provide information needed to effectively control the 

formation mechanisms operating during the pyrolysis process. 

Refinement of the formation mechanism would allow fine 

tuning of the CNS size, structure, and morphology.

The CNS were then functionalized using TEAH before 

being dispersed in Milli-Q water to form nanofluids of varying 

CNS mass content. All of the CNS nanofluids had favorable 

photothermal responses to solar irradiation over the exposure 

period. The largest CNS mass content (0.04 g) nanofluid had 

the largest temperature enhancement of 8.1°C, which clearly 

demonstrates efficient absorption capabilities of the CNS 

nanofluids towards solar irradiation compared to Milli-Q water. 

The results indicate that functionalized CNS nanofluids have 

the potential to effectively improve the solar absorption capa-

bilities of direct-absorption solar collectors.
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