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Abstract 

This experimental study covers the development of novel nanocomposite phase change ma- 

terials (NCPCMs) based on RT-35HC as a phase change material (PCM) and titanium 

oxide (Ti02) as thermal conductivity enhancement material, for thermal management ap- 

plications. The TiO2 loadings were varied from 0.0 to 2.0 wt.% in pure RT-35HC samples and 

characterized for their chemical, physical and thermal properties by different charac- 

terization methods.  The microstructures, chemical structures, lattice structures showed the 

presence of TiO2 nanoparticles onto the surface of NCPCMs. The results revealed that thermal 

properties including phase—change temperature, melting/solidifying latent—heat en- 

thalpies, specific heat capacity and thermal conductivity were decreased by the introduction of 

TiO2 nanoparticles. This study confirmed that NCPCMs based on Ti02/RT-35HC re- 

vealed the phase—change enthalpies and thermal conductivities of 238.33 — 227.74 J/g and 

0.238 — 0.341 W/m.K, respectively. In addition, significant chemical and thermal stability and 

no phase segregation were observed with the increase in loading of TiO2 nanoparticles. The 

newly developed Ti02/RT-35HC base NCPCMs revealed acceptable chemical stability, thermal 

reliability, and efficient conjugate heat transfer performance.  Thereby, NCPCMs exhibit the 

potential application for thermal energy storage and thermal management of electronic 

devices, Li-ion batteries and photovoltaic (PV) modules.  
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1 1. Introduction 
 

2 The recent global energy demand and supply has raised the attention of research in order  

3  to introduce efficient alternatives of thermal management (TM) and thermal energy storage 4 

(TES) systems. Specifically, the nature's blessed resources of fuels, formed by the natural 5 

processes called fossil fuels, are still being considered as key energy supply resources. How- 

6  ever, the greenhouse emissions related to their use are still a challenge to mitigate the global 7 

climate change.  The integrated systems with dual capability of TM and TES have been 8 

widely used for improving the energy efficiency and heat storage capability because of using 

9  phase change materials (PCMs) [1]. Thus, PCMs, as TES materials, have the tendency to 

10 absorb heat energy in two phase transformations (i.e. solid—to—liquid and liquid-to—solid) n  

and have been used air conditioning systems, desalination, refrigeration, cooling of electronic 
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devices and electric vehicle batteries [2, 3, 4, 5]. The organic PCMs specially paraffins have  

been under utilization of TM and lower temperature TES systems due to their intrinsic  

properties of (i) higher latent—heat of fusion, (ii) durable chemical stability, (iii) desirable  

phase—transition temperature, (iv) lower subcooling and (v) less expenses [6]. In spite of  

these, paraffins also exhibt the lower thermal conductivity causing to reduce the overall  

heat flow rate during phase transformation [7]. Scientists and researchers have adopted a  

few techniques including: (i) extruded metal fins [8, 9, 10, 11], (ii) metal foams and porous  

materials [12, 13, 14], (iii) dispersing nanoparticles and nanofiber [15, 16, 17, 18] (iv) en- 

capsulated micro/nano-capsules [19, 20, 21, 22] to overwhelm the thermal conductivity of  

PCMs. 

In recent years, nanoparticles (NPs) have attracted the attention of scientists and industri - 

alists due to their outstanding properties promoting innovation in the field of engineering 

and industrial processes.  NPs specially the metallic—oxides have two major advantages 

which include: (i) structural changes which alter the lattice symmetry and cell parameters and 

(ii) surface properties changes which influence the thermal conductivity and chemical 

properties because of increase in band gap [23]. Various studies have been reported us- 

ing different PCMs and NPs based on the operating conditions and melting temperature of 

PCMs.  It is however important to consider thermal and rheological properties while 

endothermic/exothermic process for the determination of thermal characteristics of PCMs 

integrated with metallic—oxide NPs [24]. 

For instance Bashar and Siddiqui [25] prepared NCPCMs by dispersing MWCNT, Ag, CuO  

and A1203 NPs into the paraffin wax.   In comparison with pure paraffin wax, the en- 
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34 hancement in heat transfer coefficient was achieved of 18% and  

 
 
 
 

14% with CuO and Ag 

 
35  NPs, respectively. Li et al. [26] used the 7—A1203 NPs and calcium chloride hexahydrate 
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(CaC12.6H20) as a PCM and studied the various thermal properties such as thermal con - 

ductivity, degree of subcooling and latent—heat of melting/solidifying of composite PCMs. 

Results reported the highest thermal conductivity of 1.373 W/m.K at 2.0 wt.% of -y—A1203 

NPs. Sharma et al. [27] synthesized the NCPCMs using TiO2 NPs by changing the mass 

loading of 0.5, 1.0, 3.0, and 5.0 wt.% into the palmitic acid, used as a PCM. Authors re- 

ported the highest thermal conductivity and lowest latent—heat of 0.35 W/m.K and 180.03 

kJ/kg 5.0 wt.% of TiO2.  Sami and Etesami [28] prepared Ti02/paraffin NCPCMs with 

weight concentration of 0.5, 0.7, 1, 2, 3 and 4 wt.% with and without sodium stearoyl lacty- 

late (SSL) as a surfactant. Authors found the optimum concentration of TiO2 of 3 wt.% 

resulted in 47.8% enhancement in thermal conductivity as compared to the pure paraffin. In 

addition, they suggested that by adding the SSL as a surfactant in NCPCMs showed the 

better dispersion and thermal stability for compared to NCPCMs without SSL.More 

further, they suggested that NCPCMs using SLL had the better dispersion and stability of 

TiO2 NPs compared with the with SSL NCPCMs. 

Teng and Yu [29] prepared samples of NCPCMs with paraffin wax and by considering 1,  

2 and 3 wt.% weight concentrations of different NPs (ZnO, Si02, TiO2 and A1203). The  

authors found that NCPCMs containing TiO2 NPs showed better results of thermal storage  

properties and reduced the onset decomposition temperature to make PCMs applicable to  

heat storage and thermal management systems compared to A1203, SiO2, and ZnO nanopar- 

titles. Wang et al. [30] prepared Ti02/paraffin wax NCPCMs with weight concentration  

ranging from 0 — 7.0wt.% without any surfactant. They reported that the thermal conduc- 

tivity of NCPCMs was improve till 3.0 wt.% of TiO2 and then it was decreased. Motahar  

et al. [31] investigated the rheological and thermal properties composite PCMs of consisted  

of n-Octadecane and TiO2 NPs with weight concentration range of 0 — 5.0 wt.%.  It was  

reported that the heat transfer occurred through conduction in solid phase and later on  

by convection mode.  However, the natural convection mode lowered the melting rate as  

the weight concentration of TiO2 was increased because of the increase in viscosity. Chen  

et al.  [32] reported the NCPCMs synthesized by carbon—coated aluminium NPs (Al—C) 

64 with paraffin wax. Authors found the thermal conductivity of 0.189 W/m.K with 4 wt.% 
  
65   
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of Al—C which was 206.5% higher in comparison with paraffin wax at 25°C. Nourani et al.  

[33, 34] prepared the paraffin wax and A1203 based NCPCMs with loading content of 0.5,  
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5, 7.5, and 

 
 
 
 

10 wt.% of A1203 and SSL as a surfactant for better stability dispersion.  For 
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solid and liquid phases, the effective thermal conductivity enhancement was found of 31%  

and 13%, respectively, at 10.0 wt.%. Babapoor and his co—authors [35, 36] prepared mono  

and hybrid NCPCMs using SiO2, A1203, Fe2O3, ZnO NPs and investigated the thermal and  

phase—change properties in solid and liquid phases.  Authors obtained the higher thermal  

diffusivity with Fe2O3 at 8 wt.%.  Moreover, it was recommended that A1203 NPs were  

the most suitable for TM applications. Pahamli et al. [37] synthesized the NCPCMs using  

CuO and RT-50 by using 2 and 4 wt.%.  The higher thermal conductivity enhancement  

was obtained of 3.9% and 7.2% with 2 wt.% and 4 wt.%, respectively. Recently, Praveen  

and Suresh [38] investigated the thermophysical and heat transfer characteristics using CuO  

and neopentyl glycol (NPG) composite PCMs. Authors found the thermal conductivity and  

latent—heat of 0.61 W/m.K and 112.4 kJ/kg, respectively, with 3.0 wt.% of CuO. 

For effective heat storage and transfer using PCMs, the latent-heat and thermal conductiv- 

ity are the key thermal properties of PCMs which improve the TM efficiency. Therefore, a  

PCM with higher latent—heat and thermal conductivity with stable chemical structure is the  

most suitable. The literature reveals that most of the studies focused on the development  

of NCPCMs used for the high temperature TES applications. The current study focuses on  

synthesising of new NCPCMs which will be the most suitable for thermal management of  

electronic devices, photovoltaic modules and Li-ion batteries, working under the safe and  

reliable operating temperature range of 30 — 40°C [39, 40]. In order to keep in mind the safe 

operating temperature, a commercially available PCM (RT-35HC) is selected having melt- 

ing temperature of 34 — 36°C. To enhance the thermal properties and heat storage capacity  

at an optimum level, various loading from 0.0 to 2.0 wt.% of TiO2 nanoparticles are dis- 

persed. In this work, various properties of NCPCMs are investigated including morphology,  

chemical structure, crystal phase, specific heat, thermal conductivity, phase—change thermal 

properties, thermal stability and reliability. 
 
 

2.  Experimental description 
 

2.1. Materials 

In this work, the RT-35HC (34 — 36°C) was selected as a PCM which is commercially  

available product by Rubitherm GmbH, Germany, categorized under the paraffin PCMs.  

Nano Titanium (IV) dioxide (TiO2) [41], anatase powder (particle size < 25 nm, 99.7%  

trace metals basis, surface area: 45 — 55 m2/g, density: 3.9 g/mL at 25°C) and sodium 
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dodecylbenzene sulfonate (SDBS)  

 
 
 
 

[42] were purchased from Sigma-Aldrich, Inc. UK. The 

100 thermal properties of RT-35HC are listed in Table 1. All the materials were used without  

101 any further chemical processing because they are analytical reagent grade.  
 

Table 1: Thermophysical properties of RT-35HC. 

Melting temperature Thermal conductivity Latent heat Specific heat Density 

(°C) (W/m.K) (J/kg.K) (J/kg.K) (kg/m3) 

34-36  0.2 
 

240,000  2000 
880 (solid)  

770 (liquid) 

       
102    
103   
104   
105   
106   
107   
108   
109   
110   
111   
112   
113   
114   
115   
116   
117   
118   
119      
120     
121   
122   
123   
124 

 
 

2.2. Preparation of nanocomposite PCMs 

For the preparation of NCPCMs, a highly precise two-step method was opted which  

have been used extensively to prepare the nanofluids [43], as shown in Figure 1. RT-35HC  

was used as a base PCM and TiO2 NPs were added with weight concentration of 0.5,  

1.0, 1.5 and 2.0wt.% which acted as thermal conductivity enhancers (TCEs). In addition  

sodium dodecylbenzene sulfonate (SDBS) was added with the ratio 4 : 1 for each loading  

of the TiO2.  In first step, the RT-35HC was melted completely at its liquid state by  

providing the heat through a hot-water bath operating at constant temperature of 70°C.  

To achieve the uniform dispersion of TiO2 in RT-35HC, a constant fraction of the capping  

agent (SDBS) was added into the liquid RT-35HC. The mixture was stirred through a  

magnetic stirrer homogeneously at 70°C and 450 rpm for 30 mins. Thenceforth, the TiO2  

nanoparticles were added and stirred for further 3hrs for stable and uniform dispersions of  

TiO2 in RT-3511C. The prepared NCPCMs were labelled NCPCM1, NCPCM2, NCPCM3  

and NCPCM4 for weight concentration of 0.5, 1.0, 1.5 and 2.0 wt.%, respectively. Secondly,  

the ultrasonication was performed of each sample of NCPCMs for 60 mins maintaining  

the constant temperature of 70°C using an ultrasonic vibrator at a frequency of 40kHz  

[44, 45]. The ultrasonication process improves homogeneous and stable dispersion of TiO2  

and minimizes the agglomeration and sedimentation, as shown in Figure 2.  

 
 

3. Characterization methods 

The characterization of NCPCMs was carried out by various methods to study the surface 

morphology, chemical and physical interaction, thermal properties including phase-change 

temperature, melting/solidifying latent-heat enthalpies, specific heat capacity, thermal con- 

ductivity, thermal stability and thermographic images of temperature distribution.  
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olution and accuracy of 0.01 cm'. The crystallographic analysis was analysed from X-ray  

powder diffraction (XRD) patterns TiO2 NPs and all samples, obtained with Bruker (D8 - 

Advance, Bruker UK Limited) X-ray diffractometer with a monochromatic Cu-Ka radiation 
 

(A  =  1.5406A) within 29 range of 5 - 60°. 
 

3.2.  Thermophysical properties analysis  

To check the thermal stability and degradation temperature of NCPCMs, thermogravi - 

metric analysis (TGA) and derivative thermogravimetry (DTG) were performed through  

SDT-Q600 simultaneous TGA/DSC having 0.1tig precision. A sample mass range of 5-8mg  

was placed in an aluminium pan and test was performed in range of 20 - 400°C with step  

rate of 10 °Cmin-1 under the N2 purging flow rate of 100 mL/min. The phase-transition  

temperatures and enthalpies of RT-35HC and NCPCMs were measured using differential  

scanning calorimeter (DSC-2500, TA instrument Inc., UK [46]) between temperature range  

of 10 - 50°C at a temperature rate of 1 °Cmin-1 in a pure N2 environment with ±0.04% ac- 

curacy and ±0.005°C precision. The specific heat capacity was measured from temperature  

range of 20 - 60°C at 3 °Cmin-1 constant heating rate by adopting Sapphire method. An  

aluminium Tzero Hermetic pan and lid was used filled with the sample mass around 3 - 5  

mg precisely with no leakage. The thermal conductivity of pure RT-35HC and NCPCMs  

was measured using TCiTM thermal conductivity analyser (TCA) by C-Therm Technolo- 

gies Ltd, Canada following the modified transient plane source (MTPS) method (ASTM 

no  D7984) with the precision and accuracy better than 1% and 5%, respectively. The thermal  
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155      
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157    
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161 

conductivity was measured as a function of temperature ranging from 20 to 55 °C. Five 

readings were measured at constant temperature and an average value was considered with 

±1.0% uncertainty. To take the thermographs to NCPCMs, infrared thermography (IRT) 

tests were performed over a IR thermographic camera (FLIR-SC2600-EA2). To provide a 

uniform heating, the samples were heated in a water pot on a hot plate.  

 
 

4. Results and discussions  

 

4.1. Morphological and elemental analysis 

The ESEM scanning images, representing the micro-structural features and surface mor- 

phologies of TiO2 NPs and NCPCM4 shown in Figure 3. The spherical shape of TiO2 NPs  

can be seen from Figure 3a. Figure 3b and 3c represent the low vacuum secondary electron  

detector (LFD) and backscatter electron detector (BSED) images at 500 magnification for  
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low vacuum mode. Whereas, Figure 3d and 3e show the LFD and BSED of at 1000 magnifi- 

cation. It can be seen that TiO2 NPs are uniformly dispersed (white regions) over the surface  

of solid RT-35HC (dark regions) which is due the repulsive bonding of the SDBS acting as  

a surfactant. In addition, the homogeneous and heterogeneous percolation of TiO2 in RT- 

35HC can be observed in both of lower and higher magnifications. The presence of zones  

characterized by the heterogeneous aggregates of TiO2 NPs and zones of pure RT-35HC  

can be observed clearly. Similar observations of aggregation with Si02/A1203 nanoparticles  

had been reported by Chieruzzi et al.  [47].  In the liquid phase of NCPCMs, solvation,  

"Brownian motion" and "electrostatic repulsion" cause the NPs to separate individually.  

However, this collision increases between the NPs by increasing the NPs concentration and  

Van der Waals force becomes stronger at a short range which results in the formation of  

aggregates and sedimentation of NPs at high concentration. Moreover, as the concentration  

increases, the density of NPs per unit area also increases which yields the more pathways  

for thermal transport in PCM [48]. The uniform dispersion and percolation of NPs depend  

on the size of the NPs. A better dispersion of NPs into PCMs can be achieved with smaller  

size of NPs. 

The better understanding and visualization of NCPSMs, EDX maps of NCPCMs are shown  

in Figure 4. Figure 4a, 4b, and 4c which present the elemental distribution of carbon (C),  

oxygen (0) and titanium (Ti), respectively, of 2.0 wt.% of TiO2 NPs dispersed in RT-35HC.  

The red colour present in various zones of Figure 4a, shows the presence of C elements in  

RT-35HC, synthesized as a paraffin based PCM. Similarly, the cyan and green colours rep- 

resent the aggregates of 0 and Ti elements present compound of TiO2 nanoparticles and  

RT-35HC PCM. The distribution of C, Ti and 0 in different colours can be illustrate in  

single image present in TiO2 dispersed NCPCM in Figure 5. It can be revealed that ESEM  

and EDX images show the agglomerated TiO2 NPs in difference zones of the NCPCM which  

correlate with the Ref [47].  Thus, the NPs with smaller size reveal the better dispersion  

into the PCM [49, 50]. 

 

4.2. Chemical composition analysis 

The chemical composition and structural interaction of TiO2 NPs dispersed NCPCMs  

were verified by FTIR analysis. Figure 6 shows the transmittance band of FT-IR spectra of  

TiO2, RT-35HC and NCPCM1-4 between wave numbers of 500 and 4000 cm-1. The peaks  

around 510 and 526 cm-1 are attributed to the Ti-0 stretching vibrations in TiO2. For the 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) (c) 
 
 
 
 
 
 
 
 
 
 
 
 
 

(d) (e) 

Figure 3: ESEM images of (a)TiO2 NPs, NCPCM4 (b) LFD and (c) BSED at 500 magni- 

fication, (d) LFD and (e) BSED at 1000 magnification. 
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Figure 4: EDX mapping of NCPCM4 (a) carbon-(red),  (b) oxygen-(cyan),  (c) Titanium- 

(green). 
                                      
250vm 

Figure 5: EDX map of Qxygen, Titanium, and carbon elements present in NCPCM4.  
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spectrum of RT-35HC, it is observed that the three absorption bands at 2955, 2913, 2849 

CM -1 assigned to medium C—H symmetrical and anti—symmetrical stretching vibration of  

methyl (—CH3) and methylene (—CH2—) groups.  The scissoring of —CH2— appears at 1472 
 
 

11 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NCPCM4 
 
NCPCM3 
 
NCPCM2 
 
NCPCM1 
 
 
RT-35HC 

(C-H) 
 

TiO 

 
 

-CH3,-CH -2  (C-H)  (C-H) 

2  
 
 
 
(Ti-O) 

 
4000 3500 3000 2500 2000 1500 1000 500 

Wavenumber (cm-1) 



 
                      
(002)    

(010) 
(003) 

(011)  
(004) (-101) 

(012) NCPCM4 

(110) (0-22) 
(005) (207) 

(013) 
(008) (009) (0010) 

(0012)  (220) (-205) 
NCPCM3 
 
NCPCM2 
 

NCPCM1 
 
 
RT-35HC 

(101) 
 

(004)  (200)  (211) TiO2 

 
5 10 15 20 25 30 35 40 45 50 55 60 

2 



          
237   
238   
239   
240   
241   
242   
243   
244   
245   
246   
247                                
248    
249   
250   
251   
252   
253   
254   
255   
256   
257   
258   
259   
260   
261 

 

 

in RT-35HC. This improved trend in thermal stability can be explained by the following  

reasons: (i) the Tonset is related to the entire specific heat capacity (Cr) of Ti02/RT-35HC  

nanocomposites which can be raised by the Cp of TiO2 NPs, and (ii) enhanced thermal con- 

ductivity of NCPCMs which can transfer heat faster and uniformly within the PCM [32].  

In NCPCMs, the TiO2 NPs create the protective layer on the surface of pure RT-35HC  

which delay vaporization of RT-35HC during the thermal degradation. As NPs are likely  

to sediment which effect the thermal properties. Therefore, the DTG curves of NCPCM1-4  

shown in 8b confirm that the dispersion NPs enhance the thermal stability of RT-35HC.  

Since, no decompositions in materials have been observed until ,,,150°C. So, hybrid can  

effectively be used for TM of electronic devices, Li-ion batteries and PV modules and TES  

applications. 

Table 2: Decomposition temperatures and residue of TiO2 and RT-35HC based NCPCMs. 

Sample  Tonset (°C) Tmax .degr adation (°C) 'Y (%)  

RT-35  217.70  255.01  1.85 

NCPCM1  219.97  260.26  1.51 

NCPCM2  226.77  263.55  1.96 

NCPCM3  224.70  262.54  2.17 

NCPCM4  223.50  262.29  3.79 
 
 
 

4.5. Phase-change thermal properties analysis 

The phase—change thermal properties of pure RT-35 and NCPCMs are determined us- 

ing DSC for melting/cooling cycles, as shown in Figure 9.  Figure 9a and 9b present the  

DSC thermographs of endothermic and exothermic curves, respectively and corresponding  

measured values of phase-transition temperatures and latent—heat of melting/cooling are  

summarized in Table 3. With the addition of TiO2 NPs, phase—changes thermal properties  

have slightly changed during the synthesizing process. Latent—heat of melting/solidifying of  

NCPCMs decreases by increasing the TiO2 NPs loadings. The pure RT-35HC and NCPCMs  

show the single endothermic peaks during melting which reflect an isomorphous crystalline  

form of RT-35HC either in pristine state or in composite state. On the other hand, it can  

be noticeably observed that pure RT-35 and NCPCMs show the bimodal crystallization  

behaviour by showing a main exothermic peak temperature along with an additional peak  

of higher temperature during solidification process. This two—phase transitions phenomenon  

can be explained due to the appearance of a metastable rotator phase prior to completing 
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Table 3: Thermal properties of TiO2 and RT-35HC based NCPCMs*. 
 

Melting 
Sample 

T oset,m  Tpeak,m  Allm,exp  Allm,cal  RE (%)  Toset,,  

RT-35  34.06  36.09  255.88  - - 31.47 

NCPCM1  34.46  36.37  238.33  254.60  6.39  31.99 

NCPCM2  34.26  36.20  235.84  253.32  6.90  31.48 

NCPCM3  34.44  36.33  230.97  252.04  8.36  30.95 

NCPCM4  33.88  36.05  227.74  250.76  9.18  30.86 

             
Tp e a k , c  

 
31.71 

32.05 

31.99 

31.58 

31.40 

 

Solidification  
 w (%)  A T 

Alle,exp  Allc,cal  RE (%) 

260.79  - - 100  4.38 

243.04  258.76  6.08  93.14  4.32 

239.30  257.46  7.05  92.17  4.21 

234.32  256.16  8.53  90.26  4.75 

230.06  254.86  9.73  89.00  4.65 

T oset,in: onset melting temperature, Tpeak,m:
 peak melting tem

perature, 
Alirri,exp: e

xperimental latent-heat of melting, 

AH,,,,a/: calculated latent-heat of melting, To„t,c: onset solidifying temperature, Tpeak,c: peak solidifying temperature, 

AH,,exp: experimental latent-heat of solidifying, AH,,,a/: calculated latent-heat of solidifying, RE: relative error,  

w: mass percentage of RT-35HC, AT: degree of super-cooling 



          
304    
305   
306   
307   
308   
309   
310   
311   
312   
313   
314   
315   
316   
317   
318   
319   
320   
321   
322   
323   
324   
325   
326   
327   
328   
329   
330   
331   
332 

 

 

 

4.6. Thermal conductivity analysis 

The results of thermal conductivity variations and percentage enhancement of RT-35HC  

and NCPCMs are illustrated in Figure 13 and 14, respectively, as function of temperature.  

As expected, the increasing trend in thermal conductivity was achieved with the increase  

of TiO2 NPs loading in NCPCMs for solid and liquid phases.  For efficient and effective  

TM, the thermal conductivity of the PCM contributed significantly in heat storage/release  

rate while melting/cooling cycle. A PCM with lower thermal conductivity causes to mini - 

mite the rate of total heat storage/release both in conduction and convection modes while  

phase transformation. With the addition of TiO2 NPs, the maximum thermal conductivity  

of 0.480 W/m.K was achieved at 2.0 wt.% of TiO2 and 35°C. The temperature range be- 

tween 34 — 36°C is the phase—transition temperature range of pure RT-35HC at which the  

NCPCMs are in metastable condition. The crystalline structure of the RT-35HC becomes  

unstable and the increase in temperature accelerates the molecular vibration of in the lat- 

tice, thus thermal conductivity of pure RT-35HC and NCPCMs increases dramatically at  

the melting point (rs, 35°C) [31].  Figure 14 presents the average thermal conductivity of  

solid—phase (20-30°C), phase—change (,--, 35°C) and liquid-phase (40-55°C) regions of pure  

RT-35HC and NCPCM1-4.  The constant trend in enhancement of thermal conductivity  

was observed in solid and liquid phases. However a sharp increase and decrease trend was  

observed when the temperature increased from 30°C to 35°C and then 35°C to 40°C, respec- 

tively. Such deviations in results evidences that thermal conductivity of NCPCMs closely  

depends on the operating temperature. This phenomenon was due to the random motion  

of molecules within a disordered microstructure of lattice in liquid—phase. This molecular  

motion collapse the percolation network established by NPs under the solid—phase [55]. The  

thermal conductivities values of 0.333, 0.338 and 0.341 W/m.K are measured for NCPCM4  

at temperature of 30°C, 25°C and 20°C, respectively, as shown in Figure 13. The relative  

enhancement in effective thermal conductivities are obtained of 59.4%, 59.6% and 59.5%  

at temperature of 30°C, 25°C and 20°C, respectively, for NCPCM4, as shown in Figure  

14. The following Equation 3 was used to calculate the thermal conductivity enhancement 

factor after dispersing the TiO2 NPs into the RT-35HC: 

 

kNCPCM — kpcm 
= 

kpcm 
 
 
 
 

20 

x 100  (3) 
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present the results of thermal conductivity ratio, a given by Equation 4:  
 

kNCPCM 
=  (4) 

kpcm 
  
340 It can be revealed from that the value of e is greater than 1 which means that NCPCMs 
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have the higher thermal conductivity than the pure PCM. In addition, higher values of e are 

obtained for NCPCMs having solid—phase compare to the liquid—phase.  The correlations 

have been developed to predict the thermal conductivity of NCPCMs as a function of loading of 

nanoparticles for solid and liquid phases at temperature of 25°C and 55°C, respectively, as 

given below: 

At 25°C: 

 
 

kNCPCM = kpcm(0.31(p + 0.986)  (5) 
 
 
 

At  55°C: 
 
 

kNCPCM = kpcm(0.046cp + 1.003)  (6) 

 

The enhancement mechanism of thermal conductivity of TiO2 nanoparticles in RT- 

35HC is shown Figure 16. At lower concentration of 0.5 wt.%, the TiO2 NPs well dispersed  

independently in the RT-35HC, which reduces the thermal interfacial resistance and enhance  

the heat flow, resulting in a slightly improvement of the thermal conductivity, as shown in  

Figure 16a. When the loading increases about 0.5  1.0 wt.%, a small part of TiO2 NPs are  

formed as clusters due to the intermolecular interaction between the small particles. These  

clusters are in favour of forming segmental thermal conductive networks which improve the  

heat transferring path, as shown in Figure 16b, and thus improve the thermal conductivity  

of NCPCMs. Further increasing the concentration of TiO2 from 1.0 — 2.0 wt.%, the NPs  

can easily be connected to build up the complete thermal conductive networks, as shown in  

Figure 16c and 16d, which lead to significant improvement in thermal conductivity [32]. 

 

4.7. Specific heat capacity analysis 

Specific heat capacity (Cp) results of pure RT-35HC and NCPCMs are presented in  

Figure 17 from temperature range of 10 — 60°C to explore the results for solid and liquid  

phases. Since the Cp contributes less effect in total TES because of the lower TES density in  
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Table 4: Coefficients of the third-order polynomials in solid-state, G (J/g.° C).  

A  B  C  D  R2 

RT-35  0.0006  -0.0349  0.6687  -2.9832  0.9988 

NCPCM1  0.0009  -0.0493  0.9384  -4.4479  0.9984 

NCPCM2  0.0008  -0.0457  0.8701  -3.8549  0.9987 

NCPCM3  0.0009  -0.0489  0.9319  -4.0415  0.9985 

NCPCM4  0.0011  -0.0583  1.1128  -4.9497  0.9974 

face area of the NPs per unit volume [59, 60]. Theoretically, the Cp of materials is directly 

related to crystal structure, or its vibrational and configurational entropy which significantly 

affected by the nearest-neighbour configurations. Nanosized materials are structurally char- 

acterized by the metastable grain boundaries in which the nearest-neighbour configurations 

are much different from the coarse-grained state [60]. 

In addition, the morphology of NPs also influences significantly, since the smaller size  

NPs provide the larger interfacial surface area per unit mass between solid NPs and sur- 

rounding material, thus increase the contribution of interfacial effects in the suspension  

[61, 62, 63]. The interfacial interaction of solid-solid or solid-liquid may alter phonon spec- 

trum or phonon vibration mode of NPs near the surface area and therefore, change the Cp  

of NCPCM [64]. The high specific surficial interface area of NPs can adsorb liquid molecules  

to its surface which form the liquid layers. These liquid layers constrain the NPs and alter  

their free-boundary surface atoms into the non-free interior atoms [59, 64]. Therefore, the  

variation in Cp of NCPCMs is because of the varied Gibbs free energy of the NPs and liquid  

layers. 

 

4.8. Infrared thermography analysis 

The thermographics images of NCPCM1-4 are presented in Figure 19 to visualize the  

surface temperature distribution at different time interval from 5 to 30 min at a constant  

base temperature of hot-plate. The melting phenomenon of NCPCMs with different load- 

ings of TiO2 can be seen clearly for each time step. There is a clear difference in temperature  

between the samples and background due to the latent-heat absorption of NCPCMs during  

phase-transition. The change in colours from blue to red are showing the range of temper- 

ature from lower to higher because of constant heating. The thermographic images reflect  

the real time uniform surface temperature distribution of NCPCMs and uniform melting of  

each sample can be observed during heating. The quick flow away and melting of NCPCMs  

were observed as the loading of TiO2 increase from 0.5 to 2.0wt.%, as shown in Figure 19c. 
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applications. 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a)  5 min  (b)  10 min 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c)  15 min  (d)  20 min 
 
 
 
 
 
 
 
 
 
 
 
 

(e)  25 min  (f) 30 min 

Figure 19: Infrared thermography images of the melting process of NCPCM1-(A), NCPCM2- 

(B), NCPCM3-(C) and NCPCM4-(D): at different time steps with temperature variation in  

° C. 
 
 
 

5. Conclusions 

The current experimental study investigated the chemical, physical and thermal proper- 

ties of TiO2 dispersed nanocomposite phase change materials (NCPCMs) of varying loading  

into the RT-35HC. The chemical, physical and thermal properties of NCPCMs were de- 

termined by various material characteristic techniques such as ESEM, FT—IR, TGA, DCS 
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and thermal conductivity analyser to explore the best NCPCM for efficient TM and TES 

applications. The key findings are summarized as follows:  

• The ESEM and XRD results revealed that uniform dispersion of TiO2 nanoparticles  

 into RT-35HC. The presence of TiO2 nanoparticles in pure RT-35HC was observed 

through surface morphological and crystallography analysis. 

• The FT—IR spectrum revealed that there is no chemical interaction of TiO2 nanopar- 

 ticles with RT-35HC and there is only physical interaction of TiO2 with RT-35HC. 

 

• The TGA and DTG results show that all NCPCMs have good thermal and chemical  

stability. With the addition of TiO2 improved the thermal and chemical stability of 

pure RT-35HC. 

• The latent—heat of fusion was decreased with increasing the loading of TiO2.  The  

 optimum values of latent heat of 235.84 J/g at 1.0 wt.% of corresponding thermal 

conductivity of 0.284 W/m.K. In addition maximum deviation in latent heat and peak  

melting temperature were observed of 11.0% and 0.11%, respectively, at 2.0 wt.% of  
  

T i O 2. 

• The maximum thermal conductivities were obtained at phase-transition temperature  

 of 0.444, 0.461, 0.471 and 0.480 W/m.K for NCPCM1-4, respectively. However, higher 

thermal conductivity of 0.341 W/m.K was obtained in solid—phase of corresponding 

thermal conductivity enhancement percentage of 59.5% at 2.0 wt.% of TiO2 compared to 

the pure RT-35HC. 

• The addition of the TiO2 nanoparticles increases the specific heat capacity of the  

 pure PCM for both solid and liquid phases.  Furthermore, specific heat capacity of  

NCPCMs increases with the increase of the TiO2 mass concentrations.  The higher 

values of specific heat capacities were obtained as 2.84 and 2.56 J/g.°C at 25°C and 

50°C, respectively, at 2.0 wt.% of TiO2 compared to the pure RT-35HC. 

 

• The uniform melting and temperature distribution were observed from IR thermo- 

graphic images which revealed that with the increase of TiO2 mass concentrations 

heat transfer rate increases. 

It can be concluded from the presented results that newly developed Ti02/RT-35HC base  

nanocomposite PCMs presented acceptable improvement in TES properties and efficient 
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phase—change heat transfer characteristics. Thus, these nanocomposite PCMs have signif- 

icant potential in passive TM systems for electronic devices, Li—ion batteries, photovoltaic 

modules and direct utilization in solar thermal energy storage.  
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