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A B S T R A C T   

Compared with a disordered network, the ordered framework is more beneficial to improving the multifunc
tional properties (including thermal, electrical, and mechanical properties) of epoxy-based composites. However, 
current methods for building aligned structures are both energy and time-consuming on account of the tedious 
and lengthy lyophilization process. Herein, a new strategy is proposed to obtain low-density graphene aerogels 
(GAs) with long-range oriented structures through a lyophilization-free processes. Due to the minimum thermal 
boundary resistance, the prepared aligned graphene/epoxy composite exhibits an ultrahigh thermal conductivity 
of ~11.6 W/(m⋅K) at a graphene content of 1.84 vol%, i.e., an enhancement efficiency of 3640% per 1 vol%. In 
addition, the compressive strength of the composite is increased by 2.6 times compared to epoxy (from 0.29 MPa 
to 0.76 MPa). Because the composite shows a modulus as low as 0.5–1.0 MPa, it has excellent deformability and 
compression performance. Moreover, the obtained 3-mm-thick composite achieves an electromagnetic inter
ference shielding effectiveness (EMI SE) of 40 dB due to the interconnected graphene network structure, which 
meets the requirements of commercial EMI shielding applications. Hence, this strategy can be used to synthesize 
aligned graphene/epoxy composites with excellent multifunctional performances, which can be simultaneously 
used as elastic thermal interface materials (TIMs) and EMI shielding materials in the fields of advanced electronic 
packaging.   
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1. Introduction 

With the increasing integration of electronic devices, multifunctional 
thermal interface materials (TIMs) play an increasingly important role in 
their thermal management systems, which can enhance the heat transfer 
between interface gaps and shield electromagnetic interference (EMI) 
between various electronic components, meanwhile [1–5]. 
Polymer-based TIMs have excellent compressive properties and low 
modules, but the ultralow thermal and electrical conductivity severely 
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limits their practical applications [6–11]. Research shows that intro
ducing high-thermal/electrical-conductivity fillers (copper, silver, 
aluminum oxide, carbon nanotubes, graphene, etc.) into the polymer 
matrix improves the multifunctional performance of polymer-based 
TIMs effectively [12–20]. Among them, graphene has attracted exten
sive attention due to its excellent mechanical property, thermal (5300 
W/(m⋅K)) and electrical (108 S/m) conductivity [21–23]. 

As a typical 2D material, the in-plane and out-plane properties of 
graphene differ substantially. Hence, it needs to be aligned in the 
polymer matrix to give full play to its high thermal, electrical conduc
tivity, and mechanical property, which has been widely proved by 
relevant studies [22–33]. For instance, Yu et al. [34] prepared a gra
phene/epoxy composite with highly aligned graphene via a 
directional-freezing process, which possesses a high electrical conduc
tivity along the parallel direction even though the content of nanofillers 
is only 0.8 wt%. Kim et al. [35] produced a graphene pre-network using 
Ni foam to strengthen and toughen the epoxy matrix, and the obtained 
graphene/epoxy composite with cellular structure exhibited a simulta
neous increase in flexural strength, flexural modulus, and fracture 
toughness. Yu et al. [30] prepared an epoxy composite reinforced with 
0.75 vol% of highly-aligned graphene, which exhibited an excellent 
vertical thermal conductivity of 6.57 W/(m⋅K), and greatly improved 
storage modulus, compressive strength, and compressive strain at break. 
Despite this, the lyophilization process is usually required to fabricate 
these highly-aligned graphene networks, which is energy-intensive and 
time-consuming (require ultra-low temperature and vacuum condition, 
typically − 50 ◦C, 10 Pa, 72 h) [28–30,36–38]. Hence, the development 
of efficient and energy-saving preparation methods for 
aligned-graphene-reinforced polymer matrix composites is of great sig
nificance for its large-scale application. 

Here, we propose a lyophilization-free fabrication strategy for the 
synthesis of anisotropic graphene aerogels (GAs) with long-range 

aligned structures (Fig. 1a). A “fire-and-ice” method combining ther
mochemical reduction at 60–80 ◦C and direction-freezing was employed 
to synthesize an aligned reduced-GO (r-GO) hydrogel. The resulting r- 
GO hydrogel was air-dried under ambient conditions directly to obtain 
the arranged aerogel that was subsequently annealed at 2850 ◦C to 
remove the residual oxygen-containing groups and further repair the 
deficiencies. The as-prepared graphene/epoxy composite exhibited an 
ultrahigh thermal conductivity of ~11.6 W/(m⋅K) in the vertical di
rection at a graphene content of 1.84 vol%, that is, an enhancement 
efficiency of 3640% per 1 vol%. In addition, the compressive strength of 
the composite is increased by 2.6 times compared to epoxy (from 0.29 
MPa to 0.76 MPa). The low modulus (0.5–1.0 MPa) indicates a good 
elastic performance of the composite, which can enhance the contact 
between two surfaces. Moreover, the electrical conductivity of the 
composites increased from 9.4 × 10− 8 S/m (pure epoxy) to 830 S/m 
(composite with 1.84 vol% graphene), resulting in a substantial 
improvement in electromagnetic interference shielding effectiveness 
(EMI SE) of the composite (~40 dB) compared with the epoxy matrix 
(~3.5 dB). This study proposes a novel approach for fabricating aligned 
graphene/epoxy composites with superior multifunctional properties, 
which can serve as effective thermal interface materials (TIMs) and 
electromagnetic interference (EMI) shielding materials in advanced 
electronic packaging applications. 

2. Experimental 

2.1. Materials 

Graphene oxide (GO) aqueous dispersion (16 mg/mL) was purchased 
from Hangzhou Gaoxi Technology Co., Ltd., and the average size of GO 
was ~10 μm characterized by transmission electron microscopy (TEM) 
(Fig. S1a). L-Ascorbic acid (L-AA) and epoxy (E51) were purchased from 

Fig. 1. (a) Schematic illustration of the fabrication procedure for GA. (b) The SEM images of aerogel vertical (Top) and horizontal direction (Down) (Inset the digital 
images for graphene aerogel) (c) FTIR spectra, (d)XPS, (e) C1s spectra, and (f) Raman spectra of GO with different treatment temperature. (g) The SEM images of 
composite vertical (Top) and horizontal direction (Down). 
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Tianjin Zhiyuan Technology Co., Ltd. and Hangzhou Wuhuigang Ad
hesive Co., Ltd., respectively. 

2.2. Preparation of aligned GAs 

As shown in Fig. 1a, the aligned GA was prepared using a 
lyophilization-free method, i.e., a combination of thermochemical 
reduction, directional freezing, and direct air drying. Herein, the envi
ronmentally friendly chemical reducing agent L-AA was used to realize 
the transition from GO solution to r-GO hydrogel. 80 g of GO aqueous 
dispersion and 4 g of L-AA were poured into a beaker and stirred for 5 
min until L-AA was dissolved. The mixed solution was poured into a 
directional freezing module (80 × 80 × 15 mm3) and stood for 1–2 h 
under ambient conditions (hereafter named GA-RT). The module was 
then immersed in an alcohol bath placed in the air above liquid nitrogen 
and frozen for 25–30 min. After thawing at 25–30 ◦C, the module was 
put into an oven with a cover and preliminarily reacted at 60 ◦C for ~2 
h. After cooling to 25–30 ◦C, the preformed graphene hydrogel was 
subjected to a second directional freezing process. Then, the hydrogel 
was heated for further reaction at 60 ◦C for 4–6 h. The reaction at a mild 
temperature of 60 ◦C can avoid severe volume shrinkage caused by a 
rapid reduction reaction. The prepared graphene hydrogel was frozen at 
− 20 ◦C for 4–6 h, then reacted at 60 ◦C for ~6h, 80 ◦C for ~4 h, washed 
with deionized water three to five times for the removal of residues, and 
fully dried at 60 ◦C in the air to obtain a graphene aerogel (hereafter 
named GA-60). 

2.3. Preparation of aligned GA/epoxy composites 

The obtained GA was annealed at 200 ◦C in the air for ~12 h 
(hereafter named GA-200) and 1150 ◦C under argon for ~2 h (hereafter 
named GA-1150) to remove the remaining L-AA, oxidized products, and 
further reduce the graphene oxide. Subsequently, the vertical GA was 
graphitized at 2850 ◦C for hours under argon to obtain high-quality GA 
(hereafter named GA-2850). The density of aerogel was adjusted 
through compression before graphitizing, which was increased from 
14.9 to 41.6 mg/cm3. The epoxy, curing agent and reactive diluent were 
thoroughly mixed with a mass ratio of 10:5:6, then the GA-2850 was 
immersed in the mixture in a vacuum oven for ~3 h. The obtained 
composite was cured at 60 ◦C for ~12 h (hereafter referred to as GA- 
2850/epoxy) and then cut into desired shapes for characterizations. 

2.4. Materials characterization 

Field-emission scanning electron microscopy (FESEM) (Carl Zeiss, 
Supra55) was performed on the GA and composite to investigate their 
morphology. A TENSOR 27 instrument (Bruker) was used for Fourier 
transform infrared (FTIR) measurement. Raman spectra and X-ray 
photoelectron spectroscopy (XPS) were performed on the samples to 
characterize their degree of reduction and repair using Lab RAM HR800 
from Horiba (excited by a 532-nm laser) and ESAALAB 250Xi, respec
tively. The thermal conductivity of materials is calculated using K = α×

ρ× Cp, where α is the thermal diffusivity, ρ is the density, and Cp is the 
specific heat capacity. A Hotdisk TPS3500 was used to obtain the ther
mal parameters of GA-2850. And a Netzsch LFA457 light flash apparatus 
was used to measure the thermal diffusivities and specific heat capac
ities of the GA-2850/epoxy composites. The mechanical properties were 
tested using an Instron 5944. Infrared thermography was captured using 
an InfraTec VarioCAM HD head 880 thermographic system. The elec
trical conductivity was measured by Keithley 2461. The EMI SE was 
measured using an Agilent N5234A vector network analyzer in the 
frequency range of 10~15 GHz. 

3. Results and discussion 

Due to the nature of liquid crystals, the lateral size of the GO sheets 

(10 μm × 3 nm, Fig. S1a) used in this study is large enough to easily form 
aligned structure under the action of ice crystals [29,38,39]. During the 
reduction of GO sheets, the conjugate structure of GO sheets is restored 
and the π-π interaction between sheets is enhanced. The restored 
conjugation in graphene sheets promotes them to form extremely strong 
bindings among them, leading to their 3D self-assembly [40–42]. Once 
the hydrogel is fully formed, the shear force generated by ice crystal 
growth cannot overcome the strong interactions between disordered 
graphene sheets, making it challenging to achieve an orderly structure 
after complete gelation (Figs. S1b and S1c). Hence, it should be noted 
that directional freezing should be performed before full gelation to 
prevent the recovery of the π-π junction from hindering the ordered 
arrangement of GO sheets [39]. In addition, multiple and prolonged 
chemical reactions are necessary for the formation of robust π-π in
teractions between r-GO sheets, which can make the strength of the 
skeleton enough to prevent significant shrinkage caused by the large 
capillary pressure during the air-drying process. Furthermore, 
multi-freezing treatment before drying can strengthen the hydrogel 
skeleton, improve the attraction between sheets and avoid severe 
shrinkage. As depicted in Fig. 1b, the r-GO aerogels subjected to 
multi-freezing exhibit an oriented structure (the graphene sheets are 
arranged vertically), with the shrinkage being less than 12.5% (Figs. S1d 
and S1e). Conversely, the aerogels without multi-freezing treatment are 
deformed before drying caused by excessive shrinkage (the shrinkage 
rate is greater than 60%). 

In order to reveal the evolution process of the GO chemical state, 
FTIR and XPS characterizations were performed on the aerogels with 
different reduction reaction states. As shown in Fig. 1c, the alkoxy C–O 
(1058 cm− 1), epoxy C–O (1228 cm− 1), and carboxy C–O (1402 cm− 1) 
peaks of GO dramatically declined and even disappeared with the 
reduction reaction with L-AA, indicating that L-AA can modify GO and 
realize the self-assembly of GO sheets based on π-π stacking due to the 
reduction of L-AA [43]. In addition, by characterizing the chemical 
states of GO, the arrangement of r-GO sheets can be controlled to ach
ieve an aligned structure. The XPS results given in Fig. 1d and e shows 
the chemical transformation of GO under different treatments. After 
reacting with L-AA for 2 h at room temperature, the C/O atomic ratio 
increased moderately from 1.27 to 1.45, which shall be caused by the 
preliminary reduction of L-AA. When GO was further reduced by L-AA at 
60 ◦C for hours, the C/O atomic ratio increased to 3.20 as most of the 
epoxy groups were removed, which was consistent with FTIR results. 
The C1 s spectrum in Fig. 1e reveals that the fractions of the carbonyl 
carbon C=O peak (~288.4 and 287.5 eV), epoxy carbon C–O–C peak 
(~286.6 eV), and hydroxyl carbon C–O peak (~285.6 eV) were 
decreased considerably compared with the C–C/C=C peak (~284.8 eV) 
due to the further reduction of r-GO [44,45]. These peaks assigned to 
oxygen-containing functional groups almost disappeared after graphi
tization, suggesting the complete reduction of GO, which is consistent 
with the significant increase of C/O atomic ratio to 39.71 in Fig. 1e. The 
above results indicate that L-AA can gradually reduce GO, and the 
ultra-high temperature annealing can further reduce and recover GO 
[30,46–48]. Since high-quality crystals are beneficial for heat and 
electrical transfer [36,49–51], Raman spectroscopy was performed to 
verify the evolution of crystalline quality in carbon-based materials. As 
shown in Fig. 1f, the samples have three peaks, namely, the G band 
(~1585 cm− 1), the D band (~1350 cm− 1), and the 2D band (~2700 
cm− 1) [50]. The disappearance of some oxygen-containing functional 
groups after the reaction with L-AA created vacancies that increased the 
ID/IG ratio (a mark of defects and disordered structures in graphitic 
domains [30]) from 0.83 to 1.17. This indicates that r-GO needs further 
treatment to optimize the crystal structure for the improvement of heat 
transfer. The ID/IG ratio decreased sharply from 1.09 to 0.21 with the 
increase in the treatment temperature from 1150 ◦C to 2850 ◦C. This 
indicates that r-GO annealed at 2850 ◦C has better crystallinity and 
fewer defects than that at 1150 ◦C. Fig. 1g presents the microstructure of 
GA-2850/epoxy composite. Continuous and undeformed graphene 
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skeleton with aligned structure can be observed in the epoxy matrix, 
indicating the stable anisotropic structure of the aerogel due to the 
strong π-π stacking between graphene sheets. The reserved framework 
composed of aligned and interconnected graphene sheets can effectively 
enhance the comprehensive properties of the composite. 

The arrangement of graphene sheets plays a crucial role in trans
forming the mechanical, electrical, and thermal properties of the gra
phene microstructure into the macrostructure of the graphene monolith 
[22]. In other words, the anisotropic structure results in significant 
variations in its performance along multiple several directions. 
Accordingly, compressive tests were performed in the vertical and 
horizontal directions of the aerogel to assess the anisotropic mechanical 
performance (Fig. 2a and Fig. S2a). Under the same strain, the 
compressive stress of GA-2850 in the vertical direction is relatively 
higher than that in the horizontal direction. Notably, after multiple 
cycles, the horizontal compressive stress of GA-2850 only decreased 
slightly for each strain (Fig. S2b), indicating that GA-2850 has excellent 
mechanical resilience. The digital images in Fig. 2a also show the re
covery process of GA-2850 in the horizontal direction after multiple 
loading-unloading cycles. The height of GA-2850 almost returned to the 
original position after 100 cycles, and the residual strains are less than 
12% under various strains (30%–90%, as shown in Fig. S2b, under 30% 
strain almost recovered completely). Thus, the GA has the potential as a 
flexible and compressible conductor (Fig. S2c). As shown in Fig. 2b, the 
vertical compressive stress of GA-2850 increased with the increase in 
density. Meanwhile, with the increase in density, the stress of GA-2850 
in the horizontal direction is also enhanced, but there is a significant 
difference between it and the vertical direction. This is because when 
GA-2850 is compressed, the connected rigid graphene sheets can sup
port the skeleton to improve mechanical strength along the vertical di
rection (Fig. 2c), but there is no such strengthening mechanism along 

the horizontal direction. 
After compositing with aligned aerogel, the mechanical property of 

epoxy resin is enhanced by the supporting and bridging effects of aligned 
graphene sheets. The compressive strength of the composite in the 
vertical direction increased with the increase in graphene content 
(Fig. 2d), which can be attributed to the increase in the number of stiff 
and strong skeletons. When the graphene content increased from 0.66 
vol% to 1.84 vol%, the compressive strength of the composite increased 
from 0.35 MPa to 0.76 MPa, which is 21%–162% higher than that of the 
pure epoxy resin. As is well-known, the ideal TIM shall have a low 
Young’s modulus, which makes it easy to compress for pressure 
encapsulation and enhanced interface contact [52,53] And in typical 
electronics cooling applications, the pressure is of the order of 172 kPa 
or more [54], according to Fig. 2d left, the deformation of composite 
with GA-2850 can reach up to 20–40% under 200 kPa pressure. More
over, the composite can be twisted like elastic epoxy shown in Fig. 2d 
inset, indicating that the GA-2850/epoxy composite tends to deform 
under pressure and can achieve full contact between interfaces. 
Although the modulus of the composite increased with increasing gra
phene content, due to the extremely low loading of graphene, even at a 
content of 1.84 vol%, the maximum modulus of the composite was still 
lower than 1.0 MPa, which is lower than conventional TIMs enhanced by 
metals (4–6 MPa) [55]. 

Due to the aligned and interconnected network, the structure will 
provide fast electron-transport channels and enhance the conductivity of 
the materials. As shown in Fig. 3a, the electrical conductivity of aerogel 
with density 14.4–41.4 mg/cm3 is up to 230–950 S/m in the vertical 
direction, which exhibits an obvious distinction compared with that in 
the horizontal direction due to the anisotropy structure. The epoxy, 
when without fillers, is nearly an insulator with a low electrical con
ductivity of 9.4 × 10− 8 S/m. However, after being composited with 

Fig. 2. (a) The curve of stress-strain for GA-2850 along different directions. (Inset the digital images for the process of unloading). (b)The compressive stress along 
the vertical and horizontal direction (Left) and the curve of stress-strain for GA-2850 with different densities along the vertical (Right). (c) Schematic illustration of 
deformation of GA-2850 in different directions for oriented structure. (d) The compressive stress-strain curve of GA-2850/epoxy and pure epoxy. (Left), the contrast 
diagram of elastic modulus (Right) (Inset the digital photo of torsional composites). 
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aligned graphene aerogels, the conductivity of the composites increased 
to 170–830 S/m (Fig. 3a, with a graphene content of 0.66–1.84 vol%), 
indicating that the aligned and interconnected structure can improve the 
electron transport capacity of poor conductors. Due to the excellent 
electrical conductivity, the obtained GA-2850s exhibit an excellent EMI 
shielding ability (Fig. 3b). The EMI SE is calculated according to 
Schelkunoff’s equation (Equations S1 to S7 in Supporting Information) 
[23,31,50]. For pure epoxy, the EMI SE is ~3.5 dB, which hardly meets 
the common requirement for EMI shielding application. However, the 
EMI SE for GA-2850s with a thickness of 3 mm is higher than 20 dB 
(minimum 30 dB in the vertical direction as exhibited in Fig. 3c). After 
being composited with the GA-2850, which has excellent EMI shielding 
properties, the EMI SE of the GA-2850/epoxy composite is improved to 
~40 dB. It is about 10 times higher than that of epoxy, indicating that 
the EMI shielding property of composite is enhanced by the synergistic 
effect of graphene and epoxy. Furthermore, increasing the loading of 

graphene in composites can further enhance the EMI SE. 
To analyze the mechanism of shielding, the EM parameters R 

(reflection coefficient), T (transmission coefficient), and A (absorption 
coefficient) for the composites are calculated (Fig. 3d). In Fig. S3, the 
order of the T value is 10− 5 for GA-2850/epoxy composites with 
different graphene loadings, indicating that the shielding efficiency of 
the composite can reach up to 99.99%. As given in Fig. 3d, the R is raised 
with the increase of graphene content, which should be ascribed to the 
intensification of impedance mismatching between GA-2850/epoxy and 
air causing more EM waves to be reflected [31]. Moreover, the electric 
conductive frameworks constructed by interconnected GA-2850 provide 
an efficient pathway for charge transfer, resulting in strong EM reflec
tion through the excitation of high-frequency oscillating current [56]. 
Thus, 75.2%, 85.1%, and 88.3% of the incident EM waves are reflected 
at the surface for 0.66 vol%, 1.21 vol%, and 1.84 vol%-GA-2850/epoxy, 
respectively. As depicted in Fig. 3e, the residual EM wave penetrates the 

Fig. 3. (a) The electrical conductivity for GA-2850 with different densities (Left) and GA-2850/epoxy composites with different graphene loadings (Right) along 
vertical and horizontal directions. (b) The EMI SE for GA-2850 with different densities along vertical. (c) The EMI SE for GA-2850/epoxy with different graphene 
loadings along vertical. (d) The coefficients R, T, and A for GA-2850/epoxy with different graphene loadings along the vertical direction. (e) Schematic illustration of 
EMI shielding in the vertical direction for oriented structure. 
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porous skeleton composed of interconnected aerogel and undergoes 
attenuation due to multiple internal reflections and scattering between 
sheets. Meanwhile, the interconnected graphene sheets also provide 
numerous dipoles that dissipate EM waves as thermal energy, demon
strating an excellent EMI shielding capability [56,57]. 

As discussed above, the vertical pathway not only facilitates effective 
electron transport but also enhances thermal properties by providing 
fast phonon-transport channels. Additionally, for an ideal TIM, high 
thermal conductivity is also essential to decrease the interfacial thermal 
resistance [58]. Compared with the horizontal and random systems, the 
vertical direction demonstrates superior thermal performance, as illus
trated in Fig. S4. After 5 min of heating at the bottom, the temperature of 
the composite with the vertical graphene is about 16.2 ◦C and 5.3 ◦C 

higher than those with horizontal and random structures, respectively, 
highlighting the critical role of fillers’ arrangement in efficient heat 
transfer. 

To further investigate the actual performance of aligned GA-2850, 
the thermal conductivity K was measured in different directions. As 
illustrated in Fig. 4a, the K shows anisotropic behavior after graphiti
zation, moreover, the K value increases with the rise of graphene content 
due to the increase in the number of heat conduction channels per cross- 
sectional area. This is consistent with the simulation results in Fig. S4b. 
When the density of GA-2850 reaches 41.4 mg/cm3, the K value in the 
vertical direction increases to ~9.6 W/(m⋅K), which differs significantly 
from that in the horizontal direction. Due to the excellent vertical 
thermal property of GA-2850, its K value increased from 0.17 W/(m⋅K) 

Fig. 4. (a) The thermal conductivity K for GA-2850 with different densities (Left) and GA-2850/epoxy composites with different graphene loadings (Right) along 
vertical and horizontal directions. (b) The thermal conductivity and (c) enhancement efficiency comparisons with the reported article. (d) The thermal boundary 
resistance of composites simulated by FEM and EMT, (Inset left the illustration diagram for angles of the composites reinforced by graphene. Inset right the 
decomposition of boundary). (e) Schematic illustration of heat transfer in the vertical direction for oriented structure and three-dimension random structure. 
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of pure resin to 4.6–11.6 W/(m⋅K) of GA-2850/epoxy composites con
taining 0.66–1.84 vol% graphene. Compared with previous results for 
composites with high K fillers, the obtained GA-2850/epoxy composites 
demonstrate significantly superior thermal performance despite ultra
low graphene content (Fig. 4b). 

To eliminate the influence of filler loading, Equation (1) was used for 
calculating the thermal conductivity enhancement efficiency (η) [36]. 

η=K − KM

100fKM
× 100% (1)  

In this equation, K and KM are the thermal conductivities of the com
posites and polymer matrix, respectively, and f is the volume fraction of 
fillers. As shown in Fig. 4c, the GA-2850/epoxy composites have higher 
enhancement efficiency compared with the previously reported ones 
[27,29,30,36,59–68]. The GA-2850/epoxy composite with 1.84 vol% 
graphene loading exhibits an enhancement efficiency of 3640% per 1 vol 
%, indicating the aligned graphene obtained in this study can signifi
cantly enhance heat transfer capacity. 

Both the effective medium theory (EMT) model and the Foygel model 
are utilized to analyze various factors that affect thermal properties, 
such as size, morphology, content, distribution of fillers, and thermal 
resistance between fillers as well as between fillers and matrix. 
Compared with the Foygel model, which describes the quantitative 
relationship between the overlapping area of the adjacent graphene 
sheets and the thermal conductivity of the graphene skeleton [27], the 
EMT model is better suitable for analyzing the influence of fillers’ 
arrangement on the effective thermal conductivity K* of the composites 
[1,30,69]. The graphene channel could be assumed as flat plate in
clusions when only the distribution of graphene sheets is considered, 
and the thermal conductivity can be calculated by using: 

K∗
11 =K∗

22 =KM

2 + f
[

KG − KM
KM

(1+ < cos2 θ >)
]

2 − f
[(

1 − RG− EKM
h − KM

KG

)
(1− < cos2 θ >)

] (2)  

K∗
33 =KM

1 + f
(

KG − KM
KM

)
(1− < cos2 θ >)

1 − f
(

1 − RG− EKM
h − KM

KG

)
< cos2 θ >

(3)  

Where K and K are the thermal conductivities along the vertical and 
horizontal directions, respectively. KM and KG are the thermal conduc
tivities of the polymer matrix and graphene, respectively, RG-M is the 
thermal boundary resistance between the polymer and graphene, h is the 
thickness of the graphene sheet, f is the volume fraction of fillers, and θ 
represents the angle between the orientation of graphene sheets and the 
direction of heat flux (from hot to cold) as illustrated in the left inset in 
Fig. 4d. Equation (2) indicates that when <cos2θ>∕=1 (the graphene 
inclusions are not aligned with the heat flux direction), RG-M must be 
taken into account to calculate the vertical K. However, when the gra
phene inclusions are parallel to the heat flux, <cos2θ>=1, the effective 
thermal conductivity K* can be expressed as follows: 

K∗
11 =K∗

22 = fKG + (1 − f )KM (4)  

K∗
33 =

KM

1 − f
(

1 − RG− E KM
h − KM

KG

) (5) 

According to Equation (4), when heat flow is parallel to the aligned 
graphene sheets, the effective thermal conductivity K* is solely deter
mined by the thermal conductivity of materials and their content, 
regardless of the thermal boundary resistance between graphene and 
polymer. And the theoretical thermal conductivities of GA-2850/epoxy, 
as calculated using the EMT model, are consistent with the experimental 
results in the vertical direction when KG is 600 W/(m⋅K) and KM is 0.17 
W/(m⋅K), as illustrated in Fig. S5a. It should be noted that KG is deter
mined from the experimental thermal conductivities of composites 

rather than the theoretical value of graphene due to the contact thermal 
resistance between graphene sheets caused by overlap, which can be 
evaluated using the Foygel model as shown in Fig. S5b. To further 
investigate the impact of thermal boundary resistance between gra
phene and polymer on the thermal conductivity of the composites, the K 
value of polymer composites reinforced by arranged graphene was 
studied by the finite element method (FEM) (Fig. S6a). To simplify the 
subsequent calculations and analysis, the ideal oriented structures were 
modeled by assuming that the graphene is a flat plate with varying 
angles from the heat flux (defined as θ). As θ increases from 0◦ to 90◦, the 
K decreases from 15.55 to 0.17 W/(m⋅K), indicating the significant 
impact of the arrangement of graphene sheets on thermal conductivity. 
Considering the angle between the arrangement of graphene sheets and 
heat flow, the interface thermal resistance between graphene and 
polymer, which is calculated using Equation (2), increases from 2 ×
10− 8 to 6 × 10− 6 K m2/W with an increase of θ as shown in Fig. 4d, 
indicating a negative correlation between high thermal boundary 
resistance and low thermal conductivity. In general, the total boundary 
between graphene sheets and polymer can be categorized into hori
zontal and vertical interfaces when the heat flow is not parallel to the 
graphene sheet (the right inset in Fig. 4d). The horizontal boundary 
perpendicular to the heat flux will create a barrier for phonon propa
gation in the vertical direction due to the mismatch of phonon mode, 
resulting in phonon scattering and high thermal resistance that regulate 
the “direction” of heat transfer (always along the direction of the high- 
thermal-conductivity graphene sheets, as shown in Fig. S6b). Therefore, 
an aligned channel parallel to heat flow is desirable to minimize thermal 
boundary resistance and improve heat transfer. 

In summary, as demonstrated in Fig. 4e, the excellent thermal 
properties of composites enhanced by aligned graphene arise from these 
points: (I) The transfer of phonon of the aligned framework is most 
efficient compared to the other structures due to the minimum thermal 
boundary resistance. (II) As presented in Fig. S7, the interconnected 
pathway formed by graphene sheets through strong π-π interactions 
provides continuous channels for phonon vibration transportation [54, 
70,71]. (III) High-quality graphene can reduce phonon scattering during 
transport, thereby enhancing thermal conductivity [29,30,33]. How
ever, for random interconnected networks, phonon scattering at the 
numerous interfaces due to the mismatch of phonon mode leads to 
significant thermal resistance and greatly reduces the thermal conduc
tivity. Therefore, the aligned GA-2850/epoxy composite can exhibit 
superior thermal performance. 

The special non-isotropic structure endows the graphene aerogel and 
composite discrepant characteristics of performance in different di
rections, making the anisotropic aerogel and aerogel/epoxy composites 
suitable for various situations. As shown in Fig. 5a, GA-2850 was placed 
on a copper block submerged in liquid nitrogen. In comparison to the 
horizontal orientation, the water droplet situated on the surface 
perpendicular to the arrangement of graphene sheets underwent com
plete freezing within 60 s (at least 90 s for the horizontal orientation). As 
shown in Fig. 5b, GA-2850 exhibits distinct temperature distributions 
along the vertical and horizontal directions at the same height. The 
temperature difference between these two directions is 3.6◦C (Fig. 5c), 
which further confirms the anisotropic heat transfer caused by the ori
ented arrangement of graphene sheets. The anisotropic aerogel is ex
pected to be used in the field of rapid heat transfer (vertical structure) or 
anti-heat insulation (horizontal structure). 

Due to the exceptional multifunction of the aligned-graphene- 
aerogel-reinforced nanocomposites, the GA-2850/epoxy composites 
can serve as novel TIMs to reduce interfacial thermal resistance and EMI 
pollution, meanwhile. Compared with commercial silicone thermal pad 
BL-400 with a K of 3.5–5 W/(m⋅K), the GA-2850/epoxy composites 
exhibit better heat transfer capacity. As shown in Fig. 5d–e, the tem
perature of the copper block placed on the GA-2850/epoxy composite 
rises faster than that on the BL-400 (with a bottom temperature of 
45 ◦C). After 600 s of operation, the temperature of the block on the 
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composite was about 4 ◦C higher than that placed on BL-400, indicating 
that the GA-2850/epoxy has excellent heat transfer to enhance interfa
cial heat transfer. To visually demonstrate the practical performance in 
thermal management, 1.84 vol%-GA-2850/epoxy composite, BL-400, 
and pure epoxy were used as TIMs between a 10 W LED chip and a 
copper heat sink. When using composite material as the TIM, the surface 
temperature of LED lamp was 60.5◦C after running for 300 s, which was 
lower than BL-400 and pure epoxy resin 7.8◦C and 17.6◦C, respectively 
(Fig. 5f–g). This suggests that the aligned structure endows the GA- 
2850/epoxy composite with reliable heat transfer ability, highlighting 
the advantages for thermal management applications as a multifunc
tional TIM. 

4. Conclusions 

In summary, the GA with a highly anisotropic structure has been 
fabricated using a lyophilization-free method. The vertically aligned 2D 
graphene sheets build highly efficient thermal conductance pathways 
along the vertical direction of GAs, maximizing the vertical thermal 
conductivity of polymer/GA composites. The GA-2850/epoxy compos
ite with 1.84 vol% graphene exhibits an ultrahigh thermal conductivity 
of ~11.6 W/(m⋅K) along the vertical direction (an enhancement effi
ciency of approximately 3640% per 1 vol%). In addition to the thermal 
property, the GA-2850/epoxy composites with the ultralow graphene 
loading also have outstanding mechanical properties (compression 
strength 0.33–0.76 MPa) compared to neat epoxy (0.29 MPa). The 
modulus of the composite is as low as 1.0 MPa, indicating that the 

composite has excellent compressive performance. Meanwhile, the 
electrical conductivity of composites is enhanced from 9.4 × 10− 8 S/m 
(pure epoxy) to 830 S/m (with 1.84 vol% graphene content), the EMI SE 
for composites is all above ~40 dB (~3.5 dB for epoxy). These excellent 
thermal, mechanical, and electrical properties indicate that the aligned 
graphene-epoxy composites prepared by this strategy can be used as 
multifunctional TIMs in advanced electronic packaging to solve complex 
problems between interfaces. 
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Fig. 5. (a) The digital photos of the thermal transfer ability of GA-2850 along vertical (Left) and horizontal (Right) directions at different times in a cold envi
ronment. (b) The thermographic image and (c) the temperature distribution of GA-2850 placed on a block of copper immersed in liquid nitrogen for 60 s. (d) The 
thermographic images and (e) time-temperature curves of GA-2850/epoxy (Left) and commercial thermal pad BL-400 (Right) on a 45 ◦C hot plate (Inset the digital 
image for the comparison of GA-2850/epoxy and BL-400) (f) The infrared thermal images showing the heat dissipation of a high-power LED and (g) the temperature- 
time curves of different TIMs. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.compscitech.2023.110250. 
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