
Appl. Sci. 2014, 4, 525-547; doi:10.3390/app4040525 
 

applied sciences 
ISSN 2076-3417 

www.mdpi.com/journal/applsci 
Review 

Graphene Thermal Properties: Applications in Thermal 
Management and Energy Storage 

Jackie D. Renteria 1,2, Denis L. Nika 1,3 and Alexander A. Balandin 1,2,* 

1 Nano-Device Laboratory (NDL) and Phonon Optimized Engineered Materials (POEM) Center, 
Department of Electrical Engineering and Materials Science and Engineering Program,  
University of California—Riverside, Riverside, CA 92521, USA;  
E-Mails: jrent002@ucr.edu (J.D.R.); dlnika@yahoo.com (D.L.N.) 

2 Quantum Seed LLC, 1190 Columbia Avenue, Riverside, CA 92507, USA 
3 E. Pokatilov Laboratory of Physics and Engineering of Nanomaterials, Department of Physics and 

Engineering, Moldova State University, Chisinau MD-2009, Moldova 

* Author to whom correspondence should be addressed; E-Mail: balandin@ee.ucr.edu;  
Tel.: +1-951-827-2351. 

External Editor: Philippe Lambin 

Received: 3 March 2014; in revised form: 30 September 2014 / Accepted: 13 November 2014 /  
Published: 28 November 2014 
 

Abstract: We review the thermal properties of graphene, few-layer graphene and graphene 
nanoribbons, and discuss practical applications of graphene in thermal management and energy 
storage. The first part of the review describes the state-of-the-art in the graphene thermal 
field focusing on recently reported experimental and theoretical data for heat conduction in 
graphene and graphene nanoribbons. The effects of the sample size, shape, quality, strain 
distribution, isotope composition, and point-defect concentration are included in the summary. 
The second part of the review outlines thermal properties of graphene-enhanced phase 
change materials used in energy storage. It is shown that the use of liquid-phase-exfoliated 
graphene as filler material in phase change materials is promising for thermal management 
of high-power-density battery parks. The reported experimental and modeling results 
indicate that graphene has the potential to outperform metal nanoparticles, carbon nanotubes, 
and other carbon allotropes as filler in thermal management materials. 
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1. Introduction and Terminology 

In this paper, we review thermal properties of graphene, few-layer graphene (FLG), and graphene 
nanoribbons (GNR) and provide an example of a graphene application in thermal phase change 
materials (PCM). In many cases, when discussing graphene thermal applications, we use the term 
graphene even when the actual material consists of a mixture of single layer graphene (SLG), bilayer 
graphene (BLG), and FLG. The latter is because for thermal applications the difference between SLG 
and FLG is not as important as for electronic applications. It is sometimes difficult to distinguish 
between FLG and graphite films or between FLG and graphite nano-platelets (GnP) used in composite 
materials. The definition of SLG—a single atomic plane of sp2-bound carbon—is strict. The distinction 
between FLG and thin film of graphite or bulk graphite depends on the context. Investigating electrical 
properties one can consider the material to be FLG rather than graphite as long as it is thin enough for 
changing its carrier density via the electrostatic gating. In the thermal field, one can consider the film 
to be FLG as long as its Raman spectrum is different from that of bulk graphite.  

Acoustic phonons determine the thermal properties of graphene and graphite at room temperature 
(RT) T = 300 K, while the optical phonons define their Raman spectrum [1–5]. In both cases, the 
crystal lattice dynamics is essential for the distinction between FLG and graphite. The Raman 
spectrum of FLG differs from that of graphite for the thickness H less than seven to 10 atomic  
planes [6–11]. In this review, we consider the materials to be FLG when its phonon properties are 
different from those of graphite (H ≤ 10 ≈ 3.5 nm). In most of cases, FLG flakes have larger lateral 
sizes (up to a few micrometers) than their thickness H.  

The initial interest in the thermal properties of graphene and FLG was driven by the exotic physics 
of two-dimensional (2D) phonon transport [1–5]. Recently, the studies turned to thermal properties of 
graphene and related composite materials from the position of practical applications. In this review, we 
briefly outline the state-of-the-art and new developments in the field of thermal properties of graphene. 
In addition, as an example of a practical application of graphene in thermal management, we will 
describe graphene-enhanced phase-change materials (PCMs). Readers interested in details of the 
phonon thermal transport in graphene and FLG are referred to other recent reviewers [1–3,12,13].  

2. Motivations for Graphene Applications in Thermal Management 

Development of high-power-density batteries, e.g., Li-ion batteries, enabled progress in mobile 
communications, consumer electronics, and automotive industries [14–16]. Temperature rise beyond 
the normal operating range negatively affects Li-ion battery performance. If overheated, the battery 
can suffer thermal runaway, cell rupture or explosion [17–19]. A conventional approach for thermal 
management of high-power-density-ion battery packs is based on the utilization of thermal PCMs. 
They reduce the temperature rise in the battery due to the latent heat storing and phase changes over a 
small temperature range [20–22]. 
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The common PCMs have very low thermal conductivity, K, with typical values in the range of  
0.17–0.35 W/mK at RT [23]. For comparison, the room-temperature (RT) thermal conductivity of Si 
and Cu are ~145 W/mK and ~381 W/mK, respectively. Conventional PCMs store heat from  
the batteries rather than transfer it away from the battery pack. The use of PCM in battery cells also 
serves the purpose of buffering the battery cell from extreme fluctuations in ambient temperature. This 
is different from thermal management of computer chips. To reduce the temperature rise in a computer 
chip, one uses thermal interface materials (TIMs) or heat spreaders that facilitate heat transfer from  
the chip to the heat sink [15,24,25]. The thermal conductivity of TIMs is in the range of 1–10 W/mK 
while that of solid graphite-based heat spreaders can be on the order of 1000 W/mK [26]. In this 
review we describe how these two different approaches for thermal management can be combined via 
the introduction of the hybrid PCM with graphene acting as filler for increased thermal conductivity. 
The properties that allow graphene to be an exceptional filler material are its high intrinsic thermal 
conductivity [1,2], and strong binding with various matrix materials [25,27–30]. The discussion of 
graphene applications in PCMs will mostly follow our work reported in Ref. [29]. 

3. Intrinsic Thermal Conductivity of Graphene 

We start by summarizing the state of the art in the fundamental understanding of the thermal 
properties of graphene, focusing on recent theoretical and experimental reports. In 2008, it was 
discovered at the University of California—Riverside that graphene has extremely high intrinsic 
thermal conductivity K, which can exceed that of carbon nanotubes (CNTs) [1–5]. FLG retains excellent 
thermal properties [1,2,31]. Graphite, which is the 3D bulk limit for FLG with the number of layers  
n → ∞, is still an outstanding heat conductor with the intrinsic K ≈ 2000 W/mK at RT. For 
comparison, K ≈ 430 W/mK for silver and is much lower for silver nanoparticles used in TIMs. The first 
experimental studies of thermal conductivity of graphene were carried out using an original non-contact 
optothermal technique based on Raman spectroscopy (see Figure 1a,b). Taking into account  
the temperature shift of Raman G-peak, the temperature profiles for large-area suspended graphene 
flakes were determined. The thermal conductivity values were extracted from numerical simulations, 
taking into account temperature profiles and actual size and shape of the flakes. It was established that 
graphene demonstrates very high thermal conductivity K, exceeding 3000 W/mK near RT for large 
graphene flakes [1–5]. The measurements were performed with large-area suspended graphene layers 
exfoliated from bulk graphite. The development of the optothermal technique was instrumental for 
carrying out the thermal measurements with graphene.  

In the optothermal technique, the heating power, ΔP, is provided with the laser light focused on  
a suspended graphene layer connected to heat sinks at both ends [1]. The temperature rise, ΔT,  
in response to the dissipated power, ΔP, is determined with a Raman spectrometer. The Raman G peak 
in graphene’s spectrum exhibits strong temperature, T, dependence. The calibration of the spectral 
position of G peak with temperature has to be performed by changing the sample temperature while 
using low laser power to avoid local heating. During the thermal conductivity measurements  
the suspended graphene layer is heated by the increasing laser power. The local temperature rise in 
graphene is measured as ∆𝑇𝑇 = ∆𝜔𝜔𝐺𝐺/𝜑𝜑𝐺𝐺 , where 𝜑𝜑𝐺𝐺  is the temperature coefficient of the Raman G peak 
in the relevant temperature range [1].  
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Figure 1. (a) Schematic of the suspended graphene structure used for measurements of  
the thermal conductivity of graphene. Graphene was heated with the laser light focused in  
the middle of the suspended part. The temperature rise was determined from the shift of  
the G peak position in graphene Raman spectrum; (b) Scanning electron image of  
the bilayer graphene ribbon suspended across the 3-μm trench in Si/SiO2 wafer for 
optothermal measurements. The image is reproduced with permission from [1]. Copyright 
2010 Nature Publishing Group. 

 

The heat dissipated in graphene can be determined by measuring the integrated Raman intensity of  
G peak [4,5] or by a detector placed under the graphene [32,33]. Due to the fact that the optical 
absorption in graphene depends on the wavelength of the light [1,2,34–36], and because it is affected 
by strain, defects, and multiple reflections for graphene suspended over the trenches, one should 
measure the optical absorption in the specific experimental conditions. The dependence of the light 
absorption in graphene on the wavelength results from the many-body effects [34–36]. A correlation 
between ΔT and ΔP for graphene samples with a given geometry gives the thermal conductivity value 
via solution of the heat diffusion equation. The suspended portion of graphene is needed for 
determining ΔP, forming a two-dimensional (2-D) heat front propagating toward the heat sinks, and 
reducing thermal coupling to the substrate. The thermal conductivity data in the Raman optothermal 
technique can be extracted for the graphene and FLG flakes of arbitrary shape via solution of  
the heat-diffusion equation using the finite element method [31]. 

Independent studies conducted by other research groups [32,33] also utilized the non-contact 
optothermal technique but modified it via addition of a power meter under the suspended portion of  
the graphene samples. It was found that thermal conductivity of the suspended high-quality CVD 
graphene exceeded 2500 W/mK at 350 K, and it was as high as K ≈ 1400 W/mK at 500 K [32].  
The reported value is larger than thermal conductivity of bulk graphite at RT, which is about  
2000 W/mK. Other optothermal studies with suspended graphene found thermal conductivity in  
the range from 1500 to 5000 W/mK [33]. The experimental data for suspended or partially suspended 
graphene is closer to the intrinsic thermal conductivity because suspension reduces thermal coupling to 
the substrate and scattering on the substrate defects and impurities. The measurements for exfoliated 
graphene supported on SiO2/Si substrate revealed in-plane K ≈ 600 W/mK near RT [37]. This value is 
below those reported for suspended graphene because of the phonon scattering at the interface and 
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diffusion to the substrate. The thermal conductivity of supported graphene, limited by the extrinsic 
effects, it is still very high and it exceeds that of silicon and copper. In Ref. [37], the authors calculated 
the theoretical thermal conductivity of free graphene to be ~3000 W/mK near RT. Detailed review of 
thermal conductivity measurements and comparison of the results among different groups was given in 
Ref. [1]. 

4. Theory of the Thermal Conductivity of Graphene and GNR 

The first experimental investigations of the thermal properties in graphene materials [4,5,31–33,37] 
stimulated numerous theoretical and computational works in the field (see Figure 2a,b). Here, we  
briefly review the state-of-the-art in theory of thermal transport in graphene and GNRs. Many different 
theoretical models have been proposed for the prediction of the phonon and thermal properties in graphite, 
graphene and GNRs during the last few years. The phonon energy spectra have been theoretically 
investigated using Perdew-Burke-Ernzerhof generalized gradient approximation (GGA) [38–40], 
valence-force-field (VFF) and Born-von Karman models of lattice vibrations [41–46], continuum 
approach [47–49], first-order local density approximation [39,50,51], fifth- and fourth-nearest 
neighbor force constant approaches [40,52] or utilized the Tersoff, Brenner or Lennard-Jones 
potentials [53–55]. The thermal conductivity investigations have been performed within molecular 
dynamics simulations [56–72], density functional theory [73,74], Green’s function method [75,76] and 
Boltzmann-transport-equation (BTE) approach [31,41–43,49,53–55,77–85]. It has been shown that 
phonon energies strongly depend on the interatomic force constants (IFCs)—fitting parameters of 
interatomic interactions, used in the majority of the models. Therefore a proper choice of interatomic 
force constants is crucial for the accurate description of phonon energy spectra and thermal 
conductivity in graphene, twisted graphene and graphene nanoribbons [1–3,44,86].  

Although various models predicted different values of thermal conductivity, they demonstrated 
consistent results on the strong dependence of graphene lattice thermal conductivity on the extrinsic 
parameters of flakes: edge quality, FLG thickness, lateral size and shape, lattice strain, isotope, 
impurity and grain concentration. The molecular dynamic (MD) simulations usually give smaller 
values of thermal conductivity in comparison with the BTE model and experimental data due to 
exclusion of long wavelength phonons from the model by a finite size of the simulation domain [2]. 
The effect of the edge roughness on the thermal conductivity in graphene and GNRs has been 
investigated in Refs. [41–43,49,57,79–82,84,85,87,88]. The rough edge can suppress the thermal 
conductivity by an order of magnitude as compared to that in graphene or GNRs with perfect edges 
due to the boundary scattering of phonons. Impurities, single vacancies, double vacancies and Stone-
Wales defects decrease the thermal conductivity of graphene and GNRs by more than 50%–80% in 
dependence of the defect concentration [41–43,63–67,79]. 

A study of thermal conductivity of graphene and GNRs under strain was performed in  
Refs. [61,73,74,76,89]. An enhancement of the thermal conductivity of up to 36% for the strained  
5-nm armchair or zigzag GNRs was found in the ballistic transport regime [76]. In the diffusive 
transport regime, the applied strain enhanced the Umklapp scattering and thermal conductivity 
diminishes by ~1.4 orders of magnitude at RT in comparison with the unstrained graphene [74].  
The authors of Ref. [61] have found that when the strain is applied in both directions—parallel and 
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perpendicular to the heat transfer path—the graphene sheets undergo complex reconstructions. As  
a result, some of the strained graphene structures can have higher thermal conductivity than that of 
SLG without strain [61]. The discrepancy between theoretical findings and experiments requires 
additional investigations of thermal transport in strained graphene and GNRs. The isotope composition 
is another key parameter for thermal conductivity engineering in these materials [1–3,83,90–95]. 
Naturally occurring carbon materials are made up of two stable isotopes of 12C (~99%) and 13C 
(~1%). The change in the isotope composition significantly influences the crystal lattice properties. 
Increasing the “isotope doping” leads to a suppression of the thermal conductivity in graphene and 
GNRs of up to two orders of magnitude at RT due to the enhanced phonon-point defect  
(mass-difference) scattering [83,90–95]. 

Figure 2. (a) Dependence of the thermal conductivity of the rectangular graphene ribbon 
on the ribbon length L shown for different specular parameters p. The ribbon width is fixed 
at d = 5 µm; (b) Dependence of the thermal conductivity of the rectangular graphene 
ribbon on the ribbon length L shown for different ribbon width d. The specular parameter 
is fixed at p = 0.9. Note in both panels an unusual non-monotonic length dependence of  
the thermal conductivity, which results from the exceptionally long phonon mean free path of 
the low-energy phonons and their angle-dependent scattering from the ribbon edge. 
Reprinted with permission from [43]. Copyright 2012 American Chemical Society.  

 

Partial contribution of LA, TA and ZA phonons to the thermal conductivity in graphene is  
a subject of numerous debates. Some researchers argued that LA and TA phonons carry most of the 
heat in suspended graphene [41–43,49,72,84,85], while others suggested that ZA modes are dominate 
heat carriers [37,54,55,60,96]. Supporting the graphene by substrates or ripples in suspended graphene  
flakes increases the scattering of ZA modes and decreases their partial contribution to the thermal 
conductivity [37,97].  

Graphene and GNRs also demonstrated an intriguing dependence of the thermal conductivity on 
their geometrical parameters: lateral sizes and shapes [41–43,49,68–71,85]. Using the BTE approach,  
Nika et al. [43] have demonstrated that RT thermal conductivity of a rectangular graphene flake with  
5 µm width increases with length L up to L ~ 40–200 µm and converges for L > 50–1000 µm in 
dependence on the phonon boundary scattering parameter p (see Figure 2a). The dependence of the 
thermal conductivity on L is non-monotonic, which is explained by the interplay between contribution 
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to the thermal conductivity from two groups of phonons: participating and non-participating in the 
edge scattering [43]. The exceptionally large mean free path (MFP) of the acoustic phonons in 
graphene is essential for this effect. The increase in the flake width or phonon edge scattering (see 
Figure 2a,b) attenuates the non-monotonic behavior. It disappears in circular flakes or flakes with very 
rough edges (with specular parameter p < 0.5). Strong dependence of thermal conductivity on the flake 
length was recently confirmed experimentally. Xu et al. [98] reported on the logarithmically divergent 
room temperature thermal conductivity in suspended graphene flakes with L ~ 0.01–10 µm [98].  

A number of studies [68–70] employed the MD simulations to investigate the length dependence of 
the thermal conductivity in graphene and GNRs. The converged thermal conductivity in graphene was 
found for L > 16 µm in Ref. [68]. In Refs. [69,70], the thermal conductivity increases monotonically 
with an increase of the length up to 2.8 µm in graphene [70] and 800 nm in GNRs [69]. The obvious 
length dependence in graphene and GNRs can be attributed to the extremely large phonon mean free 
path Λ ~ 775 nm [5], which provides noticeable length dependence even for flakes with micrometer 
lengths. The available values of phonon thermal conductivity in SLG, few-layer graphene and GNRs are 
presented in Table 1 at RT (if not indicated otherwise). Readers interested in a more detailed description 
of theoretical models for the heat conduction in graphene materials are referred to other reviews [2,13]. 

Table 1. Thermal conductivity of graphene and graphene nanoribbons.  

Sample K (W/mK) Method Description Refs. 
Experimental Data 

SLG 

~3000–5000 Raman optothermal Suspended; exfoliated [4,5] 
2500 Raman optothermal Suspended; chemical vapor deposition  

(CVD) grown 
[32] 

1500–5000 Raman optothermal Suspended; CVD grown [33] 
600 Raman optothermal Suspended; exfoliated; T ~ 660 K [99] 
600 Electrical Supported; exfoliated [37] 
310–530 Electrical  

self-heating 
Exfoliated and chemical vapor deposition grown;  
T ~ 1000 K 

[100] 

FLG 

1300–2800 Raman optothermal Suspended; exfoliated; n = 2–4 [31] 
50–970 Heat-spreader method FLG, encased within SiO2; n = 2, …, 21 [101] 
150–1200 Electrical self-heating Suspended and supported FLG; polymeric residues 

on the surface 
[102] 

302–596 Modified T-bridge Suspended; n = 2–8 [103] 
Bilayer 
graphene 

560–620 Electrical self-heating Suspended; polymeric residues on the surface [104] 

FLG 
nanoribbons 

1100 Electrical self-heating Supported; exfoliated; n < 5 [105] 
80–150 Electrical self-heating Supported [106] 
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Table 1. Cont. 

Sample K (W/mK) Method Description Refs. 
Theoretical Data 

SLG 

1000–8000 BTE, 𝛾𝛾LA,𝛾𝛾TA Strong size dependence [42] 
2000–8000 BTE, 𝛾𝛾s(𝑞𝑞) Strong edge, width and grunaisen parameter dependence [41] 
~2430 BTE, 3rd-order 

interatomic force 
constants (IFCs) 

K (graphene) ≥ K (carbon nanotube) [107] 

1500–3500 BTE, 3rd-order IFCs Strong size dependence [54] 
100–8000 BTE Strong length, size, shape and edge dependence [43] 
2000–4000 Continuum approach 

+ BTE 
Strong isotope, point-defects and strain influence [49,95] 

4000 Ballistic Strong width dependence [108] 
2900 MD simulation Strong dependence on the vacancy concentration [58] 
20000 VFF + MD 

simulation 
Ballistic regime; flake length ~5 µm; strong width 
and length dependence 

[109] 

100–550 MD simulation Flake length L < 200 nm; strong length and defect 
dependence 

[65] 

3000  MD simulation Sheet length ~15 µm; strong size dependence  [68] 
2360 MD simulation L~5 µm; strong length dependence [70] 
4000–6000 MD simulation Strong strain dependence [74] 

1800 MD simulation 6 nm × 6 nm sheet; isolated [72] 
1000–1300 MD simulation 6 nm × 6 nm sheet; Cu—supported; strong 

dependence on the interaction strength between 
graphene and substrate  

FLG 

1000–4000 BTE, 𝛾𝛾s(𝑞𝑞) n = 8 − 1, strong size dependence [31] 
1000–3500 BTE, 3rd-order IFCs n = 5 − 1, strong size dependence [54] 
2000–3300 BTE, 3rd-order IFCs n = 4 − 1 [55] 
580–880 MD simulation n = 5 − 1, strong dependence on the Van-der Vaals 

bond strength 
[59] 

GNRs 

1000–7000 Theory: molecular 
dynamics, Tersoff 

Strong ribbon width and edge dependence [57] 

5500 BTE GNR with width of 5 μm; strong dependence on the 
edge roughness 

[84] 

2000 MD simulation T = 400 K; 1.5 nm × 5.7 nm zigzag GNR; strong 
edge chirality influence 

[88] 

30–80 AIREBO potential + 
MD simulation 

10—zigzag and 19-arm-chair nanoribbons; strong 
defect dependence 

[64,66] 

3200–5200 MD simulation Strong GNRs width (W) and length dependence;  
9 nm ≤ L ≤ 27 nm and 4 nm ≤ W ≤ 18 nm  

[67] 

400–600 MD simulation K~L0.24; 100 nm ≤ L ≤ 650 nm [69] 
GNRs supported 

on SiO2 

100–1000 BTE Strong edge and width dependence [85] 

Few-layer 
GNRs 

500–300 MD simulation 10-ZGNR, n = 1,…, 5 [71] 
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5. Graphene Applications in Thermal Phase-Change Materials 

In this section we briefly outline the approach of Balandin and co-workers [29] for graphene’s 
practical applications in thermal PCMs and outline results of other groups that reported the use of 
graphitic nanoparticles for such applications. As an example material system for the composite matrix 
we selected a specific paraffin wax. Paraffins or paraffinic hydrocarbons have the general composition 
of CnH2n+2 and are straight-chain or branching saturated organic compounds [110]. Commonly used  
in PCMs, paraffin waxes have the advantages of low cost and availability, are chemically stable, and 
are durable to cycling. Paraffins are suitable for the thermal control of batteries with its large range of 
melting points and a high latent heat of fusion (~250 kJ/kg). The specific paraffin (IGI-1260) used has 
a relatively high melting point of TM~70 °C. The n-alkanes distribution of this paraffin wax 
predominately consists of C34-C35 hydrocarbons [110]. The paraffin wax is a solid at room temperature 
and will start to exhibit softening characteristics at elevated temperatures as the long hydrocarbon 
chains are broken down into smaller ones with the absorption of heat.  

As previously reported by some of us [29] the graphene-PCM composites were prepared by melting 
paraffin wax at 70 °C on a hot plate and performing high-shear mixing with solutions of graphene  
and FLG synthesized from industry standard liquid-phase exfoliated (LPE) techniques. To avoid  
the oxidation process of liquid paraffin waxes, resulting in the formation of peroxide radicals and 
hydroperoxide above 80 °C, processing temperatures were carefully controlled. The resulting 
graphene-PCM was poured into molds and allowed to solidify under controlled humidity conditions. 
Different LPE recipes were used to synthesize the three types of LPE graphene solutions used as filler 
material. These graphene solutions had different average thicknesses and lateral dimensions. For low 
loading fractions up to 1%, a graphene solution with an average thickness of one monolayer (0.35 nm) 
and a lateral size distribution with a range from 150 to 3000 nm with 550 nm average size was used 
(graphene filler type A). For high loading fractions up to 20%, other types of FLG have been used. 
Filler type B consisted of a graphene solution with an average thickness of approximately three atomic 
layers (~1 nm) and an average lateral dimension of ~10 µm. Filler type C had an average flake 
thickness of 8 nm with a lateral size in the range of 150 and 3000 nm. Figure 3a presents optical images 
of hybrid graphene-PCM composites with graphene-FLG loading fractions of 0.5 to 20 wt. %.  
These composites were molded into disks and clearly show changes in color from white to black with 
the addition of graphene. This addition of graphene was also observed to cause some reduction of TM. 
The uniform dispersion and physical coupling of graphene-FLG within the paraffin matrix were 
verified using scanning electron microscopy (SEM) (see Figure 3b). As confirmed from the SEM 
images, graphene-FLG fillers are evenly distributed within the matrix. These composites with 
increasing amounts of graphene were further analyzed and monitored using Raman spectroscopy. 
Paraffin is known to have a large number of informative bands in its vibrational spectra from which 
variations are indicative of changes in a paraffin’s state and composition [111–115]. Analysis of  
the observed changes in the Raman spectrum indicated good attachment of graphene to hydrocarbon 
chains [29]. Additional confirmation of the increasing concentration of sp2-bonded carbon  
(i.e., graphene filler) and changes to the paraffin’s hydrocarbon chain were obtained from X-ray 
photoelectron spectroscopy (XPS) analysis. Such data provides information relating to the elemental 
composition, empirical formula, and chemical state of the measured sample. Here, the XPS results 
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indicate the presence of hydrocarbons with a binding energy (BE) of 284.9 eV. The transition centred 
at 284.9 eV is characteristic of this paraffin’s C1s spectrum and corresponds to the H–C and C–C 
bonds. As the relative composition of graphene increases in the hybrid graphene—PCM composite  
the intensity of the C1s peak changes. The XPS spectra indicate that as more graphene is added and 
mixed in with the paraffin wax the sp1 hydrocarbon quantity decreases. The reduction in the number of 
these H–C chains in the hybrid composites suggests a reaction is occurring between the graphene and 
the alkane chains of the paraffin in the hybrid-PCM composite.  

Figure 3. Hybrid graphene—paraffin phase change material. (a) Optical image of the PCM 
samples showing the change in color from white to black with increasing graphene content; 
(b) Scanning electron microscopy image of the hybrid graphene-PCM indicating uniform 
distribution of the graphene flakes.  

 
(a) (b) 

There are other examples of the use of graphitic nanoparticles for enhancement of paraffin waxes. 
Additions of nanoparticles to PCMs have been used for temperature regulation of property contrasts 
between the liquid and solid states. In a specific hexadecane—graphite suspension, a sharp rise in 
thermal conductivity was observed as the host hexadecane solidified at its transition temperature of  
18 °C [116]. The change in thermal conductivity by a factor of about three near the transition 
temperature was achieved with a 0.8% volume fraction of exfoliated graphite flakes processed through 
sulfuric acid intercalation, microwave expansion, and ultrasonic dispersion [116]. The addition of 
nanoparticles to PCMs not only aims to improve heat transfer during the melt phase but has also  
shown to enhance thermal energy storage and solidification of paraffin-based PCMs as with  
graphite nanofibers (GNFs) in n-tricosane [117]. Such GNFs were grown by catalytic deposition of 
hydrocarbons and carbon monoxide on an iron catalyst in a tube furnace. The resulting composites with 
10 wt. % of GNF provided for a solidification time reduction by 61% over paraffin samples, 
demonstrating its benefits to pulsed power profile systems. Another composite of 1 vol % multilayer 
graphene suspended in hexadecane demonstrated a solid-liquid thermal conductivity contrast ratio 
range between ~2 and 3.0 by freezing rate control [118]. In all aforementioned composites for practical 
applications and their regulating properties, the thermal transport mechanism occurred through both 
the nanoparticles and host medium at both liquid and solid host phases. Several instances demonstrate 
that the adjustment of particulate concentration of the graphite nanoparticles and combinations with a 
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variety of waxes provide for novel composites with tunable properties such as thermal and  
electrical conductivities. 

6. Thermal Conductivity of Graphene-Enhanced Phase Change Materials 

The transient plane source (TPS) method was used to measure the thermal conductivity of  
the hybrid composites [119–126]. The results of the measurements were compared to those obtained 
by other experimental techniques [123–124]. Starting with pristine paraffin as the baseline composite, 
thermal conductivity was measured at K = 0.25 W/mK. One can see in Figure 4a that as graphene-FLG 
filler is added to the baseline composite, a drastic increase of K is observed. The hybrid graphene-PCM 
composite with a 1 wt. % loading fraction possesses a measured thermal conductivity of ~15 W/mK at 
RT. This represents a significant increase in thermal conductivity by a factor of 60. This thermal 
conductivity enhancement factor, defined by ε = (K − Km)/Km, where K is the measured thermal 
conductivity of the composite and Km is the thermal conductivity of the paraffin matrix, is 
exceptionally high compared with values reported for either PCMs with fillers [127–129] or  
TIMs [26,28,30]. The trend continues up to a graphene loading fraction of 20 wt. % where the 
composite yields the highest value of thermal conductivity at ~45 W/mK, an enhancement of more than 
two orders of magnitude. Figure 4a presents the enhancement factors of thermal conductivity among the 
pristine paraffin wax and hybrid graphene-PCM composites with different graphene-FLG loading 
fractions [29].  

There are several possible reasons for a strong increase in the thermal conductivity of these 
composites. The first is the arrangement of graphene flakes creating a network within the composite 
ideal for thermal percolation or the strong binding of graphene flakes to the hydrocarbon based matrix 
providing for such an environment. The percolation threshold in thermal composites was 
predominately discussed in the context of carbon nanotubes and carbon fibers [130–133]. Results from 
these cylindrical high-aspect ratio fillers are not easily extendable to geometrically disparate graphene 
fillers. The physics of thermal percolation is debatable in these composite systems [25,130–133].  
The thermal percolation threshold can be less pronounced than the electrical percolation threshold due 
to heat conduction by the matrix. With the addition of graphene to the graphene—PCM composites, 
the lack of change in electrical conductivity was notably observed. This fact coupled with prior work 
in thermal interface materials and graphene fillers [26,30], make it reasonable to assume that evenly 
dispersed graphene flakes are unlikely to form an electrically percolating network at 1 wt. %.  
The second possible reason is good thermal coupling between the fillers and matrix. The increase of 
the thermal conductivity in these composites can be explained by optimal attachment of the graphene 
flakes to the hydrocarbon molecular chains during synthesis at a prescribed processing temperature. 
The heat transport can go partially via the graphene fillers and partially via the matrix. Graphene has  
a much lower thermal Kapitza resistance, RB = ΔT/(Q/A) (where ΔT is temperature difference between 
two materials forming an interface, Q is the heat flux, and A is the surface area), to several matrix 
materials as compared with carbon nanotubes (CNTs) to the same [1,30]. CNTs do not couple well to 
the matrix material or contact surface, which results in high thermal boundary resistance (TBR) 
between CNT filler and matrix materials and in large values of RB. The large TBR at the CNT matrix 
interface can be attributed to the fundamental property—high Kapitza resistance [134] between  
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one-dimensional CNTs and bulk material owing to the large difference in the phonon density of states. 
The attachment need not be covalent for improved heat conduction between fillers and matrix [133].  

Figure 4. Thermal properties of hybrid graphene-PCM. (a) Enhancement factor of thermal 
conductivity of the graphene—paraffin composites with different graphene loading as  
a function of temperature. The results for pristine paraffin are also shown for comparison;  
(b) Specific heat of the composites and reference pristine paraffin as a function of 
temperature. The image is reprinted with permission from [29]. Copyright 2014 Elsevier. 

 

Thermal coupling in the case between graphene fillers and paraffin matrix is likely to be stronger  
than other matrix-filler combinations. The density function theory (DFT) calculations and molecular 
dynamics (MD) simulations indicated a possibility of strong increase of the thermal conductivity in 
ordered graphene composites with organic matrix where the heat transport is along the direction of  
the graphene atomic planes. Enhancements of up to K/Km ≈ 360 have been reported for a graphene 
loading of 5% [135]. The exceptionally strong anisotropic increase in K was attributed to graphene’s 
planar geometry and good coupling to the octane molecules [135–137]. The heat carrying phonon 
modes excited in graphene coupled well to those in the organic molecules of the matrix material. 
Although a direct comparison between the experimental data for the graphene-paraffin composite and 
the composite studied in Ref. [135] theoretically is not possible, one can conclude that even randomly 
oriented graphene flakes should produce a strong increase in the thermal conductivity of composites. 
The dependence of thermal conductivity to a wide temperature range is relatively weak in all hybrid 
graphene-PCM composites, providing additional benefits for practical PCM-based applications.  
The opportunities for improvement in such thermal management applications can be obtained only if 
increasing thermal conductivity will not degrade the inherent latent heat storage properties of PCMs. 
Figure 4b presents the specific heat data in the examined temperature range. The specific heat for the 
reference paraffin wax is ~2 kJ/kgK at RT. The addition of graphene as filler in the paraffin matrix does 
not significantly change the specific heat near RT. As temperature increases some increase in Cp is 
likewise apparent, but this is expected as the temperature increases above 320–330 K. One should note 
that the experimental uncertainty increases substantially near the melting point.  
  

 



Appl. Sci. 2014, 4 537 
 
7. Application of Graphene-Enhanced PCMs in Battery Packs 

In this section we give an example of a specific practical application using graphene-enhanced  
PCMs as energy storage for thermal management in battery packs [29]. The goal in this application 
was to increase PCM’s thermal conductivity without degrading its latent heat storage ability.  
The battery packs consisted of cylindrical Li-ion batteries connected to a charging-discharging setup 
that delivered continuous charging-discharging cycles of 16A and 5A, respectively. During the pre-set ten 
charge-discharge cycles, temperature measurements were logged at assigned time intervals using 
strategically placed thermocouples and a data acquisition system (DAS). Two thermocouples were 
attached to the cathode and anode ends of a battery cylinder inside of the battery pack; a third 
thermocouple was attached to the battery pack shell that was acting as the heat sink; and a fourth 
thermocouple exposed to the ambient environment. The battery packs themselves were prepared with 
different media, including air (i.e., no PCM), pristine paraffin PCM, and hybrid graphene-PCM with 
different graphene loading fractions. The paraffin PCM used in these battery packs was melted, mixed 
with graphene solutions (as applicable), and allowed to cool to RT before testing. All experiments 
followed the same test and setup protocols. The representative results of the tests of the hybrid 
graphene-PCM reported by Balandin and co-workers [29] are presented in Figure 5.  

Figure 5. (a) Optical image of battery pack with six cylindrical Li-ion batteries. The space 
among the batteries is filled with paraffin PCM or graphene-enhanced PCM for testing 
under real-life conditions; (b) Diagram of the temperature rise inside the Li-ion battery 
pack during the first ten charging—discharging cycles for the battery pack without PCM 
(red), with conventional paraffin PCM (blue), with the hybrid graphene-PCM at 1 wt. % 
loading (orange) and with the hybrid graphene-PCM at 20 wt. % loading (green). Further 
reduction in the temperature rise is possible through a more robust design of the outside 
heat sink. The image in the right panel is reprinted with permission from [29]. Copyright 
2014 Elsevier. 

 
(a) (b) 

The empirical results from four different battery pack design configurations are presented in Figure 5. 
In the battery pack configuration where no PCM is used heat is dissipated via the ambient air and  
the metal bottom of the pack. This configuration produces the highest temperature rise at ΔT~37 °C 
inside the battery to the ambient environment as measured by the thermocouples attached to  
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the anode/cathode ends. Adding conventional paraffin PCM as the medium in the second battery pack 
configuration decreases the temperature rise to ~24 °C. Further decrease in the temperature rise is 
realized with graphene-enhanced PCM as the medium in these Li-ion battery packs as indicated in  
the third battery pack configuration. The lowest temperature rise of ~10 °C was measured during the first 
charge-discharge cycle which then stabilizes to ~16 °C after the third cycle and beyond. Improvement 
is observed further at a saturation temperature rise of ~ 13 °C in the fourth battery pack configuration 
with a higher graphene loading fraction of the hybrid graphene-PCM. The behavior observed in  
the dependence of ΔT to the number of cycles, seen in Figure 5, reflects the physical cooling mechanism 
characteristic of conventional PCMs and hybrid graphene-PCMs. The conventional PCM medium 
absorbs and stores most of the heat, while conducting a small amount to the outer battery pack shell. 
For the hybrid graphene-PCM medium the storage and conduction of heat occurs simultaneously and 
in the aforementioned configurations inhibited the PCM from reaching its melting point of 70 °C.  
The graphene-enhanced PCM medium results in a lower temperature rise inside the battery pack, but 
also increases the temperature of the outside shell. These conditions are ideal for practical applications 
in the automotive and aerospace industries where an appropriately designed thermally dissipating path 
from battery packs to heat sinks, e.g. vehicle frame, would eliminate or reduce the temperature rise of 
the outside shell, further improving thermal management. 

8. Modeling-Based Optimization of Thermal Management with Graphene-Enhanced PCMs 

Computer simulation of thermal management systems for battery packs provides valuable information 
for materials and system optimization. We corroborated our experimental results with the numerical 
solution defined by the heat diffusion equation for transient conductive heat transfer in solids and 
parametric data of the empirical battery design. These parameters along with the measured specific 
heat and thermal conductivity properties of the synthesized composites were used to model  
the conductive heat flow in the Li-ion battery pack using COMSOL’s computer simulation software 
package. The constructed three-dimensional (3D) model facilitated the analysis of the six-cylinder 
battery pack in different media. The six batteries, 18.4 mm in diameter, were evenly distributed within  
a medium represented as a solid cylinder, 70 mm in diameter, all of which were enclosed within a 1 mm 
thick aluminum sheath. Due to the battery pack’s simple construction, an extra coarse mesh of free 
tetrahedrals was used for the solid cylinders, heat conductive medium within which the solid cylinders 
were encased, and aluminum sheath. The transient conductive heat transfer equation was solved to 
determine the temperature rise inside and outside of the battery pack [29]. In all simulation runs only 
the material characteristics of the medium that fill the space among the battery cylinders were 
modified. The different media included air, conventional paraffin PCM, and graphene-enhanced PCM. 
For conventional paraffin PCM without graphene we used thermal conductivity K = 0.25 W/mK, mass 
density 900 kg/m3, and heat capacity 2500 J/kgK. The simulation results included a transient analysis 
of temperature vs. time for any specific point inside the 3D modeled battery pack at any given time. 
Specific locations of the data analyzed correspond to the physical placement of thermocouples in the 
empirical test setup. Empirical data from the thermocouples were compared to these simulation results.  

Figure 6 illustrates the Li-ion battery pack used in both empirical test setups and modeling 
simulations. Included are the simulated temperature profiles of four different cases that correspond to 
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actual experimental setups. In the case of air (i.e., no PCM) serving as the medium between battery 
cylinders, the cylinders reach their maximum temperature at 333 K. Upon introduction of conventional 
paraffin PCM as the medium the maximum temperature of the cylinders drops to 320 K. However, the best 
performing thermal management of these battery cylinders comes from the use of hybrid graphene-PCM 
medium with maximum temperatures of 310–315 K resulting also in a more uniform temperature 
profile. One should note here that substantial reduction of the temperature of the battery cylinders is 
achieved even at small loading fractions of graphene.  

Figure 6. Schematic of the battery pack and simulated temperature rise. The structure 
parameters correspond to the experimentally tested batteries. Modeling based optimization 
of the materials and pack parameters are essential for practical applications of  
graphene-enhanced PCMs in energy storage technologies.  

 
  

 



Appl. Sci. 2014, 4 540 
 
9. Conclusions 

In this paper we presented a review of the thermal properties of graphene and few-layer graphene. 
The results of the experimental and theoretical studies of thermal conductivity at room temperature and 
above are summarized in a comprehensive table. The practical applications of graphene in thermal 
management are outlined in an example using thermal phase change materials. It is shown that the use 
of liquid-phase-exfoliated graphene as filler material in phase change materials is promising for 
thermal management of high-power battery packs. The described results indicate that graphene has  
the potential to outperform metal nanoparticles and carbon allotropes as filler in materials for  
thermal management. 
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