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Abstract— Carbon-based nanofluids are viewed as promising 

thermal fluids for heat transfer applications. However, other 

properties, such as electrical conductivity and 

electrochemical behavior, are usually overlooked and rarely 

investigated despite their importance for the overall 

performance characterization of a given application. In this 

study, we synthesized PAN-based carbon nanofibers (CNF) 

by electrospinning, and characterized them using electron 

microscopy, X-ray diffraction, X-ray photoelectron 

spectroscopy, Raman spectroscopy, and thermogravimetric 

analysis. Thermoelectrically & electrochemical 

measurements were carried out on nanofluids. We found that, 

although CNF nanofluids exhibit good thermal and electrical 

properties with a negligible corrosive effect, the suspensions 

tend to sediment within a few days. However, acid treatment 

of CNF (F-CNF), which resulted in the shortening of the 

fibers and the appearance of surface-oxygenated species, 

made F-CNF-based nanofluids exhibit superior stability in 

water that extended for more than 90 days, with consistent 

and superior thermal and electrical properties. 
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I. INTRODUCTION 

Heating or cooling fluids are involved in many industrial 

applications, such as energy production and supply, solar 

thermal collectors, chemical engineering, electronics, and so 

forth [1]. Nanofluids, which are liquid suspensions of 

nanometer-sized solid particles, such as metals, metal oxides, 

carbon- related materials, and so on, have been the focus of 

intensive research because of their potential use as heat 

transfer fluids [2]. Nanofluids have higher heat conductivity 

and better convective heat transfer capability than 

conventional fluids (e.g., water, ethylene glycol, etc.) while 

mitigating the issues of erosion, sedimentation, and clogging 

associated with suspensions of larger micro- or millimeter-

sized particles [1, 2]. In addition, it has been reported that 

their thermal conductivity is anomalously larger than that 

computed using the classical model of a well-dispersed 

particle composite [3], which sparked further theoretical 

interest explaining this phenomenon [4–6]. 

 Particularly for thermal applications [2, 7–9], 

nanofluids are expected to possess long-term suspension 

stability, which should be considered during the preparation 

and synthesis of nanofluids. Thus, reasons for fast 

sedimentation should be recognized and dispelled at early 

stages. The stability of nanoparticles in a given fluid is 

directly related the electrokinetic properties of the solid-

liquid mixture. Therefore, the control of solution pH, the 

addition of surfactants, and surface modification of 

suspended particles should be properly considered to obtain a 

stable nanofluid. For example, a suitable pH value for 

graphite, alumina, and copper suspended in water are 

different (i.e., 2, 8, and 9.5, respectively) [10]. Several reports 

have used of sodium dodecyl sulfate, polyvinyl pyrrole done, 

Arabic gum, polyethylene glycol, and so forth. For the 

reduction of aggregates and improved dispersion of carbon 

nanotube (CNT) in supporting fluids [11, 12]. However, the 

excess use of surfactant has a negative effect on the thermo 

physical properties and zeta potential of nanofluids [13]. 

 In this study, polyacrylonitrile (PAN)-based carbon 

nanofibers (CNF) were prepared by electrospinning, and they 

were characterized both as solid materials, and as 

suspensions. CNF has been considered as a substitute for 

carbon nanotubes (CNT) due to ease of their mass production, 

price competitiveness, high electrical and thermal 

conductivities, high-aspect surface area, as well as chemical 

stability [9, 21–24]. However, limited information has been 

reported on the nanofluid applications of CNF [25]. We show 

that CNF, given its good electrical conductivity, is a good 

candidate for supercapacitor applications taken as an example 

[26], whereas in nanofluid settings, it shows relatively good 

thermal and electrical conductivities. However, the low 

stability of CNF- based nanofluid resulted in its complete 

aggregation just after two days, which is not suitable for real-

world applications. Functionalization of CNF (F-CNF) was 

prepared by acid treatment of CNF and resulted in more 

resistive behavior because of its surface-oxygenated and 

hydrogenated species, but better thermal and electrical 

properties, as well as excellent stability compared to CNF. 

The same approach illustrated in this work, from the 

manufacturing of CNF material to the preparation of stable F-

CNF nanofluids, could be readily scaled up for industrial 

applications and can be investigated for other carbon-derived 

materials. 

II. EXPERIMENTAL SECTION 

A. Preparation of CNF-based Nanofluids 

Poly (acrylonitrile) (PAN, Mw = 150000 g mol−1), poly 

(vinylpyrrolidinone) (PVP, C6H9NOn), Mw = 1.2 × 106 g 

mol−1), and N, N-dimethyl form amide (DMF, C3H7NO) 

were acquired from Sigma Aldrich and used as received. 

Sulfuric acid (H2SO4) and, nitric acid (HNO3) were 

purchased from Sigma Aldrich. In a typical preparation 

procedure of CNF, first, 2 g of PAN were dissolved in 20 ml 

of DMF at 80 ◦C for 4 hour (h). Then, electrospinning of the 

resulting solution was carried out at 1 kV cm−1 on a rotating 

cylindrical drum. The electro spun PAN sheet was stabilized 

at 220 ◦C for 10 h, and finally carbonized at 900 ◦C for 1 h in 

a tube furnace (see Figure 1). The functionalized CNF (F-

CNF) was prepared by acid treatment in a mixture of H2SO4 

and HNO3, with a 3:1 volume ratio, at 70 ◦C for 4 h in order 

to oxidize the stable aromatic rings on the surface and to 

attach hydrophilic oxygen containing functional groups (such 
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as −COOH, −C−O, and −OH [27]). The sample was then 

washed several times with copious amount of water. 

 
Fig. 1: Scheme of Preparation Procedure of Carbon 

Nanofibers & Carbon Nanofiber-Based Nanofluids 

  The CNF-based nanofluids were prepared 

by dispersing different volume fractions, 0.02, 0.04, and 0.1, 

(low volume fractions were used as reported in [2]) of CNF 

and F-CNF in deionized water (base fluid) using a probe 

sonicator (Hielscher UPS400S 400 W, 24 kHz) for 2 h at half 

duty cycle. The sonication power was set to 60%. 

B. Stability, Thermoelectric & Corrosive Properties of 

Nanofluids 

The assessment of stability of nanofluid solutions was 

measured using a Zetasizer Nano ZS (Malvern). Dynamic 

light scattering (DLS) was used for hydrodynamic particle 

size analysis using a Microtrac Nanotrac Wave II Q (based 

on Mie theory for non-spherical particles). The sedimentation 

of CNF and F-CNF was monitored by visual inspection as 

shown in Figure 1. 

 The change of thermal conductivity of 45 mL CNF 

and F-CNF-based nanofluids with respect to change in 

temperature (from 25◦C to 65◦C using a thermostat bath) was 

measured using a KD2 Pro Thermal Properties Analyzer 

(Decagon Devices, Inc., acc. to ASTM D5334 and IEEE 442-

1981 standards) equipped with a 6-cm long and 1.3-mm 

diameter KS-1 sensor probe. Once the desired temperature 

was reached, the sample was allowed to become thermally 

stable before taking the measurement (about 15 min). 

Similarly, the change of electrical conductivity of nanofluids 

was measured with respect to change in temperature (from 

25◦C to 75◦C) using a conductivity meter (M/S Eutech 

Instruments). 

 The electrochemical corrosion measurements were 

performed using a Bio Logic VSP 300 potentiostat in a 

conventional three-electrode electrochemical cell at room 

temperature. We used a copper strip with 0.96×2.60 cm2 of 

exposed area as the working electrode in 0.02 % CNF and F-

CNF-based nanofluids (pH adjusted with NaOH solution). A 

large surface area Pt coil was used as a counter electrode, and 

a standard calomel electrode (SCE) was used as reference (all 

potentials are reported vs. SCE). Tafel plots were obtained 

from linear sweep voltammetry at 1 mV s−1 from -0.5 to +0.5 

V versus open-circuit voltage. 

III. RESULTS 

A. CNF & F-CNF Materials Characterization 

1) Morphological, Structural & Surface Chemistry 

Characterization 

In Figures 2(a) and 2(c), we show typical low- and high-

magnification FE-SEM micrographs of CNF material 

depicting a web of overlapped and highly elongated fibers. 

The length of the fibers can reach tens of micrometers, and 

the diameter is in average around 1 µm. The EDX results of 

CNF showed approximately 86.2 wt. % carbon, 7.9 wt. % 

nitrogen, and 5.9 wt% oxygen, corresponding to 88.5, 6.9, 

and 4.6 at.% respectively. The presence of residual oxygen 

and nitrogen indicates that the 100% carbonization of PAN 

was not achieved completely at the temperature of 900◦C, 

most probably due to the formation of other compounds 

during the oxidation step. After acid treatment, as shown in 

Figures 2(b) and 2(d), the carbon fibers were severely sliced 

to a few micrometers or smaller, while maintaining the same 

diameter. This provides higher interfacial area when 

compared to as-is CNF material. Furthermore, the chemical 

post-processing resulted in a rougher surface compared to 

untreated CNF, as seen in Figures 2(c) and 2(d). The EDX of 

F-CNF showed higher oxygen content 29.3 at. % (35.2 wt.%), 

which is approximately half of the 63.7 at.% (57.5 wt.%) 

measured for carbon, with 6.0 at.% (7.3 wt.%) for nitrogen. 

 The XRD patterns of both materials represented in 

Figure 2(e) show the (002) diffraction peak of carbon 

centered around 25.6◦ and 24.4◦ for CNF and F-CNF, 

respectively, in addition to very weak humps around the (100) 

plane. The peaks are broad and of low intensity which suggest 

a relatively low degree of graphitization of the PAN polymer 

source. The shift in 2θ for F-CNF compared to CNF, which 

corresponds to larger interlayer spacing, is attributed to the 

structural disruption of the fibers by the chemical 

functionalization process [30]. Nevertheless, overall, the 

chemical functionalization did not affect much the crystal 

structure of the fibers. 

 The Raman scattering spectra of CNF and F-CNF 

are shown in Figure 2(f), in which the intensity is normalized 

to the one of the graphite G peak. The G peak was detected at 

1,590 cm−1, which is upshifted by 9 cm−1 when compared 

to pure carbon graphite indicating probably the presence of 

intercalated compounds. The presence of a prominent D peak 

at 1,350 cm−1 for both materials indicates, again, poor 

graphitization of PAN, which is in line with the XRD results. 

For F-CNF, the ratio of D-to-G peak intensities was found to 

be 1.07, and 0.89 for CNF. This shows that the 

functionalization process provided further surface and edge-

related defects [28, 29]. 
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Fig. 2: Morphological & Structural Characterization of CNF 

and F-CNF using (a)-(d) FESEM, (e) XRD, (f) Raman 

Spectroscopy, (g) XPS, and (h) TGA 

 The analysis of surface chemistry was carried out by 

XPS, and overview spectra are shown for both materials in 

Figure 2(g). High resolution spectra of C 1s, O 1s, and N 1s 

are shown in Figure S1. The main constituents are carbon, 

oxygen, and nitrogen, whose peaks are centered at 

approximately 284 (2.6 eV FWHM), 532 (3.3 eV FWHM), 

and 398 eV (4.7 eV FWHM) in CNF respectively, and 282 

(2.7 eV FWHM), 529 (3.4 eV FWHM), and 397 eV (3.4 eV 

FWHM) in F- CNF. Compared to that measured in CNF 

material, the C 1s in F-CNF shows a broadening to lower 

binding energies, which can be attributed to surface defects 

and C−H terminals (note that the acidic character is readily 

verified via pH measurements when preparing the nanofluid 

mixtures, which show, for instance, a drop of pH to 4.6 for 

0.02 vol. % F-CNF, whereas the pH of the same fraction of 

CNF was 7.6, (see Table 1)). The broadening toward 

increasing energy is attributed to the presence of single and 

multiple carbon-oxygen bonds [31]. The atomic 

concentration for the C 1s, O 1s, and N 1s regions in the CNF 

sample were quantified to be 92.0%, 2.5%, and 5.5 %, 

respectively, whereas for F-CNF, the corresponding ratios 

were 68.5%, 23.9%, and 7.6 %, which are close to the EDX 

analysis results. The difference in integrated intensities for 

oxygen and carbon indicates that F-CNF’s surface is more 

like a form of carbon oxide with several oxygenated species, 

rather than graphite-like material. 

 The TGA results, as shown in Figure 2(h) show that 

most of the weight loss for CNF occurred beyond ca. 500◦C, 

which can be compared to common materials, such as 

MWCNTs (550◦C) [32], graphite (650◦C) [33], or a single 

graphene sheet (600◦C) [34]. The high temperature resistance 

of the CNF denotes the relatively well-crystallized structure. 

Once functionalized, the TGA of F-CNF material shows two 

slopes, wherein about 50 wt. % is lost up to ca. 450◦C, while 

a steeper weight loss occurred beyond that temperature up to 

600◦C. This difference is attributed to the higher content of 

hydrophilic groups in F-CNF material [27, 35]. 

2) Electrochemical Characterization of CNF- & F-CNF-

based Supercapacitors 

Cyclic voltammetry at a 1,000 mV s−1 scan rate and 

electrochemical impedance spectral results from 10 mHz to 

100 kHz of the two solid-state CNF and F-CNF-based 

supercapacitors are shown in Figure 3. It is clear from the 

quasi-rectangular voltammograms that the CNF-based 

supercapacitor has the highest energy storage capability, with 

an average device capacitance of 228 mF g−1 (computed as 

C = ∫ I dV /m ν ∆V, where I, V, m, ν and ∆V are the current, 

voltage, mass of CNFor F-CNF in the device, voltage scan 

rate, and voltage window, respectively [36–38]). The F-CNF 

device has about nine times less capacitance (i.e., 25 mF 

g−1). Furthermore, the high-frequency intercept of spectral 

impedance with Im(Z) = 0, as illustrated in Figure 3(b), shows 

an equivalent series resistance of 1.7 Ω and 3.3 Ω for CNF 

and F-CNF devices, respectively. The impedance phase angle 

shift versus frequency in the inset of Figure 3(b) shows an 

average of -70◦ for the CNF device from 20 mHz to 100 Hz, 

whereas the F-CNF device exhibits a more obvious resistive 

behavior. These results indicate that CNF is electrically more 

conductive and exhibits less resistive mass transfer when 

compared to F-CNF, in line with the surface chemistry 

analysis by XPS. 

 
Fig. 3: (a) Cyclic Voltammetry at 1,000 mV s−1 and (b) 

Nyquist plot of Impedance Spectroscopy (Inset Shows the 

Impedance Phase Angle Shift vs. Frequency) of Symmetric 

CNF- and F-CNF-based Supercapacitors 

Duration 

/ 

days 

Nanofibers 

Volume 

Fraction 

Zeta potential 

/ mV 

Average 

solvated particle 

size (from DLS) 

/nm 

pH 

2 CNF (0.02%) -16.3 984 7.6 

90 CNF (0.02%) -15.5 1077 7.6 

5 CNF (0.04%) -18.3 1083 7.5 

5 CNF (0.1%) -24.6 1984 8.4 

2 
F-CNF 

(0.02%) 
-42.9 422 4.6 

90 
F-CNF 

(0.02%) 
-41.8 468 4.5 
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5 
F-CNF 

(0.04%) 
-54.0 433 3.8 

2 F-CNF (0.1%) -61.8 435 2.9 

Table 1: Zeta Potential, Particle Size and ph Values of CNF 

and F-CNF-Based Nanofluids of Different Volume 

Fractions and On Different Days 

B. CNF- & F-CNF-based Nanofluids 

1) Stability 

The stability of the prepared nanofluids was evaluated by 

visual inspection, zeta potential, and DLS particle size 

analysis at room temperature. Figure 1 shows the photographs 

of 0.02 vol. % CNF in water and F-CNF in water nanofluids 

being stored statically for different periods of time. The CNF-

based nanofluid showed complete sedimentation of CNF after 

just two days, whereas F-CNF remained well-dispersed and 

stable even after 40 days of storage. The zeta potential of 0.02 

vol. % CNF nanofluid was -16.3 and -15.5 mV after 2 and 90 

days, respectively (see Table 1), indicating a rather unstable 

dispersion [12, 27]. 

 We also evaluated the stability of nanofluids with 

respect to particle loading as shown in Table 1. For the 0.1 

vol. % CNF-based nanofluid, the zeta potential decreased to 

-24.6 mV with the doubling of DLS size, and a moderate 

increase in pH. For the 0.1 vol. % F-CNF-based nanofluid, 

though, because of the presence of surface-functional groups, 

a slight increase of the average DLS size, a decrease in pH to 

2.9, and a drastic decrease of the zeta potential to -61.8 mV 

are observed, providing evidence of excellent stability of the 

solution. 

2) Thermal Conductivity 

The thermal conductivities of water, CNF, and F-CNF water-

based nanofluids with different volume fractions were 

measured on day one from 25◦C to 65◦C, and presented in 

Figure 4. We also did the measurements in the reverse 

direction, (i.e., from 65◦C down to 25◦C), and no hysteresis 

loop was observed [40]. Compared with that of water, the 

thermal conductivities of all nanofluids improved after the 

addition of CNF and F-CNF nanofibers. For example, at 

25◦C, the thermal conductivities of the 0.02% CNF and F-

CNF-based nanofluids are larger by 2.15% and 4.15% 

respectively, than that of water. At higher temperatures (e.g., 

65◦C), the enhancements reached 26.3% and 28.1%, 

respectively. We also measured the thermal conductivities of 

both 0.02 vol. % nanofluids after 5 months of storage. After 

shaking the suspension of CNF and F-CNF materials, we 

measured the values of 0.594 (-8.2% vs. day 1) and 0.646 (-

2% vs. day 1) W m−1 K−1 at 25◦C, and 0.626 (-16.7 % vs. 

day 1) and 0.714 (-2.5 % vs. day 1) W m−1 K−1 at 45◦C, 

respectively. This is a clear indication that F-CNF nanofluids 

thermal property remained quasi-constant as a function of 

time, as opposed to CNF-based nanofluid. It is worth 

mentioning that the pH value of CNF-based nanofluid 

dropped to 6.1 from 7.6 measured at day 1, whereas the pH 

of F-CNF-based nanofluid remained the same, i.e 4.6. 

 
Fig. 4: Thermal Conductivity of Water, CNF/Water, and F-

CNF/Water Nanofluids at 0.02%, 0.04% and 0.10% Volume 

Fraction with Respect to Temperature 

 As presented in Table 2, the effective room 

temperature (25 ◦C) thermal conductivities of our nanofluids 

are similar to those reported in the literature [25, 41, 42]. 

Which has been associated with the percolation-dominant 

thermal transport [45]. However, in this work, we found that 

F-CNF and CNF showed relatively close thermal 

conductivities at day 1 despite their different aspect ratios; 

nonetheless F-CNF-based nanofluid is superior due to its 

long-term stability and the consistency of its thermal 

conductivity. It is clear from the photograph in Figure 1, 

taken at day 1, that if the thermal conductivity was to be 

measured, CNF-based nanofluid would show results similar 

to that of water, whereas F-CNF-based nanofluid would show 

the same results as presented in Figure 4. 

Nanofluid 
Loading 

(%) 
Dimensions 

keff/kf 

@25◦C 

MWCNT/Water 

[41] 
0.24 wt. 

0.5µm, 1µm, 

1.7µm, 5µm 

length 

1.14, 

1.18, 

1.38, 

1.48 

CNF/Water [25] 2.5 vol. 

1 µm to 

several µm 

length; 10, 

2.5 vol. 

SWCNT/Water, 

DWCNT/Water, 

FWCNT/Water, 

MWCNT/Water 

[42] 

0.25 wt. 

10 µm 

length; 1-2 

nm, 2-4 nm, 

0.25 wt. 

CNF (Present 

study) 

0.02,

 

0.04 

and 0.1 

vol. 

> 10 µm 

length; ≈ 1 

µm average 

Diameter 

1.06, 

1.14, 

1.25 

F-CNF (Present 

study) 

0.02,

 

0.04 

and 0.1 

vol. 

3) < 5 µm 

length; ≈ 1 

µm average 

Diameter 

1.08, 

1.15, 

1.25 

Table 2: Comparative List of Thermal Conductivity Ratio 

with Respect to that of the Base Fluid (@25◦C) for different 

forms of Carbon Nanofibers & Nanotubes 
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C. Electrical Conductivity 

 
Fig. 5: Electrical Conductivity of CNF and F-CNF water-

based nanofluids (a) using 0.02% Volume Fraction as A 

Function of Temperature and ph (Results From water base 

fluid are also Shown for reference), and (b) using 0.02%, 

0.04%, and 0.1% Volume Fractions as a Function of 

Temperature 

Although important for many possible applications, such as 

the electrical voltage breakdown for transformers, the 

electrical conductivity of nanofluids has not yet been widely 

studied compared to thermal conductivity [46]. Figure 5(a) 

shows the electrical conductivity of water, CNF, and F-CNF 

water-based nanofluids at 0.02 % vol. each as a function of 

temperature (25◦C to 70◦C) and pH (3 to 9). Overall, the 

electrical conductivity of CNF and F-CNF based nanofluids 

is larger than that of water at any pH or temperature. In 

particular, at pH 6, the conductivity ratios of both nanofluids 

are about 50 times greater with respect to that of water over 

the whole temperature range. Away from the neutral pH, we 

observed an appreciable increase in electrical conductivity for 

each nano fluid. 

1) Corrosion Measurements 

 
Fig. 6: Tafel Plots of voltage vs. log of Current for Copper 

Strips in CNF and F-CNF Water-Based Nanofluids. The pH 

was adjusted to 6.5 using NaOH 

We evaluated the corrosive behavior of copper in CNF and F-

CNF-based nanofluids prepared with the same volume 

fraction of 0.02%, and at the same pH of 6.5 via 

Tafel’sanalysis. Tafel’spotentiodynamic polarization 

measurements from -0.5 to 0.5 versus SCE are presented in 

Figure6. Overall, the polarization curves show similar trends 

for the increase of current with potential in both anodic and 

cathodic branches, indicating similar behavior in terms of 

corrosion. Using the Stern method for Tafel’s plot fitting, 

wefound the thermodynamic and kinetic parameters (Ecorr = 

−77.6 mV, Ecorr = 80.3 µA, βa = 1.921 V, βc = 0.598 mV) 

for copper in CNF nanofluid, and (Ecorr = −81.9 mV, Ecorr 

= 19.2 µA, βa = 0.325 V, βc = 0.246 mV) for copper in F-

CNF nanofluid. The difference in corrosion potentials Ecorr 

is 5 mV, which is practically insignificant. 

 These results demonstrate that both nanofluids have 

similar and minimum corrosive impacts on copper. 

IV. CONCLUSION 

In summary, CNF was synthesized by electrospinning and 

characterized by different nanoscience techniques for 

nanofluids applications that includes for instance cooling of 

electronics, solar thermal collectors, and so forth. Knowing 

that the stability of nanofluid formulation is a critical factor, 

and that as-is CNF nanofluid did not show acceptable 

stability, various methods were investigated. We found that 

after acid treatment of CNF at relatively low temperature 

(70◦C), nanofluids prepared with functionalized CNF 

resulted in stable suspension (verified for up to 90 days) while 

exhibiting high thermal and electrical conductivities and 

negligible corrosive effects. Results showed that the thermal 

conductivity of 0.1 vol.% F-CNF at 65 ◦C was higher than 

that of water by 60%. This enhancement is similar to that of 

CNF nanofluid, however, the latter showed a quick 

sedimentation n after just two days. An enhancement of the 

electrical conductivity was found to be 2280% and 2260% for 

as low as 0.02 vol.% F-CNF and CNF nanofluids, 

respectively, which are higher than the electrical conductivity 

of 0.03 vol.% functionalized hydrogen exfoliated Graphene-

based nanofluid [47]. In addition, the corrosive behavior of 

both F-CNF nanofluid on copper was found to be minimum 

and similar to that of CNF-based nanofluid, which makes it 

suitable for heat transfer applications. Furthermore, 

nanofluids have been recently reported as a potential 

substitute for liquid dielectrics in high-voltage power systems 

(e.g., power transformers and capacitors) due to increased 

insulation and thermal response compared to those of mineral 

oils [18]. Our highly stable and cost-effective F-CNF could 

be an excellent candidate to investigate for these applications. 
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