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Abstract 

Thermally conductive polymer nanocomposites are enticing candidates for not only 

thermal managements in electronics but also functional components in emerging 

thermal energy storage and conversion systems and intelligent devices. A high thermal 

conductivity (k) depends largely on the ordered assembly of high-k fillers in the 

composites. In the past decades, various templating assembly techniques have been 

developed to rationally construct nanoscale fillers into three-dimensional (3D) 

interconnected structures, further improving the k of composites compared to 

conventional methods. Herein, recent advances are summarized in developing 

thermally conductive polymer composites based on self-templating, sacrificial 

templating, foam-templating, ice-templating and template-directed chemical vapor 

deposition techniques. These unique templating methods to fabricate 3D interconnected 

fillers in the form of segregated, cellular, lamellar, and radially aligned structures are 

reviewed, and their correlations to the k of composites are thoroughly probed. Moreover, 

multiscale structural design strategies combined with different templating methods to 

further improve the k of composites are highlighted. This review offers a constructive 

guidance to fabricate next-generation thermally conductive polymer composites for 

diverse thermal energy applications. 
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Acronyms 

0D   Zero-dimensional  

1D   One-dimensional  

2D   Two-dimensional  

3D   Three-dimensional  

APTS  3-aminopropyltriethoxysilane  

BN  Boron nitride  

BNNS  Boron nitride nanosheet 

CB  Carbon black  

CF   Carbon fiber  

CMC  Cellulose microcrystal 

CNC  Cellulose nanocrystal  

CNF  Cellulose nanofiber  

CNT  Carbon nanotube   

CVD  Chemical vapor deposition 

EG  Expanded graphite 

EMI  Electromagnetic interference 

EMT  Effective medium theory 

FEA  Finite element analysis  

F-F    Filler-filler 

F-M   Filler-matrix 

GF  Graphene foam 

GNP  Graphite nanoplatelet 

GO  Graphene oxide 

IoT  Internet of Things 

ITR  Interfacial thermal resistance  

LBL  Layer-by-layer  

LLDPE  Linear low-density polyethylene 

MD  Molecular dynamics 

MF  Melamine–formaldehyde 
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MPPW  Multilayer plastic packaging waste 

NFC  Nanofibrillated Cellulose  

NR  Natural rubber 

PA6  Polyamide 6 

PBO   Polybenzobisoxazole  

PBT  Poly(butylene terephthalate) 

PBz  Polybenzoxazine 

PCL  Polycaprolactone  

PCM  Phase change material 

PDA  Polydopamine 

PDDA  Poly(diallyl dimethyl ammonium chloride) 

PDMS  Polydimethylsiloxane 

PE   Polyethylene 

PEG  Polyethylene glycol 

PEG-g-PDMS  PEG grafted PDMS 

PES   Polyethersulfone 

PI   Polyimide 

PLA  Polylactic acid 

PMMA Poly(methyl methacrylate) 

PP   Polypropylene 

PPS  Polyphenylene sulfide  

PPSU  Poly(phenylene sulfone) 

PS   Polystyrene 

PSR  Polysulfide rubber 

PTM   Personal thermal management 

PU  Polyurethane 

PVA  Poly(vinyl alcohol) 

PVDF  Poly(vinylidene fluoride) 

rGO  Reduced graphene oxide 

ROM  Rule of mixtures 
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RPC  Reticulated porous structure  

SEM  Scanning electron microscopy  

SR   Silicone rubber 

TCE  Thermal conductivity enhancement 

TCEE  Thermal conductivity enhancement efficiency 

TCAR Thermal conductivity anisotropy ratio  

TEM  Transmission electron microscopy 

TIM  Thermal interface material 

TPU  Thermoplastic polyurethane 

T-ZnOw  Tetrapod-like zinc oxide whiskers 

UHMWPE  Ultra-high molecular weight polyethylene 
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Symbols 

β   Conductivity exponent depending on the aspect ratio of filler 

𝜇1   Orientation coefficient of filler struts with a 2D in-plane orientation 

𝜇2  Orientation coefficient of filler struts with a 3D random orientation 

𝜉   Relative concentration of struts with an in-plane orientation 

ψ   Sphericity of filler 

Φm  Maximum packing fraction of particle 

B   A constant related to shape and orientation of particle 

C1   Influence factor of crystallinity and crystal size of polymer after adding fillers 

C2   Difficulty of forming the heat conduction chain 

Cv   Specific heat capacity per unit volume 

h   Interfacial thermal conductance 

k   Thermal conductivity 

k0   Pre-exponential factor from the contribution of 3D network 

kc   Thermal conductivity of composite 

k
eff 

f   Effective thermal conductivity of filler 

kf   Thermal conductivity of filler 

km   Thermal conductivity of matrix 

ks   Thermal conductivity of filler strut 

l    Phonon mean free path 

L   Size of filler 

n    Shape parameter of filler 

r    Radius of spherical filler 

R    Thermal resistance or Kapitza resistance 

t     Thickness of filler  

Tg    Glass transition temperature 

υ     Phonon group velocity 

Vc    Critical volume fraction 

Vf    Volume fraction of filler 
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1. Introduction 

Electronic devices have become an indispensable part of our daily life. With ever-

growing realization of miniaturization, integration and multi-functions of electronics, 

the power density and the heat output per unit volume increase significantly, deleterious 

to their performance and service life if the heat is not effectively dissipated. The 

overheating of microelectronic components has become the bottleneck restricting the 

development and application of high-frequency and high-power devices and systems 

for advanced communication and information technology.[1-5] In particular, the rapid 

deployment of 5G technology in consumer electronics poses new challenges to more 

efficient thermal management solutions because of the exponential surge of heat 

generated from the high power consumption. To tackle the challenge, myriad thermally 

conductive polymer composites have been developed over the past decade as thermal 

interface materials (TIMs), focusing on improving the thermal conductivity of 

composites without degrading their mechanical properties using small quantities of 

conductive fillers.[6, 7]  

In addition to electronics, thermal energy regulation also plays a crucial role in energy 

storage and conversion systems such as batteries[8-10] and solar thermal energy storage 

technology based on photo-driven phase change materials (PCMs).[11]. For example, 

thermally conductive separators [8, 9] and electrolytes [10] have been developed to 

facilitate heat dissipation in batteries, mitigating the temperature rise during operation 

and improving the safety and service life. Most recently, thermally conductive polymer 

composites with excellent thermoresponsive capacities have been used to meet rapidly 

increasing demands for fast responses to temperature changes in wearable devices, 

human-machine interactions and artificially intelligent (AI) technology.[12] The high 

thermal conductivity not only helps the heat dissipation in wearable fabrics for personal 

cooling [13-15] and high-current actuators [16], but also contributes to fast responses 

to heat in shape memory devices [17, 18] and temperature sensors for soft robotics [19].  

Despite these promising applications, the vast majority of polymers exhibit intrinsically 

low thermal conductivities, k, below 0.5 W m-1 K-1,[20, 21] significantly hampering 
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their thermal applications. One effective way to ameliorate their k is to incorporate 

thermally conductive fillers in them. Various types of fillers, including electrically 

conductive metal particles (e.g., silver (Ag),[22, 23] copper (Cu),[24-26] aluminum 

(Al),[27] and nickel (Ni)[28, 29]), carbon materials (e.g., carbon black (CB),[30] 

carbon fiber (CF),[31, 32] carbon nanotube (CNT),[33] graphite,[34, 35] and 

graphene[36-39]), MXene,[40, 41] and electrically insulating ceramics (e.g., alumina 

(Al2O3),[42, 43] silicon nitride (Si3N4),[44, 45] silicon carbide (SiC),[46, 47] aluminum 

nitride (AlN),[48, 49] and boron nitride (BN)[50, 51]) have been introduced into 

polymer matrices to yield thermally conductive polymer composites. Many of these 

fillers possess immensely anisotropic k arising from their anisotropic structures. For 

example, the in-plane k of two-dimensional (2D) graphene and BN sheets can reach 

5300 and 360 W m-1 K-1,[52, 53] respectively, while their through-plane k are two orders 

of magnitude lower.[54, 55] The anisotropic k necessitates the design of aligned 

structures to fully utilize their high in-plane k. Yet, it remains a formidable task to fully 

translate their excellent k to bulk composites. This is because conventional processing 

routes, such as direct solution mixing and melt compounding, are not conducive to form 

percolated networks of thermally conductive fillers even with homogeneous dispersion, 

leading to huge thermal resistance at the filler-matrix (F-M) interfaces and thus 

unsatisfactory k of composites, usually lower than 5 W m-1 K-1.[3, 56] 

Contrary to uniform dispersion strategies, constructing three-dimensional (3D) 

conductive networks through various rational assembly techniques allow thermally 

conductive fillers to aggregate and assemble in an orderly manner.[57] The pre-

constructed filler networks ensure inherent percolation of nanofillers when made into 

composites. The phonons can therefore transport through the interconnected networks 

without being significantly scattered at the F-M interfaces,[58, 59] maximizing the k 

improvement in composites with a minimal filler loading. Exhaustive efforts have been 

made to produce thermally conductive composites containing 3D fillers through 

rational design of building blocks, microstructures, and macro-architectures.[59-62] 

Among different methods, the templating strategy is an emerging and effective 

approach to realize ordered and controlled assemblies of low-dimensional nanofillers. 
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Various 3D interconnected structures, including isotropic segregated, unidirectional 

cellular, bidirectional lamellar, and radial continuous conductive structures, have been 

constructed by templating strategies and served as 3D filler networks in polymer 

matrices to tailor thermally conductive behaviors of the final composites.[19, 63-68] 

Although general strategies to build 3D thermally conductive structures are discussed 

in a few review articles,[37, 58, 69] specific discussions on the processes of various 

templating methods are not available. Moreover, the correlations among different 

templating methods, the micro- and macrostructures created therefrom, and the 

resulting k of composites have yet to be established. In addition, the existing reviews 

focus primarily on thermal management of electronics without accounting for other 

important applications such as thermal energy conversion and smart devices, which are 

emerging fields for the application of thermally conductive composites.[3, 36]  

In this contribution, recent progresses in templating strategies involving self-templating, 

sacrificial templating, foam-templating, ice-templating and template-directed chemical 

vapor deposition (CVD) for versatile, thermally conductive composites, including 

robust,[70] flexible[71] and phase change energy storage[72] composites, are critically 

summarized. Fig. 1 schematically illustrates the overall methodology used in this 

review. The technical characteristics, nanofiller structures, microstructural design, 

macro-architecture assembly, performance optimization, and application fields of 

different templating methods are highlighted and holistically compared by probing the 

process-structure-property-application correlations across multi-length scales. This 

review provides a meticulous guideline for manufacturing high-performance thermally 

conductive polymer composites using templating strategies, furthering their application 

in all heat-related scenarios. 
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Fig. 1. Overview of templating strategies to produce thermally conductive polymer 

composites for thermal energy applications. The numbers in the brackets are the k 

values in W m-1 K-1 of fillers frequently used for thermally conductive polymer 

composites. 

2. Thermal Transport in Polymer Composites 
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2.1. Thermal conduction mechanisms 

It is well-known that heat transfer can be classified into four major mechanisms, namely, 

thermal radiation, thermal convection, thermal conduction, and transfer of energy by 

phase changes. In solid materials, the heat is transferred mainly by conduction. The two 

main heat carriers in solids are electrons capable of free migration and phonons in the 

form of lattice vibration, while the phonons predominate the heat conduction in 

polymers.[33] The k of polymers can be determined by the Debye equation:  

𝑘 =
𝐶𝑣𝑣𝑙

3
                                                            (1) 

where Cv is the specific heat capacity per unit volume, υ and l are the phonon group 

velocity and phonon mean free path, respectively. For most polymers, phonons travel 

through amorphous polymer chains with rather short l due to phonon scattering between 

individual chains or at defects, leading to inherently low k in the range of 0.1 – 0.5 W 

m-1 K-1.[73] 

The addition of fillers with orders of magnitude higher k than polymer matrices can 

improve the k of composites to a different extent depending on filler loading. At low 

filler loadings, phonons transport through conductive fillers and polymer matrices with 

high interfacial resistance between them. Therefore, the improvement in k is limited 

especially for nanofiller/polymer systems where a large volume of interphase exists. 

When the filler loading increases to form physical contacts between fillers, the thermal 

conduction pathway theory is the most widely-accepted thermal conduction mechanism. 

The heat flux preferentially flows along the conductive networks formed by 

interconnected fillers rather than through the polymer matrix.[20, 74] Similar to 

electrical percolation,[75, 76] an abrupt change in k with increasing filler loading is 

observed in several thermally conductive composites.[77-80] The thermal resistance 

between individual fillers is much lower than that occurring at the filler/polymer 

interfaces,[81] thus large enhancements in k are expected when interconnected filler 

networks are formed in the composite. However, for most thermally conductive 

composites with dispersed fillers, the thermal percolation hardly appears even at very 

high filler loadings of 17 – 50 vol%,[78, 82, 83] much higher than that required for 
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electrical percolation which is often less than 1 vol%.[75] The difficulty in forming 

thermal percolation networks can be understood from the following aspects. First, the 

k of most thermally conductive fillers is only 10 to 103 times higher than the polymer 

counterpart, in contrast to the over 10 orders of magnitude difference between their 

electrical conductivities. The matrix is not a thermal insulator, making the thermal 

percolation phenomenon less prominent than the electrical percolation. Second, unlike 

electrons, there is no tunneling effect for phonons. This means that physical contacts 

between fillers are essential for effective phonon transport. Third, phonon scattering is 

more prominent than electron scattering at interfaces and defects, where electron 

hopping and tunneling help the formation of electrical percolation. Therefore, dedicated 

engineering of interfaces between the fillers for matched phonon vibration 

characteristics is necessary to reduce phonon scattering at the interfaces for thermal 

percolation. It follows that constructing interconnected filler networks with tailored 

inter-filler contacts is vital to highly enhanced k of composites.  

2.2. Factors affecting k of composites containing interconnected fillers 

Many theoretical models have so far been developed to predict and analyze k of 

polymer composites by taking into account various important factors, as summarized 

in Table 1.[6, 61, 84-86] Depending on the explicit parameters studied, these models 

can be classified into three types, namely, (i) simple models without considering 

interfacial effects, (ii) F-M interfacial models, and (iii) filler-filler (F-F) interfacial 

models. These models are discussed in the following, focusing on their applications to 

identify the important factors affecting the k of composites containing interconnected 

filler networks. 

In the simple models without considering interfacial effects, only the k values of fillers 

and matrices, kf and km, as well as filler loading, Vf, are specifically included in the 

mathematical expressions. The simplest forms are the parallel (arithmetic mean), series 

(harmonic mean), and random models (geometrical mean) based on the rule of mixtures 

(ROM).[87-89] Typically, the parallel and series models predict the upper and lower 

limits of k of two-component composites, respectively. Another commonly used 
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Maxwell–Eucken model presents a good agreement with experimental data for 

composites containing uniformly distributed fillers at low loadings.[90] For the 

composites having high filler contents, the Bruggeman model provides a better 

prediction.[91, 92] In addition to kf and km, other important factors, such as the geometry, 

shape, aspect ratio, and packing of dispersed fillers, are also explicitly studied in the 

Hamilton-Grosser model [93] and the Lewis−Nielsen model.[94, 95] For analyzing the 

k of composites (kc) containing interconnected fillers, these simple models, especially 

the ones based on ROM, are normally used to predict their upper and lower bound 

values. 

The F-M interfacial models account for the interfacial thermal resistance (ITR) between 

fillers and matrices in addition to km and kf. The F-M ITR or Kapitza resistance, R, is 

an important factor leading to the reduction of k at the F-M interfaces, frequently 

stemming from the difference in the vibrational modes between them.[96] Specifically, 

the phonon scattering occurs because of the incompatible phonon vibrational modes or 

incomplete contacts at the interface, inevitably giving rise to a high F-M ITR.[97] To 

incorporate the contribution of reduced interfacial thermal conduction, the Hasselman–

Johnson model was proposed to predict the kc by replacing kf in the Maxwell–Eucken 

model with the effective value taking into account the adverse effects of F-M 

interfaces.[98, 99] A more commonly-used theory is the Nan’s model based on the 

effective medium theory (EMT).[100, 101] The ITR at the F-M interface was taken into 

account in this model, yielding a more accurate prediction of kc than the simple models 

without considering the interfacial effects as discussed above. Other factors such as 

filler alignment [102-105] and hybrid fillers [106] were also studied by modifying the 

Nan’s model. Nevertheless, the theoretical models based on EMT only holds well for 

filler loadings below thermal percolation.[107] In general, these models tend to 

underestimate kc of composites containing interconnected filler networks where the 

resistance between individual fillers in the percolated network becomes more 

important.[108] 
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To better predict the kc of composites containing interconnected fillers, the F-F 

interfacial models were developed to account for the ITR between individual fillers 

when percolation networks are formed in the composites. Considering the formation of 

heat conduction chains between fillers, an empirical Agari model was developed to 

estimate the kc of composites at high filler loadings.[109, 110] The model introduced 

two fitting parameters, C1 and C2, to account for the ITR between interconnected fillers, 

where a higher value of C2 signifies more conductive chains in the composites. Another 

nonlinear model for 3D thermal percolation threshold in composites is the Foygel 

model.[111] Similar to the electrical percolation threshold, a critical volume fraction of 

fillers required for forming thermal percolation was obtained by fitting the Foygel 

model with the experimental data.[81, 112] Moreover, the ITR between individual 

fillers was also estimated from the fitting, which was two orders of magnitudes lower 

than the counterpart between filler and matrix.[81] This means that the lower ITR 

between fillers than that at the F-M interface was responsible for the higher kc of the 

composites containing interconnected fillers than dispersed fillers.  

In addition to the above empirical models, analytical models explicitly involving the 

ITR between individual fillers were also developed based on the EMT.[113, 114] 

Compared to the underestimation of kc by the EMT models with only the F-M ITR, the 

models taking into account the F-F ITR more accurately fitted the experimental data 

when percolated networks were formed at high filler loadings. This confirms that the 

formation of interconnected networks is conducive to a higher kc because of the lower 

resistance at the F-F than the F-M interfaces.[108] When continuous conductive 

networks were formed in isotropic 3D structures of preconstructed fillers, such as 

graphene foams, the kc was better predicted using a simple 3D ROM model based on 

the metal foam theory.[68] The 3D ROM model considered the filler and matrix as two 

continuous phases and thus only entailed the k values of filler strut and matrix without 

accounting for their ITR. The agreement between the 3D ROM model and the 

experimental data substantiated the trivial effect of F-M ITR when interconnected 

fillers were formed. Further including two parameters, the orientation (𝜇) and 

concentration (𝜉) parameters, into the above model yielded a modified 3D ROM model 
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capable of predicting the kc of composites containing anisotropic 3D filler 

structures.[115] A higher kc was achieved in the alignment than transverse directions, 

signifying the important role of alignment in improving the kc of composites even when 

3D fillers were used. 

2.3. Strategies to improve kc of composites containing interconnected fillers 

The foregoing discussion indicates that the kc of composites with highly thermally 

conductive fillers are much lower than theoretical predictions from the ROM. This is 

commonly attributed to various factors at different length scales inducing high ITR at 

the F-M and F-F interfaces. To further improve the kc, several strategies have been 

proposed to mitigate the ITR. Because many common methods for improving kc of 

composites containing dispersed fillers have been extensively discussed in previous 

reviews,[73, 74, 86] we focus mainly on major strategies for high kc of composites 

containing interconnected filler networks in the following discussion. 

As shown in Fig. 2, early efforts have been dedicated to optimizing the dispersion of 

fillers in the composites for enhanced kc. However, the resulting composites exhibited 

only a moderate improvement in kc because of the large ITR at the F-M and F-F 

interfaces even at high filler loadings.[63] Moreover, the uniform dispersion became 

increasingly difficult at high filler loadings owing to the rising viscosities, adding to 

existing processing difficulties, and thus degrading the mechanical properties. In recent 

years, many studies have been directed towards exploring 3D interconnected filler 

networks capable of offering continuous phonon transfer pathways in the matrix, 

minimizing the unfavorable ITR at the F-M interfaces.[114] Rather than randomly 

dispersing fillers in the matrix, pre-constructing 3D-conductive filler architectures 

using various templating strategies followed by polymer infiltration are more effective 

in ameliorating phonon transfer routes in the composites. The 3D fillers also do not 

alter the viscosity of polymer matrix, eliminating the processing challenges arising from 

increased viscosities. 

To further improve the heat transfer efficiency of 3D fillers and thus kc of the final 

composites, several important parameters need to be optimized through multiscale 
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structural design, such as filler loading, pore size, secondary network, alignment, filler 

hybridization, F-M interfacial engineering, and F-F interfacial engineering, as 

illustrated in Fig. 2. Detailed discussion on individual parameters is provided in the 

following. Apparently, kc is positively correlated to the filler loading.[63] Among 

various strategies, 3D structures with high densities made from high-density templates 

are an ideal approach to achieve a high filler loading.[115] This is because the high-

density 3D fillers with interconnected thermal pathways are more efficient in improving 

kc than the fillers of the same loading evenly dispersed in the matrix. For a given filler 

loading, the pore size in the 3D filler structures plays an important role in determining 

kc. Generally, the larger is the pore size, the thicker are the cell walls and the smaller 

are the interfacial contact areas between the 3D filler and matrix, with higher kc.[116, 

117] The term ‘secondary network’ refers to the additional thermal transfer pathways 

formed in the matrix other than the primary conductive network of 3D fillers, as shown 

in Fig. 2. Generally, the secondary networks supplement the 3D fillers featuring 

relatively large primary skeletons or pores, such as those made based on large-size self-

templated polymer granules [118] and commercial foam templates [119]. On one hand, 

the secondary network is beneficial to reducing the thermal resistance from the matrix 

inside the large pores to the conductive strut walls, furthering the heat transfer capacity 

for relatively large primary skeletons or pores derived from templating strategies. On 

the other hand, the construction of secondary networks within the 3D fillers can 

overcome the limitation of filler loading in the self-templating method and template-

directed CVD. 

The filler geometries, e.g., shape, size, and aspect ratio, were also optimized to improve 

kc.[120] The filler shape directly determines the F-F contact type, such as point, line, 

and face contacts, in turn affecting the F-F ITRs. Spherical fillers tend to form point 

contacts, exhibiting isotropic heat transfer behavior. By contrast, fillers with tubular 

and platelet shapes form line and face contacts, respectively, both showing anisotropic 

heat transfer characteristics. Amongst fillers with different shapes, anisotropic fillers 

having face contacts, such as 2D graphene and BN, showed the lowest F-F ITR because 

of larger contact area,[74, 121] making them the most promising candidates for 
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improving kc. Different from segregated structures with isotropic properties, highly 

oriented structures, including cellular, lamellar and radial structures, were constructed 

using these 2D fillers by templating strategies to improve kc along the desired 

directions.[19, 66, 67, 122] To more effectively exploit the advantages of 2D fillers, 

hybrid fillers with different geometries have been used to synergistically enhance kc, 

where the loading ratio of these hybrid fillers plays a decisive role. For example, large-

size fillers formed a network structure, while small-size ones filled the gap between 

adjacent large-size fillers, achieving more efficient packing along with reduced F-F 

ITR.[123-125] Moreover, the devise of hetero-structured thermally conductive fillers 

fabricated by physical interaction or in-situ chemical growth is an enticing solution to 

reduce F-F ITR in the filler hybridization systems, enlarging the synergistic 

improvement effect.[126-128] 

At atomic or molecular levels, the thermally conductive fillers in the 3D framework are 

usually in contacts via weak physical interactions, such as van der Waals forces, 

hydrogen bonds, and π-π interaction. Nevertheless, the phonon transport is closely 

related to the vibrational frequencies of atoms across the interface between different 

materials, which is directly proportional to the bond strength at the interface.[129]  

Therefore, non-covalent or covalent modification of the interfaces to enhance the bond 

strength and afford resonant atomic motions constitutes another effective alternative to 

improving kc through reducing the ITR at the F-M and F-F interfaces.[130] Surface 

functionalization of nanofillers using chemical groups, such as polydopamine (PDA) 

and silane, and covalent-connecting fillers are common routes to improve the interfacial 

interactions between physically contacted fillers.[131-133] Although the covalent 

modification is more beneficial to reducing the ITR than the non-covalent counterpart, 

the former can deteriorate the intrinsic k of fillers causing the kc to be worse off. This 

means that the selection between the covalent and non-covalent modifications should 

be dependent on whether it would adversely affect the intrinsic k of fillers, such that the 

overall kc can be enhanced to the maximum possible extent. Another effective way is to 

prepare continuous, covalently-bonded 3D monolithic fillers by template-directed 

CVD.[68] The covalent bonds in the 3D fillers allowed unspoiled phonon transport 
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along the filler networks with minimum adverse effects from the F-F interfaces.[115] 

However, kc is normally limited by the low filler content arising from the large pore 

size in CVD-grown 3D fillers. Therefore, a useful strategy is to build the 

aforementioned secondary network within the 3D fillers to enhance the overall filler 

loading and thus kc.[80, 134] Overall, the rational design of 3D fillers from 

atomic/molecular-scale functionalization to nano-micro structural optimization 

constitutes among the most intriguing means for developing high-performance 

thermally conductive polymer composites. The design principles of 3D fillers realized 

by different templating methods are discussed in the next Section. 
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Fig. 2. Schematics and optical/scanning electron microscopy (SEM)/transmission 

electron microscopy (TEM) images showing the morphologies and heat transfer in 

thermally conductive composites filled with randomly-dispersed fillers or 3D 

interconnected filler networks, and the strategies to optimize the 3D filler networks by 

tuning various factors, including filler loading, pore size, alignment, filler hybridization, 

secondary network, and filler/matrix or filler/filler interfaces. Optical images of 

randomly-dispersed fillers, 3D interconnected filler networks, and filler loading are 

reproduced with permission from ref. [63]. Copyright 2016, American Chemical 

Society. SEM images for pore size are reproduced with permission from ref. [116]. 

Copyright 2016, Royal Society of Chemistry. SEM image for secondary networks is 

reproduced with permission from ref. [134]. Copyright 2017, Elsevier Ltd. SEM image 

for alignment is reproduced with permission from ref. [122]. Copyright 2016, Royal 

Society of Chemistry. SEM image for filler hybridization is reproduced with permission 

from ref. [125]. Copyright 2018, Royal Society of Chemistry. Schematic illustration 

and SEM images for F-M interface are reproduced with permission from ref. [132]. 

Copyright 2017, American Chemical Society. Schematic illustration and SEM image 

for F-F interface are reproduced with permission from ref. [133]. Copyright 2018, 

WILEY-VCH. 

3. Templating Strategies to Produce 3D Interconnected Fillers 

Templating strategies exploit templates in various forms to direct the assembly of 

thermally conductive fillers into 3D interconnected architectures having continuous 

heat transport networks. The orderly stacking of functional components in the 

composites can be attained through controlling various materials and processing 

parameters. Depending on the types of templates used in the assembly processes, the 

templating methods can be categorized into self-templating, sacrificial templating, 

foam-templating, ice-templating, and template-directed CVD, which are discussed in 

the following parts. The correlation among processing methods, material compositions, 

structural characteristics, and thermal conductivities for each of templating strategies is 

highlighted. In addition, we emphasize the benefits of multiscale design to further 
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improve the heat transfer performance using the isotropic and anisotropic structures 

built by various templating strategies. 

3.1. Self-templating  

Self-templating refers to the construction of segregated structures of fillers by directly 

using the interfaces among polymer particles as templates without introducing a third 

phase during the templating process.[135, 136] In the final composites, the segregated 

fillers are located primarily at these polymer particle interfaces to achieve a locally high 

filler loading and full contacts between individual fillers, allowing the formation of 3D 

percolated networks at an overall low filler loading compared to the counterparts 

comprising dispersed fillers. In a typical process, two steps, namely, mixing and 

compaction are carried out in sequence. Polymer granules coated with conductive fillers 

are dry- or solution-blended, followed by hot pressing to construct the segregated 

conductive networks in bulk composites by means of interconnection of polymer 

granules. Worthy of note is that the polymers should possess relatively high melt 

viscosities to maintain the segregated networks while a low filler concentration is 

preferred to ensure good adhesion between fillers and polymer granules while 

alleviating the processing difficulties during hot press. 

In the thermally conductive composites, the segregated fillers form continuous 

conductive pathways, significantly mitigating the phonon scattering at the F-M 

interfaces. Different thermally conductive filler materials, including metal particles, 

carbon materials, and ceramics, were incorporated into polymer matrices to form 

segregated networks by self-templating.[63, 114, 137-140] Depending on the size of 

polymer granules, filler geometries, applied pressure and temperature during 

compaction, 3D interconnected fillers with either isotropic or anisotropic segregated 

structures were constructed. Isotropic segregated structures were formed when zero-

dimensional (0D) particles, such as Cu or Ag nanoparticles [137, 138], or 2D platelets 

[139], were blended with matrix. For example, graphite flakes were coated on 

polypropylene (PP) particles with a diameter of hundreds of microns followed by hot 

pressing to form graphite/PP composites (Fig. 3a). [63] Percolated networks of 
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segregated graphite flakes at the interfaces were formed in the PP matrix (Fig. 3b), 

giving rise to a significant enhancement in kc. Compared to the composites with 

randomly distributed graphite flakes fabricated by conventional melt compounding, the 

segregated graphite/PP composite exhibited a much superior kc of 5.4 W m-1 K-1 at a 

graphite loading of 21.2 vol%, 227 % higher than that of its random counterpart at the 

same filler loading. (Fig. 3c). 

When the granule size was reduced to only a few microns, 2D nanofillers with high 

flexibility were ideal to allow conformable assembly on the polymer surfaces for 

controllable filler orientation owing to the large deformation of micro-sized granules. 

For example, a high-performance thermally conductive composite was developed based 

on 2D BN nanosheets (BNNSs) and polystyrene (PS) microspheres of ∼1.4 m in 

diameter using self-templating (Fig. 3d).[141] The core-shell shaped microspheres 

fabricated by self-assembling BNNSs on PS microspheres via electrostatic interactions 

were hot-pressed at the glass transition temperature (Tg) of PS to selectively distribute 

BNNSs along the boundaries of the deformed polymer particles. The compressive load 

applied during molding induced in-plane orientation of BNNSs, causing an anisotropic 

kc owing to the anisotropic structure of the resulting BNNS/PS composites, with a high 

in-plane kc of 8.0 W m–1 K–1 at a BNNS loading of 13.4 vol%. Similarly, self-assembled 

BNNS/polyimide (PI) microspheres of ~3.0 m in diameter were also compressed to 

form a composite. The in-plane kc of the resultant composite with 12.4 vol% oriented 

BNNSs was enhanced to 4.25 W m–1 K–1, which is 400 % and 227 % higher than the 

PI matrix and the random-structured composite with the same BNNS loading, 

respectively.[142] The self-templating strategy is suitable for thermally conductive 

composites with most thermoplastic matrices, such as polyethylene (PE), linear low-

density PE (LLDPE), poly(vinyl alcohol) (PVA), poly(methyl methacrylate) (PMMA), 

poly(vinylidene fluoride) (PVDF), ultra-high molecular weight PE (UHMWPE), 

polyphenylene sulfide (PPS), polylactic acid (PLA), and multilayer plastic packaging 

waste (MPPW).[112, 140, 143-147] 
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Fig. 3. Self-templating strategy to fabricate thermally conductive composites with (a-c) 

isotropic and (d) anisotropic segregated structures. (a) Processing route, (b) optical 

image and (c) kc of graphite/PP composites. Reproduced with permission from ref. [63]. 

Copyright 2016, American Chemical Society. (d) Schematic of the preparation of PS-

BNNS hybrid microspheres and the resulting oriented BNNS/PS composites. 

Reproduced with permission from ref. [141]. Copyright 2017, American Chemical 

Society. 

The kc of composites containing segregated fillers is controlled mainly by thermal 

transport in the 3D conductive pathway. In an effort to enhance the thermal transport 

by reducing the ITR, three major strategies, including interfacial engineering, filler 

hybridization, and secondary networks, have been extensively studied, as shown in Fig. 
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4. The interfacial modification aims to reduce the ITR between segregated fillers and 

at the F-M interfaces through chemically or physically altering the structures of 

matrices and fillers. The matrix modification and filler functionalization have been 

adopted to enhance the interfacial interaction between polymers and fillers. Inspired by 

the chemical structure of mussels, a matrix modification was carried out by coating 

PDA on PP granules (Fig. 4a).[131] After pressing, the adhesion between the PP matrix 

and graphene was improved because of the hydrogen bonds and π-π interactions created 

between PDA and graphene, significantly reducing the F-M ITR. To simultaneously 

reduce the ITR at the F-M and F-F interfaces, filler functionalization is necessary. 

Expanded graphite (EG) was functionalized with epoxy groups using a commercial 

modifier (Elvaloy) before mixing with poly(butylene terephthalate) (PBT) particles 

(Fig. 4b).[148] The interactions between fillers and at the F-M interfaces were 

improved because of good compatibility between Elvaloy and PBT, giving rise to 

reduced ITR. A combination of non-covalent and covalent modifications with PDA and 

silane was also adopted to improve the interfacial interactions between bare BN and 

silicone rubber (SR) matrix, in which non-covalent functionalization of PDA on BN 

surfaces facilitated further grafting silane by covalent modification for improved 

interfacial adhesion.[149] In addition to interfacial engineering, segregated structures 

assembled from hybrid fillers of different geometries were found to synergistically 

improve the kc. Large-size 2D fillers such as graphene and BNNS were the main 

constituents in the segregated structures because of their large face-to-face overlapping 

areas. After incorporating secondary fillers, such as 0D Cu particles, polyhedral AlN, 

and one-dimensional (1D) CNTs, the gaps between the adjacent 2D fillers were 

effectively bridged, facilitating phonon transport along the segregated channels formed 

between templating granules (Fig. 4c and d).[114, 150, 151] It is worth noting that for 

composites made by self-templating, the large-size polymer particles of hundreds of 

micrometers in diameter resulted in a large thermal resistance when the heat transferred 

through these polymers, limiting the overall kc. To address this issue, synergistic double 

networks consisting of primary segregated networks between polymer particles and 

secondary embedded networks within the polymer particles (Fig. 4e and f) were 



26 
 

constructed using hybrid fillers with different dimensions and sizes including CNTs, 

graphite nanoplatelets (GNPs) and BN flakes.[118, 152-154] In this strategy, composite 

particles containing high-k fillers instead of neat polymer particles were used as the 

templating units to construct the segregated networks of two different routes by forming 

additional conductive pathways within the polymer particles that ameliorated the heat 

conduction within the matrix. The assembly of double conductive networks was also 

widely used to improve the kc of composites with electrically insulating primary 

segregated networks. The addition of high-k but electrically conductive fillers such as 

graphene in the secondary networks compensated the relatively low k of the electrically 

insulating fillers without impairing the overall electrically insulating nature of the 

composites.[118, 154, 155] 

 

Fig. 4. Strategies to improve the k of composites containing segregated structures. (a) 

Schematic illustration of the preparation of graphene/PDA@PP composites through 
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matrix modification. Reproduced with permission from ref. [131]. Copyright 2020, 

Elsevier Ltd. (b) Schematic illustration of the preparation of Elvaloy@EG/PBT 

composites through filler modification. Reproduced with permission from ref. [148]. 

Copyright 2017, American Chemical Society. (c) Schematic illustration of the heat 

transport pathways in UHMWPE composites containing hybrid fillers of BN and AlN. 

Reproduced with permission from ref. [114]. Copyright 2018, Elsevier Ltd. (d) 

Schematic illustration of the filler networks in BN-CNT/PVDF composites. 

Reproduced with permission from ref. [151]. Copyright 2018, American Chemical 

Society. (e) Schematic illustration of the preparation and (f) k of polyamide 6 (PA6) 

composites containing secondary GNP networks within the primary segregated h-BN 

networks. Reproduced with permission from ref. [118]. Copyright 2019, Elsevier Ltd. 

Despite the above impressive kc values achieved using the self-templating strategy, it is 

highly desirable yet challenging to produce composites with a high through-plane kc 

due to the in-plane orientation of fillers. The resulting thermally conductive composites 

or films typically showed highly anisotropic kc values in two orthogonal directions, with 

much higher in-plane values than the through-plane ones. To tackle the challenge of 

low through-plane kc, thermally conductive fillers of spherical shapes, instead of 

polymer granules, were used as templates to form interlocked networks in the thickness 

direction by the spherical fillers in direct contact.[156-159] A pea-pod-like binary 

alumina-graphene architecture was constructed in an epoxy composite using alumina 

particles as templates, as shown in Fig. 5a. The in-plane and through-plane kc values of 

the resulting composites containing 12.1 wt% graphene and 42.4 wt% alumina were 

33.4 and 13.3 W m−1 K−1, respectively (Fig. 5b).[156] The particularly impressive 

through-plane kc was made possible by forming the thermally conductive networks with 

interconnected graphene and alumina in the thickness direction, as shown in Fig. 

5c.[157] The individual alumina particles were fully wrapped by graphene sheets to 

form effective conductive pathways in the through-plane direction, giving rise to a 

through-plane kc over three times higher than those containing either filler alone (Fig. 

5d). It thus can be said that spherical fillers are conducive to the construction of heat 
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conduction pathways along the thickness direction. 

 

Fig. 5. Self-templating using spherical fillers as templates for composites with 

enhanced through-plane kc. (a) Schematic illustration of the fabrication and (b) kc of a 

pea-pod-like Al2O3-graphene/epoxy bulk composite. Reproduced with permission from  

ref. [156]. Copyright 2019, Elsevier Ltd. (c) Morphologies and (b) through-plane kc of 

Al2O3-GNPs/bacterial cellulose composite films with different thermally conductive 

networks. Reproduced with permission from ref. [157]. Copyright 2019, Elsevier Ltd. 

Although segregated fillers forming interconnected networks can significantly improve 

kc, the mechanical properties of these composites are generally poor because of the 

discontinuous polymer matrix and the voids generated in the filler networks. To address 

the issue of poor mechanical properties, a segregated structure reinforced by BN 

wrapped PP fibers was developed.[160] The tensile strength and elongation at break of 

BN/PP composites containing such PP fibers were improved by 225% and 267%, 

respectively, against those without PP fibers while maintaining an excellent kc. In 

addition to the fiber-reinforcement strategy, other modifications involving crosslinking 

treatment [161] and interfacial crystallization [162] were also proposed to achieve 
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improved mechanical properties. Directly using commercial nylon gauze fabrics as 

templates was another attractive approach to yield satisfactory mechanical properties 

owing to the continuous polymer matrix phase.[163] Therefore, enhancing the 

interfacial interaction between the matrix and filler skeleton and maintaining the 

continuity of the matrix while constructing ordered heat conduction filler networks are 

the key to the preparation of thermally conductive composites with excellent 

mechanical properties in the self-templating strategy. Another limitation of self-

assembling strategy is its restricted application to thermoplastic matrices with high 

melting viscosities. Recently, a dynamic cross-link reshuffling strategy was employed 

to engineer segregated structures in thermosets,[164] further extending the suitability 

of self-templating to broadly-based polymer matrices. In addition to the commonly-

used melt compounding, a gelation approach was also developed to guide the assembly 

of graphene oxide (GO) into a 3D segregated network using natural rubber (NR) 

particles as templates.[165]  

3.2. Sacrificial templating 

The thermosetting polymers are also commonly used for thermal management 

applications because of their excellent mechanical properties and high heat resistance. 

Although the above thermoplastic composites with segregated structures made by self-

templating can be used as scaffolds after sintering for infiltrating thermosetting resins, 

the process is rather complicated for practical applications.[166] Instead, sacrificial 

templates have been widely employed to guide the assembly of fillers to form 3D filler 

networks. The resulting scaffolds after removing the initial templates are infiltrated with 

thermoset resins to yield thermally conductive composites containing 3D 

interconnected fillers. Salts are widely used as sacrificial templates to fabricate 

sensors,[167] energy harvesters,[168] adsorbents,[169] and bio-scaffolds[170] because 

they can be easily removed by washing with water or high-temperature treatments. 

Thermally conductive scaffolds have been prepared using the salt-templating method. 

For example, water-soluble NaCl particles were used as sacrificial templates to produce 

BN-PVDF scaffolds with pore sizes of 400−500 μm (Fig. 6a).[64] Upon solvent 
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evaporation, the majorities of 2D BN platelets with a high aspect ratio gathered around 

the salt particles owing to the volume repulsion effect of the salt template, creating an 

isotropic cellular structure after salt removal (Fig. 6b). The resulting BN-PVDF/epoxy 

composite with a BN loading of 21 wt% exhibited a kc of 1.227 W m-1 K-1, which was 

further improved to 1.466 W m-1 K-1 through converting PVDF adhesive into carbon 

with reduced phonon scattering at the interfaces. In addition to water-soluble NaCl, 

NH4HCO3 capable of decomposition at high temperatures were also used as templates 

for the assembly of BN networks.[171] The through-plane kc of 3D-BN/epoxy 

composites was as high as 6.11 W m−1 K−1 at a BN loading of 59.43 vol%. Apart from 

3D porous scaffolds, the salt-templating method was also applied to prepare hollow 

microbeads which were dispersed in the matrix for simultaneously enhancing the in-

plane and through-plane kc after compression and infiltration.[172] 

In addition to salts, water-soluble sugars were also employed as sacrificial templates 

for constructing 3D fillers for thermally conductive composites. An eco-friendly cotton 

candy-templating was developed to create 3D porous channels in epoxy-based 

composites (Fig. 6c).[173] The continuous sucrose fibers embedded in the epoxy resin 

were dissolved in water, leaving behind interconnected hollow channels in the matrix 

after washing. These hollow channels were subsequently infiltrated with Al2O3 particles 

by vacuum-assisted impregnation followed by refilling the interparticle space with 

epoxy resin, yielding 3D thermally conductive pathways formed by interconnected 

Al2O3 particles in the epoxy composites (Fig. 6d). Compared with the randomly-

dispersed fillers prepared by a conventional mixing method, the sugar-templated 

composites exhibited consistently higher kc at equivalent filler loadings (Fig. 6d). The 

differences in kc became increasingly prominent with increasing filler loading, which is 

attributed to the much-enhanced thermal percolation and multiple thermal pathways in 

the composites containing interconnected Al2O3 beads. This facile strategy has also 

been successfully adopted to fabricate electrical conductors,[174] sensors,[175] 

electromagnetic interference (EMI) shielding devices,[176] and oil adsorbents.[177] 

The bubble template is another promising candidate complementing the solid-based salt 

or sugar templates. Specifically, the foaming technique − a universal process capable 
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of generating lightweight porous materials − has been used to produce thermally 

conductive porous [178] and solid [179, 180] composites. In this technique, the gas 

bubbles serve as the templates to direct the assembly of fillers at their interfaces. For 

example, BN platelets were expelled into the narrow walls surrounding the air bubbles 

created by the foaming agent, producing a 3D interconnected BN aerogel for effective 

heat transfer (Fig. 6e). The vacuum infiltration of polydimethylsiloxane (PDMS) into 

the porous scaffold yielded 3D BN/PDMS composites (Fig. 6f).[179] The 3D 

interconnected networks led to much enhanced heat dissipation than the randomly 

dispersed BN fillers, as confirmed by finite element analysis (FEA), as shown in Fig. 

6g. A large heat flux with a low thermal resistance was possible through the well-

defined BN skeletons in the 3D cellular composite. Conversely, the heat flux was much 

lower in the composite containing randomly-dispersed BN fillers without clear 

conductive pathways because of the high thermal resistance between the isolated BN 

fillers, significantly impeding heat conduction. 

Other commonly used media for sacrificial templating include surfactant solution and 

emulsion. It is worth mentioning that amphiphilic GO sheets can be assembled at 

liquid–air and liquid–liquid interfaces in surfactant solution [181] and water-

oil[182]/water-organic[183] emulsion, respectively, leading to 3D graphene 

architectures with spherical pores duplicating the shape of air bubbles or oil/organic 

droplets. In addition, a particle-stabilized emulsion method was used to produce porous 

titanium dioxide (TiO2) and Al2O3@graphite foams for improving the k of low-

molecular-weight organic PCMs.[184, 185] 

At present, the sacrificial templating method has been chiefly employed to construct 

isotropic segregated structures with relatively large-size pores. Therefore, multiscale 

structural designs, such as aligned structures and hybrid fillers, can be introduced in the 

sacrificial templating method to enhance kc of composites. Similar to the self-

templating, developing paper-like thermally conductive products using sacrificial 

templating is possible by optimizing the processing parameters. 
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Fig. 6. Sacrificial templating method to fabricate thermally conductive composites 

using salt, sugar, and air bubble as templates. (a) Schematics showing the fabrication 

of 3D BN/PVDF scaffolds followed by epoxy infiltration using salt as the template. (b) 

SEM image showing the microstructure of BN-PVDF/epoxy composites. Reproduced 

with permission from ref. [64]. Copyright 2016, American Chemical Society. (c) 

Schematics showing the fabrication of Al2O3/epoxy composites using the sugar 

templating method. (d) Comparison of kc for composites made by sugar templating and 

powder mixing methods. The inset shows SEM image of the fracture surface of 

Al2O3/epoxy composites. Reproduced with permission from ref. [173]. Copyright 2019, 

American Chemical Society. (e) Schematics showing the fabrication of 3D BN/PDMS 
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composites using air bubbles as template. (f) SEM image showing the microstructure 

of BN/PDMS composites. (g) Simulated temperature and heat flux distributions of 

randomly-dispersed BN/PDMS and 3D BN/PDMS composites by FEA. Reproduced 

with permission from ref. [179]. Copyright 2020, American Chemical Society. 

3.3. Foam-templating 

Commercial polymer foams have been used as facile templates to directly deposit 

functional materials onto the 3D skeleton to form interconnected fillers. The foam-

templating technique has been widely applied to produce high-performance polymer 

composites for multifunctional applications, such as sensors,[186] shape memory 

devices,[187] EMI shielding,[188] and energy-related applications.[189] Templates 

based on commercial melamine-formaldehyde (MF) foam [19, 190, 191] and 

polyurethane (PU) foam [119, 192, 193] were most widely used for high-k polymer 

composites. Other foams, including metal foams,[194] ceramic foams,[195] and carbon 

foams,[196] were either directly employed as conductive skeletons or as templates for 

the assembly of additional fillers to further improve the kc. In view of the same assembly 

process involved, we focus mainly on the polymer foam templates in the following 

discussion. 

3D graphene foams (GFs) were fabricated using commercial foams as templates and 

GO sheets as precursors by dip-coating.[192] The commercial MF was dip-coated in 

GO solution followed by the reduction of GO and impregnation of liquid PDMS to 

yield a hyperelastic, double-continuous network of graphene and MF in the PDMS 

matrix (Fig. 7a).[19] The simple dip-coating process was easily scaled up for roll-to-

roll fabrication using roller equipment (Fig. 7b). The 3D structure was effectively 

tailored by compressing the MF template in one or multiple directions, as shown in Fig. 

7c. The unidirectional compression in the thickness direction resulted in the orientation 

of struts in the horizontal plane, showing an enhanced in-plane kc with increasing the 

compression ratio (Fig. 7d). Tri-axial compression gave rise to a compact network and 

thus a higher filler loading, isotropically improving the kc. Therefore, the densification 

and orientation of thermally conductive networks by mechanical compression are 



34 
 

effective methods to improve the in-plane and isotropic kc of composites made from 

polymer foam templates.  

A dual-assembly strategy with a multiscale structural optimization was used to 

construct vertically-oriented graphene frameworks for an augmented through-plane kc 

(Fig. 7e).[197] After stretching and rolling, the quasi-isotropic graphene skeleton with 

loosely stacked graphene sheets was transformed into a highly ordered structure with 

fairly dense graphene stacking because of the circumferential stresses generated from 

the natural contraction of porous PU film (Fig. 7f). As a result, the dense graphene 

skeleton with intimate contacts and large overlapping areas among the adjacent 

graphene sheets endowed the composites with an exceptionally high through-plane kc 

of 62.4 W m−1 K−1. The F-F interfacial thermal conductance of adjacent graphene sheets 

from the Foygel model and the nonequilibrium molecular dynamics (MD) simulation 

confirmed the importance of overlapping area among the adjacent graphene sheets (Fig. 

7g). 

The continuous filler networks established by foam templating depends on uniform 

deposition of fillers on the templates. Unlike GO with good dispersion for facile coating, 

specific treatments and additives are required for metals, GNPs and BNNSs to 

uniformly deposit on the foam skeleton. An electroless plating method was used to 

prepare Cu-coated MF for electro-driven polyethylene glycol (PEG)-based 

composites.[190] Cellulose nanofibers (CNFs) and GO were employed to facilitate the 

dispersion of GNPs and BNNSs, improving their uniformity on MF templates for 

thermally conductive phase change composites.[191, 198] Another issue arising from 

retaining the polymer templates in the final product may affect the properties of 

composites if the polymer constituting the template is not the same as the matrix. In 

this case, the polymer templates can be removed by high-temperature treatments before 

impregnating the matrix. For example, the pyrolysis treatment was used to remove the 

PU foam template after coating with GNPs, resulting in a freestanding GF as the 3D 

filler for thermally conductive polymer composites with an exceptionally high kc of 

8.04 W m−1 K−1 at a relatively low graphene loading of 6.8 wt%.[199, 200] 
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Fig. 7. Foam-templating methods to prepare thermally conductive composites. (a) 

Schematics showing the preparation of reduced GO (rGO)@MF/PDMS composites. (b) 

The roller impregnating apparatus for continuous fabrication of GO@MF. (c) 

Schematics of tuning the density and orientation of the networks through directional 

compression. (d) Schematics of phonon transport in rGO@MF/PDMS composites. 

Reproduced with permission from ref. [19]. Copyright 2018, WILEY-VCH. Schematics 

of (e) graphene framework prepared through stretching and (f) the conversion of 



36 
 

graphene framework from a quasi-isotropic to highly ordered state by stretching. (g) 

The junction thermal conductance among the adjacent graphene sheets having small 

and large overlapping areas in quasi-isotropic and highly-ordered composites, 

respectively, as calculated from the nonequilibrium MD simulations. Reproduced with 

permission from ref. [197]. Copyright 2021, WILEY-VCH. 

In addition to the aforementioned alignment designs through compression and 

stretching, the foam-templating method was modified by means of interfacial 

engineering, incorporating hybrid fillers and constructing secondary networks to further 

augment the kc. The PU foam surface was treated with PDA to improve the interfacial 

adhesion between BN and PU for enhanced k of the resultant PEG composite (Fig. 

8a).[201] The PDA modification effectively reduced the ITR between PU and BN, 

giving rise to an increase in kc from 2.2 to 2.4 W m−1 K−1 (Fig. 8b). Hybrid fillers of 

different sizes were also used to construct effective conductive networks. For example, 

Al2O3 particles of micron and submicron sizes were infiltrated into the porous PVA 

foam using a vacuum-assisted infiltration method (Fig. 8c).[125] The submicron-size 

particles filled the gap between micron-size particles, forming direct contacts among 

adjacent fillers and thus creating thermally conductive strings of Al2O3 particles for 

effective thermal transport (Fig. 8d). Similar to segregated structures, constructing a 

secondary filler network within the pores of foam templates is another effective way to 

boost kc. Very recently, a ceramic foam with a reticulated porous structure (RPC) was 

fabricated by depositing Al2O3 on a PU foam template. After sintering at a high 

temperature of 1500 °C, the PU foam template was removed and the RPC consisting of 

continuous millimeter-sized cell pores and hollow ceramic struts was obtained (Fig. 

8e).[119] After infiltrating epoxy resin containing tetrapod-like zinc oxide whiskers (T-

ZnOw) into the ceramic foam, the resulting ternary composites exhibited a kc of 1.968 

W m−1 K−1 at a RPC loading of 11.7 vol% and T-ZnOw loading of 6 vol%. The dual 

thermal conduction channels constructed by RPCs and T-ZnOw synergistically 

improved the kc.  
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Fig. 8. Modified foam-templating methods through interfacial engineering, 

incorporating hybrid fillers and constructing secondary networks for enhanced kc. (a) 

Schematic illustration of interfacial engineering using PDA in the BN-PU@PDA 

scaffold/PEG composite. (b) Through-plane kc of unmodified and modified composites 

with PDA. Reproduced with permission from ref. [201]. Copyright 2021, Elsevier Ltd. 

(c) Schematic illustration of the preparation and microstructures of Al2O3/PVA 

composites. (d) Comparison of kc of Al2O3/PVA composites prepared by vacuum-

assisted infiltration and powder mixing methods. The inset is a schematic illustration 

of the thermal transport pathways in the vacuum-assisted infiltrating composites. 

Reproduced with permission from ref. [125]. Copyright 2018, Royal Society of 

Chemistry. (e) Schematic illustration of the fabrication of RPC/T-ZnOw/epoxy 

composites. Reproduced with permission from ref. [119]. Copyright 2020, Elsevier Ltd. 

For the foam-templating, a proper selection of foam templates is also critical, especially 

when aligned fillers are desired. Aligned skeletons are realized through stretching and 

compression, thus foam templates with good mechanical flexibility and compressibility 

are preferred.[19, 197] Another crucial parameter is the interaction between fillers and 

skeletons, which determines the uniformity and integrity of filler dispersion on the 
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skeleton. In addition to stretching and compression, customized assembly approaches 

to thermally conductive networks through rolling and folding are also an attractive 

solution to realizing layered filler structures.[202] 

3.4. Ice-templating 

Ice-templating or freeze-casting [203-205] is a facile yet powerful processing technique 

to produced 3D interconnected filler networks with controlled morphologies. A typical 

ice-templating process is divided into four steps, namely, (i) preparation of precursor 

suspensions, (ii) solidification, (iii) sublimation, and (iv) post-fabrication involving 

sintering, densification, and surface modification, as shown in Fig. 9a.[206-209] The 

freezing step plays a significant role in controlling the morphologies of the 3D networks 

by tuning the nucleation and growth of ice crystals, which are the two individual yet 

consecutive stages during ice solidification.[210] Additionally, the ice-templating 

technique is applicable to a wide range of fillers from inorganics to organics with 

diverse dimensionalities from 0D nanoparticles to 2D nanosheets of metals,[211] 

ceramics,[212] carbon materials,[213, 214] polymers,[215] and their hybrids[216-

218](Fig. 9b).[209, 219] These fillers were assembled into multifarious architectures in 

the form of beads or microspheres,[220-222] fibers,[223] films or membranes,[224-226] 

and scaffolds [122, 227, 228] with controlled microstructures, such as isotropic, 

honeycomb-like/cellular, lamellar and radial structures (Fig. 9c), further manipulating 

the performance of the final materials and devices. A representative freezing apparatus 

and process is presented in Fig. 9d.[229-231] Briefly, the solid components in the 

freezing suspension are expelled by the growing ice crystals and then gathered at the 

interfaces between the ice crystals once fully frozen. After sublimation of ice by freeze-

drying, a porous scaffold with solid walls replicating the morphology of ice crystals is 

obtained. Some solid particles may be entrapped between the adjacent ice dendrites and 

within the ice crystals to create characteristic roughness on the walls and bridges 

between neighboring walls. The morphologies of the porous structure can be tailored 

by controlling the freezing conditions and parameters, such as the distribution of cold 

source,[232] the shape of mold,[233] the freezing substrate,[234, 235] the concentration 
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of precursor suspensions,[236] the freezing temperature/rate,[210, 237] and the 

additives.[238, 239] Moreover, the directions of ice crystal growth can be modified 

using the random freezing, unidirectional freezing, bidirectional freezing, or radial 

freezing methods, generating a range of different microstructures including 

isotropic,[240, 241] honeycomb,[75, 227, 242, 243] long-range lamellar,[244-250] and 

radially aligned structures.[251-254] (Fig. 9e).[255] The integration of ice-templating 

strategy with various external fields such as electric,[256] magnetic,[257] and acoustic 

fields[258] provides ample possibilities for producing more effective and complex 

microstructures (Fig. 9e).[259] These tailored structures endow materials made by ice-

templating with desired multifunctional properties.[260, 261] 

 

Fig. 9. (a) Schematics of the ice-templating process. Schematics of (b) building blocks, 

(c) tailored microstructures, and macrostructures. Reproduced with permission from ref. 

[209]. Copyright 2020, Wiley-VCH. (d) Typical setup for ice-templating. Reproduced 

with permission from ref. [230]. Copyright 2014, Springer Nature. (e) Modified ice-

templating setups for controlling the microstructures. Reproduced with permission 

from ref. [209]. Copyright 2020, Wiley-VCH. 
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The ice-templating method has been successfully adopted to produce high-k composites 

after infiltrating polymer resins into the 3D thermally conductive fillers. Both 

electrically conductive (e.g., CF,[262-264] CNT,[265] graphene,[265-269] Cu 

nanowire,[270] Ag nanowire,[271-273] and MXene[264, 274, 275]) and insulating (e.g., 

BN platelets,[67, 116, 117, 122, 133, 276-285] BNNS,[65, 66, 81, 250, 272, 273, 286-

288] AlN,[289] and SiC micro-[290]/nanowires [283, 291, 292]) low-dimensional 

fillers are assembled into 3D architectures for enhanced k of robust (e.g., epoxy[66, 81, 

133, 262, 264-270, 273, 275, 278, 282, 286-290, 292] and PA6[284]), flexible (e.g., 

PI[250, 272], PDMS[65, 122, 263, 274, 283, 291] and NR[276, 277]), biodegradable 

(e.g., polycaprolactone (PCL)),[281] and phase change (e.g., PEG)[67, 116, 117, 279, 

280, 285] polymers. Compared with other techniques, the ice-templating strategy is 

capable of controlling the spatial arrangement and orientation of thermally conductive 

fillers, leading to rich microstructures encompassing isotropic,[116, 117] cellular,[65, 

81, 122, 133, 262-267, 270, 273-283, 286, 289-292] lamellar,[66, 250, 268, 269, 272] 

and radial structures[67, 271, 287, 288] for the rational design of heat conduction 

pathways according to different application scenarios (Fig. 10). A nondirectional ice 

templating without temperature gradient was adopted to fabricate a 3D isotropic BN 

architecture (Fig. 10a), whose composite showed a higher kc than the randomly-

dispersed BN counterpart made by melt blending. It is worthy of note that the composite 

made from a higher freezing temperature or at a slower freezing rate generally exhibited 

superior kc because of the thicker BN walls with fewer defects and thermal contact 

interfaces (Fig. 10b).[117] To make full use of anisotropic k of low-dimensional fillers, 

highly-aligned cellular and lamellar structures were constructed using the 

unidirectional and bidirectional ice templating methods, respectively (Fig. 10c-g).[65, 

66] The highly-aligned structure not only imparted a high kc in the alignment 

direction,[269] but also endowed the composites with improved mechanical properties 

such as fracture toughness.[293, 294] Nonetheless, both uni- and bidirectional freezing 

routes can only provide a high kc in the aligned direction with a much lower kc 

transverse to it. Recently, a radial ice templating route was developed to construct a 

radially-aligned centrosymmetric structure for PEG-based phase change composites 
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with simultaneously enhanced in-plane and through-plane kc (Fig. 10h and i).[67] The 

radially-oriented filler composites offered rapid and uniform heat dissipation in all 

directions with a relatively uniform temperature distribution across the whole body 

compared to the vertically-aligned composites in which the heat flow was restricted in 

a local region (Fig. 10j and k). These representative cases demonstrate that the ice-

templating approach is an ideal solution to building 3D conductive networks using low-

dimensional fillers with desired alignments for various application scenarios by tuning 

the freezing dynamics. 

 

Fig. 10. Ice-templating strategy to prepare thermally conductive composites. (a) 

Schematic illustration indicating the microstructure and (b) kc of BN@chitosan/PEG 
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composites made by non-directional freezing. Reproduced with permission from ref. 

[117]. Copyright 2019, Elsevier Ltd. (c) Schematics of the fabrication of vertically-

aligned BNNS foam using unidirectional freezing and (d) the corresponding kc of 

BNNS/PDMS composites. Reproduced with permission from ref. [65]. Copyright 2019, 

American Chemical Society. (e) Schematics of the fabrication of nacre-mimetic BNNS 

aerogel and corresponding epoxy composites using bidirectional freezing. (f) SEM 

images showing long‐range aligned lamellar structures of BNNS aerogel. (g) k of 

BNNS/epoxy composites in the parallel and perpendicular to aligned lamellar layers. 

Reproduced with permission from ref. [66]. Copyright 2019, WILEY-VCH. (h) 

Schematics of the fabrication of a centrosymmetric GO-BN scaffold using radial 

freezing. (i) Through-plane and in-plane kc of GO-BN/PEG composites. (j) 

Temperature distribution and (k) heat flux vector (heated for 1 s) of a quarter model of 

the GO-BN/PEG composite with vertical and radial alignments by FEA. Reproduced 

with permission from ref. [67]. Copyright 2020, American Chemical Society. 

In addition to controlling the filler alignment by varying the freezing directions, cell 

wall compositions and structures have been modified through F-M/F-F interfacial 

engineering and the use of hybrid fillers to further improve the kc. For example, the 

PEG grafted PDMS (PEG-g-PDMS) was used to modify the interface between the SR 

matrix and rGO fillers for enhanced interfacial interactions by hydrogen bonds (Fig. 

11a).[291]. One-dimensional SiC nanowires were also added to assist the formation of 

synergistic filler networks with 2D rGO sheets, reducing the ITR between rGO. The 

vertically-aligned 3D fillers containing 1D SiC nanowires and 2D rGO sheets were 

obtained by unidirectional freeze-casting (Fig. 11b-c), which were infiltrated with a SR 

matrix to form thermally conductive composites. The collective effects of interfacial 

engineering, hybrid fillers, and aligned structures endowed the composites with a high 

kc of 2.74 W m−1 K−1, 683 % higher than that without interfacial modification and filler 

alignment (Fig. 11d). 

Unlike freestanding graphene monoliths made from GO precursors, most other 

nanofillers are unable to form freestanding 3D architectures without the assistance of 
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supporting materials or binders because of their smaller aspect ratios and fewer 

functional groups than GO. Therefore, graphene and water-based polymers, such as 

PVA, cellulose, and chitosan, are commonly used as binders to improve the mechanical 

integrity of 3D structures made from fillers like BNNS.[81, 117, 133, 295, 296] To 

improve the interaction between fillers and binders, C-N covalent bonds were created 

between BN and GO originating from the reaction between the amino and carboxyl 

groups during high-energy ball milling (Fig. 11e).[133, 277] The resulting fillers were 

unidirectionally freeze-cast to construct a covalently bonded, highly aligned 3D rGO-

BN network for polymer composites (Fig. 11f-g). The combination of covalent bond 

modification and ice templating generated 3D rGO-BN networks having a much higher 

kc than those with electrostatic interactions (Fig. 11h) or randomly mixed rGO-BN 

fillers (Fig. 11i), thanks to the greatly reduced ITR between the two fillers which was 

facilitated by covalent bonds as well as the alignment via ice templating (Fig. 11j). 

Similarly, covalent bonds between BN and SiC were introduced by high-temperature 

sintering after a BN-SiC scaffold was obtained by unidirectional freeze-casting, 

lowering the ITR between BN and SiC for enhanced kc.[283] 

The above discussions indicate that ice-templating is a convenient strategy to 

specifically improve the isotropic, through-plane or in-plane kc by controlling the 

freezing direction and F-F interactions. A relatively high freezing temperature is 

instrumental to an isotropic conduction network with fewer thermal contact interfaces, 

leading to a highly isotropic kc. Cellular and lamellar structures with highly aligned cell 

walls constructed by unidirectional and bidirectional freezing routes are preferable for 

the fabrication of thermally conductive composites with enhanced in-plane or through-

plane kc. Radially frozen composites with centrosymmetric structures exhibited 

simultaneously improved kc in the two orthogonal directions. Nevertheless, it is still 

challenging to obtain large-size products with long-range alignment using directional 

freezing strategies because of the limitation of temperature increase at the freezing front 

when it moves far away from the cold source.[297, 298] In addition to bulk composites 

by infiltrating liquid resins into the porous scaffolds, a combination of directional 

freezing methods and hot press was used to fabricate laminate thin films with improved 
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in-plane k.[250, 272] 

 

Fig. 11. Modified ice-templating methods through interfacial engineering and the use 

of hybrid fillers for enhanced kc. (a) Schematics of the fabrication of vertically-aligned 

SiC nanowires/rGO networks and corresponding PEG-g-PDMS-based composites. 

SEM images taken from the (b) front and (c) side showing vertically-aligned SiC 

nanowires/rGO networks. (d) Through-plane kc of the composites with random 
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networks, unmodified vertically-aligned networks and vertically-aligned networks with 

interfacial modification as well as the in-plane kc of vertically-aligned composites. 

Reproduced with permission from ref. [291]. Copyright 2020, Elsevier Ltd. Schematic 

illustrations of the fabrication of (e) BN-rGO hybrids with covalent bonds and (f) 3D 

BN-rGO/NR composites using a unidirectional freezing method. (g) TEM image of the 

BN-rGO hybrids. The effects of (h) covalent bonds and (i) filler structures on kc. (j) 

Schematic illustrations of thermal transport in four composites with different 

microstructures and bonding types between fillers. Reproduced with permission from 

ref. [277]. Copyright 2019, Elsevier Ltd. 

3.5. Template-directed CVD 

The 3D fillers prepared by the aforementioned templating methods are assembled from 

nanoscale building blocks with physical interactions, e.g., van der Waals forces, 

hydrogen bonds and π–π interactions, between individual fillers, resulting in significant 

phonon scattering at the F-F interfaces. Although covalent bonds can be achieved 

between adjacent fillers by interfacial engineering, the scattering of phonons is still 

significant because of the discontinuity at the interfaces. Seamlessly continuous 3D 

structures, such as graphite or graphene foams, are constructed by template-directed 

CVD to provide uninterrupted phonon transfer channels. Moreover, CVD-grown 

graphene possesses a better crystalline structure with fewer defects than rGO. Therefore, 

the high-quality conductive structures fabricated by template-directed CVD give rise to 

highly improved kc. 

In a typical template-directed CVD process, monolayer to few-layer graphene sheets 

are grown on the surface of 3D templates, such as Cu and Ni foams, to realize 3D 

graphene architectures. 3D GFs were first fabricated on Ni foams using methane and 

ethanol as carbon sources in 2011.[299, 300] The decomposed carbon atoms were 

deposited on the surface of Ni foam at a high temperature of over 1000 C, prompting 

the nucleation and growth of graphene when the temperature was quickly reduced to 

room temperature. The metal templates were then removed by acid etching to yield a 

freestanding 3D GFs. Of note, a thin polymer layer such as PMMA is usually deposited 
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to support the original morphologies and protect them from collapsing during etching. 

In addition to metal templates, porous Al2O3 [301] and SiO2 [302, 303] were also 

utilized as templates to prepare 3D graphene architectures. 

The 3D GFs prepared by CVD on commercial metal foam templates usually contain 

large open pores. Therefore, the porous structure can be designed or filled with 

polymers to make composites with unique properties for diverse applications, including 

electrically conductive composites,[304] thermally conductive composites,[68] 

electrodes for supercapacitors [300, 305] and rechargeable batteries,[306] solar steam 

generation,[307] strain sensors,[308] and EMI shielding [309, 310]. For thermally 

conductive polymer composites, several modified CVD methods have been developed 

to improve the k of composites, including interfacial engineering (Fig. 12a and b),[132] 

construction of secondary networks (Fig. 12c-e),[80, 134, 311-313] mechanical 

densification (Fig. 12f-h),[115] the use of ice-templating scaffolds as growth templates 

(Fig. 12i-k),[314, 315] and the direct growth of hierarchical structures (Fig. 12l-n).[316, 

317] Given that the CVD-grown graphene contains little or no functional groups, the 

interfacial interaction between graphene and matrix is predominantly by weak van der 

Waals forces, resulting in additional phonon scattering at the interface. A versatile 

noncovalent functionalization based on mussel-inspired PDA coatings and silane 

coupling agents (e.g., 3-aminopropyltriethoxysilane (APTS)) was developed to 

improve the interfacial interaction between the graphene networks and the PDMS 

matrix (Fig. 12a and b).[132] The improved interfacial adhesion gave rise to a 

substantially improved kc. Instead of infiltrating neat polymers into the porous scaffolds, 

fillers/polymer mixtures have also been employed as masterbatches in which the 

functional fillers dispersed in the polymer form secondary conductive networks in 

addition to the primary conductive scaffolds. Several secondary fillers including 

CB,[313] multilayer graphene flakes,[312] graphene nanosheets,[80] and BN[311] 

were incorporated into the common matrix to create synergistic multi-level networks 

with foam structs as the primary conducting network. For example, a continuous GF 

filled with aligned graphene sheets endowed thermally conductive NR composites with 

an unexpectedly high in-plane kc of 10.64 W m–1 K–1 at a graphene loading of 6.2 vol% 
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and a record-high thermal conductivity enhancement (TCE) of 1300% per 1 vol% filler 

(Fig. 12c-e).[80] Similarly, a BN foam containing BNNS secondary networks was used 

to fabricate electrically insulating composites with enhanced thermal conduction 

performance.[134] Although the kc can be substantially improved using CVD-

templating foams, it is nontrivial to achieve a high filler loading because of the large 

open pores in the metal templates, limiting the absolute value of kc. To tackle this issue, 

a high-density and in-plane oriented 3D multilayer graphene web was grown on a 

highly compressed Ni foam, imparting an exceptional kc of 8.8 W m–1 K–1 when made 

into epoxy composites at a high graphene loading of 8.3 wt% (Fig. 12f-h). Notably, the 

obtained thermally conductive nanocomposite did not sacrifice its mechanical 

properties despite the high filler loading, exhibiting an excellent fracture resistance 

thanks to the graphene network uniformly-constructed over the entire composite.[115] 

Moreover, the integration of ice-templating method with CVD provides extra benefits 

for the fabrication of thermally conductive composites with tailored structures, 

expanding from an isotropic structure duplicated from the metal foam template to an 

oriented structure resembling the ice-templated scaffold. An ice-templated anisotropic 

graphene scaffold was employed as the template for growing SiC sheets by CVD (Fig. 

12i-k). The 3D covalently interconnected SiC sheets with vertically aligned structures 

led to a high through-plane kc of 14.32 W m–1 K–1 for the epoxy-based composite at a 

SiC loading of 3.71 vol%.[314] Similar to the secondary network, secondary structures 

such as CNT forests were grown directly on the graphene struts to form multiscale, 

hierarchical structures for more effective, thermally conductive networks (Fig. 12l-

n).[316, 317] Although the template-directed CVD method can produce high-quality 

3D networks for thermally conductive composites with continuous phonon transfer 

pathways, it is of relatively high-cost and time-consuming, limiting its practical 

applications. 
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Fig. 12. Modified template-directed CVD methods for thermally conductive 

composites. (a) Schematic illustration of the preparation of compressed GF coated with 

PDA and APTS. (b) Molecular models showing the interactions between PDMS, APTS, 

PDA and graphene. Reproduced with permission from ref. [132]. Copyright 2017, 

American Chemical Society. (c) Schematic illustration of the preparation and (d-e) 

microstructures of GF-graphene nanosheets/NR composites. Reproduced with 

permission from ref. [80]. Copyright 2019, WILEY-VCH. (f) Schematic illustration of 

the fabrication of multilayer graphene web and the corresponding epoxy composites. 

SEM images of (g) top surface and (h) cross-section of multilayer graphene web. 

Reproduced with permission from ref. [115]. Copyright 2018, Royal Society of 

Chemistry. (i) Schematic illustration of the fabrication of vertically aligned SiC scaffold 

using ice-templated vertically aligned graphene scaffold as the CVD template. (j) Top- 

and (k) side-view SEM images of vertically aligned SiC scaffolds. Reproduced with 

permission from ref. [314]. Copyright 2020, American Chemical Society. SEM images 
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showing microstructures of GFs (l) without and (m) with CNT networks. (n) Schematic 

illustration of CNT growth on GF. Reproduced with permission from ref. [316]. 

Copyright 2015, American Chemical Society. 

Different from other templating strategies, the CVD method features covalently bonded 

porous skeletons, which form continuous heat transfer pathways in the thermally 

conductive composites with small ITR. Owing to the limitations of large-size pores and 

low filler loadings, the absolute thermal conductivity of the composites is low. A 

principal reason behind these modified strategies is to reduce the effect of pore size or 

increase the filler content. Because the heat transfer network constructed by the CVD 

method replicates the structure of templates, those with oriented structures are ideal 

candidates for achieving high thermal conductivities at low filler contents. Given the 

composites prepared by CVD are usually in the form of bulk blocks, it is also important 

to prepare thin film products with covalently bonded filler heat conduction networks. 

4. Comparison of Various Templating Strategies 

To establish the structure-property relationship and the advantages of different 

templating strategies, a comprehensive comparison and systematic analysis of material 

systems and structural characteristics resulting from different templating methods and 

their effects on thermal conduction performance of composites are carried out as 

follows.  

4.1. Comparison of kc and thermal conductivity enhancement efficiency (TCEE) 

The thermal conduction performance is measured by both the absolute kc values and 

TCEE. Taking into account the effect of filler loading, TCEE, defined as the 

enhancement in thermal conductivity per volume fraction of fillers, is calculated by: 

𝑇𝐶𝐸𝐸 =  
𝑘𝑐−𝑘𝑚

100𝑉𝑓𝑘𝑚
× 100%                                         (2) 

where kc and km are the thermal conductivities of composite and matrix, respectively. A 

high TCEE value signifies that an effective conductive network is constructed in the 

matrix and thus a high kc is expected at a low filler loading. Depending on the 
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applications, the kc and TCEE values are evaluated along either in-plane or through-

plane directions. When thermally conductive materials are used as state-of-the-art TIMs, 

a high through-plane kc is highly desired to dissipate the heat generated from the 

electronics to heat sink in the thickness direction. Table 2 compares the through-plane 

kc and TCEE of composites made by different templating methods. In fact, enormous 

efforts have been made to improve the through-plane kc by vertically aligning the fillers 

through various approaches, such as electric [318-320] or magnetic field [321-323] 

assisted alignments, hydrothermal self-assembly[295, 324], film rolling[325], 

mechanical rotating and cutting,[326-329] and 3D printing[330, 331]. Nevertheless, 

forming interconnected filler networks using these methods is found highly challenging. 

In comparison, the templating strategies are the preferred choice of fabricating 3D 

fillers with interconnected networks to greatly enhance the through-plane kc, as shown 

in Fig. 13a. Amongst different templating strategies, the foam-templating, ice-

templating and template-directed CVD methods are more effective than the others in 

improving the through-plane kc. The template-directed CVD is more efficient than the 

others when the kc values are low at relatively low filler loadings because it could yield 

nanofillers with higher qualities, thus requiring a lower filler loading to deliver a similar 

kc. Nevertheless, the foam-templating and ice-templating methods can give rise to even 

higher absolute through-plane kc values and high TCEEs. This is because the alignment 

of fillers can be controlled by manipulating the structure of templates, realizing highly 

aligned fillers in the thickness direction of composites. For example, by mechanically 

stretching the PU foam templates to align the struts followed by dip-coating in a 

graphene solution and rolling up, graphene/PU foam composites with highly aligned 

graphene-coated struts in the thickness direction were obtained. After infiltrating epoxy 

into the porous structure, an exceptionally high through-plane kc of 62.4 W m–1 K–1 was 

reported.[197] In addition to using a single templating strategy, modifying the aligned 

filler networks through hybrid fillers or interfacial engineering [265] and combining 

different templating strategies together, such as ice-templating and template-directed 

CVD,[314] resulted in excellent through-plane kc and TCEE values of over 10 W m–1 

K–1 and 1000%, respectively. 
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Table 2  

Through-plane kc and TCEE values of thermally conductive polymer composites 

produced by templating strategies. 

Methods Materials Characteristics 
Filler loading* 

(vol%) 

Through-plane kc 

(W m-1 K-1) 

TCEE 

(%) 
Ref. 

Self-

templating 

Cu-plated PS beads Segregated structure 23.0 26.14 627 2013[137] 

Ag/Thermoplastic PU 

(TPU) 
Segregated structure 15 4.45 117 2021[138] 

Graphite flake/PP Segregated structure 21.2 5.4 97 2016[63] 

GNP/PP Segregated structure 4.5 1.53 132.2 2017[143] 

GNP/PE Segregated structure 4.5 1.84 101.6 2017[143] 

GNP/PVA Segregated structure 6.2  1.43 93.5 2017[143] 

BN//PMMA Segregated structure 50 6.34 88.6 2020[112] 

GNP/PVDF Segregated structure 8.2  1.47 82.1 2017[143] 

BN/UHMWPE Segregated structure 25.93  5.7 49.8 2017[140] 

BN/PPS Segregated structure 40  4.15 39 2017[144] 

BN/PS/PP Segregated structure 29  5.57 97.6 2020[145] 

EG/LLDPE Segregated structure ~32  4.5 36 2018[147] 

EG/MPPW Segregated structure ~32 9.7 77 2018[147] 

BN@cellulose/PLA Interface modification 15.7  1.09 22,6 2020[146] 

BN/PS Interface polymerization 19  0.94 27.7 2019[139] 

Graphene/ PP-PDA Interface modification 27  10.93  198.7 2020[131] 

Elvaloy-EG/ PBT Interface modification 30  17.8 225 2017[148] 

BN/SR Interface modification 30 2.24 34 2021[149] 

BN@Cu/ 

Polybenzoxazine (PBz) 
Hybrid fillers 14.9  1.049 24.2 2020[150] 

BN/AlN/UHMWPE Hybrid fillers 28.4 7.1 60.6 2018[114] 

CNT/BN/PVDF Hybrid fillers  25 1.8 ~ 28.7 2018[151] 

GNP/PS-CNT 
Segregated double 

network 
5  1.02  2017[152] 

GNP/BN/PA6 
Segregated double 

network 
20.97  3.25 48.7 2019[118] 

BN/PVDF-CNT 
Segregated double 

network 
39.09  0.83  2019[154] 

BN/PEG-GNP 
Segregated double 

network 
15.625 3.63 64 2021[155] 

Al2O3-graphene/Epoxy Pea-pod-like structure 30.4  13.3  215.5 2020[156] 

Al2O3/GNP/Cellulose Film 74 9.09  80.5 2020[157] 

BN/AlN/CNF Film 32 5.93  34 2020[158] 

Al2O3@BNNS/Epoxy Film 65  2.43  2019[159] 

PP/PP fiber@BN 
Fiber-enhanced 

segregated structure 
21.6  3.85 69.6 2020[160] 

Salt-

templating 

BN-C/Epoxy Isotropic structure 11.96  1.466 63.7 2020[64] 

BN/Epoxy Isotropic structure 59.43 6.11 55.4 2020[171] 
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Sugar-

templating 
Al2O3/Epoxy Isotropic structure 36.2 3.17 38.9 2019[173] 

Bubble-

templating 

Al2O3/Epoxy Isotropic structure 23.32  2.58 42 2019[180] 

BN/PDMS Isotropic structure 14.82  1.58 50.5 2020[179] 

Foam-

templating 

rGO@MF/PDMS 
Compression & 

Orientation 
2.58  2.19 460.5 2018[19] 

rGO-BN/PEG Isotropic structure 4.17 0.79 39 2019[198] 

BN/PEG Interfacial modification 10.08 2.4 109 2021[201] 

Al2O3/PVA Hybrid fillers 45.4  4.79 35.5 2018[125] 

GF/Epoxy Isotropic structure 2.68  1.52 277.6 2016[199] 

GF/Epoxy Isotropic structure 3.67  8.04 1189.9 2019[200] 

rGO/Polysulfide rubber 

(PSR) 
Isotropic structure 0.31 ~0.578 458 2021[192] 

Al2O3/Epoxy-T-ZnOw Bi-network 17.7  1.968 23.9 2020[119] 

Al2O3/Epoxy Isotropic structure 13.8  2.54 32.3 2020[193] 

Graphene/Epoxy Stretching orientation 13.3 62.4 2436 2021[197] 

Ice-

templating 

BN@chitosan/PEG Isotropic structure 16.35  2.78 48.7 2019[117] 

BN@GO/PEG Isotropic structure 11.16 1.84 42.9 2016[116] 

Graphene/Epoxy 
Vertically aligned 

structure 
0.92  2.13  1338 2016[266] 

Graphene/Epoxy 

Vertically aligned 

structure & 

Graphitization at 

2800 °C 

0.75  6.57  5020 2018[267] 

BN/Epoxy 
Vertically aligned 

structure 
34  4.42  65.5 2017[278] 

BNNS/Epoxy 
Vertically aligned 

structure 
9.29  2.85  181 2015[81] 

BNNS/Epoxy 
Vertically aligned 

structure 
4.4  1.56  167 2019[286] 

SiC microwires/Epoxy 
Vertically aligned 

structure 
1.32  0.62 218 2019[290] 

SiC nanowires/Epoxy 
Vertically aligned 

structure 
2.17  1.67  381 2018[292] 

CF/Epoxy 
Vertically aligned 

structure 
13.0  2.84  107 2020[262] 

Cu nanowires/Epoxy 
Vertically aligned 

structure 
1.12 0.79  326 2020[270] 

AlN/Epoxy 
Vertically aligned 

structure 
47.26 9.48 72 2020[289] 

CF/PDMS 
Vertically aligned 

structure 
12.8  6.04 252.9 2019[263] 

BN/PDMS 
Vertically aligned 

structure 
11.2  1.4  74.4 2016[122] 
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BNNS/PDMS 
Vertically aligned 

structure 
15.8 7.46 248.9 2019[65] 

MXene/PDMS 
Vertically aligned 

structure 
2.5 0.576  88 2020[274] 

BN/PCL 
Vertically aligned 

structure 
13.41  1.42  45.5 2020[281] 

BN@GO/PEG 
Vertically aligned 

structure 
13.64 2.36 45.1 2017[279] 

BN@GO/PEG 
Vertically aligned 

structure 
17.54  3.18 49.3 2018[280] 

BN/PEG 
Vertically aligned 

structure 
8.1 1.3 67.9 2021[285] 

MXene/Epoxy-Ag 

Vertically aligned 

structure & Hybrid 

fillers 

15.1  2.65  81 2020[275] 

CF/MXene/Epoxy 

Vertically aligned 

structure & Hybrid 

fillers 

16.6  9.68  271.7 2020[264] 

BN platelet/BN 

particle/Epoxy 

Vertically aligned 

structure & Hybrid 

fillers 

32  3.6 59.4 2020[282] 

BNNS/Ag 

nanowire/Epoxy 

Vertically aligned 

structure & Hybrid 

fillers 

5  1.1  117.5 2021[273] 

BN/GNP/PA6 

Vertically aligned 

structure & Hybrid 

fillers 

15 2.80 55.6 2021[284] 

BN/NR 

Vertical alignment & 

Covalent bond 

connection 

12.68 0.79  26.7 2020[276] 

BN-SiC 

Nanowire/PDMS 

Vertical alignment & 

Sintering-introduced 

bonding 

8.35  3.87 219.8 2020[283] 

rGO-BN/NR 

Vertical alignment & 

Covalent bond 

connection 

4.9  1.28 124.7 2019[277] 

rGO-BN/Epoxy 

Vertical alignment & 

Covalent bond 

connection 

13.16  5.05 205.6 2018[133] 

rGO@SiC 

Nanowire/PDMS 

Vertical alignment & 

Interfacial modification 

& Hybrid fillers 

1.84  2.74 876.4 2020[291] 

Graphene/CNT/Epoxy 
Vertical alignment & 

Interfacial modification 
9 30.09  1661 2021[265] 
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& Hybrid fillers 

Graphene/Epoxy 

Lamellar structure & 

High-temperature 

annealing 

2.3 20 4310 2020[269] 

BNNS/Epoxy 
Radially aligned 

structure 
15 4.02  142 2020[287] 

BNNS/Epoxy 
Radially aligned 

structure 
11 2.53 106 2021[288] 

GO-BN/PEG 
Radially aligned 

structure 
11.65 2.94 75.5 2020[67] 

Template-

directed 

CVD 

GF/PDMS Isotropic structure 0.37  0.56 527 2015[332] 

GF/PDMS Isotropic structure 0.21  0.62 1164 2017[132] 

GF/PDMS-CB Bi-network 5.84  0.686 38 2016[313] 

GF/PDMS-graphene 

flake 
Bi-network 2.9  1.08 151.7 2016[312] 

BN foam/PDMS Isotropic structure 0.2 0.36 357 2017[134] 

BN foam/PDMS-

BNNS 
Bi-network 5.6  0.56 29.8 2017[134] 

SiC sheet/Epoxy 
Vertical alignment & 

Ice-templating scaffold 
3.71  14.32 1651 2020[314]  

SiC/Epoxy 
Isotropic structure & 

Ice-templating scaffold 
6.52  10.26 859 2020[315] 

*Volume fraction of partial systems is converted by mass fraction using the related information in 

Materials Handbook.[333] 

 

Table 3 

Comparison of in-plane kc and TCARs of thermally conductive composites fabricated 

by templating strategies and other methods. 

Methods Materials 
Filler loading 

(vol%) 

In-plane k 

(W m-1 K-1) 

Through-plane kc 

(W m-1 K-1) 

Anisotropy 

(TCAR) 
Ref. 

Self-templating 

EG/MPPW ~32  10.1 9.7 1.04 2018[147] 

BNNS/PS microsphere 13.4  8.0 ∼0.3 27 2017[141] 

BNNS/PI 12.4  4.25 0.4 11 2020[142] 

GNP/Nylon ~6.5  15.8 0.66 24 2021[163] 

rGO@Al2O3/NR 33.9  3.233   2020[165] 

Al2O3-graphene/Epoxy 30.4 33.4 13.3 2.5 2020[156] 

Al2O3/GNP/Cellulose 74  27.78 9.09 3.0 2020[157] 

BN/AlN/CNF 32  ~ 13.4 
5.93 

 
2.3 2020[158] 

Salt-templating BN/Epoxy 65.6  17.61 5.08 3.5 2019[172] 

Foam-templating Graphene/Epoxy 13.3  24.8 62.4 0.4 2021[197] 

Ice-templating 

BN/PCL 13.41  1.01 1.42 0.7 2020[281] 

Janus GO/Epoxy 0.49  ∼5.6 ∼0.35 16 2020[268] 

BNNS/Epoxy 15  6.07 ∼0.5 12 2019[66] 
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BNNS-Ag nanowire/PI 11.7 4.75 0.55 8.6 2020[272] 

BNNS/Epoxy 15  3.83 4.02 0.95 2020[287] 

BNNS/Epoxy 11  2.40 2.53 0.95 2021[288] 

GO-BN/PEG 11.65  4.41 2.55 1.7 2020[67] 

BNNS/PI 1.3  0.84 0.13 6.5 2019[250] 

graphene/CNT/Epoxy 9  8.77 30.09 0.29 2021[265] 

Template-

directed CVD 

GF/PDMS 6.43  28.77 1.62 18 2017[132] 

GF/NR 0.42  1.07 0.21 5.1 2019[80] 

GF/NR-graphene 

nanosheet 
6.2  10.64 3.0 3.5 2019[80] 

GF/PDMS-BN 20.7  23.45 2.11 11 2017[311] 

Graphene web/Epoxy 4.5  8.8 ∼2.0 4.4 2018[115] 

LBL 

rGO/CNF 37  7.3 0.13 56 2017[334] 

rGO/Nanofibrillated 

Cellulose (NFC) 
0.6  12.6 0.042 300 2017[335] 

BNNS/NFC 36.6  145.7   2014[77] 

Ag nanoparticle/NFC 2.0  6.0 0.8 7.5 2018[336] 

Fluorinated CNT/NFC 24  14.1 0.83 17 2018[337] 

BN nanotube/CNF 16  21.39 ∼1.8 12 2017[338] 

BNNS/CNF 57  30.25   2017[339] 

BNNS/CNF 16  22.67 1.08 21 2018[340] 

MoS2-SiC nanowire/CNF 22.5  19.76 0.68 29 2020[46] 

BN@PDA/Cellulose 

nanocrystal (CNC) 
90  40 4.8 8.3 2018[341] 

SiC nanowire-

Ag/Cellulose microcrystal 

(CMC) 

50  33.97 ∼0.6 57 2016[47] 

BNNS/PVA 84  120.7 1.1 110 2018[342] 

Fluorinated graphene/PVA 89  61.3 ∼0.4 153 2019[343] 

BNNS/Poly(diallyl 

dimethyl ammonium 

chloride) (PDDA) 

83  212.8 1.0 213 2017[344] 

BNNS/Aramid nanofiber 21.37  46.7 ∼0.16 292 2020[345] 

BNNS@PDA/Aramid 

nanofiber 
39  3.94 0.62 6.4 2020[346] 

Electrospinning 

BNNS/PVDF 28  10.4 ∼0.5 21 2019[347] 

BNNS/PVA 22.2  21.4 ∼0.66 32 2019[348] 

BNNS/PVA 27.8  19.99   2021[349] 

GNP/PS 20.6  4.72 0.32 15 2019[350] 

Al2O3@BNNS/PBz 6.9  3.24 ∼0.5 6.5 2021[351] 

Hot-pressing 

BN/TPU 90.7 50.3 6.9 7.3 2018[352] 

Polyethersulfone 

(PES)@BN/PVDF 
42 20.56 2.82 7.3 2021[353] 

Blading BN@PDA/PVA 30  8.8   2015[354] 
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Tape-casting BN/PI 13.6  14.7 ∼0.45 33 2020[355] 

Casting 
rGO/NR 38.53  20.84 0.56 37 2019[356] 

GO/PVA ∼3 ∼25   2021[357] 

Solution 

blending 

PEG@graphene/PA6 2.6  9.710 0.376 26 2015[358] 

GNP-

PDA@CNT/Poly(phenyle

ne sulfone) (PPSU) 

17.6  5.4 3.8 1.4 2021[359] 

 

Fig. 13. (a) Relationship of TCEE versus through-plane k of composites made by 

different templating strategies. (b) Comparison of thermal conductivity anisotropy ratio 

(TCAR = in-plane k over through-plane k) versus in-plane k among composites made 

by different templating strategies, LBL assembly and other methods. 

A high in-plane kc is more desirable than a high through-plane kc, when it comes to the 

application requiring efficient dissipation of concentrated heat in the lateral 

directions.[360] Thermally conductive composites with high in-plane kc have been 

developed by aligning the fillers horizontally using various techniques, such as layer-

by-layer (LBL) assembly, spinning, and solution casting.[77, 347, 356] As shown in 

Table 3 and Fig. 13b, the composite films prepared by LBL assembly exhibited an 

excellent in-plane kc of over 100 W m–1 K–1, making them a good candidate as lateral 

heat spreader. However, these composites tended to be highly anisotropic in terms of 

both structure and kc value, with their through-plane kc normally 2 to 3 orders magnitude 

lower than the in-plane kc counterparts. The poor kc in the thickness direction limited 

the overall heat dissipation from the hot spot to the heat sink despite the excellent in-

plane heat spreading. As such, composites with simultaneously high through-plane and 

in-plane kc values are preferred to afford more uniform heat transfer in all directions.[67] 

To quantify the anisotropic effect, the thermal conductivity anisotropy ratio 
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(TCAR),[361] an in-plane kc to through-plane kc ratio, is introduced here. The closer 

the TCAR is to 1, the more uniform is the heat dissipation along the in-plane and out-

of-plane directions. For the composites prepared by the LBL methods, the TCARs 

varied from 102 to 103 (Fig. 13b), indicating a highly anisotropic thermal conduction 

behavior. By contrast, the composites made by various templating strategies, such as 

self-templating,[156, 157] salt-templating,[172] foam-templating[197], ice-

templating,[67] and template-directed CVD,[80, 115] exhibited a unique advantage of 

simultaneously improved through-plane and in-plane kc with TCARs much closer to 1 

(orange lines in Fig.13b: dash line for k below 10 W m–1 K–1 and solid line for k above 

10 W m–1 K–1), although the in-plane kc values were not as high as those made by the 

LBL assembly. Among different templating strategies, the self-templating and ice-

templating methods seem to be more effective than the others for simultaneously 

augmenting both kc values. When spherical fillers were used as templates, the self-

templating method was preferred as it could not only construct the in-plane oriented 

structure similar to the LBL method, but also retain the transversely oriented structure 

due to the shaping effect of the spherical filler template (Fig. 5).[156, 157] A radially 

oriented structure formed in the ice-templating method highlighted an exclusive 

advantage of simultaneously improving both in-plane and through-plane kc (Fig. 

10h).[67] 

4.2. Comparison of other factors for practical applications  

In addition to the thermal conduction performance compared above, a few other factors 

are also an important consideration for practical applications of different templating 

methods. To more critically assess the advantages and disadvantages of different 

templating strategies in fabricating high-performance thermally conductive composites, 

several key factors, including structural tunability, diversity of raw materials, scalability, 

and cost, are plotted along with thermal conduction performance in a radar chart, as 

shown in Fig. 14. From the perspective of structure tunability, the ice-templating 

strategy can generate both isotropic and anisotropic 3D filler structures with pore sizes 
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ranging from a few to hundreds of micrometers by tuning the freezing parameters.[210, 

362] This unique capability of the ice-templating strategy makes the composites made 

therefrom outperform the products from other templating methods that generally 

contain isotropic 3D fillers. To achieve anisotropic fillers in the other templating 

methods, additional treatment of the templates is necessary, e.g., stretching or 

compressing the templates to form oriented structures and using monoliths with 

oriented structures as CVD-grown templates.[115, 197, 314]  

Suitable matrix and filler materials are other important criteria for selecting templating 

strategies. Thermoplastics suitable for hot pressing are the main matrix materials for 

self-templating. Meanwhile, thermosets prepared from cured monomers and low-

viscosity polymers are suitable for the other four templating methods as they can be 

easily infiltrated into the pore space of the 3D filler skeletons to produce composites. 

Therefore, it can be said that the matrix materials suitable for self-templating are more 

diverse than the other four methods, while less efforts are needed in dispersing the 

nanofillers and assembling them into 3D structures in self templating. Regarding the 

suitable filler materials, the template-directed CVD approach has relatively fewer 

choices than others with successful synthesis of graphene, BN, or SiC foams. It is worth 

mentioning that the maximum loading of fillers attainable in polymer composites using 

the template-directed CVD method is low because of the difficulty in growing thick 

layers and the intrinsically large pore volumes in the metal templates. Although CVD-

grown 3D fillers can enhance the TCEE, the absolute kc values are not high because of 

the low filler loadings, requiring additional fillers to form a secondary network. For the 

templating methods other than CVD, excessive peeling and surface modification of 

nanofillers are often undesired owing to the destruction of their crystal structures, which 

in turn necessitates extra time and cost for subsequent reduction treatment and high-

temperature annealing.[19, 267, 269] This means that micron-size GNPs, EG and BN 

microplates having highly crystalline structures with few defects may be more useful 

for high kc. In addition, such high-quality micron-size fillers are conducive to low-cost 

production of thermally conductive composites using the templating methods. 

In terms of scalability, the foam-templating and self-templating methods are the most 
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promising for large-scale production. The self-templating method mainly involves hot-

pressing operation and the dimensions of final products depend on the size of the hot-

pressing mold, making it easy to scale up. An injection molding method was developed 

for industrial-scale production of segregated composites.[363] The foam-templating, 

especially when using polymer foams as templates, is another promising templating 

strategy for large-scale production. The simple dip-coating process can be easily scaled 

up using a roll-to-roll apparatus capable of immersing the foam into a coating bath and 

collecting the coated foam on a roller in a continuous process. [19, 197] Unlike the 

foam-templating unnecessary to remove the templates, the sacrificial templating 

requires the complete etching of templates which would be difficult if the sample size 

is too large. For the ice-templating method, the lateral dimensions of final products are 

limited by the size of freeze-drier when non-directional or unidirectional freezing is 

done in the thickness direction. Recently, a simple approach involving an ambient 

drying instead of freeze drying has been developed, making the ice-templating more 

amenable to scalability.[364] The template-directed CVD is a time-consuming method 

involving growth, transfer and two-step etching, placing it among the least favorable 

for scalable manufacturing. A cost-effective roll-to-roll process is currently under 

development toward continuous and mass production of high-quality CVD graphene 

products.[365] 

The last consideration, but of foremost importance, is the cost. The overall cost usually 

depends on the costs of templating materials and the manufacturing costs. For self-

templating without additional templating materials, the cost mainly includes the 

fabrication of granules or microspheres, surface treatments and hot pressing. The use 

of waste plastics can further reduce the cost of self-templating method.[147] The 

templating materials required for sacrificial templating and foam-templating are 

normally cheap commercial products. The washing and impregnation processes 

involved are also relatively simple, making the cost comparable to that of self-

templating. The ice-templating technique is yet to be commercialized with multiple 

processing steps. However, the processes are simple without the need of a complex 

setup and the freeze-drying technique has long been widely used in the food industry. 
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Therefore, the cost can be greatly reduced if the freeze-casting setup is scaled up for 

large-scale production.[59] Among different techniques, the cost of template-directed 

CVD is the highest owing to the expensive equipment, harsh processing conditions, e.g., 

high temperature, high vacuum, and continuous gas flow, and post-treatments like the 

removal of template.[366] 

To summarize, the self-templating, foam-templating, and ice-templating techniques 

cover relatively large areas in the radar plots (Fig. 14) when considering all the five 

important aspects, making them most viable for fabricating 3D fillers of thermally 

conductive composites. Specifically, the advantages, disadvantages and development 

trends of various templating strategies are listed in Table 4. Although each method has 

its own merits and weaknesses relative to others, special emphasis is placed on 

examining several important features for futuristic development of templating 

strategies, such as thermally conductive film products with a vertically aligned structure, 

mechanical performance of thermally conductive composites, employment of waste or 

biodegradable materials, continuous covalently-bonded filler heat transfer network 

structures, and scalable manufacturing. In addition, combining templating strategies 

with other techniques, such as self-templating LBL assembly and electric field‐assisted 

CVD, is an effective way to further unlock the potential of templating strategies.[157, 

367]  

 

Fig. 14. Radar plots comparing different templating methods in respect of their relative 

performance, structure, material, scalability, and cost. 

Table 4 Comparison of different templating strategies from the perspectives of 

advantages, disadvantages, and development trends. 
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Methods Advantages Disadvantages Development trends 

Self-

templating 

• Thermoplastics 

• Less efforts required in 

dispersing nanofillers  

• Easy processing 

• Unsatisfactory 

mechanical properties 

• Limited structures 

• Hybrid granules as 

templates 

• Film products with a 

vertically alignment 

structure 

• Mechanical properties 

• Use of waste or 

biodegradable plastics 

Sacrificial 

templating 

• Thermosets and low-

viscosity polymers 

• Cheap commercial 

templates 

• Difficulty in removing 

templates 

• Limited structures 

• Air templating 

• Interfacial design  

Foam-

templating 

• Thermosets and low-

viscosity polymers 

• Easy processing 

• Cheap commercial 

templates 

• Large pores 

• Limited selection of 

template materials 

• Continuous production 

• Alignment through 

stretching and 

compression 

Ice-

templating 

• Thermosets and low-

viscosity polymers 

• Tunable structures 

• Limited lateral 

dimensions of final 

products 

• Multiple processing 

steps 

• Scalable manufacturing 

• Ambient drying 

Template-

directed 

CVD 

• Thermosets and low-

viscosity polymers 

• Covalent bonding between 

fillers 

• Limited filler types  

• Low filler loading 

• Time-consuming 

• Expensive equipment 

• Harsh processing 

conditions 

• Continuous production 

• New nanomaterials 
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5. Applications of Thermally Conductive Polymer Composites Made by 

Templating Strategies 

The thermally conductive polymer composites fabricated by templating strategies have 

found a wide range of applications in thermal management, energy-related systems and 

smart devices as discussed in the below. 

5.1. Thermal management  

With the miniaturization, integration, and multi-functional operation of electronic 

products, the need for controlling the generated heat has become increasingly important 

as excessive heat can seriously degrade their operation and service life. In order to 

realize efficient heat dissipation and maintain normal operating temperature, high-

performance polymeric TIMs and PCMs containing thermally conductive fillers are 

widely used. In practical applications, TIMs are sandwiched between the active 

electronic components and heat sinks to reduce their contact thermal resistance (Fig. 

15a).[3] Generally, the k of TIMs made by conventional mixing methods increases with 

increasing filler loading, which comes at the expense of higher costs, difficulty in 

processing and deteriorated mechanical properties. A major benefit of using templating 

methods against conventional methods is the much lower filler loadings required for 

the same k, making them ideal for fabricating TIMs. Furthermore, a high k in the 

thickness direction is essential for TIMs to maximize the heat dissipation from the heat 

source to the sink. The vertical alignment of 3D fillers can be more readily achieved 

using templating methods than conventional dispersing strategies. A homemade device 

with TIMs sandwiched between a CPU and a heat sink (Fig. 15b) was used to highlight 

the better thermal management capability of the thermally conductive composite made 

by the templating method for TIM applications.[157] Owing to the 2D planar nature of 

GNPs and their anisotropic conductivities, it is rather difficult to improve the through-

plane k of GNP/cellulose composites using the LBL assembly technique. After 

introducing spherical Al2O3 particles as templates, a segregated GNP network was 

formed, leading to a high through-plane k of Al2O3/GNP/cellulose composite films. 

Unlike the neat cellulose and GNP/cellulose films, the hybrid-filler cellulose film was 
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capable of dissipating the heat vertically from the heat source (Fig. 15c), which was 

also proven by the finite volume simulations (Fig. 15d). 

 

Fig. 15. Thermally conductive TIMs and PCMs for thermal management. (a) Schematic 

illustration of the working principle of TIMs filling the gap between heat source and 

sink. Reproduced with permission from ref. [368]. Copyright 2012, American Chemical 

Society. (b) Photographs of Al2O3/GNP/cellulose composite films made by self-

templating as TIMs for CPU thermal management. (c) Temperatures of CPU versus 

working time for three different TIMs made from neat cellulose, GNP/cellulose, and 

Al2O3/GNP/cellulose. The insets are schematics of the microstructures of 

GNP/cellulose and Al2O3/GNP/cellulose TIMs. (d) Simulated temperature profiles of 

three TIMs obtained from finite volume simulations. Reproduced with permission from 

ref. [157]. Copyright 2019, Elsevier Ltd. Schematics of heat transfer in GNP-BN/PEG 

composites with (e) randomly distributed fillers and (f) a segregated double-network 

structure. (g) Temperature changes of LED chips with TIMs made from neat PDMS, 

neat PEG, solution-mixed GNP-BN/PEG, and self-templated GNP-BN/PEG 

composites. Reproduced with permission from ref. [155]. Copyright 2021, Elsevier Ltd. 
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Different from TIMs which only transfer the heat, PCM is another promising candidate 

for thermal management as it can absorb or release thermal energy in the form of latent 

heat during phase transition, maintaining the working temperature of electronics close 

to the phase change temperature.[369] Thanks to their excellent k and thermal energy 

storage capability, thermally conductive PCMs have been widely used for transient 

cooling of electronics.[155] Composites containing 3D fillers made by templating 

methods prevail over those with randomly dispersed fillers for PCM applications 

because the former composites not only exhibit a higher k than the latter counterpart 

but also contain the molten PCM within the 3D structure during phase change to avoid 

leakage (Fig. 15e and f). For example, a GNP-BN/PEG ternary phase change composite 

with a segregated double-network structure was fabricated using a self-templating 

method. The self-templated composite maintained consistently lower working 

temperatures for a LED chip than TIMs prepared with other materials, such as neat 

PDMS without a phase change capacity, neat PEG, and GNP-BN/PEG composites 

prepared by direct solution mixing (Fig. 15g). When a PCM with a lower phase change 

temperature was used, the working temperature of electronics was further reduced.[370] 

In addition to keeping the electronics cool, an electro-driven phase change composite 

was applied to raise the working temperature of electronic devices in a cold 

environment.[190] Besides, composites with highly anisotropic structures made by ice-

templating can work as thermal protection components in electronics to effectively 

avoid the catastrophic damages caused by localized heat accumulation.[66] At present, 

the thermally conductive composites are mainly used for heat dissipation in electronic 

devices and systems. Other emerging thermal management applications such as thermal 

regulation of human body and buildings are also potential areas to explore.[371, 372] 

5.2. Energy-related applications 

Solar energy, a green and sustainable energy source, has attracted great interest in 

solving the energy crisis, mitigating global warming and narrowing the mismatch 

between the energy supply and demand. However, the intermittent nature of solar 

energy requires the conversion of solar energy to other forms for practical applications. 
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Thermal energy generated from the solar-thermal conversion can be either used directly 

or converted to electricity. Polymer PCMs are ideal for thermal energy storage and 

conversion applications by utilizing the phase change behaviors of PCMs, but they 

cannot effectively convert solar energy to thermal energy through photothermal 

conversion. Therefore, composite PCMs have been fabricated by introducing 

photothermal materials, such as carbon materials,[373] MXene,[374] and PDA,[375] 

in the PCM matrices. The stored heat can be converted to electricity by thermoelectric 

devices.[376] A more creative solar-heat-electricity conversion route has been 

established by integrating photodriven PCMs with commercial thermoelectric 

modules.[116] Nevertheless, the low k of PCMs hampers the fast heat transfer within 

the PCM, leading to slow thermal charging and discharging and limiting their 

photothermal conversion for electricity generation. 3D thermally conductive structures 

made by templating methods served as ideal scaffolds for enhanced k of PCMs. For 

example, a radial ice-templating method was used to obtain a biomimetic PEG-based 

phase change composite with centrosymmetric and vertically aligned GO-BN hybrid 

networks for an efficient solar-heat-electricity conversion with the help of a 

thermoelectric module (Fig. 16a).[67] Compared to the composites with randomly 

distributed and vertically aligned structures, the composite with a radially arranged 

structure exhibited a superior energy conversion ability thanks to the quick and uniform 

heat transfer stemming from the 3D centrosymmetric BN network (Fig. 16b). The phase 

change composite was capable of uninterrupted electricity generation with an output 

voltage of 251 mV and a current of 64.2 mA when it was exposed to sunlight with the 

assistance of a convex lens (Fig. 16c). Moreover, a solar cell and a thermoelectric 

module were integrated into an energy conversion system containing a thermally 

conductive MF@GO-BN/PEG composites made by foam-templating (Fig. 16d). Given 

that the output power of the solar cell was inversely proportional to the operating 

temperature, the assembly of the MF@GO-BN/PEG composite with a solar cell greatly 

improved its output power by reducing the surface temperature via fast thermal 

absorption and dissipation of the composite PCM (Fig. 16e). A continuous electricity 

output was realized even after the light source was removed from the system because 



66 
 

the thermoelectric module incessantly functioned when the heat was released from the 

composite PCM (Fig. 16f).  

 

Fig. 16. Integrating thermally conductive phase change composites with energy 

harvesting and conversion devices. (a) Schematic illustration of the solar-heat-electric 

conversion system based on thermally conductive PCMs and thermoelectric module. 

(b) Effect of structure on photothermal energy conversion efficiency. (c) Real-time 

output voltage and current of the solar-heat-electric conversion system. Reproduced 

with permission from ref. [67]. Copyright 2020, American Chemical Society. (d) 

Schematic illustration showing the design of an integrated device comprising a solar 

cell, a thermally conductive phase change composite, a thermoelectric module, and a 

cooling fin. (e) Real-time output power of solar cells. (f) Change in output power of 

thermoelectric module. Reproduced with permission from ref. [198]. Copyright 2019, 

Royal Society of Chemistry. 

5.3. Smart devices 

As the world is marching into the era of Internet of Things (IoT), the innovations in 

wearable devices and portable electronics have emerged as mainstream technologies 

that require high-k materials for efficient heat transfers in various responsive 

systems.[377] For thermally responsive systems, shape-adaptable PEG-based phase 
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change composites containing CNF/MF@GNP and MF@Cu fillers were developed by 

foam-templating.[190, 191] The thermally-induced shape memory behaviors and the 

corresponding shape recovery ratio curve of the shape memory composites are 

presented in Fig. 17a and b. All the samples recovered from the U-shape to a flat state 

triggered by heating at 80 °C, and the shape recovery time was greatly shortened after 

adding GNPs. A high k reduced the time required for reaching a phase change 

temperature (Fig. 17c), accelerating the thermal response and shape transition. For 

intelligent temperature sensing systems, a high k is essential to a fast response.[378] 

For example, flexible rGO/PDMS composites with high k were packaged into an 

artificial robotic hand with temperature sensors to directly feel the temperatures of 

grabbed objects (Fig. 17d).[19] It is of interest to note that the temperature rose quickly 

to 59.5 °C when the hand grabbed a hot bottle, while it dropped sharply to 2.0 °C when 

changing to a cold bottle (Fig. 17e-g). Nonetheless, the application of thermally 

conductive composites in intelligent devices remains in its infancy. More diverse 

applications of the thermally conductive composites in this field, such as artificial skins 

for robotic hands and heat spreaders for actuators, need to be explored in the future.[16] 
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Fig. 17. Thermally conductive composites for smart devices. (a) Photographs showing 

the thermally-driven shape memory behaviors of PEG-based composite PCMs and (b) 

their shape recovery ratios with respect to heating time. (c) Thermally-induced shape 

memory mechanism of PEG-based composite PCMs. Reproduced with permission 

from ref. [191]. Copyright 2019, American Chemical Society. (d) Setup for robotic hand 

with artificial skin for temperature detection. Robotic hand grabbing (e) hot and (f) cold 

bottles. (g) Temperature response to the periodic handling of hot and cold bottles. 

Reproduced with permission from ref. [19]. Copyright 2018, WILEY-VCH. 
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6. Conclusion and Outlook 

In summary, after the decade-long development, the templating strategy has become 

one of most promising approaches to fabricate thermally conductive composites. The 

assembly of thermally conductive fillers into 3D network structures facilitates the 

thermal percolation of composites at much lower filler loadings than conventional 

composites made from dispersed fillers, translating the excellent k of fillers into the 

composites to the maximum extent. The microstructures of 3D fillers depend largely on 

the morphologies of templates and thus can be readily tailored by controlling the 

various processing parameters of different templating methods. Specifically, isotropic, 

cellular, lamellar, and radial structures have been constructed for improved k of 

composites isotopically or along specific directions requiring heat dissipation. 

Furthermore, the pore morphologies and cell wall dimensions of the templated 3D filler 

structures are tailored at micro- and nanometer scales by optimizing the filler loading, 

pore size, secondary network, alignment, filler hybridization, and F-M or F-F interfaces. 

Such a multiscale design strategy is a plausible approach for the preparation of 

thermally conductive composites. These high-performance thermally conductive 

composites present great potentials in the fields of thermal management, thermal energy 

storage and conversion, and smart devices. Despite the tremendous efforts made in 

developing novel templating strategies, many challenges still remain while numerous 

opportunities exist in realizing further enhancement of k together with other intriguing 

functional properties. With the abovementioned backdrop, future directions and 

potential solutions to existing challenges for advancement in templating technology are 

proposed, as outlined below. 

(1) Highly aligned thermally conductive fillers either in the plane or thickness 

directions can be readily achievable by templating methods such as ice-templating, but 

they are only suitable for either spreading localized heat (i.e., spot heat source) or 

dissipating uniform heat (i.e., plane heat source).[356, 360] However, the heat sources 

in practical devices are normally combined, requiring simultaneously high in-plane and 

through-plane k for more efficient heat dissipation. Although some efforts have been 
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made using self-templating,[156, 157] foam-templating,[197] and radial freezing 

approaches,[67, 287] there is still room for improvements in their optimal design and 

the mass production of these composites. In addition to using isotropic 3D fillers such 

as spherical and polyhedral BN assembly,[379, 380] the mixed granules or fillers with 

different geometries can be used in the self-templating method in their optimal 

proportions. Besides, the unique architecture fabricated by radial freezing can be 

employed as a template for the CVD growth to realize aligned structures in both the 

horizontal and vertical directions with high-quality fillers. 

(2) To date, fabricating composites with a k value above 10 W m-1 K-1 and a TCEE 

exceeding 1000% at filler loadings lower than 10 vol% remains challenging, especially 

for thermally conductive yet electrically insulating composites. Although the k can be 

greatly improved by introducing large amounts of fillers, the high filler loading 

inevitably increases the cost, makes the fabrication process difficult, and even degrades 

the mechanical properties of composites. In view of this, the development of high-

quality fillers with large aspect ratios, such as non-oxidized graphene,[381-383] 

graphite sheets[384] and BNNSs,[385] is necessary to maintain a high k at a low filler 

loading. In addition, refining the alignment of high-aspect-ratio fillers is another 

efficient approach. It is worth noting that in the foam-templating method, a commercial 

polymer foam with an isotropic structure was stretched or compressed to induce highly 

oriented polymer struts for more effective alignment of 2D fillers.[19, 197] Currently, 

the mainstream method is to employ nanoscale carbon materials and ceramics as heat 

transfer fillers in templating strategies, which inevitably cause phonon scattering at the 

interface owing to their huge specific surface area and the mismatched phonon 

vibrational modes between the matrix and functional fillers. To reduce ITR at the 

interface, polymer fibers with an intrinsically high k, such as highly aligned UHMWPE 

fibers[386] and actinomorphic[387] or hierarchical spiral[388] arrangement of 

polybenzobisoxazole (PBO) fibers, have emerged as an alternative to thermally 

conductive composites. In addition to tailoring the properties and alignments of fillers, 

infiltrating polymer matrices with a high k into the 3D fillers constructed by templating 

strategies is also a good choice, for which thermally conductive epoxy and PI are typical 
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matrices.[389-393] 

(3) In terms of practical requirements of thermally conductive materials, other factors 

such as electrical insulation, thermal expansion coefficient, thermal stability, fire 

resistance, and long-term service performance also need to be taken into account in 

addition to k values. Moreover, as thermally conductive composites with 

multifunctional capabilities may provide additional appealing benefits, they should be 

actively explored for use in complex application scenarios. Imparting 

multifunctionalities, such as EMI shielding,[394-396] Joule heating,[397, 398] self-

healing function,[399-401] and high temperature resistance,[402, 403] to thermally 

conductive composites will contribute to their readiness for implementation in broader 

areas. 

(4) The thermal transport in the 3D structured network is limited by the F-F interfacial 

resistance. The understanding of coupling of fillers with various phonon vibrational 

characteristics and non-covalent interactions or covalent bonds at the interfaces can 

facilitate the design of interfacial structures at nanoscale for more efficient interfacial 

heat transfer. In addition, most of the existing theoretical models based on simple 

assumptions, such as isotropic structure, spherical fillers, and binary components, 

cannot fully reflect the actual microstructure of the composites. Thus, improved models 

need to be formulated for practical composites with sophisticated microstructures by 

taking into account a few important factors, such as the ITR between fillers and the 

alignment of fillers. The success of the models in predicting real behaviors of 

composites depends on the development of a holistic approach encompassing 

multiscale modeling techniques, including density functional theories, MD simulations, 

and micromechanics models. Based on the many 3D heat transfer structures constructed 

by templating methods, the exploration and application of multiscale analysis models 

and machine learning algorithms will help understand the constitutive structure-

property relations and reveal the design principles of composites with high thermal 

conductivities.[404] This would eventually reduce the labor and material costs as well 

as shorten the development cycles. 

(5) The templating methods are mainly used to prepare 3D fillers for bulk composites. 
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Other forms of composites, such as 1D fibers and 2D films, fabricated based on 

templating strategies also need to be developed to meet the diverse requirements for 

emerging thermal regulating applications in flexible electronics, human body and 

energy-efficient buildings. Owing to the excellent mechanical flexibility and 

conformability, 1D fibers and 2D films have shown great potential in wearable 

electronics and personal thermal management (PTM).[13, 15, 405] A “freeze-spinning” 

technique combining directional freezing with solution spinning has been proposed to 

fabricate textile fibers with highly aligned pores, which are useful for thermally 

conductive fibers with aligned structures.[223] Two-dimensional flexible films with 

high through-plane k are difficult to fabricate but are highly desired to serve as TIMs to 

efficiently dissipate the heat generated in flexible electronics.[3, 406] Employing an 

electric field in CVD provides possibility to align the fillers in the fabrication of 2D 

films with high through-plane k.[367]  

(6) The composites produced by templating techniques at the current stage are mostly 

at the laboratory-scale. The lack of scale-up production is among the main factors 

limiting their practical applications. A creative attempt was made to continuously 

produce graphene aerogels by a hydroplastic foaming method, providing some insights 

in scaling up the production.[407] In addition, injection molding for self-

templating,[363] bubble-templating without post treatment,[179] ambient drying for 

ice-templating,[364] and roll-to-roll techniques for foam-templating[19] and template-

directed CVD[365] are promising strategies to produce high-performance, large-scale 

thermally conductive composites. It is highly anticipated that the multifunctionalities 

and commercialization of high-performance thermally conductive composites will 

contribute to more diverse applications in thermal management and regulation for 

electronics, batteries, human body and energy-efficient buildings. 
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