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A B S T R A C T   

Recently, construction of effective three-dimensional (3D) heat transfer networks inside polymer has emerged as 
a promising design strategy to improve the isotropic thermal conductivity for electronic packaging materials. 
Hexagonal boron nitride (BN) sheets are popular carriers for constructing 3D networks. But removing overheat 
capability of BN was greatly sacrificed due to size limitation when constructing 3D network. Herein, a novel 3D 
heat-transferring network, interconnected boron phosphide (BP) grains in-situ growing on Ni foam, was designed 
to alternate 3D BN network. An isotropic 3D-BP@Ni network with high-quality and integrity was successfully 
fabricated by a simple high temperature treatment. The synthesized 3D-BP@Ni was incorporated into epoxy 
resin (ER) by infiltration to fabricate composites. ER/3D-BP@Ni composite, with strong interfacial adhesion 
between epoxy and 3D-BP@Ni, achieved a high thermal conductivity of 2.01 W/(mK), which corresponded to 
908.53% and 402.00% enhancement compared to pure epoxy and ER/Ni composite. The coefficient of thermal 
expansion (CTE) of the composite reached as low as 26.95 × 10− 6/◦C, much smaller than epoxy of 60.69 × 10− 6/ 
◦C and ER/Ni composite of 59.42 × 10− 6/◦C. The designed ER/3D-BP@Ni composite has distinguished heat 
removal and CTE with semiconductors from traditional polymer composites containing 3D BN network. This 
strategy is promising to promote the development of electrical packaging materials with high isotropic thermal 
conductivity.   

1. Introduction 

With continued advancement of electronic devices, micro-chips 
would consume hundreds of megawatts of power in computation and 
convert almost all energy into heat, which was equivalent to the output 
of a small nuclear plant [1,2]. Increasing heat has been looming as the 
biggest obstacle to computing technology and restricted the develop-
ment of electronic industry [3]. To achieve a good heat removal, engi-
neers have explored many new cooling pathways [4–6], and researchers 
are committed to developing passive heat dissipation packaging mate-
rial [7]. Polymers as the common electronic packaging materials have 
been favored for a long time due to their low-cost, light weight, and easy 
processability [8,9]. But the low intrinsic thermal conductivity of 
polymer made it difficult to match the heat dissipation capacity required 
by current micro-chips, resulting in that a large number of works about 

polymer incorporating fillers with high intrinsic thermal conductivity 
sprung up [10–13]. Unfortunately, many fillers inside polymer not only 
failed to achieve the satisfactory heat dissipation performance, but also 
increased the cost of polymer composites [14]. There are huge demands 
to develop novel methods for preparing polymer composites with high 
thermal conductivity. 

Filling a lot of thermal conductive materials or constructing effective 
heat transferring structures, according to the widely accepted theory of 
thermal conduction pathways, were plausible solutions to improve the 
thermal conductivity of polymer composites [15,16]. The traditional 
method of high-loading fillers was usually at the expense of reducing 
other performance of polymer composites [17]. Therefore, constructing 
three-dimensional (3D) interconnected networks have received wide 
attention [18,19]. Effective heat transferring structures provide 
continuous thermal conduction pathways in polymer due to ordered 
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physical or chemical features [20]. Carbon materials (graphene [21], 
carbon nanotube [22], and carbon fiber [23]) with unique flexibility and 
ultrahigh anisotropic thermal conductivity have been common 3D net-
works carries. Specially, graphene with the conjugated molecular plane 
structure can provide an ideal two-dimensional (2D) pathway for 
phonon transport [16]. Many complicated methods, such as 
ice-templated [24], self-assembly [25], and chemical vapor deposition 
[26], were used to construct 3D graphene network. But the weak 
interaction between graphene layers might damage the isotropic ther-
mal conductivity of 3D graphene network. The high electrical conduc-
tivity of graphene is also a drawback as the electrical packaging 
material. In addition to carbon materials, it is common to use ceramics 
with high thermal conductivity to form 3D network to improve the 
thermal conductivity of polymer [27]. Among others, hexagonal boron 
nitride (BN) is most popular due to the similar structure to graphene [19, 
28]. Even though the modification of BN is very hard, some works using 
BN as thermal conductor have achieved satisfied results [29–31]. 
Generally, large-size BN sheets make it easy to achieve a substantial 
increase in thermal conductivity of polymer composites than small-size 
BN sheets [32]. However, it is very difficult to construct a 3D large-size 
BN sheets network because their geometric characters could lead to 
stack easily [33]. 

Thence, exploring new materials easy to construct high isotropic 
thermal conductivity 3D network is hot. Boron phosphide (BP) as a 
common cubic III–V compound is one of candidate materials. It is made 
up of two lightweight and abundant elements of boron and phosphorus 
that exhibits strong covalent bonding. Ordinarily, nonmetallic materials 
with strong covalent bond endow high isotropic thermal conductivity in 
the light of the Slack’s classic guidelines [34,35]. But since BP was first 
synthesized in 1957, early researches on thermal conductivity of BP are 
sparse [36]. Heat transfer of BP has not been paid attention until the 
high thermal conductivity of BP single crystals was verified [37–39]. 
Theoretically, BP single crystals were predicted to have an excellent 
thermal conductivity 580 W/(mK) at room temperature from the 
first-principles calculation [40]. Experimentally, the thermal conduc-
tivity of 350 W/(mK) in BP natural crystal was measured at room tem-
perature by Slack [34]. Later, the measured value was updated to ~400 
W/(mK) by Kumashiro et al. [41]. The advancement in the thermal 
characterization technique led to higher thermal conductivity reported. 
Hu’s group obtained 460 W/(mK) with time-domain thermoreflectance 
(TDTR) [37]. Zheng et al. got a new record-high 490 W/(mK) at room 
temperature [38]. Different from 2D graphene and BN, BP has not only 
high isotropic thermal conductivity, but also exceptional chemical re-
fractory properties, high thermal stability, and large elastic modulus as 
well as a unique potential to be used in nuclear and radiation detectors 
[42–44]. The coefficient of thermal expansion (CTE) of BP (3.2 ± 0.2 ×
10− 6/◦C) is compatible with many commercial semiconductors, such as 
Si, SiC, GaN, and GAs, in comparison in diamond [45]. Thus, BP is 
considered as a good candidate and promising material in high power 
microelectronics devices for harsh environments. 

Here, combining with 3D networks, a novel 3D-BP@Ni network was 
constructed to achieve high isotropic thermal conductivity and suitable 
CTE value of polymer composites. Commercial Ni foam was used as a 3D 
framework to support the growth of BP grains. Synthetic continuous and 
high-quality 3D-BP@Ni can avoid the limitation of Ni foam, such as low 
thermal conductivity and inappropriate CTE value. What is more 
attractive is that 3D-BP@Ni not only has free size but also has a popular 
one-step fabrication process, outperforming 3D BN networks. Epoxy 
resin, a currently commercial integrated circuit substrate material, was 
selected as the polymer matrix. As for the preparation of the composites, 
infiltration was a good choice since it is damage free to the network. The 
obtained composites were endowed with high thermal conductivity and 
an appropriate CTE. In summary, our work here shows the one-step 
synthesized 3D-BP@Ni network achieved excellent properties in 
epoxy, indicating its wide application in thermal management. 

2. Raw materials and methods 

2.1. Synthesis of 3D-BP@Ni 

Ni foam (Supplementary, S1, Figs. S1(a) and (b)) purchased from 
New Energy Materials Co., Ltd. was cleaned by dilute hydrochloric acid 
(0.5 wt%) to remove the oxide layer. It was washed in the ethanol for 10 
min and dried in vacuum. B powders were provided by Macklin 
Biochemical Co., Ltd. and ultrasonically dispersed in ethanol at a con-
centration of 10 mg/ml. The pretreated Ni foam was immersed in the B/ 
ethanol solution for 5 min, and then dried in vacuum. B powders were 
loaded on the Ni foam to form the B/Ni foam (Supplementary, S1, 
Figs. S1(c) and (d)). The volume fraction of B powders is 10.94 vol%. 
Red phosphorus (99.999%, metal basic, Aladdin) and the B/Ni foam 
were immediately flame-sealed in a quartz tube under 1.0 × 10− 3 Pa. 
The sealed quartz tube was horizontally placed in a tube furnace (MTI KJ 
GSL− 1400X, Hefei, China) with heated up to 1100 ◦C for 18h, and 
slowly cooled to room temperature. At last, a large area 3D-BP@Ni 
interconnected network (15mm × 60 mm) was obtained, as shown in 
Fig. 1(a). 

2.2. Preparation of ER/3D-BP@Ni composite 

The ER/3D-BP@Ni composite was fabricated by an infiltration 
method. Proportional epoxy (E51, purchased from Aladdin) and curing 
agent (Methyltetrahydrophthalic anhydride, provided by Macklin) were 
poured into a beaker and stirred magnetically at 40 ◦C for 30 min. The 
obtained 3D-BP@Ni foam was put into a silicone mold, and then the 
mixed ER was also poured into the mold. The whole mold was placed in 
a vacuum oven at 40 ◦C overnight to remove air in the system and also 
made 3D-BP@Ni fully infiltrated by epoxy. Subsequently, they were 
cured at in stages 120 ◦C for 2h, 150 ◦C for 2h, and 180 ◦C for 2h, 
sequentially. The obtained composites were polished into regular spare 
electronic substrate materials by a polishing machine. The untreated Ni 
foam was also prepared into ER/Ni composites according to the above 
steps for comparison. The schematic illustration of the whole preparing 
process was shown in Fig. 1(a). 

2.3. Characterization 

The fabricated ER/3D-BP@Ni composite was cryosectioned to 
analyze the microstructure and the element distribution by a trans-
mission electron microscope (TEM, JEM-2100). The micro- 
morphologies of 3D-BP@Ni foam and the obtained composites were 
characterized by a scanning electron microscopy (SEM, Sirion-200). 
Raman spectrum of 3D-BP@Ni foam was recorded using a confocal 
Raman microscope employing a laser with a wavelength of 633 nm and 
excitation power of 1%. X-ray diffraction pattern of the samples was 
taken on the x-ray diffractometer (XRD, Rigaku Smartlab 9 kW). The 
scanning was performed from 5◦ to 80◦ at room temperature. 

The thermal conductivity of the composites was measured on steady 
state thermal conductivity meter (Hot Disk, TPS 2200). The samples 
with the same size of 15mm × 15mm × 1 mm have been polished for 
better contrast with the probe of Hot Disk. To guarantee the credibility 
of the measured results, each thermal conductivity was measured three 
times and the average values were calculated and adopted. The real-time 
temperature of the composites was monitored by an infrared thermal 
imaging camera (ITI, CEM DT-980) and the thermal images were 
captured. The composites were placed on a variable-voltage constant 
temperature resistor (12 V, 6-8 W, ~60 ◦C) to simulate the electronic 
device and record the temperature rising and distribution of the com-
posites surface. 

The dimensional stability of the composites was evaluated by the 
CTE values. The CTE value of the composites was obtained by a ther-
momechanical analysis (TMA, Q400 TA) in nitrogen atmosphere with a 
flow rate of 20 mL/min. The thermal stability of the composites was 
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measured on thermo-gravimetric analyses (TGA, Q5000 IR). The heat 
rate was 10 ◦C/min under the nitrogen atmosphere. The mechanical 
property of ER composites was tested by the GMT-4204 testing machine 
at a speed of 2 mm/min. 

3. Results and discussion 

3.1. 3D-BP@Ni 

Ni powders are the common flux for crystal synthesis, including BP 
[37,43]. After B powder loading and phosphating process at high tem-
perature, 3D-BP@Ni duplicated the interconnected structure of Ni foam, 
as schematically shown in Fig. 1(a). The macro-morphology of 
3D-BP@Ni (low magnification SEM image, Fig. 1(b)) revealed the con-
tinuity and the integrity of the structure. The BP crystals grew tightly 
along the whole foam, as shown in SEM images with different magni-
fications of Fig. S2. In the high magnification SEM image (Fig. 1(c)), BP 
grains of a few microns in size were in close contact with each other. The 
size of 78 BP grains in Fig. 1(c) is calculated by nano measurer 1.25 and 
the size distribution of BP grains was illustrated in Fig. 1(d), which in-
dicates the mean size of BP grains is 5.36 μm. SEM images were also 
confirmed that the Ni foam substrate was completely covered by BP 
grains. The element mapping of the cross-section of 3D-BP@Ni network 
showed that the Ni element was surrounded by P element in Fig. S3. For 
the improvement of phonon transferring speed, not only a continuous 
network is required, but also the high-quality crystal. The microscopic 
illustration of 3D-BP broadening Ni skeleton was shown in Fig. 1(e). The 
Raman spectrum of 3D-BP@Ni shown in Fig. 1(f) only exhibited two 
peaks: a strong LO (longitudinal optical) phonon mode at 828 cm− 1 and 
a weak TO (transverse optical) phonon mode at 797 cm− 1 of cubic BP 
crystals [46]. No additional peaks were observed. The Raman full-width 
at half-maximum (FWHM) of 3D-BP@Ni LO mode was obtained by 

non-linear fitting. The FWHM value of 3D-BP@Ni reached 9.37 cm, 
lower than FWHM values (˃10 cm) of BP crystals synthesized at higher 
temperature [47,48]. The narrow peak width also revealed the good 
crystalline quality of BP. In addition, the powder XRD pattern of 
3D-BP@Ni (Fig. 1(g)) showed five characteristic diffraction peaks at 
34.2◦, 39.7◦, 57.4◦, 68.5◦, and 72◦, corresponding to (111), (200), (220), 
(311), and (222) planes of cubic BP crystal (JCPDS No. 11-0119) [49]. 
The sharp and narrow XRD peaks of 3D-BP@Ni further confirmed the 
high quality of the synthesized BP particles. It was noted that a strong 
characteristic diffraction peak at 47.2◦ corresponded to Ni2P. According 
to the growth mechanism of BP crystal synthesized by metal flux 
method, the presence of Ni2P is necessary [50]. In this work, Ni2P as a 
part of the substrate framework was inside 3D-BP@Ni. Since the thick-
ness of BP layer grown on the pretreat Ni foam was only a few microns 
(Supplementary, S1, Fig. S4), Ni2P can be easily characterized in XRD 
pattern. 

3.2. ER/3D-BP@Ni composite 

Ni foam and 3D-BP@Ni were infiltrated in epoxy to cure into ER/Ni 
and ER/3D-BP@Ni composites, as shown in Fig. 1(a). XRD pattern of 
ER/Ni composite showed the sharp characterized peaks belonging to Ni 
foam (JCPDS No. 65-2865) and a broad characterized peak presenting 
epoxy in Fig. S5(a). Similarly, XRD pattern of ER/3D-BP@Ni composite 
showed the characterized peaks belong to BP, Ni2P, and epoxy in Fig. S5 
(b). The cross-section morphologies of ER/Ni and ER/3D-BP@Ni com-
posites were investigated by SEM in Fig. 2. The fissures at the interface 
junction were clearly visible between Ni foam and epoxy in Fig. 2(b) and 
(c). Compared to ER/Ni composite, ER/3D-BP@Ni composite has better 
interfacial adhesion between 3D-BP@Ni and epoxy in Fig. 2(d), (e) and 
(f). The surface of 3D-BP@Ni is rough according to Fig. 1 (b) and (c) and 
Fig. S2. When the epoxy is applied to the rough surface of 3D-BP@Ni, it 

Fig. 1. (a) Schematic illustration of the procedure to prepare 3D-BP@Ni foam and ER composites, (b) the low magnification SEM image of 3D-BP@Ni foam, (c) the 
high magnification SEM image of 3D-BP@Ni foam, (d) the size distribution of BP grains, (e) the schematic illustration of 3D-BP@Ni foam, (f) Raman spectrum of 3D- 
BP@Ni foam, (g) XRD pattern of 3D-BP@Ni foam. 
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conforms to the rough surface and tends to fill up the unevenness of the 
surface [51]. Consequently, the mechanical interlock was formed be-
tween 3D-BP@Ni and epoxy after a cured process. Mechanical interlock 
endowed the better interfacial adhesion in ER/3D-BP@Ni composite 
than ER/Ni composite. As shown in Fig. 2 (e) and (f), no voids can be 
observed in ER/3D-BP@Ni composite. It was obvious that the open 
pores in 3D-BP@Ni were fully sealed by epoxy. The strong interface and 
dense structure in ER/3D-BP@Ni composite was conducive to reduce 
the interfacial thermal resistance and improve the phonon transferring 

speed. 
To further understand the micro-structure and distribution of 3D- 

BP@Ni, ER/3D-BP@Ni composite was cryosectioned horizontally for 
TEM characterization. Although the frozen sectioned process might 
destroy the network of 3D-BP@Ni, continuously distributed BP grains 
along the edge of the epoxy slice were still shown in the TEM image 
(Fig. 3(a)). The continuous distribution of BP grains in micro-structure 
of ER/3D-BP@Ni composite was elucidated by the corresponding 
element mapping. The layered electronic image of element mapping is 

Fig. 2. The cross-sectional SEM images of ER composites: (a), (b), and (c), ER/Ni composite; (d), (e), and (f), ER/3D-BP@Ni composite.  

Fig. 3. TEM images and the element mapping of ER/3D-BP@Ni composite: (a) TEM image, (b) EDS layered image, (c) the C element, (d) the P element, (e) the B 
element, (f) the Ni element. 
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shown in Fig. 3(b). The C element mapping (Fig. 3(c)) represented the 
epoxy slice. In Fig. 3(d), the distribution of P element that was also 
agreement with the BP grains in ER/3D-BP@Ni composite was visible. 
The corresponding B element (Fig. 3(e)) also appeared along the edge of 
epoxy slice like the P element. However, the light atomic weight of B 
resulted in the diluted B element mapping. The Ni element was collected 
in Fig. 3(f), and little Ni element was shown. The distribution of Ni 
element was not consistent with P element. Therefore, it was confirmed 
that 3D-BP@Ni had the better interfacial adhesion with epoxy and BP 
grains were an excellent cover for Ni foam. The high-magnification SEM 
image of the ER/3D-BP@Ni composite also showed good interface be-
tween epoxy and 3D-BP@Ni (Fig. 2). 

3.3. Thermal conductivity of ER composites 

A continuous network, especially high thermal conductive structure, 
in epoxy will significantly improve the thermal conductivity of the 
composites. The thermal conductivity of the prepared ER/3D-BP@Ni 
composite was measured at room temperature with the infiltrated 
epoxy and commercial Ni foam as a reference in Fig. 4. Compared with 
pure epoxy, ER composites have a prominent enhancement of the 
thermal conductivity. The incorporation of commercial Ni foam alone 
increased the thermal conductivity from 0.22 W/(mK) of pure epoxy 
resin to 0.50 W/(mK) with an improvement of 229.54%. The enhance-
ment of heat dissipation ability in ER/Ni composite indicated that 3D 
interpenetrating network can construct ordered channels of phonon 
transmission in disordered epoxy chain. But the intrinsic thermal con-
ductivity of commercial Ni foam could not provide fast pathways for 
phonon, limiting the speed of phonon transmission. Moreover, the voids 
between Ni foam and epoxy also caused severe phonon scattering at the 
interface junction. Severe phonon scattering and poor interfacial 
compatibility resulted in a high interfacial thermal resistance, limiting 
the improvement of thermal conductivity. Although commercial Ni 
foam provided interconnected pathways for phonons in epoxy, the 
movement of phonons with a slow speed is like a carriage running on the 
road as shown in Fig. 4(c). 

When the BP grains grew into 3D-BP on the pretreated Ni foam by 
phosphating process as shown in Fig. 4(b), the thermal conductivity of 
ER/3D-BP@Ni composite was significantly improved to 2.01 W/(mK), 
908.53% and 402.00% higher than that of pure epoxy and ER/Ni 
composite. The breakthrough in the thermal diffusion capability of ER/ 
3D-BP@Ni composite largely benefited from the sound integrity of 3D- 
BP@Ni and the inherent high thermal conductivity of BP. The contin-
uous 3D-BP@Ni structure contributed high-speed pathways to the 
phonon transmission in epoxy. Not only that, the sound interface 
derived from the mechanical interlocking effect will also effectively 
reduce voids and fissures between epoxy and 3D-BP@Ni. The tight 
interface and dense structure could significantly decrease the phonon 
scattering, thereby reducing the interface thermal resistance. In ER/3D- 
BP@Ni composite, phonon quickly transferred along the continuous and 

uniform 3D-BP@Ni network like a high-speed train traveling in railways 
in Fig. 4(c). 

It deserved to mention that Ni foam as the template in 3D-BP@Ni 
network hardly contributed to the thermal conductivity because 
replacing the template in the 3D network did not affect the thermal 
conductivity of the prepared composites. In the currently preparing 
work, Cu foam with the same porosity to Ni foam was used as the 
template to fabricate 3D-BP@Cu network. The thermal conductivity of 
ER/Cu composite can reach 6.16 W/(mK), as shown in Fig. S6 in the 
Supplement. The prepared ER/3D-BP@Cu composite has the thermal 
conductivity (2.03 W/(mK)) similar to that of ER/3D-BP@Ni composite. 
The results indicated that the template and derivatives do not impact the 
thermal conductivity of the composite. The electrical conductivities of 
the prepared composites (Supplementary, S4) also supported that Ni 
foam had no contribution. Due to the high electrical conductivity of Ni, 
ER/Ni composite has a higher electrical conductivity than that of ER and 
ER/3D-BP@Ni composite. The obtained electrical conductivity of ER/Ni 
composite is 4.14 × 10− 7 S/cm, and that of both ER and ER/3D-BP@Ni 
composite is less than 2.2 × 10− 9 S/cm. Although Ni foam as a part in 
3D-BP@Ni can improve the electrical conductivity of ER/3D-BP@Ni 
composite, it still belongs to the category of insulation (<10− 9 S/cm). 
In conclusion, the foam template played a negligible or minor role in the 
thermal conductivity of the composite. Successful one-step construction 
of 3D-BP@Ni can effectively improve the phonon velocity and broaden 
the channels of phonon in epoxy. 

The high thermal conductivity of ER/3D-BP@Ni composite 
confirmed that BP would be an effective alternative to BN, which has 
been widely applied in electrical materials for removing overheat. In 
comparison with polymer/3D-BN composites, ER/3D-BP@Ni composite 

Fig. 4. Thermal conductivity of the composites and schematic illustrations: (a) thermal conductivity, the inset is the thermal conductivity enhancement (TCE), (b) 
partial schematic illustrations of commercial Ni foam and 3D-BP@Ni, (c) schematic illustrations of phonon transmission in ER/Ni composite and ER/3D- 
BP@Ni composite. 

Fig. 5. Comparison of the thermal conductivities of polymer/3D-BN, polymer/ 
3D-BN/other materials and this work as a function of filler volume fraction. 
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had the highest thermal conductivity at lowest volume fraction as shown 
in Fig. 5. Removing-heat capability was greatly sacrificed because the 
size of 2D hexagonal BN was limited when constructing isotropic 3D 
network in polymer. Even though other high thermal conductivity ma-
terials cooperated with BN to build effective phonon pathways, the 
enhancement in thermal conductivity of composites has not satisfied the 
requirement. In Fig. 5, the thermal conductivity of this work was also 
impressive. It was foreseeable that increasing the volume fraction of BP 
would drive a fast enhancement in the thermal conductivity of com-
posites. In addition, Table 1 showed BP was superior to BN in con-
structing a 3D network in polymer composites both in terms of the 
fabricating process and isotropic thermal conductivity. Complex fabri-
cating processes made them difficult to promote the development of 
electronic heat-dissipating materials. As a result, 3D-BP was promising 
to apply in the electrical packaging field due to its simple fabrication and 
high isotropic thermal conductivity. 

3.4. Thermal management capability of ER composites 

In addition to thermal conductivity, the actual thermal management 
capabilities of the composites, as heat dissipation materials on a con-
stant temperature resistance, were characterized by infrared thermal 
imaging method. The temperature variation as a function of elapsed 
time was presented in Fig. 6(a). ER/3D-BP@Ni composite represented 
by the blue curve showed the fastest heating rate and the highest final 
equilibrium temperature. Moreover, the surface of ER/3D-BP@Ni 
composite always had the highest temperature at the same elapsed 
time, confirming that ER/3D-BP@Ni composite possessed the best heat 
dissipating ability. For epoxy and the composites, the rates at the fastest 
temperature rising and the specific elapsed time obtained by differen-
tiation were closely related to thermal conductivity, as shown in Table 2. 

The fastest heating rates increased with the improvement of thermal 
conductivity, and the corresponding elapsed time was shorter. After 
incorporating Ni foam, the final equilibrium temperature of the com-
posite got an enhancement from 58.5 ◦C to 60.4 ◦C. The reason was that 
Ni foam can build smooth phonon pathways inside epoxy. Undoubtedly, 
the highest final equilibrium temperature of ER/3D-BP@Ni composite 
was attributed to the continuous and high-quality 3D-BP@Ni network 
with high thermal conductivity. The temperature distributions on the 
surface of epoxy and the composites were intuitively observed through 
the images captured by the infrared thermal imager in the inset of Fig. 6 
(a). Evidently, the temperature distribution on the surface of the com-
posites was not as uniform as epoxy. The area of ~25 × 25 was selected 
on the samples surface to analyze their microscopic temperature dis-
tribution at the elapsed time of 180s. In Fig. 6(b) the 3D local temper-
ature distribution of epoxy was low and uniformed. When the 3D 
skeleton was embedded in epoxy, the heat of temperature resistor was 
first quickly transferred to the upper surface of the composites through 
the skeleton. Therefore, the hill-like temperature distribution appeared 
in Fig. 6(c) and (d). A large area of low temperature region was seen in 
the local temperature distribution of ER/Ni composite (in Fig. 6(c), view 
form (90◦, − 90◦)). The phenomenon was caused by the poor interfacial 
adhesion between Ni foam and epoxy. Although the 3D local tempera-
ture distribution of ER/3D-BP@Ni composite was also wave-like (in 
Fig. 6(d), view from (45◦, − 45◦)), the high heat transferring capacity of 
3D-BP@Ni and the strong interfacial adhesion between 3D-BP@Ni and 
epoxy obviously dispersed low temperature regions and reduced the low 
temperature area (in Fig. 6(d), view from (90◦, − 90◦)). The phenome-
non confirmed that the continuous 3D-BP@Ni network played a critical 
role in the heat dissipation of the composite. The large area of temper-
ature distributions of epoxy and the composites were shown in Fig. S7. 
The trend was consistent with the inset of Fig. 6(a). Consequently, the 
heat generated by electronic devices during operation can be effectively 
transferred to the heat dissipation system, ensuring the safety of elec-
tronic devices, and extending its service life. 

3.5. Dimensional and thermal stability of ER composites 

For electronic packaging materials, excellent dimensional and ther-
mal stability are necessary [66]. An appropriate CTE value efficiently 
reduced the thermal stress and microcracks and has been regarded as an 
important parameter related to reliability in electronic devices. The CTE 
curves of epoxy and the composites as a function of temperature were 
shown in Fig. 7(a). The incorporated 3D networks obviously restricted 
the thermal dimensional deformation of epoxy, especially 3D-BP@Ni 
network. Compared with pure epoxy, the CTE value of ER/Ni compos-
ite was only slightly reduced because of the intrinsic CTE of Ni and poor 
interface adhesion between Ni and epoxy [67]. The CTE value of 
ER/3D-BP@Ni composite (26.95 × 10− 6/◦C, as shown in Fig. 7(b)) was 
expectedly lowest and demonstrated an excellent dimensional stability. 
The main reason was that BP crystal had a low intrinsic CTE value of ~3 
× 10− 6/◦C [35,45]. In detail, the mobility of epoxy molecular chain was 
constrained in the continuous and high-quality 3D-BP@Ni network due 
to the strong interface between epoxy and 3D-BP@Ni. 

Thermal stabilities of epoxy and the composites, as the other 
parameter to evaluate the reliability, were investigated by TGA. The 
TGA curves were presented in Fig. 7(c), from which it was observed that 
epoxy began to decompose at 280 ◦C. As for the composites, thermal 
decomposed temperatures were slightly increased as shown in the inset 
of Fig. 7(c). Interestingly, the thermal decomposed temperature of ER/ 
3D-BP@Ni composite with high thermal conductivity was lower than 
that of ER/Ni composite. It indicated that Ni foam promotes the epoxy 
thermal stability. When BP grains grew on the surface of Ni foam, 3D- 
BP@Ni endowed with high thermal conductivity was conducive to 
accelerate the decomposition of epoxy [68]. Nevertheless, the thermal 
stability of ER/3D-BP@Ni composite was still higher than that of pure 
epoxy. It can better hinder the diffusion of volatile decomposition 

Table 1 
Comparison of thermal conductivity and electrical property for our ER/3D- 
BP@Ni composite with the reported polymer composites.  

Materials Volume 
fraction 

TC W/ 
(mK) 

TCE 
% 

Method, Steps Year 

ER/3D-BN 19.28% 1.15 522.73 Mechanic mixing, 3 2020 
[52] 

ER/3D-BN 10% 0.9 409.09 Salt template, 3 2020 
[53] 

CNF/3D-BN 27.27% 1.66 401.94 Freeze dry and 
cross-linking, 5 

2021 
[54] 

PDMS/3D- 
BN 

13.53% 1.58 790.00 Foaming method, 4 2020 
[30] 

TPU/3D-BN 18.33% 0.48 240.00 Spray drying, 5 2021 
[55] 

PCL/3D-BN 13.41% 1.01 505.00 Ice template, 4 2020 
[56] 

PVDF/3D- 
BN/ER 

12.9% 1.2 545.45 NaCl template, 4 2020 
[57] 

ER/3D-BN 25% 1.13 627.78 Chemical modified, 
6 

2020 
[58] 

ER/3D-BN/ 
C 

23% 1.52 760.00 NaCl template, 4 2021 
[59] 

PI/3D-BN/ 
Al2O3 

12.5% 1.01 561.11 PDA chemistry, 3 2020 
[60] 

PCC/3D- 
BN/CNT 

9.64% 1.21 239.70 Assembly method, 4 2020 
[61] 

PDMS/3D- 
BN/Go 

9.16% 1.65 750.00 Hydrothermal, 
Freeze dry, 5 

2020 
[62] 

ER/3D-BN/ 
Ag 

27.08% 0.80 363.64 Ice template, 4 2019 
[63] 

ER/3D-BN/ 
Ag 

25% 2.14 972.73 Chemistry 
modification, 6 

2020 
[58] 

ER/3D-BN/ 
NF 

19.35% 1.19 540.09 Ice template, 4 2021 
[64] 

PS/3D-BN/ 
Go 

5.8% 0.26 173.33 Mechanic mixing, 2 2020 
[65] 

ER/3D- 
BP@Ni 

6.71% 2.01 908.53 Heat treatment, 1 This 
work  
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products within the composites. The slight decrease in the thermal 
decomposition of ER/3D-BP@Ni composite compared with ER/Ni 
composite does not affect the reliability in working. 

To obtain a deeper understanding of the dynamic decomposition 
process and the thermal stability of epoxy and the composites, kinetic 
parameters (including polymer decomposition temperature (PDT), in-
tegral procedural decomposition temperature (IPDT)) based on Doyle’s 
proposition were determined from the TGA curves and calculated, ac-
cording to the equations in Supplementary, S6. All results were pre-
sented in Table 3. IPDT was usually used to characterize the volatile part 
of polymer and to assess the inherent thermal stability [69]. IPDT values 
of the composites exceeded that of pure epoxy, indicating the thermal 
stability increased. The Horowitz–Metzger method was used to calculate 
the activation energy of epoxy and the composites, according to equa-
tion (1): 

ln
(
ln(1 − α)− 1)

=
E

RT2
max

θ (1)  

where E was the activation energy for decomposition process, α was the 
decomposed fraction, Tmax was the temperature at the maximum weight 
loss rate, θ was the variable auxiliary temperature defined as θ =
T− Tmax, and R was the real gas constant (8.314 J/(mol⋅K)) [70]. The 
plots of ln[ln(1-α)-1] versus θ were shown in Fig. 7(d). The activation 
energy (E, in Table 2) was calculated by fitting the slope in Fig. 7(d). 
Generally, the larger the value of E, the higher energy was required for 
the composites to be decomposed, and the stronger the thermal stability. 
The composites had higher E values than pure epoxy resin, indicating 
that networks were beneficial to improve the thermal stability. Consis-
tent with expectation, ER/3D-BP@Ni composite not only had the 
highest IPDT, but also had the largest E value. 

4. Conclusions 

Three-dimensional boron phosphide@nickel (3D-BP@Ni) structure 
was designed and fabricated using a 3D template of commercial Ni foam 
by one-step high temperature treatment. The results showed the Ni foam 
was completely covered by high-quality BP grains. Although the layer 
thickness of BP grains was only a few microns, 3D-BP@Ni was endowed 
with a faster thermal response than that of Ni foam and traditional 3D 
BN networks. In comparison with the polymer composites containing 3D 
BN networks, the thermal conductivity of ER/3D-BP@Ni composite 
represented a great improvement. In addition, the incorporation of 3D- 

Fig. 6. The heat transfer evolution and the illustration of the infrared thermograph of epoxy and the composites: (a) the surface temperature variations against 
elapsed time at the heating, infrared thermal images of integrated chip packaging casted with ER composites in the inset, (b) the 3D local temperature distribution of 
epoxy, (c) the 3D local temperature distribution of ER/Ni composite, (d) the 3D local temperature distribution of ER/3D-BP@Ni composite. 

Table 2 
The specific elapsed time and rate of the fastest temperature rise and the final 
equilibrium temperature during the thermal imaging test of epoxy and the 
composites.  

Samples ER ER/Ni ER/3D-BP@Ni 

Time/s 30.05 22.27 18.96 
Rate/(◦C/s) 0.54 0.72 0.74 
Temperature/◦C 58.5 60.4 63.2  
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BP@Ni also reduced the coefficient of thermal expansion (CTE). The 
improved performances of the composites were attributed to high- 
quality and good integrity of continuous 3D-BP@Ni network and the 
strong interfaces between epoxy and 3D-BP@Ni network. The developed 
3D-BP@Ni network combining the high thermal conductivity of BP and 
the inherent advantages of the 3D network offers a new design strategy 
for high-efficiency thermal management materials. 
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