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Enhancing the thermal conductivity of polymer-based composites
is critical for effective thermal management in power electronics. A
common strategy involves incorporating high-thermal-conductivity
fillers such as graphene and boron nitride nanosheets (BNNS). How-
ever, practical enhancements often fall short of theoretical predictions
due to interfacial thermal resistance (Rkapitza)- Here, we address this
challenge by engineering the hydrogen bond density (HBD) at the
filler—matrix interface. By grafting 3,4-dihydroxyphenylalanine (DOPA)
onto polyvinyl alcohol (PVA), we synthesized PVA-DX matrices (X = 0,
8, 12, 17, 24) with tunable HBDs. Incorporation of BNNS into these
matrices revealed that higher interfacial HBD significantly reduces
Riapitza: thereby enhancing the composite’s thermal conductivity (x.).
We achieved an exceptionally low Ryapitza Of 0.60 X 108m?> KW,
corresponding to a filler effectiveness (k./ ¢ of 120 W m™* KL
Notably, at a BNNS loading of 70 vol%, increasing the interfacial HBD
to 2.14 mmol cm~3 achieves a x. of 51.01 W m~! K™%, which is
1.45 times higher than the 35.29 W m ! K™ attained at an HBD of
0.5 mmol cm™3. This study underscores the critical role of interfacial
hydrogen bonding in optimizing thermal transport and provides a
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New concepts

Achieving high thermal conductivity in polymer composites is fundamen-
tally limited by interfacial Kapitza resistance (Rgapitza). Covalent grafting,
n-n stacking, and other interfacial chemistries are well studied at the
nanometer level, yet their impact has scarcely been demonstrated in
centimetre scale, bulk materials where heat must traverse billions of
filler-matrix contacts. We introduce hydrogen bond density (HBD) engi-
neering as a scalably tunable, metrical handle that translates molecular
chemistry into macroscopic heat transport. By grafting 3,4-dihydroxy-
phenylalanine onto poly(vinyl alcohol) we raise the interfacial HBD from
0.50 to 2.14 mmol cm* without altering filler morphology. This single
parameter jump cuts Rapitza t0 0.60 x 10 ® m* K W ' and boosts bulk
thermal conductivity from 35.3 to 51.0 W m ' K ' at 70 vol% boron
nitride nanosheets. Correlated experiments and molecular dynamics
expose a near linear HBD-Rapitza relation that plateaus beyond a critical
density, revealing a previously unrecognised upper bound for non-
covalent heat transfer. Our work recasts interfacial optimisation from
empirical filler alignment to quantifiable chemistry control, offering a
transferable design rule for high power electronics, soft robotics, and next
generation encapsulants where centimetre scale thermal highways are
demanded.

robust framework for designing high-performance polymer compo-
sites for advanced thermal management applications.

Introduction

Polymer-based composites are extensively used in thermal
management for power electronics due to their cost-efficiency,
ease of processing, and flexibility, offering a distinct advantage
over metal- and ceramic-based materials.'* A widely employed
strategy to improve the thermal conductivity of these compo-
sites involves incorporating high-thermal-conductivity fillers,
such as metals,” ceramics,®"® graphene,"”* ™ and liquid
metals.”™” According to effective medium theory,'®**° adding
fillers with inherently higher thermal conductivity is expected to
significantly enhance the overall thermal performance of the
composite.
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Fig. 1 Fabrication of BN/PVA-DX films via hydrogen bond engineering. (a)
Comparison of filler-effectiveness in volumetric thermal conductivity,
defined as the composite thermal conductivity k. per unit filler volume
¢ for fillers with different thermal conductivities x;. Detailed data are
provided in Table S36 in ESI.{ (b) Variation of x./ ¢ under different
interfacial thermal resistance Ryapitza- Detailed data are given in Table S37
in ESI. (c) Schematic illustration of the fabrication process for BN/PVA-DX
films, highlighting the role of hydrogen-bond engineering.

However, contrary to theoretical predictions, practical out-
comes in the literature often reveal that this enhancement is
not as effective as anticipated (Fig. 1(a)). Specifically, the
effectiveness of fillers, measured as the thermal conductivity
of the composite (i.) per unit volume of filler (J¢), varies
widely. For instance, despite the high thermal conductivity of
boron nitride (BN) fillers (~600 W m ™" K *),** their effective-
ness in polymer matrixed composites fluctuates by an order of
magnitude, from 20 W m ™' K per unit volume to 120 W m "
K" per unit volume. A similar trend is observed for graphene-
polymer composites, where the exceptional thermal conductiv-
ity of graphene (~1200 W m "' K~ ")**> does not proportionally
translate into the composite material. These observations sug-
gest that the intrinsic thermal conductivity of the fillers is not
the sole or dominant factor governing the overall thermal
performance of the composites.

This discrepancy raises a critical question: apart from the
filler’s intrinsic thermal conductivity (), what factors primarily
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influence the k. Addressing this issue is essential, as filler
content influences not only thermal performance but also
impacts other key properties such as mechanical strength,
electrical conductivity, and optical characteristics.>*® While
increasing the filler content typically enhances ., it might also
adversely affect mechanical properties,”” limiting the composite’s
applicability in practical settings. Thus, it becomes crucial to
optimize filler efficiency—ensuring the filler maximizes its con-
tribution to x. while minimizing detrimental effects on other
properties. This balance is key to design high-performance poly-
mer composites tailored for applications like advanced thermal
management.

Our analysis of literature data reveals that interfacial thermal
resistance (Rkapitza), also known as Kapitza resistance, plays a
pivotal role in limiting the thermal performance of
composites.”®3° Regardless of the filler type, the effectiveness
of fillers in enhancing «. improves significantly when the Rgapiza
drops below 3 x 10~° m* K W (Fig. 1(b)). This Ryapitza, character-
ized by a temperature discontinuity at material boundaries,*'”** acts
as a significant bottleneck in heat transfer across interfaces. For
example, even though BN fillers possess high intrinsic thermal
conductivity, BN-polymer composites typically achieve below
20 W m™! K! (Fig. S1, ESI{), primarily due to high Riapiga.™
Consequently, minimizing Rgapiza i essential for enhancing the
thermal performance of polymer composites.

Various strategies have been employed to enhance the «. of
polymer-based composites, including surface modifications,
improving filler aspect ratios, and constructing continuous
pathways through techniques such as filler alignment.**™°
While these approaches have successfully demonstrated
improvements in k., the underlying mechanism—specifically,
the reduction of Ry,piza—has only been qualitatively discussed
in some studies. For instance, Huang et al’® showed that
surface modifiers chemically similar to the fillers are more
effective in reducing Ryapia. Yan et al*' demonstrated that
increasing the aspect ratio of BN nanosheets (BNNS) reduces the
number of interfaces, thereby lowering Rxapitza- Similarly, Gao
et al.** significantly improved x. (12.13 W m™" K™ by fabricat-
ing a BN-based composite with a neuron-like network structure
to reduce the number of interfaces. Despite these advance-
ments, a comprehensive understanding of the factors control-
ling Ryapitza and strategies to manipulate it remain elusive.
Moreover, few studies have delved into the detailed interactions
between fillers and matrices, as well as their impact on thermal
performance. Understanding how these interactions influence
thermal transport is crucial for optimizing composite designs
for more effective heat dissipation.

In this study, we demonstrate that engineering non-covalent
interaction, specially, hydrogen bonding, is an effective way to
enhance the x. of BN-polymer composites. By adjusting the molar
ratio of polyvinyl alcohol (PVA) to 3,4-dihydroxyphenylalanine
(DOPA) in the polymer matrix, we control the hydrogen bond
density (HBD), which in turn affects the Ryapiza and .. By
blending BNNS fillers with matrices of varying densities of
hydrogen bond capable groups, we successfully manipulate the
k. through hydrogen bonding engineering (Fig. 1c).

This journal is © The Royal Society of Chemistry 2025
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Remarkably, in a PVA-D matrix with a high HBD of
4.04 mmol cm 3, the composite achieved a x. of 51.01 W m™* K
ata ¢ of 0.7 (70 vol%). This high efficiency is attributed to the
markedly low Rapitza (With lowest value of 0.60 x 10 ° m* KW )
achieved by strong interfacial hydrogen bonding. Overall, this
study highlights the potential of hydrogen bond modulation as
an effective strategy for enhancing both interfacial and bulk x. in
polymer-based composites. These insights offer valuable gui-
dance for the development of advanced composites with superior
thermal management capabilities.

Experimental section
Materials

Hexagonal boron nitride (h-BN) powders with average particle
size of 30 pm were purchased from Dandong Rijin Science and
Technology Co., Ltd (China). PVA (M,, ~ 205 000) powders were
provided by Shanghai Macklin Biochemical Technology Co.,
Ltd (Shanghai, China), 3,4-dihydroxyphenylalanine (DOPA,
99%) and sodium hydrogen sulfate monohydrate (NaHSO,-
H,0,99%) was obtained from Adamas Reagent Co., Ltd (Shang-
hai, China), dimethyl sulfoxide (DMSO) was purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China), All
chemicals were used without further purification.

Exfoliation of h-BN

Deionized water (50 g) and ethanol (50 g) were mixed with 1:1
weight ratio, and then 1.13 g of h-BN powder were added to the
mixed solution. The solution was subjected to bath ultrasonica-
tion at 40 kHz and 600 W nominal power for 30 min. The bath
temperature was maintained below 30 °C by intermittent cooling
to avoid re-aggregation or oxidation. This protocol consistently
yields BN nanosheets with an average aspect ratio of ~314, as
determined by AFM and SEM analyses. High-pressure homoge-
nization was carried out by microfluidizer (PSI-20, Alpharmaca
Biotechnology Co., China) at various pressures (50, 100, 150, and
180 Mpa) for 100 cycles, and at 180 Mpa for different cycles (20,
50 and 100 cycles) to exfoliation h-BN. This process yielded boron
nitride nanosheets.

Synthesis of PVA-DX (X = 8, 12, 17, 24)

PVA (1.76 g, 40 mmol) was dissolved in DMSO (30 ml). After
dissolution, 0.75 g of NaHSO,-H,O was added. The temperature
was then reduced to 80 °C, and different amounts of DOPA
(10-40 mmol) were added. The reaction was then kept at 80 °C
under N, for 24 hours. Then, the solution was purified
by dialysis for 72 hours using a dialysis membrane (MWCO
3500 Da, Viskase, America). The resulting PVA-D powders were
obtained through freeze-drying. These polymers were desig-
nated as PVA-DX (X = 8, 12, 17, 24), where PVA-DO represented
pure PVA. The theoretical PVA: DOPA molar ratios were 100: 25,
100:50, 100:75, and 100:100, while the actual ratios were
100:8, 100:12, 100:17, and 100: 24.

This journal is © The Royal Society of Chemistry 2025
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Composite film fabrication

The PVA-D powders were dissolved in deionized water to obtain
a PVA-D aqueous solution (10 g L™"). The PVA-D solution was
mixed with the BNNS dispersion (10 g L, obtained by exfoliat-
ing h-BN at 180 MPa for 50 cycles, with aspect ratio of 314) under
magnetic stirring. The bath ultrasonication was then applied for
30 min to obtain homogeneous dispersion. Because of the strong
hydrogen-bonding affinity between PVA-DX and BNNS, the
nanosheets remain uniformly dispersed in the PVA-DX aqueous
solution for at least 10 h, with no visible sedimentation, which is
clear evidence of excellent dispersion stability. The pH of the
solution was then adjusted to be acidic (pH = 3), After that, the
mixture was stirred at 1000 rpm for 12 hours by magnetic stirrer.
The obtained suspension was vacuum filtered through a Poly-
carbonate membrane with a pore size of 0.08 pm. The BN/PVA-D
paper could be directly peeled off from the membrane. Then, it
dried under vacuum at 80 °C for 12 hours. Finally, The BNNS
films were obtained by employing hot pressing method, this
involved applying a pressure of 25-28 MPa for 40 minutes each at
three different temperatures: 50 °C, 80 °C, and 100 °C.

Characterization

The morphology and microstructure of BNNS and BN/PVA-DX
composite films were examined by scanning electron micro-
scopy (15 kV, EM-30+, Coxem, Korea). The morphology of BNNS
were examined by an atomic force microscope (AFM, Dimension
ICON, Bruker, Germany). The structures of bulk h-BN and BNNS
were investigated using X-ray diffraction (XRD, MiniFlex 600,
Rigaku, Japan), while the structures of bulk h-BN, BNNS, PVA-
DX, and BN/PVA-DX were analyzed using Fourier transform
infrared spectroscopy (FTIR, VERTEX70, Bruker, Germany). The
synthesis of the PVA-DX polymers was explored by means of
Ultraviolet-visible (UV-vis) spectrophotometer (Lambda950, Per-
kinElmer, USA). The equation for calculating the thermal con-
ductivity was k. = a X C, X p, where o, C,,, and p are the thermal
diffusivity, specific heat capacity, and the density of the sample,
respectively. The thermal diffusivity of the composite films was
measured by laser flash method (Discovery Xenon Flash 200+, TA
instrument, USA), the thermal capacity was obtained by differ-
ential scanning calorimetry (DSC 250, TA instrument, USA), and
the density was calculated by the equation:

p=-—
v

The mass fraction of BN (¢) is calculated using specific heat
capacities, according to the formula:

Ccom osite C olymer
p p

q):

CBN - Cpolymer ’

where Ccomposite represents the specific heat capacity of
the composite material (Tables S34 and S35, ESIt), Cgn
(0.79 T g ' K ")” and Cpoymer (Table S33, ESIT) are the specific
heat capacities of BN and the polymer, respectively. Subse-
quently, the BN volume fraction (Jy) is determined from the
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mass fraction using the following formula:

_ ?/PBN
f — )
(p/pBN + (1 - (p)/ppolymer

where pgy is 2.2 g em™?, and ppolymer is 1.3 g cm ™.

Results and discussion
Synthesis of PVA-DX with engineered hydrogen bond density

To precisely manipulate the HBD within the composite material,
we engineered the polymer matrix by bonding capabilities, ease
of modification, and compatibility with various incorporating
DOPA, a molecule rich in hydrogen bond capable groups, into
PVA backbone. PVA was selected due to its inherent hydrogen
additives. By introducing calculated amounts of DOPA, we added
additional functional groups capable of hydrogen bonding into
the matrix.

We synthesized PVA-DX through an esterification reaction
between the carboxyl groups (-COOH) of DOPA and the hydro-
xyl groups (-OH) of PVA, forming stable ester bonds (-COO-).
Sodium bisulfate monohydrate (NaHSO,-H,O) served as a
catalyst by absorbing the water produced during the reaction
and providing a mild acidic environment through the release of
H' ions.**** This process resulted in a polymer matrix with
increased hydrogen bond capable groups, thereby strengthen-
ing the hydrogen bonding network within the material. To
create matrices with varying HBDs, we prepared a series of
PVA-D polymers with different degrees of DOPA grafting,
denoted as PVA-DX. We defined X as the number of vinyl alcohol
(VA) units, out of every 100 VA units in PVA, that are chemically
reacted with DOPA units. Notably, X = 0 corresponds to pure
PVA with no DOPA substitution. In the synthesis, we fixed the
molar amount of PVA at 40 mmol (1.76 g) and varied the
amount of DOPA added (10-40 mmol, 1.97-7.88 g), corres-
ponding to PVA-to-DOPA molar ratios of 4:1, 4:2, 4:3, and
4:4. After the reaction, excess DOPA was subsequently removed
by dialysis to ensure purity. As shown in Fig. 2(a), the PVA-D
samples exhibited a distinct absorption peak at 280 nm—absent
in pure PVA, indicating successful grafting of DOPA onto the
PVA backbone. The intensity of this absorption peak increased
proportionally with the initial DOPA content, confirming that a
higher DOPA input resulted in greater incorporation into the
polymer matrix. Through ultraviolet-visible (UV-vis) absorbance
measurements at 280 nm (the characteristic catechol absorption
peak),” we quantified the DOPA content and thereby the degree
of substitution (X), which ranged from X = 8§ to X = 24 (details
provided in the ESI,T Session S1). A summary of these values is
provided in Table S1 (ESIY).

Fourier-transform infrared (FTIR) spectroscopy also vali-
dated the successful grafting of DOPA (Fig. 2(b), details pro-
vided in the ESL Session S3). New absorption peaks appeared
at 1730 ecm ™, corresponding to the carbonyl (C=0) stretching
vibration of the -COO-, and at 1050 cm™*, attributed to the
C-O-C stretching vibration, confirming the formation of
ester linkages.***” Additionally, the incorporation of DOPA
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Fig. 2 Characterization, and hydrogen bonding analysis of PVA-DX
matrices. (a) Ultraviolet-visible (UV-vis) absorbance spectra of different
PVA-D. (b) Fourier-transform infrared (FTIR) spectra of various PVA-D.
ATR-FTIR deconvolution of (c) the —C—-O(H) region, (d) the —NH, region,
and (e) the —C=0 region in PVA-D24. (f) The hydrogen bond density
(HBD) in different PVA-DX matrices.

introduced amino (-NH,), -C—0, and -C-O-C- groups into the
polymer, contributing to the hydrogen bonding network. The
overlapping of -OH and -NH stretching vibrations resulted in an
expanded absorption band in the region of 2980 to 3640 cm .

To quantify the HBD within the matrices, we performed
FTIR spectral deconvolution (Fig. 2(c)—(e), details provided in the
ESL Session S4). Distinct wavenumber shifts in the IR spectra
allowed us to identify how various functional groups transition
between hydrogen bond donor and acceptor states. For example,
in Fig. 2(c), the C-O(H) peak of VA units (initially at 1085 cm ™)
and that of VA-DOPA units (initially at 1227 cm ™) shift to higher
wavenumbers (1116 cm ™" and 1260 cm ™", respectively) when the
-OH group acts as a hydrogen bond donor, and to lower
wavenumbers (1059 cm™ ' and 1193 cm™ ') when it serves as an
acceptor.*® Similarly, the -NH, peak (free: 763 cm ™) shifts down
to 755 cm ' as an acceptor and up to 771 cm ' as a donor®
(Fig. 2(d)). Groups that function solely as acceptors follow consistent
trends: the -C—=0 peak (free: 1730 cm™ ') moves to a lower
wavenumber (1708 cm ") upon forming hydrogen bonding,>® while
the -C-O-C~ peak (free: 1016 cm™ ) shifts to a higher wavenumber
(1041 cm ') when acting as an acceptor®" (Fig. 2(c) and (e)).

By deconvoluting these spectral features, we determined the
total HBD (Npyva.px) formed by ~OH, -NH,, -C=0, and -C-O-
C- groups in each PVA-D sample. Although the total pool of
hydrogen bonding capable groups increased only modestly with

This journal is © The Royal Society of Chemistry 2025
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DOPA substitution (from 29.55 mmol cm > in PVA-DO to
32.89 mmol cm™ in PVA-D24; Table S15, ESIt), the actual
number of formed hydrogen bonds rose substantially—by
83%—from 5.11 mmol cm > to 9.34 mmol cm ™ (Fig. 2(f)). This
indicates that the proportion of functional groups participating
in hydrogen bonding increased significantly with DOPA addition.
Correspondingly, the ‘pairing rate’ (the fraction of functional
groups engaged in hydrogen bonding) climbed from 34.91% in
PVA-DO to 49.57% in PVA-D8 and further to 57.26% in PVA-D24.

This pronounced enhancement can be attributed to the
multifunctionality of DOPA. Its catechol moieties (featuring
ortho-dihydroxy groups) and -NH, groups collectively provide
abundant hydrogen bonding sites, enabling more extensive
network formation within a limited volume.’®> Moreover, the
esterification that grafts DOPA onto PVA introduces additional
-C=O0 groups, which readily act as hydrogen bond acceptors.
Together, these newly formed functionalities synergize with the
existing -OH and -NH, groups, facilitating a denser and more
robust hydrogen bonding network that becomes increasingly
pronounced as the DOPA content rises.

Exfoliation of BNNS fillers and preparation of BN/PVA-DX composites

After establishing PVA-DX matrices with tunable HBDs, we
incorporated BNNS as fillers to fabricate the composites. The
B-N bonds within BNNS could form synergistic hydrogen bonds
with the PVA-D matrix, potentially enhancing interfacial interac-
tions. To obtain BNNS, we exfoliated hexagonal BN (h-BN) using
a high-pressure microfluidization technique (Fig. 3(a)). Under
ultra-high pressures of up to 200 MPa, microjets are forced
through microchannels at extremely high shear rates, enabling
rapid and efficient exfoliation of bulk h-BN into few-layer
BNNS*"*? (details provided in the ESI,} Session S5).

We first explored the influence of pressure on the exfoliation
process, conducting 100 consecutive cycles at pressures of 50,
100, 150, and 180 MPa. Atomic force microscopy (AFM, Fig. 3(d)
and Fig. Slle-h, ESIf) revealed a clear trend: as the pressure
increased, the BNNS thickness decreased (Fig. 3(e)). As observed
in scanning electron microscopy (SEM, Fig. 3(b) and Fig. S11a-d,
ESIt), lateral dimensions followed a similar trend, decreasing
from an average of 1.7 pm at 50 MPa to 1.5 pm at 150 MPa, before
unexpectedly increasing to 2.2 pm at 180 MPa (Fig. 3(c)). This
increase in lateral size at 180 MPa, combined with the reduced
thickness (7.08 nm at 180 MPa vs. 9.8 nm at 50 MPa), yielded a
higher aspect ratio of ~308, compared to ~200 for BNNS
produced at lower pressures (Fig. 3(f)). To further confirm these
conditions, we varied the number of cycles at a constant pressure
of 180 MPa (20, 50, and 100 cycles) and observed similar high
aspect ratios (Fig. 3(g)). We ultimately selected BNNS prepared at
180 MPa and 50 cycles for composite fabrication, achieving an
average lateral size of 2.254 um (Fig. S12a, ESIt), thickness of
7.182 nm (Fig. S12b, ESIT), and an aspect ratio of 314.

Preparation and characterization of BN/PVA-DX films with
controlled hydrogen bonding densities

After establishing the PVA-DX matrices and BNNS as fillers, we
fabricated a series of BN/PVA-DX composite films with

This journal is © The Royal Society of Chemistry 2025

View Article Online

Communication

Stirring Afrer Exfoliation
% ¥ Y ~

Wy

F

=\

h-BN dispersion Micro-fluidization BNNS dispersion

b c _
R 25|

1]

25

0

25|
[1]

lso MPa 100 cyc Average:1.743£0.038 ym

100 MPa 100 cyc Average:1.704£0.037 ym

Count

150 MPa 100 cyc Average:1.494+0.025 um

180 MPa 100 cyc. Average:2.179+0.039 um

25|

0 1 2 3 4 5
d Lateral size (um)

25 nm 50
25

50 MPa 100 cyc Average:9.814+0.569 nm

180 MPa 50 cyc

o

. I =
-25 nm Q
50

25|

0

“"["180 MPa 100 cyc Average:7.075£0.373 nm
25,

0.4 0.8 1.2 1.6 0 5 10 15 20
Distance (um) g Thickness (nm)

100 MPa 100 cyc

Average:8.191£0.442 nm j

9]
>
Count

150 MPa 100 cyc Average:7.588+0.394 nm

o o o o

Height (nm)

-

N
>
>
N
>
>

100 cyc 180 MPa

300 300

Aspect ratio
N
S
=]
Aspect ratio
N
S
53

100 100|

50 100 150 180 20 50 100
Pressure (MPa) Cycle

Fig. 3 Characterization of BNNS exfoliated by microfluidization. (a) The
microfluidization process utilized for exfoliating BNNS from h-BN. (b)
Scanning electron microscopy (SEM) images of BNNS exfoliated under
180 MPa and 50 cycles. (c) Lateral size distribution of BNNS prepared
under different applied pressures (50, 100, 150, and 180 MPa) for 100
cycles. (d) Atomic force microscopy (AFM) images of BNNS exfoliated at
180 MPa and 50 cycles, showing flakes with a thickness of approximately
7 nm and corresponding cross-sectional profiles. (e) Thickness distribution
of BNNS prepared under different applied pressures (50, 100, 150, and 180
MPa) for 100 cycles. (f) Aspect ratios of BNNS prepared as a function of
applied pressure. (g) Aspect ratios of BNNS prepared as a function of
applied cycles.

controlled HBDs. The composites were prepared by blending
the PVA-DX matrices with BNNS, followed by vacuum filtration
and hot-pressing (Fig. 4(a)), resulting in films approximately 26
pm thick. Within these composites (Fig. 4(b)), the BNNS sheets
are stacked parallel to the film surface, creating a layered,
nacre-like microstructure (Fig. 4(c)). Such an arrangement
imparts pronounced anisotropy in ., favoring heat flow along
the in-plane direction (Fig. S17, ESI¥).

To further elucidate how tuning the matrix’s hydrogen-
bonding functionalities influences the overall HBD in the compo-
sites, we performed FTIR spectral deconvolution on key hydrogen
bonding donor and acceptor groups: -OH, -NH,, -C-O-C-,
—-C—0, and B-N (Fig. 4(d)—(h); details provided in the ESL,} Session
S4). The observed wavenumber shifts of these functional groups,
reflecting donor or acceptor states, closely mirror the trends seen
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in the neat PVA-DX matrices. Note that, in the presence of BNNS,
the -NH, wagging and twisting vibrations (740-790 cm ") overlap
with the out-of-plane B-N-B bending modes (690-823 cm™"). As a
result, changes in -NH, bonding are assessed using its secondary
amide N-H bending region (1610-1690 cm™'). Additionally, the
newly introduced B-N bonds serve as hydrogen bonding acceptors.
For instance, the B-N peak (free: 1334 cm™ ') downshifts to
1311 em ™" upon hydrogen bonding (Fig. 4(h)).

Our quantitative analysis reveals a pronounced enhancement
in hydrogen bonding. As the DOPA substitution (X) increased
from 0 to 24, the HBD (Npypvapy) 10ose by 92%, from
2.10 mmol em ™ to 4.04 mmol cm ™~ (Fig. 4(i)). By contrast, the
total concentration of hydrogen bonding capable groups in PVA-
D matrices increased by only 12% (from 8.74 mmol cm ™ to
9.78 mmol cm % Table S30, ESI{). Notably, the majority
of this improvement stems from enhanced matrix-BNNS
interfacial hydrogen bonding, which surged by 328% (from
0.50 mmol cm ™ to 2.14 mmol cm™>; Fig. 4(i) and Table S29,
ESIt). These findings demonstrate that elevating the DOPA
content in the matrix effectively strengthens the hydrogen bond-
ing network across the matrix-BNNS interface, thereby signifi-
cantly increasing the overall HBD in the BN/PVA-DX composites.
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Fig. 4 Fabrication, characterization, and hydrogen bonding analysis of
BN/PVA-DX composite films. (a) The fabrication process of BN/PVA-DX
composite films by filtration and hot press. (b) Photograph of the BN/PVA-
D24 film. (c) Cross-sectional SEM images of BN/PVA-D24. ATR-FTIR
deconvolution of (d) and (e) the —C-O(H) region, (f) the —NH, region,
(9) the —=C=0 region and (h) the B—N region in BN/PVA-D24. (i) The HBD

in different BN/PVA-DX composite films.
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Thermal properties of BN/PVA-DX films featuring engineered
hydrogen bond density

To elucidate how interfacial HBD affects thermal transport, we
conducted thermal analysis on BN/PVA-DX composites contain-
ing 70 vol% BNNS (Fig. 5(a)). By systematically increasing
the interfacial HBD from 0.50 mmol cm * (BN/PVA-DO) to
2.14 mmol em? (BN/PVA-D24), we observed a 14% rise in heat
capacity (Cp)—from 0.970 to 1.105 J g~ ' K ' Alongside this
increase in C,, the thermal diffusivity («) was enhanced by 26%
(from 19.6 to 24.7 mm* s~ '), implying more efficient phonon
transport in high-HBD systems. As a result, both the elevated C,
and improved o synergistically boost the in-plane x. by 45%—from
35.29to 51.01 Wm ' K . Notably, although the interfacial HBD at
X = 24 is 13% higher than that at X = 17, the corresponding .
(51.01 vs. 50.49 W m~ ' K ') differs by only 1%, suggesting a
saturation effect at high HBD levels. To probe the mechanism
underpinning these observations, we employed Nan’s model® to
calculate the Ryapir,a (details provided in the ESI,} Session S7), The
results indicate that, Riapicza decreases from 1.87 x 10 °* m> KW+
to 1.39 x 10 % m®> K W' as the interfacial HBD increases from
0.50 to 2.14 mmol cm> (Fig. 5(a) bottom). Fig. S15 (ESIY)
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Fig. 5 Thermal Properties of BN/PVA-DX Composite Films. (a) Compar-
ison of heat capacity (Cp), thermal diffusivity («), thermal conductivity (k.),
and Ryapitza ©f BN/PVA-DX with varying interfacial HBDs. (b) Comparison of
Cp. o, Ke, and Rkapitza Of BN/PVA-D24 composite films with increasing
BNNS contents. (c) Schematic diagram depicting phonon transport under
low and high interfacial HBD.
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juxtaposes literature data for composites with and without
platelet alignment. Aligned systems may exhibit lower Rgapita and
higher filler efficiency (x/@p. In our work, filtration
followed by hot-pressing preserves the high in-plane orientation
of the platelets, giving an orientation factor cos®’ =~ 1. The
additional hydrogen bonds introduced by PVA-DX reduce Rgapita
from 1.87 x 10 to 1.39 x 10~® m> K W', delivering a further
~20% increase in ./ J¢ relative to the state-of-the-art bench-
marks. These results confirm that the exceptional heat-transfer
performance arises from the synergy between maintained
platelet alignment and engineered hydrogen-bonded interfaces.

Non-equilibrium molecular dynamics (NEMD) simulations
(details provided in the Session $6, ESIt), which calculate Ryapitza
based on temperature variations across the matrixfiller inter-
face, further corroborate this trend (Fig. S13h, ESIT). Note that, .
rises steeply with interfacial HBD up to ~2.14 mmol cm * and
then plateaus, mirroring the trend of thermal diffusivity o.
Although Rgqpitza continues to decline beyond this point, x. no
longer increases, implying that interfacial resistance is no longer
the principal bottleneck. Instead, phonon scattering within indi-
vidual BN platelets, limited platelet-platelet contact area, and the
low intrinsic thermal conductivity of the PVA-DX matrix dominate
heat transport. Thus, once interfacial bonding sites are effectively
saturated, further gains require strategies that improve the bulk
filler network, such as promoting platelet alignment, or employ-
ing a higher x polymer matrix, rather than additional hydrogen
bonding engineering.

Next, we explored the effect of BNNS content by incorporat-
ing BNNS fillers at various loadings into the PVA-D24 matrix
(the highest-HBD system). As shown in Fig. 5(b), although
increasing BNNS loading initially elevates «, an excessive filler
fraction (93 vol%) reduces it—likely due to fewer effective
interfacial hydrogen bonds. Consequently, the BN/PVA-D24
composite with 70 vol% BN attains the maximum x. of
51.01 W m™ ' K ', whereas raising loading to 93 vol% decreases
K to 37.67 W m~ ' K ', This reduction can be attributed to the
elevated Ryapitza arising from the decline in interfacial HBD as
BN concentration increases (Fig. 5(b), bottom). For instance, at a
moderate filler fraction (32 vol%), the composite exhibits a high
interfacial HBD of 2.44 mmol cm ® and a correspondingly low
Ryapitza Of 0.60 x 10~° m®> K W™ '. In stark contrast, at the
highest filler fraction (93 vol%), where the interfacial HBD drops
to 0.3 mmol em ™, Riapitza Tises to 3.25 x 10 ° m* K W '—an
increase of approximately 442% (Table $29, ESIt). This observa-
tion underscores the critical balance between filler loading and
interfacial hydrogen bonding in governing the thermal trans-
port performance of BN/PVA composites.

Overall, our findings demonstrate that increased HBD acts
as molecular “bridges,” significantly enhancing phonon transport
by pulling polymer chains closer to the BNNS surface and reinfor-
cing interfacial interactions (details provided in ESI,} Section S8).
As schematically illustrated in Fig. 5(c), increasing interfacial HBD
expands phonon conduction pathways while reducing scattering,
thereby lowering Rgqpiwa and enhancing «.. By optimizing HBD in
BN/PVA composites, we achieved a state-of-the-art filler effective-
ness (/& ¢), of up to 120 W m™* K * (Fig. 1(b)).
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Conclusions

In this study, we have demonstrated that engineering interfacial
hydrogen bond density (HBD) is a pivotal strategy for enhancing
the thermal conductivity of BNNS-reinforced PVA composites. By
systematically grafting DOPA onto the PVA matrix, we success-
fully increased the HBD, which in turn significantly reduced the
interfacial thermal resistance (Rgapitza). The optimized BN/PVA-
D24 composite achieved a remarkable thermal conductivity of
51.01 W m™~" K" at a 70 vol% BNNS loading, highlighting an
extremely 10W Ryapiza Of 0.60 x 107° m®> K W' and a filler
effectiveness of up to 120 W m~' K '. This performance is
attributed to the formation of robust hydrogen bond networks
that facilitate efficient thermal transport across the filler-matrix
interfaces, as evidenced by both experimental measurements and
molecular dynamics simulations. Furthermore, our findings
reveal a saturation effect at high HBD levels, emphasizing the
necessity of balancing filler loading with interfacial bonding to
maximize thermal performance. This work provides critical
insights into the interplay between filler content, interfacial
interactions, and thermal transport mechanisms, offering a
scalable and effective pathway for the design of high-
performance polymer composites. Future research may explore
the extension of this hydrogen bond engineering approach to
other polymer-filler systems, broadening the applicability of
this strategy in various thermal management technologies.
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