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This dissertation investigates the application of graphene and carbon nanotubes (CNTs) 

for thermal management of high-power batteries and interconnects. The research is 

focused on three applications: (i) thermal phase change materials (PCMs) with graphene 

fillers for thermal management of battery packs; (ii) CNTs incorporated in the battery 

electrodes; (iii) graphene coatings for copper (Cu) interconnects. In this study, lithium-

ion (Li-ion) batteries were used for testing the proposed approaches. The graphene 

solutions for synthesis of graphene PCMs were obtained by the liquid-phase exfoliation. 

The graphene coatings on Cu films were grown by the chemical vapor deposition (CVD). 

In the first part of the dissertation, it is demonstrated that thermal management of Li-ion 

batteries can be drastically improved using PCM with graphene fillers. Incorporation of 

graphene to the hydrocarbon-based PCM allowed one to increase its thermal conductivity 

by more than two orders of magnitude while preserving its latent heat storage ability. A 

combination of the sensible and latent heat storage together with the improved heat 
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conduction outside of the battery pack leads to a significant decrease in the temperature 

rise inside the Li-ion battery pack. I the second part of the dissertation, it is shown that 

thermal properties of Li-ion battery electrodes can be improved by incorporation of 

CNTs. The electrodes were synthesized via an inexpensive scalable filtration method, 

which can be extended to commercial electrode-active materials. The measurements 

reveal that the in-plane (cross-plane) thermal conductivity of the cathodes with the 

highest battery capacity was ~50 W/mK (3 W/mK) at room temperature. These values are 

up to two-orders-of-magnitude higher than those for conventional electrodes based on 

carbon black. The highest in-plane thermal conductivity achieved in the carbon-

nanotube-enhanced electrodes was ~141 W/mK. In third part of the dissertation, it is 

demonstrated that graphene coating can strongly increase the thermal conductivity of Cu 

films as compared to the reference Cu and annealed Cu films. The observed improvement 

of thermal properties of graphene coated Cu films results primarily from the changes in 

Cu morphology during graphene CVD rather than from graphene’s action as an 

additional heat conducting channel. The obtained results are important for thermal 

management of advanced batteries and downscaled computer chips.  
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1.1. Thermal Management of Li-Ion Batteries 

The world energy market will demand energy densities of 35.2 trillion kWh by 2035 

which is a 31% increase in consumption from 2011 [1]. The United States currently 

imports 30% of its energy to meet the present electricity demands consumed domestically 

since domestic consumption exceeds production [2]. To address the energy generation 

and storage needs, the Department of Energy (DOE), Federal Energy Regulatory 

Committee (FERC) and National Institute of Standards (NIST) have detailed an energy 

roadmap to reduce our foreign dependency on energy while increasing the demand of 

renewable energies [3-5]. This initiative  articulates a national energy portfolio which 

will  increase the production of renewable electric energies from photovoltaic, wind, 

wood, biofuels and hydroelectrics to create a utility scale energy generation  and storage 

for a smart grid system which will support a large scale plug-in electric vehicle system. In 

addition to the current technologies, there are emerging renewable energy resources such 

as thermoelectric and ocean devices entering the global energy market [6-7]. The demand 

for renewable energies will be created by (1) enabling utility systems and private 

facilities to utilize renewable sources of energy local and through grid distribution, (2) 

create a large scale electric transportation for the growing plug-in electric vehicles (EV).  

Since the utility grid distribution varies based on demand while EVs require rechargeable 

batteries to generate and store the energy based on usage, the need for high performance 

and long term storage will be required for high power densities to supply electricity to the 

grid and high energy densities for long term operation of EVs. 
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Development of Lithium-ion (Li-ion) batteries enabled progress in mobile 

communications, consumer electronics, automotive and aerospace industries. Li-ion 

batteries are an essential part of the hybrid electric vehicles (HEV) owing to their high 

energy densities and low weight-to-volume ratios [8]. One of the most significant factors 

negatively affecting Li-ion battery performance is a temperature rise beyond the normal 

operating range. If overheated due to short-circuiting or fast charging/discharging 

processes the Li-ion battery can suffer thermal runaway, cell rupture or even explosion 

[9]. A fire in the Li-ion battery results in the emission of dense irritating smoke which 

could present a serious health and environmental risk [10]. Combining multiple Li-ion 

cells close together in a battery pack in order to provide higher electric power makes the 

thermal management of the batteries even more challenging. The severity of the potential 

thermal issues with the battery packs is exemplified by a recent incident with the 

overheating and fire in the batteries on-board the Boeing 787 Dreamliner [11]. 

1.2. Thermal Management at Nano-Scale 

The invention of solid state transistor and subsequent invention of the integrated circuit 

(IC) has advocated an unparallel technological and economic growth. In the last one 

decade, the aggressive downscaling of the device size has yielded enormous gains in 

terms of speed, energy efficiency, portability, device density and form factor. So far, 

device engineers have been successful to maintain Moore’s Law, which states that the 

numbers of transistors on an integrated chip will double every year [12]. This law was 

predicted to last a decade, from 1965 to 1975. In 1975, this slope changed to doubling 
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every 18 months. This has led to both a reduction of the size of transistors as well as an 

increase in the packing density. The increase in transistor density has also leaded to a 

significant increase in the power density (heat) in the same area that needs to be removed 

from the chip [13]. This law has continued for almost half a century and in 2005 was not 

expected to stop for another decade at least, because the fundamental thermodynamic 

limits are being reached in critical areas and innovative changes need to be made in both 

device structures and transistor materials so that the current rate of improvement can be 

maintained. The variety of novel phenomena that emerge at nanoscale include spatial 

confinement and quantization of phonon modes [14], decreased phonon group velocity, 

increased phonon boundary scattering [15], phonon redistribution due to scattering from 

rough boundaries and interfaces, pronounced thermal boundary resistance, and rarefied 

phonon gas effect. When the device feature size becomes comparable to the phonon 

mean-free-path (MFP) then in addition to the Umklapp scattering and Rayleigh 

scattering, phonon boundary/rough interface scattering emerges as a dominant phonon 

scattering mechanism. The definition of temperature also becomes very crucial in the 

scale of phonon mean free path and wavelength [16]. 

Thermal management has traditionally been a post-chip-making effort. Currently, it starts 

from the device and circuits packaging level itself. Increased number of interconnects and 

decreased transistor feature size lead to an increased thermal resistance of the ICs and the 

associated difficulties in heat removal [17]. Another phenomenon, which becomes more 

crucial as photonic device integration increases and the number of layers go up, is the 

thermal boundary resistance. It occurs when the heat flows in the direction normal to the 
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interface of two materials, a temperature drop may develop due to the acoustic impedance 

mismatch between the two materials even if the interface is atomically sharp [18]. 

Another aspect of the nanoscale heat management is related to the increasing demand of 

the operating speed of electronic devices. Effective means of heat removal are becoming 

a pressing issue for assuring the reliable performance and longevity of the nanodevices. 

Detailed knowledge of the mechanisms and physics in heat dissipation is thus essential 

for assuring superior thermal performance of nanodevices. 

1.3. Thermal Boundary Resistance 

Thermal boundary resistance (TBR) is defined as the inverse of thermal conductance, G, 

and it is used to describe thermal transport across an interface. TBR is given by 

       [
 ̇

    
]        [1.1] 

where  ̇ is the heat flow across an interface, A is the unit area and ∆T is the temperature 

difference between the two sides of the interface. When heat is transferred across an 

interface between two different materials, there is a temperature discontinuity at the 

interface. This effect was first observed at the interface between metal and liquid helium 

[19] but has later also been seen at the interface between two solids [20]. The qualitative 

differences between the behavior of boundary resistances at solid-solid and solid-helium 

interfaces can be explained by two limiting models of boundary resistance, the acoustic 

mismatch model – which assumes no scattering and the diffuse mismatch model – which 
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assumes that all phonons incident on the interface will scatter. The qualitative differences 

between the behavior of boundary resistances at solid-solid and solid-helium interfaces 

can be explained by two limiting models of boundary resistance, the acoustic mismatch 

model  which assumes no scattering and the diffuse mismatch model which assumes that 

all phonons incident on the interface will scatter. 

Thermal boundary resistance at solid-solid interface plays an important role in the 

thermal stability of many electronic circuits, micro devices, superconducting devices, and 

the whole package itself. With the ever-decreasing size of microelectronics, growing 

applications of super lattices, and development of nanotechnology, effect of thermal 

resistances between interfaces (solid-solid) on thermal conductivity are becoming 

increasingly important. In 1952, the first theoretical description of the phenomenon was 

suggested by Khalatnikov [21]. The description, currently known as the acoustic 

mismatch model (AMM), predicts poor phonon transport across interfaces when there are 

large differences in the density and sound velocity for the two interface materials, as is 

the case for the interface between liquid helium and most solids. The AMM was extended 

to solid-solid interfaces by Little in 1959 [12]. More recently, in 1987, Swartz measured 

TBR for several metal film and dielectric interfaces up to a temperature of 200 K [22]. 

Swartz found that below 30 K there was good agreement between the model and 

experiment, but above 30 K the model tended to under predict the measured TBR.  

In order to account for the phonon scattering at interfaces, the diffuse mismatch model 

(DMM) was suggested by Swartz and Pohl [14]. The model assumes that all phonons 
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incident on the interface from both sides are elastically scattered and then are emitted to 

either side of the interface. The probability for a phonon to be emitted to a particular side 

is proportional to the phonon density of states (DOS) of the two materials. Inherent to the 

DMM is that the transport is independent of the interface structure itself and is only 

dependent on the properties of the two materials. DMM also assumes only elastic 

scattering takes place at the interface. In the case of low temperature liquid He to solid 

interfaces the DMM predicts TBR two orders of magnitude lower than the one predicted 

by the AMM, while for solid-solid interfaces the differences are small [22]. Graphite 

nucleation 

1.4. Overview  

The introduction thus far suggests that in order to deal with the problem of increasing 

thermal issues in high density battery packs and hot spot temperatures in scaled down 

chips and devices, it is crucial to investigate thermal properties of materials at nanometer 

scale and identify materials and structures in which thermal properties can be engineered. 

This dissertation explores the thermal transport in a set of advanced engineered materials 

and device structures at nanoscale. We begin with the discussion of material properties 

and device structures investigated in this dissertation (Chapter 2). Chapter 3 discusses the 

experimental techniques used for thermal conductivity measurements which include two 

transient plane source techniques and the Raman optic technique. The first metrology tool 

discussed is the transient plane source (TPS) “hot disk” technique, which can measure the 

average in-plane thermal conductivity, and the second technique is the optical “laser 
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flash” technique (LFT), which measures the average cross-plane thermal conductivity. 

Raman optic technique was first developed for measurement of thermal conductivity of 

graphene [23]. This chapter describes the theory related to each experimental techniques 

used, the experimental set-up and the sample preparation procedure. In Chapter 4, 

experimental and theoretical results of thermal conduction in hybrid phase change 

materials with graphene as fillers. We show that thermal management and the reliability 

of Li-ion batteries can be drastically improved using hybrid phase change material with 

graphene fillers. Conventional thermal management of batteries relies on the latent heat 

stored in the phase change material as its phase changes over a small temperature range, 

thereby reducing the temperature rise inside the battery. Incorporation of graphene to the 

hydrocarbon-based phase change material allows one to increase its thermal conductivity 

by more than two orders of magnitude while preserving its latent heat storage ability. A 

combination of the sensible and latent heat storage together with the improved heat 

conduction outside of the battery pack leads to a significant decrease in the temperature 

rise inside a typical Li-ion battery pack. The described combined heat storage - heat 

conduction approach can lead to a transformative change in thermal management of Li-

ion and other types of batteries. In chapter 5 we studied the thermal conductivity of 

Carbon-Nanotube enhanced Li-Ion battery electrodes for thermal management of Li-ion 

and other high-power-density batteries. In chapter 6, we demonstrated experimentally 

that graphene – Cu – graphene heterogeneous films reveal strongly enhanced thermal 

conductivity as compared to the reference Cu and annealed Cu films. Chemical vapor 

deposition of a single atomic plane of graphene on both sides of 9-µm-thick Cu films 
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increases their thermal conductivity by up to 24% near room temperature. Interestingly, 

the observed improvement of thermal properties of graphene – Cu – graphene hetero-

films results primarily from the changes in Cu morphology during graphene deposition 

rather than from graphene’s action as an additional heat conducting channel. 

Enhancement of thermal properties of graphene capped Cu films is important for thermal 

management of advanced electronic chips and proposed applications of graphene in the 

hybrid graphene – Cu interconnect hierarchies.   
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2.1. Introduction 

Thermal management is a critical issue for the energy and electronics industry.  To 

prevent batteries and circuits from overheating and eventual breakdown, efficient heat 

removal techniques are necessary. Using materials with high thermal conductivities 

allows to increase the rate at which the heat can be transferred away from the devices and 

circuits. On the other hand materials with very low thermal conductivity are the focus of 

recent quest for high-efficiency thermoelectric materials. So, materials with both very 

high and very low thermal conductivities are technologically important. For this reason, it 

is important to investigate thermal properties of materials at nanometer scale and identify 

materials with the extremely large or extremely low thermal conductivity for applications 

as heat spreaders or heat insulators. Carbon has attracted much attention owing to its 

uniquely wide range of thermal conductivity. The various allotropes of carbon and their 

derivatives cover a wide range of thermal conductivity values from as low as 0.1 W/mK 

in diamond like carbon (DLC) [1] to above 5000 W/mK in single layer graphene [2-3]. 

Most of the heat in carbon materials is carried by lattice vibrations, i.e. acoustic phonons. 

The thermal conductivity of carbon materials depends on the structural disorder, sp
3
 or 

sp
2
 content of the material system, thickness and grain size of the films, and also on the 

dimensionality of the material system [4].  
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2.1.1. Graphene 

Graphite has been known to have one of the highest thermal conductivity ~2000 W/mK 

in in-plane direction amongst carbon based materials [5]. After discovery of carbon 

nanotubes (CNT), one-dimensional form of carbon [6], several research groups reported 

very high thermal conductivity in CNTs, higher than those of graphite [7-8]. Measured 

thermal conductivity of an isolated multi walled CNT (MWCNT) were reported to be ~ 

3000 W/mK around RT [9]. Berber et al. [10] theoretically reported a very high value of 

~ 6600 W/m K using molecular dynamic simulations. More recently, Andre Geim and 

Konstantin Novoselov discovered graphene - a single isolated layer of sp
2
 hybridized 

carbon atoms arranged in a honeycomb lattice, for which they split the 2010 Nobel Prize 

in Physics [11-14]. Graphene was first isolated by micromechanical cleavage of bulk 

graphite [11] and exhibits a bunch of unique electrical and thermal properties [11, 2-3]. 

Balandin et al. [2] used a Raman spectroscopy based technique to measure the thermal 

conductivity of this truly two dimensional system - graphene, and reported thermal 

conductivity values ~ 5000 W/mK which are on the higher end of that reported for CNTs. 

Graphene’s unique properties make it a realistic candidate for a number of electronic 

applications. One major problem is that the micromechanically cleavage technique allows 

only minute quantities of graphene which may be sufficient for fundamental research but 

is unlikely to become commercially viable. There has been rapid progress in alternative 

routes to produce large area graphene which includes chemical vapor deposition [15-16], 

epitaxial growth of graphene on electrically insulating substrates [17], reduction of 

graphene derivatives such as graphene oxide [18-19]. These films are not single crystal 
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graphene and do not have thermal conductivity as high as single layer suspended 

graphene, but at the same time, they are much easier for synthesis in mass quantities and 

may find commercial applications. 

2.2. Phase Change Materials 

There is a call for improved phase change metarials (TIMs) which facilitate heat transfer 

across interface by reducing the contact resistance between the heat-generating batteries 

and heat-sinking units. The selection of a suitable PCM material to fill the interface 

between a batteries and a heat sink is critical to the performance and reliability of the 

battery packs. A common approach for thermal management of Li-ion battery packs is 

based on the utilization of phase-change materials (PCM). The latent heat stored in PCM, 

as its phase changes over a small temperature range, allows one to reduce the temperature 

rise inside the battery [20-23]. By varying the chemical composition of PCM one can 

tune its melting point and the temperature range in which it can operate as a heat 

absorber. It is important to note that common PCMs are characterized by very low 

thermal conductivity, K, with typical values in the range of 0.17 – 0.35 W/mK at room 

temperature (RT) [24]. For comparison, the RT thermal conductivity of silicon and 

copper are ~145 W/mK and ~381 W/mK, respectively. 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 Li-ion cell from extreme fluctuations in 

ambient temperature. This is a different approach from what is used in the thermal 

management of computer chips. In order to reduce the temperature rise in a computer 
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chip one uses thin layers of thermal interface materials (TIMs) or heat spreaders that 

transfer heat from the chips to heat sinks and outside packaging [25-27]. The thermal 

conductivity of TIMs is in the range of 1 – 25 W/mK while that of solid graphite-based 

heat spreaders can be on the order of 103 W/mK [28].  

      Chapter 5 is dedicated to the experimental results on thermal conductivity of hybrid 

PCM’s with graphene fillers.  A number of disk-shaped samples were prepared by 

dispersion (via high-shear mixing) of aqueous graphene solution in to the paraffin wax. 

Graphene is known to have extremely high intrinsic thermal conductivity [29-30] and 

form excellent binding with a variety of matrix materials [27, 31-32]. The graphene-

enhanced hybrid PCM reveals thermal conductivity that is two orders of magnitude 

higher than that of conventional PCM while preserving its latent heat storage ability. 

Utilization of the hybrid PCM results in substantial decrease of the temperature rise 

inside battery packs as demonstrated under realistic conditions. 
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3.1. Introduction 

In this chapter, the experimental methodology to study the thermal transport in advanced 

engineered materials is described. A complete theoretical background of the experimental 

technique has been provided. The chapter discusses the method of sample preparation for 

the experimental measurements and also describes the experimental setup. Several 

practical considerations, from sample size requirement to the elimination of thermal 

contact resistance, will also be discussed. 

 

3.2 Transient Plane Source (TPS) “Hot Disk” Thermal Conductivity 

Measurement Technique 

Hot Disk is a transient technique for thermal studies on various sample types was first 

proposed by Gustaffson [1]. Hot Disk is designed to non-destructively measure thermal 

conductivity and thermal diffusivity of solid, fluid and powder materials as well as 

materials with anisotropic thermal properties. The thermal transport properties of solids 

vary extensively depending on the structure, pressure, temperature, density, etc., of 

different materials. The main motive behind the development of the TPS technique has 

been to include large ranges of the transport properties and also to apply the same 

technique to large variety of materials [2]. The Hot Disk Thermal Constants Analyzer can 

be used for measuring thermal properties of a large variety of materials with thermal 

conductivities ranging from 0.005 W/mK to 500 W/mK over a wide temperature range. 
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The prime component in the Hot Disk system is the sensor (probe). The most compact 

and convenient sensor for measurements is the plane one, comprising a bifilar spiral. 

With this design the area of the sensor is minimized while the electrical resistance can be 

made comparatively large. The Hot Disk sensor probe comprises a flat resistive element 

with a continuous double-spiral of electrically-conducting nickel (Ni) metal etched out of 

thin foil and sandwiched between two layers of Kapton to provide both electrical 

insulation from the sample and mechanical stability for the sensor. The Nickel foil is 

chosen because of its high and well-known temperature coefficient of resistivity (TCR). 

This coil has a temperature coefficient (TCR) which can be deduced accurately for 

resistance recording. This nickel spiral is supported on both sides with a thin electrically 

insulating material. In TPS method, this electrically insulated flat nickel sensor plays a 

role of the heater and thermometer simultaneously. It is placed between two pieces of a 

sample under investigation. During the experiment, a constant current pulse is passed 

through the sensor, which generates heat. The heat generated dissipates through the 

sample on either side at a rate dependent on the thermal transport properties of the 

surrounding material. The temperature increase in the sensor is accurately determined 

through resistance measurement. Thermal properties of the material can be accurately 

determined by recording temperature rise as a function of time in the sensor. Fig. 3-1 

shows the nickel bifilar sensor. 

Nickel metal can be used as a sensor material over a large temperature range. In 

experiments performed with the Hot Disk, it can be used from 250 K to 700 K.  However, 

it is not possible to use the same insulating material to support the Nickel spiral 
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throughout this temperature range. From cryogenic temperatures to about 500 K thin 

Kaptan films with a thickness of 12.7 μm or 25 μm, is being used. This gives a total 

thickness of the sensor between 60μm and 80μm. For measurements from 500 K to 1000 

K Mica insulation, with a thickness of around 0.1mm, is being used, making the total 

thickness of the sensor about 0.25mm. To accommodate a broad range of materials and 

sample sizes, a wide selection of sensor sizes is available.  

 

Fig. 3-1 Schematic of TPS nickel bifilar sensor and kapton insulated sensor. Nano Device Laboratory, UCR 

3.1.1. Theory of Hot Disk Technique 

Hot Disk utilizes a bi spiral sensor element between two pieces of the sample being 

tested. During a transient recording the sensor is electrically heated (from 0.5 K to 5 K) 

and at the same time the resistance or the temperature increase of the Nickel double spiral 

is monitored. The heat generated in the sensor is dissipating in all directions into the 

surrounding two sample pieces. During a pre-set time, 200 resistance recordings are taken 

and from these the relation between temperature and time is established. In order to 

obtain a reasonably higher initial resistance of the sensor element, the Hot Disk sensor 

has been designed in the form of a double spiral in order to minimize the total size of the 
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sensor as well as to make it work with a convenient and compact configuration of the 

sample.  

In the theoretical treatment, a hot disk sensor can be approximated as a sensor with m 

number of concentric rings which are equally spaced, since the sensor is designed to have 

uniform power density throughout the disk. Let   is the radius of largest ring, then the 

radius of smallest ring is a/m. Then, the total length of the heating filament is  

    ∑    
 

 
         

            [3.1] 

Starting from the equation of heat conduction and its instantaneous point source solution, 

the mathematical expression of the temperature increase in the sensor surface can be 

obtained by integrating the point source solution over the source volume and time. 

During a hot disk measurement, we can only measure the temperature increase for the 

sensor itself. Thus, we need to determine the average temperature increase for the sensor 

only. This can be done by averaging the temperature rise of ring source over the length of 

the concentric rings. This final time dependent temperature increase [3, 4] is given by 

         
  

 
 
   

             [3.2]  

Where    is the total power output from the sensor, a, the radius of the sensor disk, K is 

the thermal conductivity of the sample that is being tested and       is a dimensionless 

time dependent function given by 

               ∫      [∑  ∑      {
        

     
}   {

  

     
} 

   
 
   ]

 

 
      [3.3] 
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Eq. 3.2 shows that the average temperature increase in the hot disk sensor is proportional 

to function       which is a rather complicated function of dimensionless parameter   

√    , where    is the thermal diffusivity,    is the transient measurement time. The 

expression given by eq 3.2 which directly relates the temperature increase in the sensor 

surface to the sensor configuration, the output power, and the transport properties of the 

surrounding material, forms the basis of the hot disk measurement.      can be 

accurately evaluated to five or six significant figures if the dimensions of the sensor are 

known. The average temperature increase across the hot disk sensor area can be measured 

by monitoring the total resistance of the hot disk sensor 

                     ̅̅ ̅̅ ̅̅ ̅̅ ̅̅           [3.4]  

where       is the total resistance at time t,     is the resistance of the TPS/sensor 

element before the transient measurement starts, α is the temperature coefficient of the 

resistance (TCR) of the TPS element, which is well known for nickel. Thus, this 

expression allows us to accurately determining      ̅̅ ̅̅ ̅̅ ̅̅    .  

 If the relation between   and    is known,    can be plotted as a function of     , 

and a straight line should be obtained with slope equal to 
  

 
 
   

 , from which thermal 

conductivity,   can be calculated. Now   depends on thermal diffusivity  , which is 

unknown. To calculate the thermal conductivity accurately, a series of computational 

plots of     versus       are plotted for a range of   values, to get a final straight line 

once experiment is completed. This iteration process is can be done by software by 
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optimizing output power of the sensor and the measurement time until an optimized value 

of   is found. Therefore, both thermal conductivity and thermal diffusivity of the sample 

can be obtained by recording the single transient measurement using a hot disk sensor. 

3.1.2. Experimental Setup for Hot Disk 

The experiments with the hot disk are performed with the sensor sandwiched between 

two thin samples of equal thickness. The sensor works both as temperature sensor and 

heat source. The thermal conductivity equation has been solved to show the theoretical 

time dependence of the temperature increase; but if the transient recording is extended for 

a longer period for a one-dimensional sample, the temperature versus time graph 

becomes a straight line [5] which indicates stabilization. Such experimental conditions 

give values of specific heat capacity. In slab method the sensor is sandwiched between 

two thin circular slabs of the sample, making arrangements such that it can be assumed 

that the slabs are thermally insulated, so that the total input power is much more than the 

heat dissipation at the boundary (requirement for transient recording). This experimental 

method is intended for studies of the thermal conductivity and thermal diffusivity of 

medium- or high conducting materials (Usually with thermal conductivity greater than 10 

W/mK). This method is very similar to the standard method. The two differences 

between the two methods are, first, the outside lateral surfaces of the sample slabs need to 

be insulated by a material with low thermal conductivity in order to reduce the heat losses 

to the surroundings. Second, heat propagates mainly in the direction of the slab plane and 

it is assumed that the sample is infinite in this plane. This method is also good for 
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ceramics, metals, silicon wafer, thin films etc. Fig. 3.2 shows the schematic of sensor-

sample setup where sensor is sandwiched between two pieces of sample and acts both as 

heat source and thermometer. 

The sample thickness t, and sensor radius a, should obey the relation               

     . The choice of sensor radii to match different samples is thus critical. When the 

transient recording begins, initially the probing depth            where r, radius of 

the sample and a, radius of the sensor. The heat pulse has not yet reached the first surface 

of the sample; and under this condition, the thermal conductivity of the sample is 

evaluated. The temperature increase is expressed in terms of the characteristic time of the 

hot disk as in equations (3.2). When the time, 

                     [3.5] 

where              ; a constant temperature gradient is established all through the 

sample. In this case,       is considered to be the largest distance from the sensor to 

the lateral sample boundary, if the geometry is non-symmetrical. The temperature 

increase in the sensor will then be denoted by  

      ̅̅ ̅̅ ̅̅ ̅̅    
  

   
                        [3.6] 

Here P is output power, M is the mass of the sample,     is the specific heat per unit 

mass. This is a linear function of  . Having known the specific heat per unit volume 

     , we can calculate the thermal diffusivity,    from the equation        
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Fig. 3-2. Schematic of sensor-sample set-up in TPS hot disk technique. Reprinted with permission from P. 

Goli, S. Legedza, A. Dhar, R. Salgado, J. Renteria and A. A. Balandin, "Graphene-enhanced hybrid phase 

change materials for thermal management of Li-ion batteries", Journal of Power Sources 248 (1), 37 

(2014). 

3.2. Laser Flash 

The Cross plane thermal conductivity was measured using a noncontact optical laser flash 

technique (LFT).  In the LFT (NETZSCH) measurement, a xenon flash lamp produced 

shots with an energy of 10 J/pulse on the sample surface while the temperature rise was 

measured at the other end with an InSb infrared (IR) detector. The InSb IR detector is 

equipped with an integral dewar for liquid nitrogen cooling to keep the detector at 77 K 

(See Fig. 3.4). The xenon flash lamp has user selectable pulse widths (i.e. 100 µs, 400 µs, 

and 700 µs) to allow for accurate tuning of the transient   voltage response. Here one 

should note the importance of sample preparation.  Due to basic limitations of the 

experimental analysis of this LFA 447 NETZSCH instrument, certain geometries and 

thickness are required for the sample under test.  The thermal-wave travel time allows us 

to measure the thermal diffusivity  . The thermal conductivity    is related to   as 

        , where   and     are the mass density and specific heat of the material, 

respectively. 
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Fig. 3-3 Laser flash can be used to material thermal properties of a range of materials.  The experimental 

setup of the laser flash includes optical stage for the sample under test, optical mask, infarred detector, 

mixed signal circuit, temperature control and xenon lamp and controls.  It is important to note, the optical 

stage is custom designed when material under test do not have the specified geometry. 
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4.1. Introduction 

Development
1
 of Lithium-ion (Li-ion) batteries enabled progress in mobile 

communications, consumer electronics, automotive and aerospace industries. Li-ion 

batteries are an essential part of the hybrid electric vehicles (HEV) owing to their high 

energy densities and low weight-to-volume ratios [1]. One of the most significant factors 

negatively affecting Li-ion battery performance is a temperature rise beyond the normal 

operating range. If overheated due to short-circuiting or fast charging/discharging 

processes the Li-ion battery can suffer thermal runaway, cell rupture or even explosion 

[2]. A fire in the Li-ion battery results in the emission of dense irritating smoke which 

could present a serious health and environmental risk [2-3]. Combining multiple Li-ion 

cells close together in a battery pack in order to provide higher electric power makes the 

thermal management of the batteries even more challenging. The severity of the potential 

thermal issues with the battery packs is exemplified by a recent incident with the 

overheating and fire in the batteries on-board the Boeing 787 Dreamliner [4]. 

A common approach for thermal management of Li-ion battery packs is based on the 

utilization of phase-change materials (PCM). The latent heat stored in PCM, as its phase 

changes over a small temperature range, allows one to reduce the temperature rise inside 

the battery [5-7]. By varying the chemical composition of PCM one can tune its melting 

point and the temperature range in which it can operate as a heat absorber. It is important 

to note that common PCMs are characterized by very low thermal conductivity, K, with 

                                                 
1
 P.Goli, S. Legedza, A. Dhar, R. Salgado, J. Renteria and A. A. Balandin, “Graphene-enhanced hybrid 

phase change materials for thermal management of Li-ion batteries”, Journal of Power Sources, 248, 37, 

2014. 
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typical values in the range of 0.17 – 0.35 W/mK at room temperature (RT) [8]. For 

comparison, the RT thermal conductivity of silicon and copper are ~145 W/mK and ~381 

W/mK, respectively. 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 

Li-ion cell from extreme fluctuations in ambient temperature. This is a different approach 

from what is used in the thermal management of computer chips. In order to reduce the 

temperature rise in a computer chip one uses thin layers of thermal interface materials 

(TIMs) or heat spreaders that transfer heat from the chips to heat sinks and outside 

packaging [9-11]. The thermal conductivity of TIMs is in the range of 1 – 25 W/mK 

while that of solid graphite-based heat spreaders can be on the order of 103 W/mK [12].  

Here we show that these two different approaches for thermal management can be 

combined via introduction of the hybrid PCM with graphene acting as filler for increased 

thermal conductivity. Graphene is known to have extremely high intrinsic thermal 

conductivity [13-14] and form excellent binding with a variety of matrix materials [11, 

15-16]. The graphene-enhanced hybrid PCM reveals thermal conductivity that is two 

orders of magnitude higher than that of conventional PCM while preserving its latent heat 

storage ability. Utilization of the hybrid PCM results in substantial decrease of the 

temperature rise inside battery packs as demonstrated under realistic conditions. 

4.2. Preparation of Graphene Enhanced Composites 

In order to demonstrate possible enhancement of thermal properties with graphene we 

selected paraffin wax (IGI-1260) as the base PCM. Paraffinic hydrocarbons, or paraffins, 
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are straight-chain or branching saturated organic compounds with the composition 

CnH2n+2. The term paraffin wax refers to mixtures of various hydrocarbon groups, 

particularly paraffins and cycloalkanes that are solid at ambient temperature [17]. 

Paraffin waxes are commonly used PCMs owing to their availability, chemical stability, 

and durability to cycling. Paraffin has a high latent heat of fusion (200 – 250 kJ/kg) and a 

range of melting points suitable for thermal control of batteries and portable electronics. 

The IGI-1260 paraffin wax has relatively high melting and boiling points of TM~70 
o
C 

and TB ~ 289 
o
C, respectively.  It consists of C34-C35 hydrocarbons, which are mainly 

composed of n-alkanes [17]. The long hydrocarbon chains are responsible for its high 

density and melting point. When heated the IGI-1260 wax absorbs the heat to break the 

longer hydrocarbon chains into smaller ones. 

The hybrid graphene-PCM composites were prepared by dispersing a solution of the 

liquid-phase exfoliated (LPE) graphene and few-layer graphene (FLG) in the paraffin 

wax at 70 
o
C followed by the high-shear mixing on a hot plate (Corning PC-620D) with a 

magnetic stirrer. The preparation temperature was selected to avoid oxidation of the 

paraffin wax with formation of peroxide and water. The hybrid graphene-PCM was put in 

molds and allowed to solidify at RT under controlled humidity conditions. 
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Fig. 4-1 Schematic of the grapheme-enhanced preparation 
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Three types of LPE graphene were used for the filler. For low loading fractions up to 1%, 

we used graphene solution with the average thickness of one monolayer (0.35 nm) and 

the lateral size distribution in the range from 150 to 3000 nm with 550 nm average size. 

We refer to this material, which is predominantly single-layer graphene, as graphene 

filler type  

Fig. 4-2 Hybrid graphene – paraffin phase change material. (a) Optical image of the PCM samples showing 

the change in color with increasing graphene content. (b) Scanning electron microscopy image of the 

hybrid graphene-PCM indicating uniform distribution of the graphene flakes. (c) Raman spectrum of the 

graphene-paraffin composite. The main bands are indicated in the legends. The graphene G peak is weak 

compared to hydrocarbon signatures due to its small concentration and smaller scattering cross-section. 

A. For high loading fractions up to 20 %, we used two other types of FLG. The graphene 

filler type B had an average FLG flake thickness of ~ 1 nm, which constitutes about 3 
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atomic planes with an average lateral dimension of ~10 µm. The graphene filler type C 

had an average flake thickness of 8 nm, which constitutes 20-30 atomic planes with a 

lateral size in the range of 150 and 3000 nm with ~550 nm average. Fig 4.2 (a) shows an 

optical image of the resulting molded disks of the hybrid graphene-PCM composite with 

the graphene-FLG loading fraction varying from 0.5 to 20 wt. %. The color of the disks 

changes from white to black as the fraction of graphene increases. It was observed that 

the addition of graphene leads to some reduction of TM. The dispersion of graphene – 

FLG in the paraffin matrix was checked with the scanning electron microscopy (SEM) 

(see Fig. 4.2 (b)). It was confirmed that graphene – FLG fillers were evenly distributed 

throughout the sample. We did not observe differences between the surface and the 

interior of the composite samples. 

The incorporation of graphene into paraffin matrix was monitored using micro-Raman 

spectroscopy (Renishaw In-Via). The vibrational spectra of paraffin are known to have a 

large number of informative bands that show variations with the change in paraffin’s 

state and composition [18-22]. The measurements were performed in the backscattering 

configuration under λ = 488 nm laser excitation. Fig. 4.2 (c) shows Raman spectrum of 

the hybrid graphene – paraffin wax. The clearly identified vibrational bands are CH2 

rocking at ~650 – 850 cm
-1

, C-C skeletal stretching at 1060 cm
-1

 (symmetric) and 1130 

cm
-1

 (asymmetric), CH2 twisting at 1300 cm
-1

, CH2 bending at 1440 cm
-1

, and overtones 

of bending vibrations at above ~2000 cm
-1

. A small peak at 1580 cm
-1

 was identified as 

graphene’s signature G peak. Its intensity is much lower than that of long hydrocarbon 

chains of paraffin. Graphene’s incorporation into paraffin resulted in changes of some 
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paraffin peaks and the appearance of new features in the spectra suggesting modification 

of the vibrational modes due to the attachment of graphene flakes to the long 

hydrocarbon chains. The observed changes were shifts of some of the main paraffin 

Raman peaks by 1-4 cm
-1

 after addition of graphene. Although it is difficult to 

quantitatively describe the changes, the detailed calibration of Raman spectra with the 

amount of graphene loading and sample preparation conditions allowed us to achieve a 

consistent composition of the hybrid graphene-PCM. 

4.3. XPS and Raman Spectra of Graphene-Enhanced Phase Change 

Material 

The changes with the hydrocarbon chains and increasing concentration of SP
2
-bonded 

carbon have also been confirmed with X-ray photoelectron spectroscopy (XPS) analysis 

(Kratos AXIS ULTRADLD). The XPS data provides quantitative information on the 

elemental composition, empirical formula and chemical state of the composite. Fig. 4.3 

(a) shows XPS survey scans of IGI-1260 pristine parffin wax. The XPS results show the 

presence of hydrocarbon with 284.9 eV energy. The C1s spectrum of IGI-1260 is 

characeterized by the transition centered at 284.9 eV, which corresponds to H-C and C-C 

bonds. The C1s line intensity changes with addition of graphene to the hybrid graphene – 

PCM composite. Fig. 4.3 (b) presents the counts per second of hydrocarbon as a function 

of graphene concentration in the composites. One can see from XPS spectra that the SP
1
 

hydrocarbon quantity decreased with increasing of amount of graphene in the paraffin 

wax. The reduction of number H-C chains in the hybrid composites suggests that 
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graphene is reacting with alkane chains of paraffin in the hybrid graphene – PCM 

composite. 

 

Fig. 4-3(a) XPS data for pristine paraffin IGI-1260 showing presence of hydrocarbons with characteristic 

transition energy of 284.9 eV. (b) Counts per second of hydrocarbon as a function of graphene loading.  
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4.4. Thermal Conductivity of Graphene-Enhanced Phase Change 

Materials  

The thermal conductivity of the graphene – paraffin samples was measured using the 

transient planar source (TPS) technique (Hot Disk TPS2500). The results of the 

measurements are the drift and transient graphs. Depending on the sample size and 

thickness different modes of the data extraction are used. They include the (i) standard 

method for bulk materials, (ii) slab method for thin material (from 0.5 mm to 5 mm) and  

Fig. 4-4 Illustration of the thermal conductivity measurement. (a) Hot disk sensor, which is used as a heat 

source and as a dynamic temperature sensor. (b) Sensor is sandwiched between two identical pieces of a 

sample under test. (c) The drift graph represents the measured sensor temperature increase before the 

sample heating. The uniform data point scatter indicates that the isothermal conditions are satisfied. (d) 

Experimental transient response of the sample temperature to the heat pulse used for the thermal data 

extraction. 

(iii) think-film method for films of thickness from 10 to 500 microns. The drift graph 

represents the measured sensor temperature increase before heating the sample (40 

seconds of measurements and 101 data points). For a successful measurement, the graph 

has to be uniform scatter of data points, relatively flat or horizontal, representative of 

isothermal conditions for the sample prior to the measurement. If the sample was not 
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isothermally stable an upward or downward trend in the graph is observed. The transient 

graph displays  

the temperature increase of the sensor during the heating of the sample (200 data points 

in total). Fig.4.4 shows an example of the experimental raw data indicating that the 

isothermal conditions were met and the measurement procedures were adequate for the 

samples under study.    

Fig. 4.5 (a) presents the measured thermal conductivity of the pristine paraffin wax IGI-

1260 and hybrid PCM composites with different graphene- FLG loading. More than ten 

samples were investigated for each loading fraction to ensure reproducibility. The 

measured thermal conductivity for the pristine paraffin was K=0.25 W/mK, which is in 

agreement with the literature values. One can see a drastic increase of K in the 

composites with the addition of graphene-FLG filler. The thermal conductivity of the 

hybrid graphene-PCM reaches ~15 W/mK at RT with the small 1 wt. % loading fraction. 

This is a significant increase by a factor of 60. The highest value achieved at 20 wt. % 

loading was ~45 W/mK, which is more than a two order magnitude of enhancement. 
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Fig. 4-5 (a) Thermal conductivity of the graphene – paraffin composites with different graphene loading as 

the function of temperature. The results for pristine paraffin (IGI-1260) are also shown for comparison. (b) 

Specific heat of the composites and reference pristine paraffin as the function of temperature. 

The thermal conductivity enhancement factor, Ɛ=(K-Km)/Km, of about 60 at the 1 wt. % 

loading fraction is exceptionally high compared with the values reported for either PCMs 

with fillers [28-30] or TIMs [11, 15-16] (K is the measured thermal conductivity of the 

composite and Km is the thermal conductivity of the paraffin matrix). There are two 
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possible reasons for substantial increase of the thermal conductivity of composites: 

formation of a thermally percolating network of graphene flakes or strong binding of the 

graphene flakes to paraffin matrix. The percolation threshold in thermal composites was 

mostly discussed in the context of carbon nanotubes, carbon fibers or other fillers with 

cylindrical geometry and high aspect ratio [31-34]. The results obtained for cylindrical 

high-aspect ratio fillers cannot be readily extended to graphene and FLG fillers. The 

physics of thermal percolation is also a subject of debates [10, 31-33]. Unlike electrical 

percolation, the thermal percolation threshold can be less pronounced due to heat 

conduction by the matrix. Based on the fact that the electrical conductivity of the samples 

has not changed after addition of graphene and prior work on graphene fillers in thermal 

interface materials [11, 16], it is reasonable to assume that evenly dispersed graphene 

flakes with a lateral size in the range from 150 to 3000 nm are unlikely to form a 

percolating network at 1 wt. % by themselves.  

The strong increase of the thermal conductivity of the composite can be explained by 

good attachment of hydrocarbon molecules to graphene flakes at the experimentally 

determined processing temperature. The CnH2n+2 – graphene attachment reduces the 

thermal interface resistance between the matrix material and filler. Modification of some 

of the Raman signatures of paraffin after addition of graphene is consistent with this 

assertion. It was reported [13, 16] that graphene has a much lower thermal Kapitza 

resistance, RB=ΔT/(Q/A), with many matrix materials as compared to carbon nanotubes 

(here ΔT is temperature differences between two materials forming an interface, Q is the 

heat flux and A is the surface area). The attachment does not necessarily need to be 
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covalent bonding to improve heat conduction from fillers to matrix [34]. More studies are 

required in order to completely clarify the nature of bonding in such graphene – paraffin 

systems. 

 

Fig. 4-6 Enhancement factor as a function of Temperature 

In the case of paraffin and graphene the thermal coupling between the matrix and filler is 

likely even stronger than in other matrix-filler combinations. The ab initio density 

function theory calculations and molecular dynamics simulations suggested the 

possibility of extraordinary enhancement of thermal conductivity in ordered graphene 

composites with organic matrix where the heat transport is along the direction of the 

graphene planes: K/Km ≈ 360 at graphene loading of 5% [35]. The thermal conductivity in 

the direction perpendicular to the graphene planes almost does not change, according to 

the same study [35]. The strong anisotropic increase in the heat conduction was attributed 
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to graphene’s planar geometry and strong coupling to the octane molecules resulting in 

the corresponding decrease in the Kapitza resistance [36-38]. This means that heat 

carrying phonon modes excited in graphene can couple well to those in organic 

molecules. Although a direct quantitative comparison between our graphene-paraffin 

composite and the composite studied in Ref. [35] is not possible one can conclude that 

even randomly oriented graphene flakes should produce significant increase in the 

thermal conductivity of composites in agreement with our experiments.  

Thermal conductivity of all composites revealed only weak temperature dependence, 

which is beneficial for PCM practical applications. This weak dependence is expected for 

disordered materials. Improvement in the thermal management applications of the hybrid 

graphene-PCM can only be achieved if the increase in the thermal conductivity is 

achieved without degradation of the latent and sensible heat storage capacity. Possible 

changes in TM due to graphene loading should also be adjusted. We performed the 

specific heat, Cp, measurements (NETZSCH) with a set of the samples with the 

thicknesses of 1 mm − 1.6 mm to ensure that their thermal resistances were much larger 

than the contact thermal resistances. As a control experiment we measured specific heat 

of pristine paraffin wax. Fig. 4.5 (b) presents the specific heat data in the examined 

temperature range. The specific heat for the reference paraffin wax is ~2 kJ/kgK at RT, 

which is consistent with literature values. Near RT, the specific heat does not change 

much with the addition of graphene filler. The difference appears in the higher 

temperature range. The hybrid graphene-PCM has larger specific heat than the reference 

paraffin. The growth of Cp at the temperature increases above 320 – 330 K is expected.  
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In paraffins, the specific heat starts to increase as temperature approaches TM and then 

falls off again [17]. 

4.5. Thermal Management of Battery Packs with Graphene Phase 

Change Materials 

In order to directly prove that the developed hybrid graphene-PCM composites can 

significantly improve the thermal management of Li-ion batteries we performed the 

battery testing under realistic conditions. Fig. 4.7 shows the experimental setup for the 

battery testing. We used six 4-V Li-ion cells with the capacity of 3000 mAh each placed 

in a standard aluminum battery pack. The measurements were performed with the 

charger-discharger setup (HYPERION EOS 720i) and the temperature probes (Applent 

AT4516) that logged temperature for the assigned time intervals. The first two 

temperature probes were placed inside the battery pack, the third probe was connected to 

the battery pack shell acting as the heat sink and the fourth probe was used to collect the 

ambient temperature data. During the measurements the batteries were charging-

discharging at 16 A and 5 A, respectively. The first control experiment was performed 

with pristine paraffin wax, which was melted and poured into the aluminum cylinder 

containing Li-ion battery cells. Special care was taken to ensure that the wax completely 

filled the space between the cylinders as in conventional battery designs. The battery 

pack with paraffin was allowed to cool to RT and then tested through ten 

charge/discharge cycles. The experiments with the hybrid graphene-PCM followed the 

same protocol. 
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Fig. 4-7 The experimental setup included six 4-V Li-ion cells with the capacity of 3000 mAh each, which 

were placed in a standard aluminum battery pack 

Fig. 4.8 shows temperature as a function of time during the charging-discharging cycles 

for the Li-ion battery pack with IGI-1260 as PCM. One can see that the temperatures of 

the anode and cathode are higher than that of the outside shell (indicated in the figure as 

the battery pack temperature). The variation of the ambient T during the measurement 

explains some background variation in the temperature cycles. The results of the tests of 

the hybrid graphene-PCM are summarized in Fig. 4.9. One can see that when no PCM 

was used in the battery pack (the heat dissipates through the air and metal bottom of the 

pack) the temperature rise inside the battery (sensor attached to anode/cathode) is the 

highest: ΔT~37 
o
C. The use of conventional PCM results in the decrease of the 

temperature rise to ~24 
o
C. The Li-ion battery pack with the developed hybrid graphene-

PCM reveals the lowest temperature rise of ~10 
o
C during the first cycle. The 

temperature rise increases to ~16 
o
C after the third cycle and saturates at this value. The 
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temperature rise for the case of the hybrid graphene-PCM with the larger loading fraction 

saturates at ~ 13 
o
C. One should note here that the outside shell (battery pack) made of 

thin aluminum was not an optimized heat sink. Attachment of the outside shell to a good 

heat sink would make the improvement in thermal management with the hybrid graphene 

PCM even more pronounced. 

 

Fig. 4-8 Measured temperature fluctuations inside and outside the battery pack with reference paraffin used 

as the phase change material. The temperatures are recorded at the battery cylinder cathode (blue), battery 

cylinder anode (red) and battery pack shell (black). The ambient temperature charge during the 

measurement is also shown (green).   
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Fig. 4-9 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). Note that the developed hybrid graphene-PCM strongly reduces the temperature rise inside the 

battery by simultaneously absorbing the heat and conducting it to the outside shell. The reduction in the 

temperature rise can be made stronger with a proper design of the outside heat sink. 
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The dependence of ΔT on the number of cycles, observed in Fig. 4.9, reflects the physical 

mechanisms behind the cooling action of conventional PCM and the hybrid graphene-

PCM. The conventional PCM mostly absorbs the heat from the battery cylinders 

conducting only its small portion to the battery pack shell. The hybrid graphene-PCM 

stores and conducts heat simultaneously. This results in lower ΔT inside the battery pack 

but also increases the temperature of the outside shell. The increasing temperature of the 

shell results in some increase in ΔT inside the battery as well. In order to elucidate this 

difference in cooling action, in our experiments we intentionally did not connect the 

outside shell, which constitute the battery pack, to any specially designed heat sink. In 

practical automotive and aerospace applications one can readily envision a proper 

thermal connection of the battery packs to the heat sinks, e.g. to the heavy vehicle frame 

in HEVs. The latter will eliminate or reduce ΔT of the outside shell further improving 

thermal management with the hybrid graphene-PCM. 

4.6. Numerical Modeling Approach 

The modeling of the conductive heat flow in the Li-ion battery pack was performed using 

COMSOL software package (Multiphysics and Heat Transfer Module). A three-

dimensional (3D) model was constructed to simulate and analyze six cylindrical Li-ion 

batteries in the pack filled with different medium. The geometric characteristics include 

six Li-ion batteries with 18.4 mm diameter evenly distributed within a solid cylinder with 

70 mm diameter, which represent an aluminum sheath of 1 mm in thickness. Owing to 

the simple geometry of the battery pack, we used a coarse mesh of free tetrahedrals for 
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the aluminum sheath, the solid cylinders, and the heat conduction medium in which these 

cylinders were encased.  The free tetrahedrals were evenly scaled in all directions and the 

complete mesh consisted of 11796 such elements. The transient conductive heat transfer 

in solids is defined by the equation                     , where ρ is the mass 

density (kg/m
3
), Cp is the specific heat capacity at constant pressure (J/kgK), T is the 

absolute temperature (K), K is the thermal conductivity (W/mK), Q is the power density 

(W/m
3
) and t is time. In all simulation runs we modified only the material characteristics 

of the medium that fills the space among the battery cylinders. These characteristics 

included the values for the air and paraffin phase change material. For example, for 

paraffin wax without graphene we used the thermal conductivity K = 0.25 W/mK, mass 

density, ρ = 900 kg/m
3
, and heat capacity, Cp = 2500 J/kgK. The simulation results 

included the transient data, e.g. plots of temperature vs. time for specific locations inside 

battery packs, and temperature distributions inside the battery packs at any given 

moment. The simulation results were compared with the empirical data collected for the 

battery packs.  

Computer simulation of the passive PCM thermal management systems for Li-ion battery 

packs is known to give valuable information for materials and system optimization [40-

41]. We further analyzed our experimental results via numerical solution of the heat 

diffusion equation for the specific battery design and measured specific heat and thermal 

conductivity. The details of the model and simulation procedures are provided in the 

Methods section. Fig. 4.10 shows the schematic of the Li-ion battery pack and the 

simulated temperature profiles for the four cases, which corresponded to the conducted 
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experiments.  In the case of no PCM between the battery cylinders and the outside shell, 

the temperature in the cylinders is at its maximum of above 330 K. The outer shell also 

heats up to ~315 K via conduction through the air. The use of the standard paraffin wax 

reduces the temperature of the cylinders to around 320 K without heating the outside 

shell. Thermal management with hybrid graphene PCM results in the lowest temperature 

of the battery cylinders of ~310 – 315 K with some increase in the temperature of the 

outside shell. The temperature profile is much more uniform when the hybrid graphene 

PCM is used. One should note here again that connecting the outside shell to a proper 

heat sink would improve the performance of the hybrid PCM further.  

 

Fig. 4-10 Simulated temperature profiles in Li-ion battery packs obtained using the measured values of the 

specific heat and thermal conductivity. The simulation data are in agreement with the experiments. 

We demonstrated that the use of graphene and few-layer graphene as fillers in organic 

phase change material allows one to increase its thermal conductivity by more than two 

orders of magnitude while preserving its latent heat storage ability. The strong 
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enhancement is achieved via easy binding of graphene flakes to paraffinic hydrocarbons 

resulting in good thermal coupling. The exceptionally large thermal conductivity of 

graphene improves the heat conduction ability of paraffins. It was also shown through 

measurements and computer simulations that improved thermal properties of graphene 

PCM result in significant temperature rise inside realistic Li-ion battery packs.  The 

described combined heat storage – heat conduction approach may lead to a 

transformative change in thermal management of batteries. 
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5.1. Introduction 

We report
2
 the results of investigation of thermal properties of a set of different Li-ion 

battery electrodes enhanced with multi-wall carbon nanotubes. The electrodes were 

synthesized via an inexpensive scalable filtration method, which can be extended to 

commercial electrode-active materials. The best performing electrodes contained a layer 

of γ-Fe2O3 nanoparticles on carbon nanotubes sandwiched between two layers of carbon 

nanotubes. Our “hot disk” and “laser flash” measurements reveal that the in-plane (cross-

plane) thermal conductivity of the cathodes with the highest battery capacity was ~50 

W/mK (3 W/mK) at room temperature. These values are up to two-orders-of-magnitude 

higher than those for conventional electrodes based on carbon black. The highest in-plane 

thermal conductivity achieved in the carbon-nanotube-enhanced electrodes was ~141 

W/mK. The obtained results are important for thermal management of Li-ion and other 

high-power-density batteries.  

Owing to their superior power-density Li+-ion batteries are used in a wide variety of 

applications [1]. At the same time, this and similar types of batteries have a serious 

drawback, which is overheating and related safety concerns [2]. The heat is generated 

during the operation of any battery as current flows through the internal resistance of the 

battery whether it is being charged or discharged [2-3]. In the case of discharging, the 

temperature rise is limited by the available energy. No such limit exists in the charging 

cycle when energy can be pumped even after full charging of the battery [3]. In addition 

                                                 
2
 Partially reprinted from P. Goli, B. Koo, A. Sumant, C. D. S. Carlo, T. Rajh, C. Johnson, A. A. Balandin 

and E. V. Shevchenko, "Carbon-Nanotube Enhanced Li-Ion Battery Electrodes with Signiffcantly 

Increased Thermal Conductivity", Manuscript under preperation 
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to Ohmic heating, chemical reactions that take place during charging and discharging in 

Li+-ion batteries can also contribute to overheating. If overheating of the battery is not 

properly addressed, thermal runaway may cause a catastrophic destruction of the battery. 

From the other side, efficient heat removal from the battery allows for higher electrical 

currents to be achieved resulting in faster charging rates. These considerations explain the 

importance of thermal management for operation and safety of any kind of high-power 

batteries. 

There are a number of commonly used methods for removal of the excessive heat from 

the batteries, e.g. increasing the air flow around the battery or maximizing the surface 

area of the electrodes [4]. However, implementation of sophisticated engineered control 

methods for active cooling via enhanced air flow significantly increases the complexity 

of the battery design and its weight. The system level approaches cannot help with the 

localized hot spots and thermal gradients in the case of thick electrodes. The thermal and 

electrical gradients within the electrodes can lead to unbalanced charging and discharging 

resulting in lower energy storage capacity [5]. It has been shown that the thermal effects 

associated with Li+-ion intercalation – deintercalation can be efficiently addressed by a 

proper choice of the cathode and anode materials [6]. For these reasons, improving the 

thermal conductivity of the electrodes themselves is an essential step towards proper 

thermal management of the batteries. The latter is particularly important for Li+-ion 

batteries because their performance strongly depends on the electrode temperature [7-9]. 
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Conventional design of the electrodes involves mixing of the active materials with carbon 

black, conductive additives and polymer binders that provide the integrity for the 

electrodes and electrical connectivity [10]. The problem with the carbon-black-based 

electrodes, when used in high-power-density batteries, is their very low thermal 

conductivity of K~0.1 W/mK – 2 W/mK at room temperature (RT) [11].  Such a low 

values stem from poor heat conduction properties of amorphous carbon, which K ~ 0.1 – 

1 W/mK near RT [11-12], and mechanical-mix-type structure of the electrodes, which 

introduces high thermal boundary resistance. The low thermal conductivity of the carbon-

black-based electrodes leads to their degradation as a result of the undesired thermally 

activated metal dissolution in cathodes, or degradation of the surface electrolyte interface 

layer at anode [13-15]. In this Letter, we propose a scalable and inexpensive method for 

synthesis of the battery electrodes with significantly enhanced thermal conductivity.  

Graphene and carbon nanotubes (CNTs) have the highest thermal conductivities of all 

known materials. The K values for suspended graphene and individual CNTs are in the 

range from 2000 W/mK to 5000 W/mK at RT [16-19]. They are larger than the thermal 

conductivity of high-quality single crystal diamond (K~2000 W/mK). Unlike diamond, 

which is an electrical insulator, graphene and CNTs are electrical conductors and, as 

such, do not deteriorate electrical conductivity of composite materials. Recent studies 

indicated that both graphene and CNTs can be used as heat conducting fillers in 

composite materials [20-23]. Surface functionalization of CNTs, e.g. attachment of 

certain chemical groups or nanoparticles, can improve their thermal coupling to the 

composite base material [23]. It was also demonstrated that CNTs by themselves can be 
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used as the anode material in Li+-ion batteries showing capacities up to 1000 mAh/g 

[24]. However, such electrodes suffer from the large hysteresis in the voltage profiles 

between change and discharge states and absence of the voltage plateau that limits their 

utilization in Li+-ion batteries [24]. The CNT electrodes are also prohibitively expensive.   

5.2. Material Synthesis 

Hollow γ-Fe2O3 NPs and γ-Fe2O3 NPs on CNTs were synthetized according the 

synthetic protocols described in Ref. In order to fabricate CNT-based electrodes 4.0 mg 

of multiwall CNTs were dispersed in 150 mL of isopropyl alcohol (IPA) and sonicated 

for 5 minutes. After that the suspension of CNTs was filtrated by vacuum through the 

filter (microporous polyolefin separator Celgard 2325) that served as a separator in 

electrochemical tests. As a result, a black paper made of CNTs was formed onto the filter. 

The active layered was fabricated in the same manner: 12.0 mg of electrode material 

(hollow γ-Fe2O3 NPs or Li[Ni1/3Co1/3Mn1/3]O2) mixed with 3 mg of CNTs in IPA were 

vacuum-filtrated forming of the uniform layer. In case of hollow γ-Fe2O3 NPs synthetized 

on the surface of CNTs we used 15 mg of the material that contained 12.0 mg of γ-Fe2O3 

NPs and 3 mg of CNTs. After the evaporation of the solvent residue, the CNT-based 

composite electrodes were annealed in an oven at 200 °C for 12 hours and further used in 

electrochemical tests without any additional processing. The TEM and SEM inspection of 

the samples was carried out using JEOL 2100F and JEOL 7500F instruments. The 

electrochemical tests were performed with the 2032 coin type cells with Li metal foil as 
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the counter electrodes and 1.2 M LiPF6 in ethylene carbonate/ethyl methyl carbonate (3:7 

weight ratio) electrolyte (Tomiyama). 

In our approach, we utilize multi-wall CNTs as a matrix for encapsulation of 

electrochemically active cathode materials to fabricate electrodes for Li+-ion batteries. 

The electrode material is prepared by the scalable and inexpensive filtration method that 

we previously developed for sandwiching of nanometer-scale electrochemically active 

materials [25-26]. The filtration of the CNT suspension and the active cathode materials 

is carried out in iso-propanol [25]. For the present study we synthesized a set of CNT-

enhanced samples with varying layered structure. The sample nomenclature is presented 

in Table I. The structure of the samples is illustrated in Fig. 5-1. The details of the 

filtration synthesis procedures, sample structure and battery performance were reported 

by some of us elsewhere [25]. The similarity in the electrode materials was there three-

layer structure and the layer thickness. The scanning electron microscopy (SEM) 

inspection indicates that the typical average thickness of the three-layered electrode – 

CNTs/cathode material/CNTs – is ~140 µm (see Fig. 5-2 (a)). The average thickness of 

each CNT layer was determined to be ~35 µm. The individual MW-CNTs were 

predominantly aligned parallel to the substrate. The latter has important implications for 

thermal transport. In addition to electrode materials, we performed thermal conductivity 

measurements for several reference samples, e.g. layer of CNTs on a substrate.  
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Sample Layered Structure Tests Performed  

NP-1 CNTs/{γ-Fe2O3 NPs on CNTs}/CNTs battery capacity; in-plane K; 

cross-plane K 

NP-2 CNTs/{γ-Fe2O3 NPs + CNTs}/CNTs battery capacity; cross-plane K 

NP-3 CNTs/{γ-Fe2O3 NPs + CNTs} in-plane K; cross-plane K 

NP-4 {CNTs + γ-Fe2O3 NPs} in-plane K; cross-plane K 

MP-1 CNTs/{Li[Ni1/3Co1/3Mn1/3]O2+CNTs}/CNTs battery capacity; cross-plane K 

MP-2 CNTs/{Li[Ni1/3Co1/3Mn1/3]O2+CNTs} in-plane K; cross-plane K 

REF-1 CNT bundle   cross-plane K 

 

Table5-1 Nomenclature of the Tested Samples 

The variations in the sample layered structure and reference samples allowed us to search 

for an optimum design from the storage capacity and thermal management point of 

views. One type of the electrodes contained the hollow γ-Fe2O3 nanoparticles (NPs) 

synthetized directly on CNTs (Fig. 5-2 (b)). The hollow NP refers to structures that have 

a void inside the iron oxide nano-shell. This void is formed as a result of the coalesence 

of the iron vacancies during the oxidation of iron. [27] The hollow γ-Fe2O3 NPs are ~15 

nm large with ∼4 nm shell. The γ-Fe2O3-NP-on-CNT layer was sandwiched between two 

layers of CNTs forming the CNTs/{γ-Fe2O3-NPs on CNTs}/CNTs structure. This 

structure was measured to have ~187 mAh/g capacity when cycled in cathode regime (4.5 

- 1.5 V), excellent stability (no fading during 300 cycles) and 99.9% Coulombic 

efficiency (see Fig. 5-3). No current collectors were used in electrochemical tests. The 
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results of the tests indicated that this electrode (sample NP-1) was the best in terms of its 

battery cathode performance.  

 

Fig. 5-1 Schematic of the layered structure of the CNT enhanced battery electrodes 

5.3. Electrochemical Testing 

The cycling of the electrode is accompanied by thermal effects and heat removal may 

depend on the coupling between the CNTs and electrochemically active γ-Fe2O3 NPs. In 

order to study the effects of coupling of NPs and CNTs on the battery capacity and 
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thermal conductivity we had a sample NPs were mixed with CNTs (not synthesized on 

them). The mixed CNT-NP layer was sealed between two layers of CNTs forming 

CNTs/{hollow γ-Fe2O3 NPs + CNTs}/CNTs structure (sample D). As seen in Fig. 5-3, 

the electrochemical performance of this electrodes (capacity 130 mAh/g) was not as good 

as that of the electrodes that contained γ-Fe2O3 NP synthesized on CNTs (130 mAh/g vs. 

187 mAh/g). 

A distinctively different type of electrodes utilized Li[Ni1/3Co1/3Mn1/3]O2 microparticles 

(MP) [28]. The mixture of CNTs and Li[Ni1/3Co1/3Mn1/3]O2 MPs was sandwiched 

between two layers of CNTs by the filtration method forming 

CNTs/{Li[Ni1/3Co1/3Mn1/3]O2 + CNTs}/CNTs layers (sample MP-1). The thickness of the 

layers was similar to that in the  

Fig. 5-5-2 Scanning electron microscopy image of the cross-section of the CNT enhanced battery 

electrodes. Note that CNTs are predominantly oriented along the sample plane. (b) Scanning electron 

microscopy image showing nanoparticles grown on CNTs.   
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NP-based electrodes. The electrochemical tests indicated that such electrodes have a 

lower capacity (see Fig. 5-3) as compared to NP-based electrodes. However, their cycle 

stability was significantly higher. No capacity fading was observed up to 800 cycles 

while ~25-28% capacity loss after 50 cycles was reported for the same cathode material 

fabricated via a conventional method. The capacity of this battery increased upon cycling 

up to 50 cycles and then stabilized. The stable performance is an attractive feature of 

CNT-enhanced electrode designs. After the electrochemical characteristics of the 

electrodes were determined we proceeded with the thermal measurements.  

 

Fig. 5-5-3 Electrochemical Testing of CNT enhanced Li-Ion electrodes 
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5.4. Thermal Characterization 

The thermal conductivity of the samples was determined using two different techniques: 

“laser flash” and “hot disk”. Owing to the complicated structure of the samples and the 

“hot disk” equipment limitations, the in-plane thermal conductivity was measured at RT 

only. The cross-plane thermal conductivity was determined in the range from 290 K to 

350 K using the “laser flash” method. The details of the measurement procedures are 

given in the Methods section. The cross-plane thermal conductivity as a function of 

temperature for a set of examined electrodes in shown in Fig. 5-4. One can see that the 

thermal conductivity values are in the range from ~0.5 W/mK to ~10 W/mK. The cross-

plane thermal conductivity defines the heat transport through the electrode, i.e. 

perpendicular to the sample substrate. Although the overall values are not significantly 

enhanced, many of them are higher than those in conventional electrodes [16]. The strong 

increase in cross-plane thermal conductivity is not expected because CNTs are 

predominantly oriented in-plane (along the substrate). In addition, the layered structure of 

the electrodes results in substantial thermal interface resistance between the layers, e.g. 

between CNT layer and the γ-Fe2O3 NPs + CNTs layer or between CNT layer and the 

substrate. The thermal conductivity increases slightly with the temperature or stays 

approximately constant. Such dependence is expected for material systems with large 

decree of disorder.  
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Fig. 5-4 Cross plane Thermal Conductivity of CNT enhanced Li-Ion Electrodes 

Fig. 5-5 shows in-plane and cross-plane thermal conductivity for a set of different 

samples at RT. One can see that the in-plane thermal conductivity is substantially higher 

than the cross-plane. This is explained by the predominantly in-plane (along the 

substrate) orientation of CNTs. The in-pane values range from 50 W/mK to 141 W/mK. 

The NP-1 sample, which had the best electrochemical performance, revealed the thermal 

conductivity of 50 W/mK. This value is about two orders of magnitude higher than the 

thermal conductivity of the conventional carbon black based electrodes [29] and at least 

two times higher than the in-plane thermal conductivity of the Sony Li+-ion electrodes 

with engineered controls for heat removal [30]. In general, the NP-based electrodes had 

higher thermal conductivity than the MP-based electrodes, which was attributed to the 

higher mass density of NP-based samples. The measured in-plane thermal conductivity 
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values for these electrodes were typically in-line with the reported data for CNT bundles, 

i.e. K~50 W/mK. The thermal conductivity of NP-4 electrode, K=141 W/mK, is 

somewhat higher than the values typically reported for the CNT bundles [31]. 

 

Fig. 5-5 In-plane and cross-plane thermal conductivity for a set of different samples at RT 

The cross-plane thermal conductivity is in the range from 1.6 W/mK to 3.6 W/mK. The 

electrode with the best electrochemical performance, revealed the thermal conductivity 

value of 3.1 W/mK at RT. This value is about an order of magnitude higher than that of 

the carbon-black based electrode materials [32]. It is also higher that the cross-sectional 

thermal conductivity of the electrodes of commercial Sony Li+-ion batteries, i.e. 2.33 

W/mK and 0.89 W/mK, for positive and negative electrodes, respectively [30]. The 
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measured data indicate that most of tested CNT enhanced electrodes revealed 

substantially enhanced in-plane and cross-plane thermal conductivity as compared to 

electrodes synthesized by the conventional techniques. Even though the enhancement is 

not as high as in the electrodes based on ordered CNT arrays [12]. However, our 

electrodes were fabricated by the inexpensive scalable filtration method [25], which can 

be extended to commercial electrode-active materials while the fabrication of ordered 

CNT arrays is still prohibitively expensive. The systematic study of thermal properties of 

CNT enhanced samples did not show a clear correlation with the specifics of the layered 

structure.     .      

We reported the thermal properties of Li-ion battery electrodes enhanced with multi-wall 

CNTs. The electrodes were synthesized via an inexpensive scalable filtration method. 

Our measurements indicate that the CNT enhanced electrodes reveal up to two-orders-of-

magnitude enhancement of the thermal conductivity. The in-plane thermal conductivity 

in some electrodes reached ~141 W/mK at RT.  The described approach for increasing 

the thermal conductivity can be extended to commercial electrode-active materials. The 

obtained results are important for thermal management of Li-ion and other high-power-

density batteries.  
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6.1. Introduction 

Graphene
3
 is a one-atom-thick material with unusual and highly promising for 

applications electrical [1-3], thermal [4-5] and mechanical properties [6]. First obtained 

by mechanical exfoliation from graphite [1-2], graphene is now efficiently grown by 

chemical vapor deposition (CVD) on copper (Cu) films [7-9]. It was reported that layered 

graphene – metal composites have enhanced mechanical strength [10]. However, it is still 

not known how the deposition of graphene on Cu films affects the thermal properties of 

the resulting graphene – Cu films. The knowledge of thermal properties of graphene – Cu 

“sandwiches” is important for the following practical reasons. Copper became the crucial 

material for interconnects in silicon (Si) complementary metal-oxide-semiconductor 

(CMOS) technology by replacing Al. Main challenges with continuous downscaling of Si 

CMOS technology include electromigration in Cu interconnects, Cu diffusion to adjacent 

layers and heat dissipation in the interconnect hierarchies separated from a heat sink by 

many layers of dielectrics [11]. Combining graphene and Cu in some sort of hybrid 

heterogeneous global interconnect can bring potential benefits of reducing Cu 

electromigration and diffusion. It has already been demonstrated that the breakdown 

current density in prototype graphene interconnects can exceed that in metals by ×10
3
 

[12]. Graphene capping of Cu interconnects increases the current density and reduces 

electrical resistance [13]. Intersecting hybrid graphene – Cu interconnects have been 

shown to offer benefits for downscaled electronics [14-15]. Increasing the heat 

                                                 
3
 Partially reprinted from P. Goli, X. Li, C. Y. Lu, K. S. Novoselov and A. A. Balandin, Strong 

Enhancement of Thermal Properties of Copper Films after Chemical Vapor Deposition of Graphene", 

Nanoletters, ASAP 2014. 
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conduction properties of Cu films with graphene coating could become a crucial added 

benefit for improving the thermal management of the interconnect hierarchies.    

Graphene is known to have usually high intrinsic thermal conductivity, which can exceed 

that of bulk graphite limit of K≈2000 W/mK at RT in sufficiently large high-quality 

samples [4-5]. However, graphene placement on substrates results in degradation of 

thermal conductivity to ~600 W/mK owing to phonon scattering on the substrate defects 

and interface [16]. The benefits of using single-layer graphene (SLG) or few-layer 

graphene (FLG) as heat spreaders for large substrates are not obvious owing to the small 

thickness of graphene (h=0.35 nm) and possible thermal conductivity degradation by 

extrinsic effects. Even if K is high, the uniform heat flux, ×, through the cross-

sectional area A=hW will be small due to small h (W is the width of the graphene layer).  

We report the results of our thermal measurements that demonstrate that CVD of 

graphene on both sides of Cu films enhances the thermal diffusivity, , and thermal 

conductivity, K, of the resulting graphene – Cu – graphene (Gr-Cu-Gr) hetero-films. 

Deposition of graphene increases K of 9-m (25-m) thick Cu films by up to 24% (16%) 

near room temperature (RT). Interestingly, the enhancement of thermal properties of Gr-

Cu-Gr hetero-films is primarily due to changes in Cu morphology during graphene 

deposition rather than graphene’s action as an additional heat conducting channel. 

Specifically, CVD of graphene results in strong enlargement of Cu grain sizes and 

reduced surface roughness. A typical grain size in Cu films coated with graphene is larger 
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than that in reference Cu films and in Cu films annealed under the same conditions 

without graphene deposition. 

To demonstrate the effect we used a set of Cu films (thickness H=9 m and H=25 m) 

with SLG and FLG synthesized on both sides via CVD method (Bluestone Global Tech, 

Ltd.). As references we used (i) Cu films without graphene or any thermal treatment, and 

(ii) Cu films annealed under the same conditions as the one used during CVD of 

graphene. Thus, for comparison we had regular Cu, annealed Cu, Cu with CVD SLG and 

Cu with CVD FLG. Details of sample preparation are provided in Methods section. The 

reference Cu and Cu-graphene samples were subjected to optical microscopy, scanning 

electron microscopy (SEM) and atomic-force microscopy (AFM) inspection. The number 

of atomic planes in graphene films on Cu was verified with micro-Raman spectroscopy 

(Renishaw In Via). Details of our Raman measurement procedures have been reported by 

some of us elsewhere [17].  

6.2. Sample Preparation and Characterization 

Graphene was synthesized in a low-pressure CVD system. A copper substrate was heated 

up to 1030 
o
C under hydrogen and then methane was introduced for graphene growth. 

The samples with SLG and FLG were synthesized by controlling the cooling rate. For the 

case of SLG, the copper substrate was cooled from 1030 
o
C to RT within 20 minutes 

while for FLG the cooling time was about 10 hours. The annealing of copper for 

reference samples was performed with the same heating and cooling process as that of 

SLG synthesis but no methane addition during the process. We performed extensive 
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scanning electron microscopy (SEM) and atomic force microscopy (AFM) study to 

inspect the thickness and roughness of the samples (see Fig. 6.1). 

 

Fig. 6-1 SEM image of the cross-section of the annealed 9-µm thick Cu film (top left panel) and 25-µm 

thick Cu films with few-layer graphene (top right panel). AFM image of 9-µm thick Cu film (bottom left 

panel) and 9-µm thick Cu films with single-layer graphene (top right panel). 

The purity of 25-µm thick copper is 99.9 % and that of 9-µm thick copper is above 99.99 

%. Graphene is synthesized in a low-pressure CVD system following the method 

described in Refs. [7-8]. A copper substrate is heated up to 1030
o
C under hydrogen and 
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then methane is introduced for graphene growth. The samples with SLG and FLG are 

synthesized by controlling the cooling rate. For the case of SLG, the copper substrate is 

cooled from 1030
o
C to RT within 20 minutes while for FLG the cooling time is about 10 

hours. The annealing of copper for reference samples is performed with the same heating 

and cooling process as that of SLG synthesis but no methane addition during the process. 

The annealing time was kept at 20 minutes. 

In order to check the sample composition we performed X-ray photoelectron 

spectroscopy (XPS) after CVD of graphene and after annealing of the reference samples. 

XPS is a surface-sensitive quantitative spectroscopic technique that measures the 

elemental composition (see Fig. 6.2). It was established that the impurity composition (O, 

N) do not differ in Cu with graphene and annealed Cu. The oxygen content has not 

changed after annealing or graphene deposition. The latter indicates that the change in the 

impurity  

Fig. 6-2 XPS data for the 9-µm thick annealed Cu film and Cu film with graphene. 
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composition is not responsible for the observed change in the thermal conductivity. We 

have also performed energy-dispersive X-ray spectroscopy (EDX) for verifying the 

elemental composition of the samples. Similarly, the data did not indicate any substantial 

deviation in the composition of Cu after CVD of graphene and after annealing, which 

could be interpreted as responsible for the thermal conductivity changes.  

The measurements of the thermal diffusivity were carried out using the “laser flash” 

method (Netzsch LFA). In conventional configuration, the “laser flash” method gives the 

cross-plane thermal diffusivity, α, of the sample [18]. Since we are mostly interested in 

the in-plane heat spreading properties of Gr-Cu-Gr hetero-films, we altered the 

experiment by using a special sample holder, which send the thermal energy along the 

sample. In this approach, the location for the light energy input on one side of the sample 

and location for measuring the temperature increase on the other side of the sample are at 

different lateral positions. The latter insures that the measured temperature increase of the 

sample corresponds to the thermal diffusivity in the in-plane direction. The thermal 

conductivity was determined from the equation K=ραCp, where ρ is the mass density of 

the sample and Cp is the specific heat of the sample measured separately. Details of the 

measurements are summarized in Methods section. Fig. 6.3 presents a schematic of the 

experiment, an image of a typical sample with the sample holder, and Raman spectra 

from two different Cu substrates indicating that one has SLG coating while the other has 

FLG coating. The average thickness of FLG was five atomic planes.  
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Fig. 6-3 Samples and the measurement setup. (a) Schematic of the modified “laser flash” experimental 

setup for measuring in-plane thermal diffusivity. (b) Cu film coated with CVD graphene placed on the 

sample holder. (c) Back side of the sample holder with the slits for measuring temperature. Cu film is seen 

through the openings. (d) Raman spectrum of graphene and few-layer graphene on Cu. The data is 

presented after background subtraction.   
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6.3. Thermal Characterization 

The thermal diffusivity and specific heat were measured by the “laser flash” technique 

(LFT). The design of the “in-plane” sample holder ensured that heat traveled ~5 mm 

inside Cu film along its plane, which is a much larger distance than its 25 µm thickness. 

The latter ensured the in-plane values for α and K. The temperature rise as a function of 

time, ΔT(t), was used to extract α. An example of measured of thermal diffusivity of two 

different Cu films with FLG is shown in Fig. 6.4. The thermal diffusivity of Cu film 

before CVD of FLG is also 

presented for comparison. 

 

 

 

 

 

 

Fig. 6-4 Thermal diffusivity as a function of temperature for two different Cu films with FLG and reference 

Cu film. The Cu films thickness is H=25 µm. 

The specific heat, Cp, was measured with LFT by comparing ΔT of the sample to that of a 

reference sample under the same experimental conditions. The specific heat is defined as 
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Cp=Q/mΔT, where m is the mass of the material, ΔT is the change in temperature, and Q 

is the energy required to raise a unit mass of the material by one unit of temperature 

under constant pressure. The specific heat is measured by LFT by comparing the 

temperature rise of the sample to the temperature rise of the reference sample of known 

specific heat tested under the same conditions. The temperature rise is defined in the 

instrument by the voltage rise. For the conditions when the light pulse energy and its 

coupling to the sample remain unchanged between the examined and referenced sample, 

the absorbed energy Q=(mCpΔT)r=(mCpΔT)s where the subscript “r” stands for reference 

and subscript “s” stands for sample. The specific heat of the sample under study was 

determined as (Cp)r=(mCpΔT)r/(mΔT)s=(mCpΔV)rGs/((mΔV)sGr), where ΔV is output 

voltage of the IR detector and G is the detector amplifier gain. The reference sample is 

measured at each temperature of interest to calibrate the change in the output voltage ΔV 

resulting from the absorbed light energy. The measured ΔV divided by the detector 

amplifier gain is proportional to the temperature rise provided that the temperature rise is 

small. The measured DV is affected by the heat loss during the measurement. In order to 

use the above equation, the heat loss factors of the reference and test sample should be 

similar. For this reason, in our measurements Cu was used as the standard reference. The 

absorptive efficiency of the front surface of the sample to the light pulse and radiative 

efficiency of the of the back surface to the IR detector have been controlled by the 

standard method of coating the light input opening for the reference and test sample with 

the same thin layer of graphite. Fig. 6.5 shows an representative plot of the specific heat 
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for Cu films with SLG. The thermal conductivity was determined from the equation 

K=ραCp, where ρ is the mass density of the sample.  

Fig. 6-5 Specific heat as a function of temperature for two different Cu films with FLG and reference Cu 

film. The Cu films thickness is H=25 µm 

Fig. 6.6 presents the average apparent thermal diffusivity and thermal conductivity in 

reference Cu films, annealed Cu films, Cu films with CVD graphene and Cu films with 

CVD FLG. The data are presented for two thicknesses of Cu films: H=25 µm and H=9 

µm. The term apparent (another common term is effective) emphasizes that α and K 

values are measured for the whole graphene-Cu-graphene sample. The averaging for each 

type of sample (e.g. Cu film with SLG) was performed for five locations on each film at 

each temperature. Two films with the same type of samples were tested. In order to 

simplify the analyses, in Table I, we provided the average RT values of αand K measured 

for different samples and locations. The ranges for α and K values for different locations 
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and samples are given in the brackets. The data scatter for different locations was 

attributed to the sample non-uniformity and film bending, which were unavoidable for 

large foils (cm scale lateral dimensions) with small thicknesses. 

 

Fig. 6-6 Thermal diffusivity of reference Cu film, annealed Cu, Cu with CVD graphene, and Cu with CVD 

FLG (top panels). Thermal conductivity of reference Cu film, annealed Cu, Cu with CVD graphene, and 

Cu with CVD FLG (bottom panels). The data are shown for Cu films with H=9 µm and H=25 µm. Note 

that CVD of graphene and FLG results in stronger increase in the apparent thermal conductivity of 

graphene-Cu-graphene samples than annealing of Cu under the same conditions.  
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Cu 

samples 

9 m  9 m 

annealed  

9 m  

with 

SLG 

9 m 

with 

FLG 

25 

m  

25 m 

annealed  

25 m 

with 

SLG 

25 m 

with 

FLG 

 (mm
2
S

-

1
) 

 

84 90.7 

(87 – 93)   

89.6  

(88 – 

93)  

95.5  

(91 – 

99)  

90 91.2  

(91 – 92)  

97.6  

(95 – 

100)  

98.4  

(98 – 99)  

K (W/mK) 

 

290 329.5  

(319 – 

340)  

369.5  

(361 – 

379)  

364.3  

(346 – 

378)  

313 337.2  

(320 – 

358)  

363.0  

(354 – 

374)  

376.4  

(372 – 

377)  

/ (%) 

 

– 7.4 6.3  12.0 – 1.3 7.8 8.5 





– 11.9 21.5  20.4  – 7.2 13.8 16.9 

Table 6-1 Thermal Diffusivity and Thermal Conductivity of Graphene Coated Cu Films 

The obtained α and K of Gr-Cu-Gr hetero-films and their weak temperature dependence 

are consistent with literature values for bulk Cu, which varies from 385 W/mK to 400 

W/mK [19-21]. As reported in Refs. [20-21], in the relevant temperature range of 300 K 

– 400 K, the thermal conductivity of copper slightly decreases (increases) in bulk (thin 

films with H≈40 nm – 200 nm range) with temperature. The latter is explained by the 

interplay of the intrinsic and boundary scattering mechanisms for the heat carriers [19-
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21]. In terms of their thickness our samples fall in between these two limiting cases. The 

latter explains the observed weak and sometimes non-monotonic dependence of the 

thermal conductivity on temperature. 

Electrons are the main heat carriers in Cu while phonons make the dominant contribution 

in graphene. The strong reduction of K of Cu due to electron scattering from the film top 

and bottom boundaries is only expected in very thin films where the electron mean-free 

path (MFP) becomes comparable with H [21]. However, it is known that the grain size in 

Cu decreases with the decreasing film thickness [20]. For this reason, the size effects can 

reveal themselves even in relatively thick Cu films with H≤10 m [20]. The lower  and 

K for 9 m films than those for 25 m films measured in our experiments are likely 

related to the grain size effects. The rolling fabrication of Cu films of different thickness 

(9 m vs. 25 m) is also expected to result in variations in the defect densities, grain 

elongation and orientation, thus, affecting  and K.   

The most important and unexpected observation from Fig. 6.7 is that α and K are strongly 

increased in Gr-Cu-Gr hetero-films with graphene or FLG coating compared to reference 

Cu films or annealed Cu films.  Deposition of graphene results in stronger increase of α 

and K than annealing under the same conditions. In terms of thermal conductivity, the 

effect of graphene deposition is particularly pronounced for thinner Cu films (H=9 µm). 

The deposition of SLG on 9-µm Cu film results in about ~22% enhancement of the 

apparent thermal conductivity as compared to ~12% increase in the annealed samples 

without graphene. The average enhancement of K and α  after deposition of SLG on 25-
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µm films is less pronounced than that for 9-µm films but still notably larger than for the 

annealed reference samples. The increase in α and K is not proportional because the 

thermal treatment during CVD or annealing affects the specific heat as well. It is known 

that thermal treatment of metals and alloys can noticeably change Cp, particularly in the 

presence of impurities and defects [22].  

The overall enhancement of heat conduction properties of Gr-Cu-Gr hetero-films as 

compared to reference Cu films is very strong and may appear puzzling. The thickness of 

graphene h=0.35 nm is negligibly small compared to H=25 µm. For this reason, the 

thermal resistance Rθ=L/(KhW) of the additional heat conduction channel via graphene 

will be much larger than via Cu film (here L is the length of the path). Thus, the high 

thermal conductivity of graphene [5] should not play a significant role in heat spreading 

ability of Cu foils over large distances (L~5 mm) if one considers conventional heat 

transfer by phonons. The observed enhancement of the apparent α and K can be 

understood if the thermal data is correlated with the microscopy data presented in Fig. 

6.8.  

One can see that CVD of graphene results in substantially stronger enlargement of Cu 

grains than annealing under the same conditions. The graphene CVD and annealing 

temperature 1030 
o
C is sufficiently larger than Cu recrystallization temperature of ~227 

o
C [23]. As a result, annealing accompanied by re-crystallization increases the grain sizes 

in Cu films, reduces the defect density and improves their mechanical properties [23-24]. 

Our results indicate that CVD of graphene enhances the Cu grain growth, as compared to 
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regular annealing, by changing the thermal balance during the deposition. Graphene also 

stops copper evaporation from the surface when the sample is heated during CVD. These 

conclusions are supported by earlier observations that the substrates and underlays affect 

the annealing process of Cu and the resulting Cu morphology [25]. It is also in agreement 

with the grain size data in Cu with CVD graphene and annealed Cu presented in Ref. 

[26]. Additionally, our SEM studies indicate that CVD of graphene results in ~20% 

reduction in surface roughness as compared to reference Cu. 
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Fig. 6-7 . Optical image of the surface of Cu film (a); annealed Cu film (b); and Cu film with CVD 

graphene (c). SEM image of the surface of Cu film (d); annealed Cu film (e); and Cu film with CVD 

graphene (f). Note that deposition of graphene substantially increases the Cu grain size.  

In order to further rationalize the experimental results we estimated the ratio of the 

average grain sizes, DD /
~

, which would provide the relative change in the thermal 

conductivity, K/K, close to the one observed in the experiments ( D
~

 is typical grain size 

in reference Cu film and D  is the grain size after CVD of graphene). The electron MFP 

for thermal transport is =40 nm at RT [22]. Since <<H, it is reasonable to assume that 

K is mostly limited by the grain boundary scattering. In this case, one can express the 

thermal conductivity, K, of a polycrystalline metal through that of a single-crystal bulk 

metal, KB, as [27-29] BKDK 1)/1(  . Applying this equation to polycrystalline Cu 

before and after CVD of graphene we derived the following relation 

)/)(/(1

)/(1
~






DKK

KK

D

D
.               (6.1)  

It is well known that Cu films have very large distribution of grain sizes [24, 30]. It is 

common to have grain sizes within a given Cu sample varied by three orders of 

magnitude from tens of nm to tens of m [30]. The shape of the grains in the Cu film can 

also be very anisotropic. Detail investigation of the grain size distribution requires 

expensive ion-milling and transmission electron microscopy study. For these reasons, 

here we provide simple estimates from the optical, SEM and AFM studies of our 

samples. If one assumes that the average grain diameters in Gr-Cu-Gr heterostructures 
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are in the range D≈1-10 m, the experimentally measured K/K=0.2 can be achieved for 

DD /
~

 ranging from ~0.13 to 0.016, which corresponds to the grains in reference Cu on 

the order of 130 – 160 nm. Note that the smaller grains can affect the thermal transport 

the most by limiting the heat carrier MFP. The considered range and change in the 

diameter by ×10-×100 after CVD is consistent with the microscopy data (see examples in 

Fig 6.7). It is known that annealing of Cu under different conditions can change the grain 

size by many orders of magnitude from ~30 nm to 100 mm [24]. Deposition of graphene 

can produce even stronger effect. Thus, our analysis suggests that the grain size increase 

can result in the observed enhancement of the thermal conductivity. Variations in the 

defect densities, e.g. dislocation lines, and grain boundary thickness after CVD of 

graphene may also affect the K/K.  

In order to exclude a possibility that the change in thermal conductivity is due to the 

changes in the impurity content in Gr-Cu-Gr hetero-films and reference annealed Cu 

films we performed X-ray photoelectron spectroscopy (XPS) and energy-dispersive X-

ray (EDX) spectroscopy inspection. It was established that the impurity composition (that 

included O and N) did not differ in graphene-Cu-graphene films with graphene and 

annealed Cu. The differences in the grain size and roughness of GCG-HF and those of 

annealed Cu films may also be related to differences in the oxidation process during and 

after CVD of graphene and annealing [31]. One should also note that graphene is an 

essential for improved thermal conductivity of Gr-Cu-Gr hetero-films. The experiments 

with deposition of amorphous carbon on Cu indicated that the thermal conductivity has 
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not increased but rather decreased. Amorphous carbon is known to have very low thermal 

conductivity of below 1 W/mK at RT [5].  

We have also conducted four-probe electrical measurements in order to investigate if the 

observed change in thermal conductivity in Gr-Cu-Gr hetero-films follows the 

Wiedemann – Franz law [32] K/=LT, where  is the electrical conductivity and 

L=(
2
/3)(kB/q)

2
≈2.44 10

-8
 WK

-2
 is the Lorenz number. The electrical conductivity of 

the samples was in line with the tabulated values for Cu films. However, it did not scale 

up linearly with the measured K as required by the Wiedemann – Franz law. We explain 

it by the fact that our samples are heterogeneous, and the electric probes pressed against 

Gr-Cu-Gr hetero-films contact both graphene or FLG layer and Cu. The electrical 

conductance is provided by both graphene and Cu channels. As a result, the evolution of 

electrical conductivity with the change in the grain size does not necessarily correlate 

well with the apparent thermal conductivity via the Wiedemann – Franz law.       

Although it is clear that the observed strong enhancement of thermal properties of Cu 

films after CVD of graphene is mostly related to the effect produced by graphene on Cu 

grains one cannot completely exclude other possible mechanisms of heat conduction, 

which might be facilitated by graphene. It has been recently suggested theoretically that 

plasmons and plasmon-polaritons can strongly enhance the heat transfer in graphene and 

graphene-covered substrates [33-34]. The fact in our measurements the samples are 

heated by the light flash with the wide spectrum leaves this possibility open. The plasmon 

contribution would come in addition to the phonon heat conduction in graphene.   
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Our present findings add validity to the proposals of the graphene capped Cu 

interconnects by demonstrating improvement in their heat spreading ability. Taking into 

account that the next technology nodes will require Cu interconnects with the nm-range 

thickness [11] one can expect that the effects will be even more pronounced than in the 

-range thickness films. The latter may become a crucial consideration for 

electronic industry. In addition, our results can be possibly applied in metallurgy. Carbon 

additives have long been used in steel smelting as alloying elements distributed through 

the volume. Carbon alloying allows one to vary the hardness and strength of the metal 

[23]. Our results show that CVD of one-atom-thick graphene layer on the surface of 

metal foils can have a pronounced effect on its thermal properties. This is a conceptually 

different approach for the carbon use in metallurgy.  

6.4. Theoretical Analysis Details 

the equation for the thermal conductivity of polycrystalline material limited by the grain 

boundaries [27-29]: 

BKDK 1)/1(  .                (2) 

Here D is the grain size (mean diameter), KB is the thermal conductivity of bulk single-

crystal material,  is the electron mean free path (MFP) for thermal transport, which can 

be larger than that for electrical transport [27-29].  Let us assume that the material with 

grain size D1 has the thermal conductivity K1 while the material with grain size D2 has the 
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thermal conductivity K2. We introduce two ratios:  21212 /1/)()/( KKKKKKK   

and 21 / DD . Writing Eq. (2) for two materials with two grain sizes D1 and D2, we get  

BKDK 1

11 )/1(  ,               (3) 

BKDK 1

22 )/1(  .                (4) 

Dividing Eq. (3) by Eq. (4), we can obtain for the thermal conductivity enhancement 

factor: 
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.               (5) 

Solving Eq. (5) for  we get 

)/(1

1

2 









D
                (6) 

Finally, we obtain the relation between the ratio of the grain sizes and increase in the 

thermal conductivity 

)/)(/(1

)/(1

22

1






DKK

KK

D

D
               (7) 

The derived equation allows one to correlate the effect of increasing grain size in Cu 

films after graphene deposition with the measured increase in the thermal conductivity. 

Although the proposed model is simple it captures the main trend observed 
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experimentally. More accurate treatment requires inclusions of specifics of electron 

reflections from grain boundaries and external surfaces in polycrystalline films [35]. 
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7.1. Summary of Dissertation 

In conclusion, we demonstrated that the use of graphene and few-layer graphene as fillers 

in organic phase change material allows one to increase its thermal conductivity by more 

than two orders of magnitude while preserving its latent heat storage ability. The strong 

enhancement is achieved via easy binding of graphene flakes to paraffinic hydrocarbons 

resulting in good thermal coupling. The exceptionally large thermal conductivity of 

graphene improves the heat conduction ability of paraffins. It was also shown through 

measurements and computer simulations that improved thermal properties of graphene 

PCM result in significant temperature rise inside realistic Li-ion battery packs. The 

described combined heat storage–heat conduction approach may lead to a transformative 

change in thermal management of batteries. We reported the thermal properties of Li-ion 

battery electrodes enhanced with multi-wall CNTs. The electrodes were synthesized via 

an inexpensive scalable filtration method. Our measurements indicate that the CNT 

enhanced electrodes reveal up to two-orders-of-magnitude enhancement of the thermal 

conductivity. The in-plane thermal conductivity in some electrodes reached ~141 W/mK 

at RT.  The described approach for increasing the thermal conductivity can be extended 

to commercial electrode-active materials. The obtained results are important for thermal 

management of Li-ion and other high-power-density batteries. we demonstrated 

experimentally that graphene – Cu – graphene heterogeneous films reveal strongly 

enhanced thermal conductivity as compared to the reference Cu and annealed Cu films. 

Chemical vapor deposition of graphene on both sides of 9-µm-thick Cu films increases 

their thermal conductivity by up to 24% near room temperature. The effect of graphene is 
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projected to be substantially stronger in nm-thick Cu interconnects. The observed 

improvement of thermal properties of graphene – Cu – graphene hetero-films results 

primarily from the changes in Cu morphology during graphene deposition. Enhancement 

of thermal properties of graphene capped Cu films is important for thermal management 

of advanced electronic chips, and adds validity to the proposed applications of graphene 

in the hybrid graphene – Cu interconnects. Our results indicating that deposition of just 

one atomic plane of graphene on a surface can substantially improve the properties of 

underlying metal film may lead to a transformative change for the use of carbon in 

metallurgy. 
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