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tivity of polyurethane sheets
containing beryllium oxide nanofibers

Md. Shakhawat Hossain, ab Anamul Hoque Bhuiyan ac and Koji Nakane *a

Polyvinyl alcohol/beryllium sulfate/polyethyleneimine (PVA/BeSO4/PEI) precursor nanofibers (NFs) was first

fabricated to obtain PVA/BeSO4/PEI electrospun NFs by electrospinning technology, finally manufactured

beryllium oxide (BeO) NFs followed by various heat treatment methods. The minimum calcination

temperature for pure BeO NFs was 1000 °C, and the minimum specific surface area (5.1 m2 g−1) and

pore volumes (0.0128 cm3 g−1) were at 1300 °C. 46.18% Be and 53.82% O was measured in BeO NFs by

X-ray photoelectron spectroscopy. BeO NFs were then impregnated with polyurethane (PU) aqueous

solution to make PU/BeO NFs heat-dissipating sheet. This heat-dissipating sheet showed superior

thermal conductivity (14.4 W m−1 K−1) at 41.4 vol% BeO NFs content. The electrical insulating properties

of the heat-dissipating sheet were likewise excellent (1.6 × 1012 U ,−1). In this study, the author

attempted to create a thermally conductive but electrically insulating PU/BeO NFs heat-dissipating sheet

that could effectively eliminate generated heat from electric equipment.
Introduction

Electronic devices and other high-performance energy-saving
home appliances are now signicantly smaller, with higher
integration and power. Continuous using such devices gener-
ates a large amount of heat. The electronic components may
create various problems, such as increased failure frequency,
re, and smoke, when the increased temperature exceeds the
thermal stability limit of this device. Many researchers tried to
develop heat-dissipating materials to improve the thermal
conductivity of electronic devices. Some researchers used metal
as heat-dissipating materials for electronics devices because
they possess excellent thermal conductivity and superior
mechanical strength. Although, electrically insulating proper-
ties are vital for developing electric devices.1–4

Polymeric materials possess excellent electric insulation
properties, good moldability, and thermal insulating proper-
ties. So, polymeric materials can be used as heat-dissipating
sheets if the thermal conductivity properties improve. Adding
a certain amount of inorganic ller with low thermal conductive
polymer (0.01–0.1 W m−1 K−1), the thermal conductivity of
polymeric composite will increase signicantly.5,6 The most
signicant advantages of polymer composites are their simple
processing technique, very lightweight, meager cost, and resis-
tance against corrosions.7–13 Some inorganic materials possess
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thermal conductivity with electrical insulation properties, such
as silicon nitride (Si3N4),14,15 beryllium oxide (BeO),16,17 hexag-
onal boron nitride (h-BN),18–20 aluminum nitride (AlN),21,22

alumina (Al2O3)23 and silicon carbide (SiC).24

One of the most critical properties of BeO ceramic is its ultra-
high thermal conductivity (330 W m−1 K−1) with excellent
electrical insulation (>1013 U cm) properties, among other well-
known ceramic materials. However, depending on density, the
thermal conductivity of BeO ceramic varies from 230 to 330 W
m−1 K−1, which is higher than other metals except for copper,
silver, and gold.17 Other than high thermal conductive proper-
ties, beryllium ceramics can exhibit a unique combination of
other physicochemical properties such as high melting point,
high intensity, high insulation nature, high chemical and
thermal stability, a considerable specic volumetric resistance,
transparency for vacuum, infrared, ultraviolet, visible, radiation
resistance, low dielectric losses, low dielectric constant, good
technology applicability. BeO ceramics can conduct heat from
electronic technology while temperatures range from 300 to 630
K of all ceramic materials. This outstanding property makes
BeO ceramic a promising material for using new technology
elds, contemporary electronics, vacuum electronics tech-
nology, nuclear technology, and microelectronics. There is no
alternative to BeO ceramics, especially in thermal
applications.25,26

There are few reports on BeO nanoparticle synthesis, and
extensive structural characterization of produced BeO nano-
particles is limited and not reported.27 Wang et al. prepared BeO
nanoparticles by polyacrylamide gel route. They created xerogel
by using acrylamide and N,N′-methylene bis acrylamide mono-
mers and mixed with beryllium sulfate tetrahydrate
RSC Adv., 2022, 12, 30125–30134 | 30125
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(BeSO4$4H2O) aqueous solution followed by ammonium per-
sulfate aqueous solution. Finally, they prepared BeO nano-
particles in white powder by heating and calcinating at
700−1000 °C.26

NF research, development, and industrial applications have
received much attention recently. Many investigations on heat-
dissipating sheets constructed of NFs have been under-
taken.28,29 Ohgoshi et al. fabricated magnesia (MgO) NFs by
calcinating polyvinyl alcohol/magnesium ethoxide (PVA/
Mg(OC2H5)2) precursor NFs at different temperatures. They
produced PVA/Mg(OC2H5)2 precursor NFs mat by electro-
spinning technique using PVA and Mg(OC2H5)2 mixtures.30

Nakane et al. created a-alumina NF mats from a PVA/boehmite
spinning mix using electrospinning. They discovered that at
5.7% a-alumina content, the a-alumina NFs sheet had thermal
conductivity in parallel (1.29 W m−1 K−1) and perpendicular
(0.38 W m−1 K−1) directions.31,32 Ohgoshi et al. generated an a-
alumina NFs polyurethane sheet with boehmite particles and
aqueous PVA solution using an electrospinning method. The
resultant a-alumina NFs polyurethane composite sheet had
increased heat conductivity (19.7 W m−1 K−1) in a parallel
direction when it included 33% alumina.33,34

Electrospinning is becoming a popular technology for poly-
mer NFs since it is simple to make various inorganic NFs.
Electrospinning creates continuous polymer strands with
nanoscale diameters by applying an external electric eld to
a polymer solution.35 Compared to commercial textiles, elec-
trospun NFs have a large specic surface area and a tiny pore
size. As a result, NFs can be rationally designed to have novel
and signicantly improved physical, chemical, and biological
properties.36 An electric force is applied between a suspended
droplet solution at a capillary tip and a collector in the basic
process of electrospinning. A charged jet is released and travels
to the grounded target when the intensity of the electric eld
overcomes the surface tension of the polymer solution, creating
bers in the form of nonwoven mats.37

The authors used granular polyvinyl alcohol (PVA) and
BeSO4$4H2O salt and polyethyleneimine (PEI) to produce PVA/
BeO/PEI precursor NFs in this research work. Aer impreg-
nating polyurethane (PU), they make PU/BeO NFs heat-dissi-
pating sheets from PVA/BeO/PEI precursor NFs. PU/BeO NFs
heat-dissipating sheet may be very effective as a heat sink
because BeO ceramic has high thermal conductivity and excel-
lent electrical resistivity. On the other side, this study also
focuses on the electrospinning technique to make BeO NFs,
followed by the heat treatment method and make PU/BeO NFs
composite sheet. This composite sheet is most effective in
dissipating heat from electronic devices. So BeO NFs may be
very effective for high-power electronic devices dissipating heat.

Experimental section
Raw materials

BeSO4$4H2O (purity > 98%) was purchased from Kanto chem-
ical co. Inc., Tokyo, Japan. PVA, Degree of polymerization =

1500 and molecular weight = 67 000 was purchased from Wako
Pure Chemical Ind. Ltd., Japan. PEI (CH2CH2NH)n (30% in
30126 | RSC Adv., 2022, 12, 30125–30134
water with a molecular weight of 60 000–80 000) was purchased
from Nacalai tesque, Inc., Kyoto, Japan. Deionized water (H2O)
was used as received. PU water emulsion containing 30 wt%,
solid (Superex #300), a kind-hearted gied by DKS Co. Ltd.,
Japan. All chemicals were used without any further purication.

BeO NFs preparation by electrospinning machine

10 g of PVA were added with 90 g of deionized water and boiled
for 4 hours at 90 °C to make a 10% PVA solution. To make the
PVA/BeSO4 solution, BeSO4$4H2O salt was added directly to the
previously produced 10% PVA solution and kept at room
temperature for 7 hours with vigorous stirring. PEI was added
with PVA/BeSO4 solution, nally making PVA/BeSO4/PEI
composite precursor solution. The electrospinning apparatus
was used to make PVA/BeSO4/PEI precursor NFs. The prepared
precursor solutions were placed in a 3 mL plastic syringe with
a 0.5 mm pinhead inner diameter. The electrospinning settings
in this experiment were as follows: 20 kV operating voltage,
0.008 mL min−1 injection rate, and 15 cm needle tip to collector
distance. The electrospun PVA/BeSO4/PEI composite NFs were
collected on parchment paper. PVA/BeSO4/PEI precursor NFs
were calcined at varied heat treatment temperatures (700 °C,
800 °C, 900 °C, 1000 °C, 1100 °C, and 1200 °C) for 5 hours in the
air with an electric furnace to eliminate organic components
(NHK-170, Nitto Kagaku Co. Ltd., box-type furnace, Japan).
Finally, the BeO NFs were then obtained.

Formation of PU sheets containing BeO NFs

The BeO NFs were impregnated with a 5% PU solution and
cured for 10 hours by vacuuming the solution at room
temperature until completely absorbed. Fig. 1 depicted all of the
appropriate steps schematically.

Characterization

The morphological structure of both precursor and BeO NFs
was examined at a voltage of 5 kV using a Keyence scanning
electron microscope (VE-9800, Keyence Co. Ltd., Japan). The
samples were initially coated with Au/Pd sputtering under
vacuum using an ion coater (SC-701; Sanyu Electron Co. Ltd.,
Japan). Adobe Photoshop CS3 extension soware measure-
ments of the precursor and BeO NFs (n = 100) were used to
calculate the mean ber diameter D and standard deviation. An
X-ray diffractometer (XRD, Rigaku Mini Flex II, Japan) was used
to measure X-ray diffraction using Ni-ltered CuK radiation (30
kV, 15 mA) as an X-ray source to investigate the samples’ crys-
talline nature. The BeO content (wt%) in the dissipation sheets
was assessed by thermogravimetric (TG) analysis carried out in
the air atmosphere with a heating speed of 5 °C min−1 from 30
to 600 °C using a differential TG analyzer (Shimadzu DTG-60,
Japan). A BELSORP-mini II (MicrotracBEL Corp., Japan) was
used to monitor nitrogen adsorption isotherms at −196 °C.
Specic surface areas were calculated using the Brunauer–
Emmett–Teller (BET) method. The Barrett–Joyner–Halenda
(BJH) algorithm was used to calculate the pore-size distribution
(PSD) curves from the isotherm. A JEOL JPS-9010 (Nippon
Electronics Co. Ltd., Japan) equipment was used to perform X-
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04666k


Fig. 1 Experimental scheme for the preparation of BeO NF mats.

Fig. 2 XRD curves of residues after calcinating PVA/BeSO4/PEI
precursor NFs ( : BeO crystal).
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View Article Online
ray photoelectron spectroscopy (XPS) using an Mg-Ka (hv =

1253.6 eV) source at a residual gas pressure of 5 × 10–6 Pa.
Hiresta-UP (Mitsubishi Chemical Analytics, Japan) was used to
measure the electrical resistivity of the composite sheet by
ASTM D257. Thermal diffusivity (m2 s−1) was measured at room
temperature in the planar and thickness directions using
a thermowave analyzer TA35 (Bethel Co., Ltd., Japan). Thermal
diffusivity is measured via temperature wave analysis in this
system. We determined four different average and relative
standard deviation (RSD) measurements.

Results and discussion
Characterization of BeO NFs

In our previous work, we heated PVA/BeSO4/PEI precursor NFs’
from 700 °C to 1200 °C.38 However, here we start heating from
600 °C to 1300 °C. The XRD curves of the residues calcinated
from 600 °C to 1300 °C are shown in Fig. 2. Few low-intensity
BeO crystal peaks are observed aer heating from 600 °C to
900 °C. However, the most pronounced BeO crystal peaks were
detected at temperatures of 1000 °C or higher, and their
intensity increased as the temperature grew. The main reason is
that all organic components are thermally decomposed at high
temperatures (1000 °C to 1300 °C). However, BeO residues is
very brittle while heated at 1200 °C and above.

The calcination temperatures can inuence the surface area
and morphologies of bers, tuning the crystalline structure.
© 2022 The Author(s). Published by the Royal Society of Chemistry
PVA/BeSO4/PEI precursor NFs’ specic surface area (36.3 m2

g−1) increases signicantly to 145 m2 g−1 for BeO NFs while
calcinated at 600 °C. Furthermore, within the mesopore range
of 2–50 nm, a mesoporous structure with an average pore
diameter of 9.3 nm is seen. However, as the calcination
RSC Adv., 2022, 12, 30125–30134 | 30127
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Fig. 3 SEM images and histogram of residues after calcinating PVA/BeS

Table 1 Pore characteristics of each residue at different heating
temperatures

Precursor and calcinated samples
Specic surface
area (m2 g−1)

Pore volume
(cm3 g−1)

PVA/BeSO4/PEI precursor NFs 36.9 0.0638
BeO NFs at 600 °C 145.0 0.3393
BeO NFs at 700 °C 122.0 0.4318
BeO NFs at 800 °C 77.4 0.2891
BeO NFs at 900 °C 50.8 0.1827
BeO NFs at 1000 °C 23.0 0.0643
BeO NFs at 1100 °C 17.0 0.0382
BeO NFs at 1200 °C 11.9 0.0275
BeO residues at 1300 °C 5.1 0.0128

30128 | RSC Adv., 2022, 12, 30125–30134
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temperature rises to 1000 °C, 1100 °C, 1200 °C, and 1300 °C, the
specic surface area reduces dramatically to 23.0 m2 g−1, 17.0
m2 g−1, 11.9 m2 g−1, and 5.1 m2 g−1, respectively. The ndings
show that removing organics improves specic surface area at
an adequate calcination temperature. A high calcination
temperature will hinder the increase in specic surface area,
resulting in a low specic surface area. Sintering or metal
particle obstruction could be the cause. At temperatures of
1000 °C or higher, BeO NFs can be employed as heat-dissipating
sheets. However, when heat-treated at 1200 °C and 1300 °C
temperatures, samples containing BeO crystal became brittle,
as the ber shape was shattered. Based on nitrogen adsorption
investigations, Table 1 summarizes the specic surface area,
average pore diameter, and pore volume estimates.
O4/PEI precursor NFs at (a) 600 °C, (b) 1100 °C, (c) 1300 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The electrospinning method fabricated the PVA/BeSO4/PEI
precursor NFs. On the other hand, BeO crystals were formed by
calcinating the PVA/BeSO4/PEI precursor NFs at 1000 °C or
above temperatures at a dry ratio of PVA/BeO was 90/10 wt%;38

the NFs remained in their shape, and the average ber diameter
was reduced due to heat treatment up to 1200 °C tempera-
tures.39 SEM images and histogram of BeO residue aer calci-
nating PVA/BeSO4/PEI precursor NFs at 600 °C, 1100 °C, and
1300 °C temperatures are shown in Fig. 3. At 600 °C and 1100 °C
temperatures, BeO remaining good NFs shape, interestingly,
BeO crystal became very compact and cubic in shape at 1300 °C
temperatures, as shown in Fig. 3(c).

The ATR-FTIR spectra of pure PVA, BeSO4$4H2O salt, PVA/
BeSO4/PEI precursor NFs, and BeO NFs were obtained, and the
results are shown in Fig. 4. The spectra show strong broadband
for pure PVA at 3320 cm−1 and 3210 cm−1 for PVA/BeSO4/PEI
precursor NFs. This band was attributed to the O–H stretching
vibration of the hydroxyl group of pure PVA and PVA/BeSO4/PEI
precursor NF samples because water contains hydrogen
bonding. However, no absorbance peak was found for the BeO
NFs due to a lack of water-containing hydrogen bonding for BeO
NF samples.40 The band corresponding to C–H stretching mode
is 2926 cm−1 and 2940 cm−1 for the pure PVA and PVA/BeSO4/
PEI precursor NFs.41 The absorption peak at 853 cm−1 for pure
PVA has been assigned to C–H rocking (Fig. 4a) and moved to
823 cm−1 for PVA/BeSO4/PEI precursor NFs (Fig. 4c). The sharp
band of 1094 cm−1 corresponds to the C–O stretching of acetyl
groups present on the PVA backbone that is shied to
1060 cm−1 and 1080 cm−1 for BeSO4$4H2O salt and PVA/BeSO4/
PEI precursor NFs, respectively.40–42 In the complexed system,
CH2 bending exhibited at 1426 cm−1 in pure PVA remains the
same for PVA/BeSO4/PEI precursor NFs. The acetyl C]O group
has an absorbance of 1727 cm−1 in pure PVA, which can be
explained by intra/inter molecule hydrogen bonding with the
neighboring OH group. For instance, this C]O peak is shied
Fig. 4 FTIR spectra of (a) pure PVA, (b) BeSO4$4H2O salt, (c) PVA/
BeSO4/PEI precursor NFs, and (d) BeO NFs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
to 1651 cm−1 and 1734 cm−1 for BeSO4$4H2O salt and PVA/
BeSO4/PEI precursor NFs, respectively. This demonstrates that
the interaction between the salt and PVA is caused by pure PVA’s
O–H and C–O groups. Water molecules are likely to be removed
at higher calcinating temperatures (1100 °C) could be the
reason.40,41 Furthermore, the BeO bending vibration was
measured below 1000 cm−1, similar to other inorganic metal
oxide compounds.43–48 The low peak is n (Be–O) vibrations at 725
cm−1.49

BeO NFs were subjected to XPS examination to determine
which chemical elements were present on the surface of these
compounds. In contrast, BeSO4$4H2O salt, PVA/BeSO4

precursor NFs and PVA/BeSO4/PEI precursor NFs were used as
controls. In Fig. 5, BeSO4$4H2O salt, PVA/BeSO4, and PVA/
BeSO4/PEI precursor NFs showed peaks of O 1s, C 1s, and
S 2p3/2. However, the BeO NFs showed pronounced O 1s peaks
where C 1s and S 2p3/2 peaks were absent. Be 1s peaks were
present only in the BeO NFs but not in the BeSO4$4H2O salt,
PVA/BeSO4 precursor NFs, or PVA/BeSO4/PEI precursor NFs.

Fig. 6 shows the BeSO4$4H2O salt, PVA/BeSO4 precursor NFs,
PVA/BeSO4/PEI precursor NFs and BeO NFs samples C 1s, O 1s,
Be 1s, and S 2p3/2 XP spectra. The PVA/BeSO4/PEI precursor NFs
sample spectra showed strong C–C bonding at 284.2 eV
(Fig. 6a). Compared with the BeO NF samples, the C 1s peak
increased in the PVA/BeSO4/PEI precursor NF samples. The
main reason is the signicant amount of carbon in precursor
samples. The O 1s peaks were detected in all instances;
however, the sharpest rise (531.7 eV) for BeO NFs (Fig. 6b). The
main reason is that a higher calcinating temperature (1100 °C)
reduces organic components. On the other hand, Be 1s peaks
were detected at a very high calcinating temperature (1100 °C),
only for BeO NFs at 113.7 eV (Fig. 6c). In addition, S 2p3/2 peaks
were absent in all samples (PVA/BeSO4 precursor NFs, PVA/
BeSO4/PEI precursor NFs and BeO NFs) except BeSO4$4H2O salt
(Fig. 6d) at 168.1 eV.
Fig. 5 Wide-scan XP spectra of BeSO4$4H2O salt, PVA/BeSO4

precursor NFs, PVA/BeSO4/PEI precursor NFs and BeO NFs.

RSC Adv., 2022, 12, 30125–30134 | 30129
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Fig. 6 XP spectra of BeSO4$4H2O salt, PVA/BeSO4 precursor NFs, PVA/BeSO4/PEI precursor NFs and BeO NFs (a) C 1s spectra, (b) O 1s spectra,
(c) Be 1s spectra, and (d) S 2p3/2 spectra.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
O

ct
ob

er
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 8
:1

4:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The elemental composition contents (Table 2) of C, O, Be, S,
and N were analyzed according to the XPS results (Fig. 5) to
corroborate the variations in the temporal composition content
of each sample. Table 2 shows that no elements other than Be
(46.18%) and O (53.82%) could be detected. Be’s weight
percentage was signicantly increased at BeO NFs compared to
BeSO4$4H2O salt and precursor NFs. The possible reason is that
the Be content increased dramatically with decreasing C
content aer calcination, which may lead to BeO bonds.
Table 2 Elemental composition contents of BeSO4$4H2O salt, PVA/
BeSO4 precursor NFs, PVA/BeSO4/PEI precursor NFs and BeO NFs
evaluated from XPS results

Sample name

Elemental composition contents (%)

C 1s Be 1s O 1s S 2p3/2 N 1s

BeSO4$4H2O salt 24.75 18.83 48.97 7.45 —
PVA/BeSO4 precursor NFs 53.28 7.94 37.11 1.67 —
PVA/BeSO4/PEI precursor NFs 57.07 5.14 36.42 1.20 0.17
BeO NFs heated at 1100 °C — 46.18 53.82 — —

30130 | RSC Adv., 2022, 12, 30125–30134
Formation of PU/BeO NFs composite sheet

SEM images of the PU sheet containing the BeO NFs are shown
in Fig. 7. PU is impregnated into the calcinated BeO NF mats,
making the sheet signicantly closer. Here, the PU successfully
lled the gap between the NFs, and the NFs were dispersed
homogeneously in the PU matrix. NFs were also found on the
sheet’s surface, indicating that the bers were neither fractured
nor detached once soaked with PU emulsion. However, there
are very few heat transmission channels for BeO in the thick-
ness direction of the sheet. We assumed that the produced
sheets would have a superior thermal conductivity in the plane
direction than in the thickness direction.
Thermal conductivity of PU/BeO NF composite sheet

The brittleness of the as-prepared BeO NF mats prevented
measuring their thermal conductivity. However, the thermal
conductivity of PU/BeO NF composite sheets were measured as
shown in Table 3. It was observed that the thermal conductivity
was much higher while calcinating at 1100 °C for both plane
and thickness directions than at low calcinating temperatures
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM images of PU sheet containing aligned BeO NFs (a: 700 °C, b: 900 °C, c: 1100 °C, (left: sheet surface, right: cross-section)).

Table 3 Thermal conductivity of BeO heat-dissipating sheet at 700 °
C, 900 °C, and 1100 °C calcination temperatures both in plane and
thickness direction

Temperature
(°C) BeO content (%)

Thermal conductivity (W m−1 K−1)

Plane direction Thickness direction

700 31.2 3.0 � 0.17a 1.2 � 0.75e

40.5 2.0 � 0.20a 0.6 � 0.62f

51.1 4.0 � 0.10a 0.5 � 0.26g

900 21.8 3.1 � 0.43b 2.6 � 0.78h

27.5 3.8 � 0.44c 2.3 � 1.35a

29.8 4.0 � 0.46a 2.5 � 1.32g

1100 16.6 1.4 � 0.36d 2.6 � 0.65h

21.5 5.0 � 1.39c 4.4 � 1.68i

22.9 4.5 � 0.62a 0.8 � 0.53b

41.4 14.4 � 0.78a 1.4 � 0.56e

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(700 °C and 900 °C). The possible reason is that due to high
calcination temperatures, organic content removes, and BeO
NFs behave as mesoporous NFs.

For all the listed data, the standard deviations of thermal
conductivity at the plane direction were less than 1.39, and the
thickness direction was less than 1.68, which was presented as
percentages of Ls (mean � SD). To measure the statistical
signicance, a two-tailed t-test was conducted between the
datasets, and p values were derived, where p > 0.05 indicates no
signicant difference and p # 0.05 indicates a signicant
difference between the datasets. Here, the statistical analysis
showed that, in most cases, the datasets are signicantly
different (p # 0.05). So, it can be said that changing calcination
temperatures signicantly affected (p # 0.05) the thermal
conductivity of PU/BeO NF sheets. Superscripts indicate the test
results of the ANOVA. Different superscripts showing datasets
are signicantly different, and similar superscripts showing
RSC Adv., 2022, 12, 30125–30134 | 30131
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Fig. 8 Mechanism of (a) low thermal conductivity by conventional spherical fillers and (b) improved thermal conductivity by the elongated shape
of BeO NFs.
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datasets are similar. Here total nine (9) superscripts has been
measured (a = 0.00, b = 0.12, c = 0.19, d = 0.16, e = 0.11, f =
0.31, g = 0.26, h = 0.01, and i = 0.02).

It also observed that thermal conductivity was much higher
in the planner direction than in the thickness direction. The
possible reason is that the thermal conductivity in the thickness
direction is almost similar to conventional spherical ller
particles. The contact area of traditional spherical llers is
limited, and an efficient heat conduction path is difficult to
implement. On the other side, the thermal conductivity parallel
to the aligned BeO NFs rose in proportion to the NF content.
This improvement was due to the BeO NFs’ elongated shape,
which provides excellent heat pathways for the BeO NFs in the
resin. The whole mechanism of low and high thermal conduc-
tivity is shown in Fig. 8.

The thermal conductivity of pure is PU, 0.022 W m−1 K−1.31

Adding BeSO4$4H2O salt with pure PU increases the thermal
conductivity of the PU/BeO NF sheets. The lowest thermal
conductivity (1.4 W m−1 K−1) of the PU/BeO NFs sheet was at
Fig. 9 Effect of BeO content of PU/BeO NF sheets on the thermal
conductivity at 1100 °C.

30132 | RSC Adv., 2022, 12, 30125–30134
16.6 vol% BeO content, which was increased at 21.5, 22.9,
23.4 vol% BeO content. At 41.4 vol% BeO content, the highest
thermal conductivity (14.4 W m−1 K−1) was found in the plane
direction. However, the relationship between BeO% and
thermal conductivity is not always regular. The thickness of the
highest thermal conductive (14.4 Wm−1 K−1) BeO NF sheet was
81 mm at 41.4 vol% and content. Fig. 9 shows the thermal
conductivity of the PU/BeO NF sheet at 1100 °C temperatures in
both plane and thickness directions.

The authors also measured the thermal diffusivity of the PU/
BeO NF sheets to predict cooling processes and to know how
quickly a material reacts to a change in temperature. Fig. 10
shows the thermal diffusivity of PU/BeO NF sheets at different
temperatures. Here, the thermal diffusivity was lower (7.7 ×

10−7 to 16.5× 10−7 m2 s−1) at 700 °C temperatures compared to
900 °C temperatures (12.9 × 10−7 to 16.7 × 10−7 m2 s−1).
However, the thermal diffusivity was much higher (10.8 × 10−7

to 56.7 × 10−7 m2 s−1) at higher 1100 °C temperatures than at
low temperatures (700 °C and 900 °C).
Fig. 10 Thermal diffusivity of PU/BeO NF sheets at 700 °C, 900 °C,
and 1100 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Electrical insulation properties of PU/BeO NF sheets

BeO content
(%)

Thickness
(mm)

Electrical insulation (U ,−1)

700 °C 900 °C 1100 °C

31.2 132 1.6 × 1012 — —
40.5 101 2.4 × 1012 — —
80.4 61 1.9 × 1012 — —
21.8 100 — 2.6 × 1012 —
27.5 33 — 2.1 × 1012 —
39.0 68 — 1.6 × 1012 —
16.6 552 — — 1.8 × 1012

21.5 107 — — 2.1 × 1012

22.9 555 — — 1.8 × 1012

23.4 155 — — 1.5 × 1012

41.4 81 — — 1.6 × 1012
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Our previous work could produce a thermal conductivity
(7.9–14.4 W m−1 K−1) PU/Al2O3 NFs heat- dissipating sheet.39 At
this time, we can also create PU/BeO NFs heat-dissipating sheet
with high thermal conductivity (1.4–14.4 W m−1 K−1). However,
we may be able to improve the thermal conductivity of BeO NFs
by overcoming two difficulties. The rst difficulty is that we
couldn't produce completely nonporous BeO NFs.39 Another is
that we couldn't create high crystallinity of BeO NFs because,
aer 1200 °C temperatures, BeO crystal is very brittleness. We
may circumvent those two challenges by altering the precursor-
making process. In addition, the authors strongly believe that
mechanical properties are signicant from the application
point of view. At this time, the authors couldn’t create high
crystallinity of BeO NF because, aer 1200 °C temperatures, BeO
crystal is very brittle. In the future, the authors will try to modify
the precursors-making process to produce high crystallinity of
BeO NF at low temperatures.
Electrical insulation properties of BeO/PU sheets (ASTM D257)

Table 4 shows the electrical insulating properties of BeO heat-
dissipating sheets at various BeO contents. At 21.4% BeO
contents, the heat-dissipating sheets had the maximum resis-
tance (2.6 × 1012 U ,−1). However, with 23.4% BeO content,
BeO heat-dissipating sheets have the minimum electrical
resistivity (1.5 × 1012 U ,−1). The electrical resistivity
measurements are all within the normal range. Both PU and
BeO have a high electrical resistance could be the reason. As
a result, mixed PU and BeO had a higher resistance.50–52 So, it
concluded that the BeO heat-dissipating sheet’s electrical
insulating qualities were outstanding.
Conclusions

In summary, PVA/BeSO4/PEI precursor NFs were successfully
formed by electrospinning technique mixing BeSO4$4H2O salt
and PEI in PVA aqueous solution, then calcination at different
temperatures to produce BeO NF mats. Furthermore, the crys-
tallinity increased dramatically as the calcination temperatures
increased from 600 °C to 1300 °C. The calcination temperatures
also inuenced the specic surface area and average pore area
© 2022 The Author(s). Published by the Royal Society of Chemistry
due to the removal of organics PVA. This is benecial to
improving the low specic surface area of precursor PVA/BeSO4/
PEI NFs of 36.3 m2 g−1 to 145 m2 g−1 for BeO NFs calcined at
600 °C. On the contrary, a very high calcination temperature of
1300 °C will decrease specic surface area (5.1 m2 g−1) due to
sintering by metal particles. This study also investigated the
thermal conductivity of PU/BeO NFs composite sheets by add-
ing PU with BeO NF mats. The heat-dissipating sheets showed
improved thermal conductivity (1.4–14.4 W m−1 K−1) at 16.6–
80.4 vol% BeO NFs content. The possible reason is that the
elongated shape of BeO NFs serves as an effective ller, creating
linear heat pathways in the resin. In addition, high-
performance heat-dissipating sheets showed excellent elec-
trical insulating properties (1.6 × 1012 U ,−1). This processing
technique is very effective in synthesizing BeO NFs for the rst
time. Electrically insulated thermal conductive PU/BeO NF
composite sheets would effectively dissipate heat from elec-
tronic gadgets.
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Res., 2019, 36, 1–12.

44 D. Perra, N. Drenchev, K. Chakarova, M. G. Cutrufello and
K. Hadjiivanov, RSC Adv., 2014, 4, 56183–56187.

45 Y. Liang, J. Ouyang, H. Wang, W. Wang, P. Chui and K. Sun,
Appl. Surface Sci., 2012, 258, 3689–3694.

46 F. Mohandes and M. Salavati-Niasari, RSC Adv., 2014, 4,
25993–26001.

47 H. Lulit, S. Natnael, M. DuRe, T. Thriveni, C. Ramakrishna
and A. JiWhan, Sustainability, 2019, 11, 3196–3205.

48 C. Sarkar and S. K. Dolui, RSC Adv., 2015, 5, 60763–60769.
49 N. Jain, N. Marwaha, R. Verma, B. K. Gupta and

A. K. Srivastava, RSC Adv., 2016, 6, 4960–4968.
50 Y. Mobarak, M. Bassyouni and M. Almutawa, Adv. Mater. Sci.

Eng., 2013, 2013, 1–6.
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