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ABSTRACT: Flexible,  lightweight,  and  electrically  insulated
materials  with  high  thermal  conductivity  and  good  mechanical
performance  are  highly  required  for  next-generation  electronic
devices. Hexagonal boron nitride nanosheet (BNNS) has a great
potential to meet these requirements because of its high thermal
conductivity,  intrinsic insulation, and superior stability.  However,
the  production  of  solution-processing,  high  quality  BNNSs  with
larger  lateral  size  is  still  challenged.  Herein,  we develop a  thin-
layer  confined  shearing  and  polymer-anchoring  strategy  for  the
exfoliation of  hexagonal  boron nitride (h-BN) into BNNSs. Upon
optimization  of  the  rotation  speed  of  milling  tools,  chemical
structure  of  anchored  polymer,  the  layer  thickness  and
rheological  properties  of  liquid  medium,  the  shearing  force
applied  on  h-BN  crystals  increases  greatly.  The  anchored
polymer  (sodium carboxymethyl  cellulose,  CMC) can effectively
promote shearing force transfer and impact buffer onto the h-BN
crystals,  consequently  improving  the  exfoliation  yield  (84.6%)
and giving BNNSs with large lateral  size (1.97 ± 1.09 μm) and high aspect ratio (~ 746).  The anchored polymer endows
BNNSs with good hydrophilicity and solution processability. The BNNS (78 wt.%)/CMC film prepared by spatially confined
evaporation  has  densely  packed  structure,  exhibiting  high  tensile  strength  (289  ±  21  MPa)  and  high  in-plane  thermal
conductivity  (59.5  ±  2.7  W·m−1·K−1).  Electrically-insulating  yet  highly  thermally  conducting  nature  enables  BNNS  films
attractive in insulated thermal management applications.
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 1    Introduction
With  the  rapid  development  of  miniaturized,  highly  integrated
electronic  devices,  advanced  thermal  management  materials
(TMMs) have attracted ever-increasing attention since effective heat
conduction  and  heat  dissipation  are  vitally  important  to  the
performance  and  reliability  of  high-power  electronics  [1−3].
Among  TMMs,  two-dimensional  (2D)  hexagonal  boron  nitride
nanosheet  (BNNS)  exhibits  unique  advantages  including  high
intrinsic  thermal  conductivity,  excellent  electrical  insulation,  low

thermal  expansion  coefficient,  mechanical  flexibility,  and  superior
chemical,  environmental,  and  thermal  stability  [3−7].  Electrically-
insulating  yet  thermally  conducting  nature  enables  BNNS  and  its
composites  very  ideal  TMMs  in  electronics,  electrical  packaging,
and thermal conductive coating, significantly decreasing the risk of
signal interference and short-circuits [8−11].

Despite  having  extraordinary  performance  as  TMMs,  its  device
applications are still greatly limited due to the lack of cost-effective
routes towards mass production of  high-quality BNNSs with large
lateral  size,  high  aspect  ratio,  and  good  processability  [6, 12, 13].
Top-down  planetary  ball  milling  exfoliation  has  been  widely
applied  to  prepare  2D  BNNSs  from  hexagonal  boron  nitride  (h-
BN)  crystals,  by  which  shear  force  is  utilized  to  overcome  the
interactions  between  h-BN  layers  (Van  Der  Waals  force)  [4, 6,
14−19].  However,  due  to  the  strong  interaction  between  h-BN
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layers, the exfoliation energy of bulk h-BN is much higher than that
of  graphite  [20].  To  maximize  the  amount  of  energy  transferred
from  milling  tools  to  h-BN  crystals,  high  rotational  speed  of  the
pots  and  disk  was  generally  used  to  enlarge  shear  and  impact
energies of milling balls inside the pots [6]. Unfortunately, the large
impact forces usually give small and thick BNNSs [6, 19]. Reducing
the rotation speed can effectively decrease the impact energy, but at
the  cost  of  shear  energy  and  exfoliation  efficiency.  Thus,  the
strategies  that  can increase  the  shear  energy  and lower  the  impact
energy  simultaneously  are  highly  desirable  for  ball  milling
exfoliation of h-BN crystals. For instance, a viscous solvent-assisted
planetary ball milling method has been developed to produce large
and thin BNNSs with a high exfoliation yield of 74% [19].

Being sharply contrast to graphene, BNNSs are more difficult to
be functionalized due to its  high chemical  inertness [6].  Generally,
small  amount  of  functional  group  can  be  grafted  to  the  edge/in-
plane  sites  of  BNNSs  during  ball  milling  exfoliation  process  or  by
post-functionalization,  thus  giving  BNNS  colloid  dispersions  with
relatively  low  concentrations  (with  an  order  of  0.1–2.0  mg·mL−1)
[6],  limiting  its  processibility  and  applications.  Although  great
progress  has  been  achieved  in  the  preparation,  processing,  and
applications  of  BNNSs,  the  scalable  preparation  of  functionalized
BNNSs  with  large  lateral  size  and  good  dispersibility  is  still
challenged [6, 12, 13].

In  this  work,  we  develop  a  thin-layer  confined  shearing  and
polymer-anchoring  strategy  for  the  scalable  exfoliation  of  h-BN
crystals into BNNSs. Upon optimization of the rotation speed of the
ball milling tools, chemical structure of anchored polymer, and the
layer thickness and rheological properties of the liquid medium, the
shearing  force  applied  onto  h-BN  crystals  increases  greatly.
Simultaneously,  the  anchored  polymer  can  effectively  buffer  the
impact  force  onto  the  h-BN crystals.  Consequently,  the  developed

method can greatly improve the exfoliation yield (84.6%) and give
BNNSs with large lateral size (1.97 ± 1.09 μm) and high aspect ratio
(~  746).  The  anchored  polymer  endows  the  BNNSs  with  good
hydrophilicity  and  solution  processability.  The  BNNS  composites
films  prepared  by  spatially  confined  evaporation  has  densely
packed  structure  (1.96  g·cm−3),  exhibiting  high  tensile  strength
(289  ±  21  MPa)  and  high  in-plane  thermal  conductivity  (59.5  ±
2.7  W·m−1·K−1),  making  them  attractive  in  insulated  thermal
management applications.

 2    Results and discussion
Mechanical  exfoliation  and  pulverization  of  h-BN  crystals  in
planetary  ball  mills  are  complex  and  mainly  dependent  on  the
rotation speed, milling time, the size and quantity of the mill balls,
filling  ratio  of  milling  balls  to  the  samples  (at  constant  chamber
size) as well as the choice of an appropriate liquid medium [6, 21].
High  rotation  speed  generally  increases  the  energy  input  and
promotes  the  exfoliation  of  h-BN  crystals,  but  can  also  induce
strong collisions and vertical impacts to fracture h-BN crystals and
destroy crystallinity (Fig.  1(a))  [6, 19, 21].  Therefore,  relatively low
rotation speed and viscous medium can help in lowering the energy
of  collision,  favoring  the  preparation  of  large  and  high-quality
BNNSs [6, 19].

In  addition  to  buffering  the  impact  force,  liquid  medium  with
high  viscosity  can  greatly  increase  shear  force.  Although  the  exact
exfoliation  process  could  be  far  more  complex,  under  the  shear
force-dominated  milling  process  with  an  appropriate  quantity  of
mill balls and relatively low rotation speed (250 rpm), shear stress of
the liquid medium can be semi-quantitatively evaluated based on a
steady-state assumption (Fig. 1(b)) [21], in which the interface slip
between  the  viscous  medium  and  the  tank  sidewall  is  neglectable.

 

Figure 1    Schematic  illustration  of  thin-layer  confined  shearing  and  polymer-anchoring  strategy  for  the  exfoliation  of  h-BN  crystals.  (a)  Illustration  of  shearing  and
impact force on the h-BN crystals. (b) Simplified model for analyzing shear force. Arrows represent the motion direction and relative speed of ball-milling tank (red) and
ball-milling beads (blue). (c) Mechanism of thin-layer confined shearing. Blue arrows represent the direction and magnitude of shear force. (d) Polymer-anchoring on the
h-BN surface.
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γ̇
τ = η · γ̇ = ηdv

dr

The shear rate ( ) and shear force (τ) of viscous liquid layer can be

described  as ,  where η is  the  viscosity  of  liquid
medium,  dv is  the  relative  velocity  between  milling  ball  and  tank
sidewall,  and dr is  the  liquid layer  thickness.  Obviously,  under  the
identical  rotation  speed  and  medium,  the  thinner  the  liquid  layer,
the higher the shear force (Fig. 1(c)).

To enhance shear force transfer between the liquid medium and
the layered h-BN crystals, aqueous sodium carboxymethyl cellulose
(CMC)  solution  was  used  as  the  liquid  medium  due  to  its  high
viscosity  and  potential  anchoring  ability  towards  h-BN  surface
(similar  to  Lewis  bases  amine  molecules  [22])  (Fig.  1(d)).  It  is
expected that  thin-layer  confined shearing in a  medium with high
viscosity,  combining  with  the  polymer-anchored  strategy  would
greatly  increase  shear  force  and  thus  achieve  high  exfoliation
efficiency, as verified by following experimental results.

Aqueous  CMC-functionalized  BNNS  dispersion,  with  a  high
exfoliation  yield  (up  to  84.6%)  was  readily  prepared  by  thin-layer
confined  shearing  h-BN  crystals  in  an  aqueous  CMC  dispersion
with  high  viscosity  (Fig.  S1  and  Tables  S1–S4  in  the  Electronic
Supplementary  Material  (ESM)).  For  clarity,  the  abbreviation
“BNNS-x” was  utilized  to  designate  the  CMC-functionalized
BNNS,  where x signifies  the  mass  fraction (wt.%) of  BNNS in the
composite  and is  dependent on the feeding mass ratio of  h-BN to
CMC (Fig. S1 and Table S5 in the ESM). Typically, the rotation and

revolution  speeds  of  planetary  ball  mills  were  set  at  250  and
125  rpm,  respectively,  being  characteristic  of  low  speeds  and  less
energy input [14−19]. ZrO2 balls with diameters of 10 mm (150 g)
and 2.22  mm (30 g),  and 6.5  g  aqueous  CMC (1.8  wt.%)  solution
containing  0.86  g  h-BN crystals  (Fig.  S2  in  the  ESM) were  loaded
into a 500 mL ZrO2 pot to give a thin liquid layer with a thickness
of ~ 220 μm and ball-to-powder ratio of 209.  After 20 h grinding,
followed  by  a  mild  sonication  and  further  centrifugation,  aqueous
BNNS  dispersion  with  a  milky  white  color  and  obvious  Tyndall
effect  was  obtained  (Fig.  2(a)),  indicating  the  formation  of  CMC-
functionalized  BNNS  (BNNS-86)  colloid  with  good  dispersibility
(Fig.  2(b),  up  to  95  mg·mL−1,  being  the  highest  reported)  [15−19,
23−34].  More  impressively,  the  dispersion  (5  mg·mL−1)  is  uniform
and  very  stable,  and  no  obvious  stratification  or  precipitation  was
observed even after 30 days of storage (Fig. S3 in the ESM).

In  X-ray  diffraction  (XRD)  patterns  (Fig.  S4  in  the  ESM),  the
broader and weaker (002) peak of BNNSs relative to h-BN crystals
further confirms the decreased thickness and smaller crystal size of
BNNS caused by the exfoliation [17]. It has also been demonstrated
that the proposed strategy can be readily applied for the exfoliation
of h-BN crystals in organic solvent and other 2D materials (Fig. S5
in the ESM).

BNNSs  had  an  average  lateral  size  of  1.97  ±  1.09  μm  and  a
thickness of 2.46 ± 1.3 nm (Figs. 2(c)–2(e) and Fig. S6 in the ESM),
giving an aspect ratio of 746, which is among the highest reported

 

Figure 2    Characterization of aqueous BNNS-86 dispersion and BNNS-86. (a) Photograph of as-prepared BNNS-86 dispersion (5 mg·mL−1) and Tyndall effect of dilute
BNNS-86 dispersion (0.04 mg·mL−1). (b) Comparison of concentration and lateral size of BNNS-86 with those reported previously. Original data are listed in Table S6 in
the ESM. (c) Statistical analysis of the lateral size from SEM. (d) Typical AFM image. (e) HRTEM image of curved BNNS-86. f) TEM image and SAED pattern (inset). (g)
N 1s (left) and B 1s (right) XPS patterns of BNNS-86. (h) O 1s and (i) C 1s XPS patterns of BNNS-86 (top) and CMC (bottom).

Nano Research | Vol. 19, No. 4 Zhou et al.

94908319 (3 of 8) Nano Research, 2026, 19, 94908319

https://www.sciopen.com/article/10.26599/NR.2026.94908319
https://www.sciopen.com/article/10.26599/NR.2026.94908319
https://www.sciopen.com/article/10.26599/NR.2026.94908319
https://www.sciopen.com/article/10.26599/NR.2026.94908319
https://www.sciopen.com/article/10.26599/NR.2026.94908319
https://www.sciopen.com/article/10.26599/NR.2026.94908319
https://www.sciopen.com/article/10.26599/NR.2026.94908319
https://www.sciopen.com/article/10.26599/NR.2026.94908319


(Table  S7  in  the  ESM)  [14−19, 31−36].  The  lateral  size  was
evaluated  based  on  the  statistical  analysis  of  scanning  electron
microscopy  (SEM)  images  of  BNNSs,  being  consistent  with  the
results  of  dynamic  light  scattering  measurement  (Fig.  S6  in  the
ESM). To eliminate the influence of CMC anchored on BNNSs, the
average  thickness  of  BNNSs  was  measured  via  high  resolution
transmission electron microscopy (HRTEM) (Fig.  2(e) and Fig.  S7
in the ESM). The wrinkles and folded/curled structures observed in
AFM  and  TEM  images  of  BNNSs  signify  good  mechanical
flexibility of  BNNSs originated from the ultrathin feature with few
layers  (Figs.  2(d)–2(f)).  A  typical  six-fold  symmetry  selected  area
electron diffraction (SAED) pattern shown in the inset  of Fig.  2(f)
demonstrates  that  the  intact  hexagonal  lattice  of  BNNS  is  well
preserved after exfoliation. X-ray photoelectron spectroscopy (XPS)
patterns of B 1s and N 1s electrons (Fig. 2(g)) reveal that there are
few  B–O  (191.8  eV)  and  N–H  (398.3  eV)  groups  grafted  to  the
BNNSs as the pristine h-BN crystals (Fig. S2 in the ESM) [17, 37],
demonstrating  a  low  degree  of  defects  and  covalent
functionalization  under  relatively  lower  rotation  speeds  with  less
energy input.

Anchored polymer facilitates the exfoliation of h-BN crystals and
plays  an important  role  on the water  dispersibility  of  the  resultant
BNNSs.  As  shown  in Figs.  2(h) and 2(i),  the  binding  energies  of
carbonyl O 1s (531.32 eV) and C 1s (288.46 eV) electrons of CMC-
functionalized  BNNSs  exhibit  noticeable  up-shifts  with  respect  to
those of CMC (531.01 and 288.17 eV) [38], indicating the presence
of  electron  transfer  originated  from  strong  interaction  between
CMC  and  BNNSs.  It  was  proposed  that,  with  the  assistance  of
energy input during ball milling, carboxylate moieties of CMC can
interact with boron atoms on the surface of h-BN crystals via non-
covalent interaction [22]. Consequently, the anchored CMC greatly
promotes  the  shearing  force  transfer  and  the  exfoliation  of  h-BN
crystals into ultrathin BNNSs in high yield [39]. It  is worth noting
that polymer anchoring and exfoliation of h-BN crystals is strongly
influenced  by  the  chemical  structure  of  polymer.  For  instance,
under  the  identical  exfoliation  condition  (Fig.  S8  in  the  ESM),
employing  sodium  alginate  (SA),  an  analogue  of  CMC,  as  the
viscous  medium  results  in  a  poor  exfoliation  efficiency,  giving
BNNSs  with  large  thickness  and  poor  stability  in  aqueous
dispersion (Fig. S9 in the ESM). This difference would be originated
from the high steric hindrance of carboxylic groups in SA, limiting
its interaction with h-BN crystals (Fig. S9 in the ESM).

Force-induced  CMC-functionalized  BNNSs  create  a  superior
hydrophilic  structure,  as  confirmed  by  the  contact  angle  and  zeta
potential  measurements.  The  non-covalent  functionalization  of
basal  plane render  BNNSs more hydrophilic,  with a  water  contact
angle of 26.0° (BNNS-86, Fig. S10 in the ESM), being much smaller
than those of pristine BNNS (87°) [40], and BNNSs with hydroxyl
(BNNS-OH,  59.9°)  [33]  or  amino  groups  (BNNS-NH2,  43°  ±  1°)
[17]  bonded  to  the  edges  and  defect  sites.  The  zeta  potential  of
BNNS-86  in  water  was  estimated  to  be −45.3  ±  1.3  mV,  which  is
more negative than those of glucose-g-BNNS (−36.7 mV) [18] and
BNNS-NH2 (−34 ± 4 mV) [17]. The surface anchored structure of
CMC-functionalized  BNNSs  is  believed  to  account  for  its  better
hydrophilicity  relative  to  BNNSs  with  hydrophilic  groups  bonded
to  the  edges  and  defect  sites,  due  to  the  blocking  of  hydrophobic
basal plane of BNNSs by the surface-anchored CMC. The anchored
CMC  prevents  re-agglomeration  of  BNNSs,  giving  stable  BNNS
colloid solutions with excellent processibility (Fig. 2(b)).

CMC-functionalized BNNSs can be readily processed into highly

orientated,  densely  packed  films  with  superior  mechanical  and
thermal  performance  via  vacuum-assisted  filtration  (f-BNNS-x)  or
spatially confined evaporation [41] (e-BNNS-x). Both e-BNNS and
f-BNNS  films  can  be  readily  peeled  off  from  the  substrate
membranes,  giving  free-standing  paper-like  films  with  laminated
structure and homogeneous distribution of C, O, B and N elements
within  film  matrix  (Figs.  3(a)–3(c)).  These  films  are  smooth,
foldable,  and  can  be  easily  processed  into  the  desired  shapes  (Fig.
S11 in the ESM). The thicknesses and sizes can be easily adjusted by
the feeding amounts of BNNS dispersion and the sizes of substrates,
especially  for  the  e-BNNS  films  by  spatially  confined  evaporation.
As shown in Fig. 3(d), all XRD patterns of BNNS-x films exhibit a
sharp  diffraction  peak,  demonstrating  the  formation  of  a  highly
orientated laminated structure [41]. With increasing the amount of
CMC,  the  diffraction  peak  of  BNNS-86  film  (2θ =  26.82°)  was
shifted to a smaller angle (2θ = 26.66°) for BNNS-71 film, signifying
the  slight  enlargement  of  the  interlayer  distances  between BNNSs.
In combination with the homogeneous distribution of C, O, B and
N  elements  across  the  fracture  surfaces  of  the  films  recorded  by
energy  dispersive  spectroscopy  (EDS)  mappings  (Fig.  3(c)),  it  is
reasonable to conclude that CMC has been anchored on the BNNS
surface  and  homogeneously  intercalated  into  BNNS  interlayers
without  phase  separation.  Further  increasing  CMC  content,  the
diffraction  peak  of  BNNS-71  film  remains  the  same  as  BNNS-78
film,  suggesting  that  the  amount  of  anchored  CMC  has  become
saturated and aggregation of CMC has appeared.

As  shown  in Fig.  3(e),  the  tensile  strength  and  toughness  of
BNNS  films  are  strongly  dependent  on  the  composition  and
processing  methods.  With  increasing  the  content  of  CMC
(15 wt.%–30 wt.%), the BNNS films become stronger and tougher
irrespective of the processing methods. The tensile stress of e-BNNS-
86 films was measured to be 224 ± 21 MPa with a strain of 0.57% ±
0.06%  (Fig.  3(e)),  which  is  1.9  times  that  of  the  f-BNNS-86  films
(118  ±  14  MPa).  The  mechanical  properties  of  BNNS  composite
films can be further improved by increasing CMC component. The
e-BNNS-71  films  exhibit  the  highest  tensile  strength  of  305  ±
24 MPa with a strain of 1.55% ± 0.09% and the modulus of 47.2 ±
6.1  GPa.  The  volumetric  toughness  of  e-BNNS-71  films  was
calculated to  be  3.54  ± 0.23  MJ·m−3 by  integrating the  areas  under
the stress–strain curves. To the best of our knowledge, these values
are  the  highest  among  the  reported  BNNS-based  film  materials
[9, 18, 29, 30, 33, 39, 42−61] (Figs. 3(f) and 3(g), and Tables S8 and
S9 in the ESM).

Pc =−2γ cosθ
r

The  large  lateral  size,  superior  hydrophilicity  and  ultrathin
feature of CMC-functionalized BNNSs synergistically contribute to
the  impressive  mechanical  performance.  It  is  known  that  for  the
solution processing 2D materials films, the capillary force (Pc) plays
an  important  role  on  the  densification  of  the  films,  and  can  be

expressed as  [62], where γ is the surface tension of
solution, θ is  the  contact  angle  of  CMC-anchored BNNS,  and r is
the  pore  radius  of  voids  within  the  film  matrix.  Obviously,
hydrophilic  CMC-anchored  BNNS  with  smaller  water  contact
angle  is  favorable  for  the  increase  of  capillary  force  to  densify  the
resultant BNNS films. Simultaneously, the ultrathin feature enables
CMC-anchored BNNS have a lower bending rigidity,  intending to
bend  and  buckle  under  the  capillary  force,  removing  the  voids
within  the  film  matrix,  and  finally  giving  compact  and  highly
orientated  films  [41].  With  increasing  CMC  content,  the  CMC-
functionalized  BNNS  becomes  more  hydrophilic  (Fig.  S10  in  the
ESM),  which  is  favorable  for  enhancing  capillary  force  within  the
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film  matrix,  and  thus  facilitating  the  formation  of  more  compact
BNNS  films  with  improved  alignment  and  fewer  defects
(microvoids)  as  evidenced  by  the  increase  in  (002)  peak  intensity
(Fig. 3(d)) and the improved packing density (Fig. S12 in the ESM).
Consequently,  the  mechanical  properties  of  the  resultant  films  are
significantly improved (Figs. 3(e)–3(g) and Fig. S12 in the ESM).

The mechanical property of BNNS films depends strongly on the
film  microstructures  induced  by  the  processing  processes.  The
surface morphology of the BNNS-86 films was inspected by optical
profilometry (Figs.  3(h) and 3(i))  and SEM (Fig.  S13 in the ESM).
The  e-BNNS-86  film  by  spatially  confined  evaporation  exhibited
smaller surface protrusions with respect to the f-BNNS-86 film via
vacuum-assisted  filtration,  and  the  root  mean  square  (RMS)
roughness of the film surfaces decreased significantly from 364 nm
for f-BNNS-86 to 198 nm for e-BNNS-86. It is believed that during
spatially  confined  evaporation,  the  shear  stress  and  surface
anchoring effect promoted BNNS alignment in the dispersion, and
ultrathin BNNSs with large lateral size tend to bend and buckle, and
finally form a densely packed e-BNNS films with less defects (voids)
and superior mechanical performance, as reported previously [41].

Large lateral size of the building block BNNS and densely packed
structure  of  BNNS  films  endow  the  films  with  extraordinary  high
thermal  conductivity  (Fig.  S14  in  the  ESM).  The  e-BNNS-78  film
with an apparent packing density of 1.96 g·cm−3 exhibits a highest in-
plane  thermal  conductivity  of  59.5  ±  2.7  W·m−1·K−1 (Fig.  4(a) and
Fig. S15 in the ESM), being among the highest reported [9, 18, 19,

29, 30, 33, 34, 39, 42, 46−52, 54, 57−61, 63−66]. The integration of
light  weight,  high  strength,  high  toughness,  excellent  electrical
insulation,  and  high  thermal  conductivity  enable  the  BNNS  films
have  great  potentials  as  flexible  and  insulated  TMMs.  Being
different from the widely used conductive graphite films, insulated e-
BNNS-78  film  exhibits  excellent  transmission  performance  with
electromagnetic  interference  (EMI)  shielding  effectiveness  (SE)  of
2 mdB in X-band (Fig. 4(b)). The performance of e-BNNS-78 film
(15  μm)  as  planar  heat  dissipation  material  was  evaluated  by  the
model device as depicted in Fig. 4(c). It can be seen that the central
temperature  of  e-BNNS-78  film  is  17  °C  higher  than  that  of  the
control  CMC  film  after  270  s  (Figs.  4(c) and 4(d)),  revealing  the
excellent  flat  heat  dissipation  capacity  of  e-BNNS-78  film.  To
evaluate  the  cooling  efficiency  of  the  BNNS  films  as  a  thermal
interface  material  (TIM),  e-BNNS-78  film  (15  μm)  was  placed
between a LED chip (10 W) and a heat sink (Fig. S16 in the ESM).
As shown in Fig. 4(e), compared to the case without BNNS film as
TIM,  the  central  temperature  of  the  top  surface  of  LED  chip  can
decrease by 9 °C after 70 s, demonstrating good cooling capacity.

 3    Conclusions
In  summary,  we  have  developed  a  facile  polymer-anchoring  and
thin-layer  confined  shearing  strategy  for  the  mass  production  of
water-dispersible BNNSs with a large lateral size, high aspect ratio.
We demonstrate that rotation speeds (energy input), filling ratio of

 

Figure 3    Characterizations of the BNNS films. (a) Photographs of BNNS films by different processing methods (top) and SEM image of the cross section of a folded e-
BNNS-78 film (bottom). (b) SEM image of the cross section of e-BNNS-78 film and (c) corresponding EDS mappings. (d) XRD patterns of BNNS films as indicated. (e)
Typical stress-strain curves of BNNS films as indicated. Comparison of (f) the tensile strength and (g) modulus of BNNS-x films (red for e-BNNS-x and black for f-BNNS-
x; Star: BNNS-71; Square: BNNS-78; Up rectangle: BNNS-86) with those reported previously. Original data are shown in Tables S8 and S9 in the ESM. Top surface height
profile images of (h) f-BNNS-86 and (i) e-BNNS-86 films taken by optical profilometry with a view field of 834 μm × 834 μm.
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milling  balls  to  the  samples  (liquid  layer  thickness),  chemical
structure of anchored polymer as well as viscosity of liquid medium
have significant impacts on the exfoliation yield and aspect ratio of
BNNSs. The CMC-functionalized BNNSs can be readily processed
into free-standing paper-like  films by vacuum-assisted filtration or
spatially  confined  evaporation  methods.  The  films  with  densely
packed structure exhibit high tensile strength (289 ± 21 MPa), high
modulus,  and  high  in-plane  thermal  conductivity  (59.5  ±  2.7
W·m−1·K−1).  This  work  not  only  provides  a  simple  method  for  the
preparation  of  high-quality  BNNS  dispersion  and  high-
performance  BNNS-based  films  but  also  has  wide  implications  in
understanding  the  exfoliation  process  of  h-BN  crystals.  The
excellent properties,  along with high exfoliation yield, ease of mass
production and processing,  pave the way for practical  applications
of BNNSs in insulated thermal management applications, especially
for  how-power  communication equipment  such as  mobile  phone,
tablet computer, 5G base station, and mini Wi-Fi router.

 Electronic  Supplementary  Material: Supplementary  material
(SEM  images,  TEM  images,  XRD  patterns,  XPS  patterns,  etc.)  is
available  in  the  online  version  of  this  article  on https://doi.org/
10.26599/NR.2026.94908319.
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