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Abstract:

Waste heat management holds great promise to ceeatestainable and energy-efficient
society as well as contributes to the alleviatibglobal warming. Harvesting and converting
this waste heat in order to improve the efficiensya major challenge. Here we report
biomimetic nacre-like hydroxyl-functionalized boromitride (BN)-polyimide (PI)
nanocomposite membranes as efficient 2D in-plar@@ benductor to dissipate and convert
waste heat at high temperature. The hierarchidalgred nanostructured membrane with
oriented BN nanosheets gives rise to a very langgoaopy in heat transport properties, with
a high in-plane thermal conductivity (TC) of 51 W™ at a temperature of ~300 °C, 7314%
higher than that of the pure polymer. The membia@se exhibits superior thermal stability
and fire resistance, enabling its workability inhat environment. In addition to cooling
conventional exothermic electronics, the large T@bdes the membrane as a thin and 2D
anisotropic heat sink to generate a large temperaadient in a thermoelectric moduker(
=23°C) through effective heat diffusion on the cside under 220°C heating. The waste heat
under high temperature is therefore efficientiyveated and converted to power electronics,

thus saving more thermal energy by largely decngasbnsumption.



1. Introduction

Recent years have witnessed the growing power tgeniselectronic devices, which results
in excessive thermal energy accumulation. The amitemt temperature increase can damage
the products and even raise safety risks, sucireasif explosion [1]Other sources of heat,
like furnaces in steel factories generate alsoelaagmounts of waste heat that is directly
released into the surrounding atmosphere. Heaipdigsy materials are usually required to
enable the cooling of these electronics and fum§2e3]. In this context, hexagonal boron
nitride (BN) nanosheets-based heat sinks have la@galy investigated owing to the high
thermal conductivity (TC) and chemical stability§#i BN based nanocomposites can also be
conveniently processed as a flexible membrane tong@e conformal coating of the heat
source, and then fasten heat diffusion from theslotrce to the membrane edges along the
in-plane direction, thereby decreasing the hot e®utemperature and dissipating the
accumulated heat. This cooling process, howeveresgirise to a waste of excessive
dissipated thermal energy. Despite great advantethe development of heat harvest
thermoelectric devices, they are restricted to ajpmn at relatively low-grade temperatures
(<100 °C) [9]. Therefore, the design of high-perfonoa thermally conductive membranes
remains a major challenge to dissipate as wellffagemtly harvest high-temperature waste

heat above 200 °C.

Due to its structural configuration, the most eéfit way to conduct heat within a membrane
is to maximize the in-plane TC while maintainingvltransverse TC, hence achieving a large
TC anisotropic ratio. Previous researches have rtegpoBN/polymer nanocomposite
membranes with biomimetic nacre-like structuredfbective thermal diffusion [4, 5, 7, 8, 10,
11]. The nacre-like laminated structure is basedhenateral alignment of platelets within a

polymer matrix in a “brick-and-mortar” scheme. Ihables heat conduction along the



nanosheet layers, resulting in large in-plane tlaéreonductivity. The nacre mimics
membranes also exhibit flexibility and toughnessllyf applicable to soft electronics.
However, the low thermal stability and moisture stwity of polymers such as poly vinyl
alcohol (PVA) [4,10,11]poly diallyldimethylammonium chloride (PDDA) [&nd cellulose
[7,8] have hindered the practical use to these mangls above 200 °C and in humid
atmosphere. Some thermostable polymers such asmddy (Pl) have been considered to
reach higher temperatures [12, 13]. Neverthelesslate, nacre-like nanocomposites based
on BN and PI remain intractable to achiev@ vacuum filtration (VAF) because of the poor
compatibility between BN and Pl as well as the psolubility of Pl in water. Moreover,
traditional mixing and coating methods result ifatigely low in-plane thermal conductivity
[12, 13].Overall, no thermally conductive yet electricalhgulating nacre-like membrane has
been delivered to operate in harsh temperatureittamsl above 200 °C, with satisfying high
thermal conductivity (>30 W th K?%). Hence, the design of nacre-like BN/PI
nanocomposites membranes is critical to combiné tiggrmal conductivity and thermal

stability.

Here, we design freestanding and nacre-like BN sia@et/Pl (BN-PI) nanocomposite
membranes by using the VAF assembly of hydroxyicfimmalized BN nanosheets and a
water-soluble modified precursor of Pl, followed thermal treatment. Besides significant
improvements in mechanical performances and flagsgstance, the membranes exhibit
considerable in-plane TCs at 200 °C (35-49 W) and at 300 °C (36-51 W K™ )with
30-70 wt% BN, respectively, allowing efficient aoiopic thermal regulation in a wide
temperature range. In order to dissipate and hatliesredundant heat, the membrane was
connected to the cold side of a thermoelectric (fiéypule. Unlike conventional exothermic
electronics with low heating temperaturelQ0 °C), the TE module can be heated to

maximum 220°C, thereby benefiting our membrane dooling applications from high



temperatures. Thanks to the ability of the BN-Phrtheane to act as an efficient and thermo-
stable heat sink through in-plane heat conductibbe, TE module could reach larger
temperature gradieni() between the hot and cold sides, and achievedalgrmoelectric
energy conversion efficiency with more thermal gyetonservation. This work then offers
an original methodology to design a biomimic theramisotropic membrane as high

temperature heat spreader for cost-effective hingeand conversion of waste heat.
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Figure 1. Fabrication and structural characterization of redike BN-polyimide
nanocomposite membrangg) Scheme of the fabrication process of the mendsta(b)
Optical images of the membranes with different Biight loadings. The use of the logo is
permitted from the Institute of Frontier MaterialBeakin University. (c) SEM and (d) TEM
images of the cross-sectional morphology of a BREEB membrane. (e) TGA traces of

BN50-PI50 and pure PI membranes. The insets indig)lay the optical images of the



nanocomposite membrane before and after TGA t@¥tN. 1s region of the XPS spectra of

BN80-P120 and BN30-PI70.

2. Experimental

2.1 Material synthesis: Preparation of functional boron nitride (BN) nanosheets. At first, h-
BN (Momentive Performance Materials, Inc.) and Degise (Sigma-Aldrich) were mixed
and milled in a planetary ball mill (PulverisettgFfitsch) at a rotation speed of 500 r.p.m.
for 20 h. The achieved powders were dissolved itewand dialyzed for 7 days to remove

the D-glucose, producing stable aqueous disperseibB8l nanosheets [14].

Preparation of water-soluble polyimide (Pl) precursor. The 4, 4’-diaminodiphenyl ether
(4,4-ODA, Sigma-Aldrich), pyromellitic dianhydride(PMDA, Sigma-Aldrich) and
triethylamine (TEA) (Sigma-Aldrich) were used tanflyesize (amic acid) (PAA) solution, as

previously reported [6,15].

Preparation of freestanding BN-PI membranes. BN-PlI membranes were fabricated by water
vacuum-assisted filtration and thermal crosslinkiflge aqueous solution of BN nanosheets
was mixed with PAA solution at first, and then thixtures were magnetically stirred for 1 h.

Then the mixtures were filtered under vacuum. THeNePAA membranes can be readily

peeled off from the polyethylene membrane and mettag¢ir freestanding state. After these
procedures, the films were thermally cross-linkedaitube furnace under;ldrotection at

80 °C, 150 °C, 170 °C for 1 h, respectively, amaliiy at 300 °C for 2 hrs.

2.2 Material Characterization: XRD measurements were processed on a PANalytical
X'Pert apparatus with Cu &radiation. The FTIR spectra were measured usiiNjcalet

7199 FTIR spectrometer. XPS analysis was perforamedn Kratos AXIS Nova instrument



with Al Ko X-ray as the excitation source. SEM imaging wasi@a out using a Zeiss Supra
55 VP SEM instrument. TEM and HRTEM imaging was dweted on a JEOL 2100F
microscope operating at 200 kV. The mechanical oreasents were performed by means of
an Instron 30 KN tensile tester on a 50 N load w&th a loading rate of 5 mm/min. The
modeling was processed by COMOSOL Multiphasicswsan# under steady-state. The
thermal weight losses were measured using TGA DA &struments Q50 at a heating rate
of 10 °C min' from room temperature to 800 °C under air floweTépecific heat was
measured by using the differential scanning caletign(DSC Q200, TA Instruments). Here,
the heat capacity of a nanocomposite was calculaed the equation: SCpu® +Cpm(1-P)
[4-6], where G is the specific heat capacity of the nanocompasite G is the specific heat
capacity of the filler (BN), and § is the specific heat capacity of the polymer (Rfyereas

® represents the volume fraction of BN. The in-pland out-of-plane thermal diffusivity of
nanocomposite membranes were measured from 30-80With an LFA 457 analyzer
(NETZSCH, Germany). The thermal conductivites c¢ thanocomposite membranes were
calculated according to the equation TCoa=x p x C (Table S2), where, p, and C
correspond to the thermal diffusivity, density, arspecific heat capacity of the
nanocomposites. The flame retardancy test was peefb on BN-PIl and pure Pl membranes
separately. The fire from a gas burner was appbdtie tested membranes for 60 s and then
removed. The thermoelectric (TE) measurements werrmed by placing the membrane
on the cold side surface of a commercial TE mod8& mm x 30 mm, 128 pairs of p-n
junction with BbTe;as materials). Then, a thermal conductive glue @EW m* K™) was
coated on the cold side of TE module to paste thelbnane. Meanwhile, the TE module was
also placed on a Cu column with hot stage heafiing voltage and current values were

measured by a multimeter and the temperaturesidfstde and hot side were detected by 2



digital thermometers. The maximum heating tempeeatwas not more than 220 °C,

otherwise the TE module would malfunction due ghhtemperature.

3. Results and discussion

The fabrication of the membranes is illustratedFigure la. Firstly, hydroxylated BN
nanosheets (OH-BN) were produced by ball millingy@iFe S1a) [14]. These BN nanosheets
possess 100-300 nm lateral size, 1-2 nm thicknadshgdroxyl-functionalized surfaces,
which enable water dispersibility (Figure Slb-egnte vacuum filtration processing.
Secondly, we prepared the aqueous solution of potyaacid (PAA), the precursor of
polyimide PI [15].The BN suspension and aqueous solution of PAA wleea mixed at
arbitrary ratios to form a homogeneous mixture wuthvisible aggregatiohVe assume that
multiple nanosheets-polymer interactions may agaeh as hydrogen-bondings stacking,
and electrostatic repulsions, and then pack thesB&éts and PAA in water. Afterwards, the
yellowish suspension was obtained (Figure S2). Tihal free-standing yellow BN-PI
nanocomposite membranes were readily prepared by féfowed by thermal treatment.
BN-PIl nanocomposite membranes with various BN adsteould be conveniently produced
by varying the concentrations of the componentshim aqueous suspension. The weight
contents of BN evaluated by thermogravimetric asial{TGA) were consistent with the
targeted mass ratios (Figure S3). These ratioats80, 70, 60, 50, 40, and 30 wt.% for
membranes were denoted as BN80-P120, BN70-PI130,08N80, BN50-P150, BN40-P160
and BN30-PI170, respectively. As shown in Figure thg resultant BN-PI membranes are
translucent and flexible even at high BN loadingspite the intrinsic brittleness of BN
nanosheets [14]. Scanning electron microscopy (S&hd)transmission electron microscopy

(TEM) images (Figure 1c and d) highlight the layemanostructure of the membrane BN50-



P150. On the surface area, the BN nanosheets ane@deneously distributed within the PI
matrix (Figure S4). Meanwhile, cross-section imagesfirm the nacre-like lamellar “brick-
and-mortar” structure (Figure 1c-d and Figure 38)shown in the Figure 1e inset, the white
BN membranes maintain their original shape evearakperiencing heat treatment from
25°C to 800 °C in air, thus indicating excellerusture stability and thermal stability. The
SEM images of the net BN membrane (Figure S6) afitmination show the parallel stacking
of BN lamellae with PI burnt-out spaces, providiagother evidence for the layered self-
assembly of the nanocomposite membrane. The checoicgosition was investigated by X-
ray photoelectron spectroscopy (XPS) (Figure 1f Bigiire S7). The N-B peak 98 eV,
Figure 1f) [14] dominates in the BN80-PI20 membranhile the relatively strong imide N
peak (#00.5 eV, Figure 1f) [15, 16ppears in the BN30-PI70 in the N 1s spectrum,
confirming the ability to tune the ratio between BNd PI. The results are further evidenced
by X-ray diffraction (XRD) (Figure S8a), small-aegK-ray scattering (SAXS) (Figure S8b)

and Fourier transform infrared spectroscopy (FTRgure S9).
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Figure 2. Mechanical and thermal conduction properties & BN-PI membranes(a)



Tensile stress measurements. (b) In-plane andfeplaane thermal conductivities (TCs) with
different BN weight loadings. (c) Performance chafrimembranes integrating in-plane TC
and tensile stress. (d) Temperature-dependent T@NePlI membranes. (e) Temperature
cyclability of the BN50-PI50 membrane. (f) In-planeat dissipation mechanism (IR imaging

and steady simulation model) of BN-PI membrand)(kfid pure PI membrane (right).

The mechanical properties of the nanocomposite memels were then investigated (Figure
2a, Figure S10 and table S1). The BN50-PI50 mengbexhibits the maximum tensile stress
with a value of ~140 MPa and a Young’s modulus 53 GPa (Figure S10 a, b and c).
These values are superior to those of BN-PVA and-FENDA membranes reported
previously [4, 5].The enhancement of the mechanical properties ofniaterials shown
herein may arise from both the superior mechanidaracteristics of Pl and the
homogeneous distribution of the BN nanosheets. Utatesile loads, the artificial nacre-like
architecture enables longitudinal transfer of tbeeé along the nanosheets and through the
polymer component, which then jointly undertake tbad [17-21]. Not surprisingly, the
mechanical properties are optimized for an inteiatedBN content, here for BN50-PI150 at
50 wt. % BN. Below this amount, the BN sheets areim sufficient amount to enhance the
mechanical properties, whereas an excessive BNgboan lead to reduced extensibility and
toughness (Figure S10d). We then measured the #heonductivity properties. As expected,
the in-plane TC increases with the BN content (Rig2b), leading to a value of 47.8 W'm
K™ for BN70-PI30. Even at a low 30 wt. % (17.7 vol.Bd)l loading (BN30-PI70 membrane),
the in-plane TC is enhanced with a value as higB2as W m' K™, about 7314% increase
compared to the pure polymer. In contrast, theadyttane TC values maintain small values.
Therefore, the high in-plane thermal conductivifyttte BN nanosheets is attributed to the

nacre-like structure: the aligned sheets build at Ipath allowing rapid heat dissipation in-



plane rather than out-of-plane, resulting in a ificgnt thermal anisotropy [4, 5, 22-24]. To
compare the thermal and mechanical properties, loteed both tensile stress and in-plane
TCs in a performance chart in Figure 2c. Notabdy, dll BN contents from 30 wt.% to 70
wt.%, the BN-PlI membranes show superior thermaddaonon and mechanical properties
than other membranes based on BN and other 2D ialatesuch as graphene and M¢&§ 8,

10, 22-28].In addition, the highest temperatures that memisranas withstand determine
their practical applications in hot environmentwéver, previously reported polymer/BN
composites cannot maintain their thermal condugti@bove 125-160 °C [4, 5, 7, 8, 10, 11].
Impressively, the BN-PI membranes described heedain large TCs at temperatures up to
300 °C (36-51 W i K™ with 30-70 wt.% BN loading) (Figure 2d). Regardledssubtle
fluctuations due to the balance effect of Umklapmmmmon scattering and reduced Kapitsa
resistance [7the TC measured for the BN-PI membranes increagdsss than 10% from
30 °C to 300 °C, thus showing stable enough thempnaperties for applications at high
temperatures. Furthermore, TC shows only a sligahge upon 5 heating/cooling alternative

cycles between 30°C to 300 °C (Figure 2e), dematisg high cycle durability.

To further understand the heat conduction mechgrasmnfrared (IR) thermal camera was
employed to record the temperature distributiothen membrane in a steady-state condition
(Figure 2f). The BN50-PI50 membrane with optimalchmenical and thermal performances
was chosen for these measurements. The membraneuivas a hot iron head at 200 °C. A
blurry hot spot appears with low temperature onsigface centre (80 °C). Moreover, the
temperature is also uniformly distributed from taamtre to the edge of the membrane (60 °C).
On the contrary, the pure Pl membrane shows a éocbsight spot in its centre, reaching
150 °C, while the edge temperature is as low as@O0The high in-plane TC and large
thermal conductive anisotropy of the BN-PI membranable the heat flux to rapidly spread

from the hot spot to the edge along the in-plamection, leading to efficient cooling with a



uniform temperature distribution. Steady-state $mons also confirm the homogeneous
temperature distribution within the BN50-P150 meanri®, originating from efficient in-plane
heat dissipation (Figure S11). Whereas intensia Aecumulates in the centre for the pure

Pl membrane, causing a strong temperature gradient.
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Figure 3. The high temperature thermo-anisotropy and flansestance (a) Comparison of
anisotropic thermal conduction ratios among varioeigt sink materials. (b) Comparison of
TCs over a wide temperature range with different &Mtents. (c) Flame resistance test

between pure Pl and BN50-PI50 membrane.

To further verify the anisotropic thermal propertiye anisotropic thermal conduction ratios
(TCin-pland TCout-ot-plang @mong various heat sink materials are displayedFigure 3a.
Obviously, BN50-PI150 possesses a large anisotmaic of 42, which is greater than that for
graphite/polymer, CNT/polymer composites and mietalvood [29-32]. Besides, the
nanocomposite membrane with the lamellae-basedretli&ke structure has a greater

anisotropy than films prepared via blade coatingg,713]. This result shows that the bio-



inspired construction can orient the phonon trartsby aligning the thermally conductive
BN sheets along the plane of the membrane. Theretbe in-plane BN lamellae not only
determines the great mechanical property but alsaragtees the excellent anisotropic
thermal conduction performances. Furthermore, w8e abmpared the TC values during a
wide temperature range (25-300°C) with different Bdhtents (Figure 3Db). It is important
that the BN-PI membranes presented large TC valties order of magnitude higher than
other BN-based thermal conductive composites iadealiperatures [7, 12, 13, 26, 33-36]. In
addition, we also observed excellent flame-rescgasf the as-designed membranes (Figure
3c). The pure Pl membrane was combustible and munin 5 s when it was close to the
flame. Nevertheless, for the nanocomposites, tieeréisistance capacity was improved with
the BN contents (Figure S12). When the BN weightteot reaches 50 wt.% or more, the
nanocomposite membranes could maintain their irshiapes within around 1 min. Therefore,
such a unigue performances combination enablesBtiid’l membrane to serve as a
promising 2D heat sink for thermal manipulatiorhi&h temperature up to 300 °C as well as

validating practical workability in some extremenddions, such as fire circumstances.
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Figure 4. The applications of BN-PI nanocomposite membrargsea &eat sink for thermal

energy conversion. (a) Scheme of the design corargptmechanism for natural air-cooled
(left) and BN50-PI50 membrane-loaded (right) TE mled (b) Corresponding temperatures
recording by IR imaging for 220 °C heating. (c) ¥gle generated at different heating
temperatures. (d) Current generated at differergtitng temperatures. (e) Temperature
difference between the hot and cold sides of th& Tgenerators at different heating

temperatures. (f) Power generated at differentimg&mperatures.

In addition to cooling the conventional electroniesch as (light-emitting diode) LED
bubbles with working temperature less than 100°C][Bhe high cooling efficiency of BN-
Pl membranes could advantageously contribute to pédormances of thermoelectric
generators (TEGS) at higher temperatures (>2009Qisbhg the membranes as heat sitrks.
order to achieve great thermal-to-electricity casian in TEGs, the temperature difference
between the cold ¢fiq) and hot (To) ends must be maximized [15, 37]. Heat sinks kenab
maintaining low Toq by dissipating heat. Most of them are composedefals or carbon
materials that are bulky and not electrically iagig. They also tend to generate heat by the
photothermal effect, especially when exposed tdaart environment [38-40T.herefore, the
2D lightweight BN-PI membranes described hereithwhprecedented combination of large
in-plane TCs and high temperature workability, nsayve as efficient next-generation heat
sinks to harvest waste heat with TEGs. We design€BG (Figure 4a) based on the BN50-
PI150 membrane to evaluate the feasibility of heatvésting and conversion. A large
freestanding membrane with diameter of 65 mm was$ fabricated (Figure S13) according
to the process described in Figure la. It was #&ssembled on the cold side of a commercial
TE module (30 mm in length and width). The as-ot#di TEG was placed on a Cu column
(hot source) heated by a hot stage. The whole erpat was conducted in the steady-state

achieved after at least 10 min of operation. Theesponding temperature distributions from



front and side views of the TEG (without or with migrane loaded) were measured by IR
imaging (Figure 4b). When the temperature of thestage reached 220 °C, the central and
edge temperatures of the BN50-PI150 membrane were@7and 155°C, respectively. In
contrast, the temperature of the naturally air-edaevice without membrane rose to ~190°C
in the centre. Notably, the pure Pl membrane ofsdrae size showed similar or even higher
temperatures under air cooling since the pure petymembrane is thermo-insulating; this
results in the worse heat dissipation under aificgd™ Hence, we did not present the results
for a pure Pl membrane.. To further validate thiseyvation, we also used two digital
thermometers to detect the temperatures of the awddhot sides of the TEG (Figure S14).
The temperature gradient expands from 12 °C toQ3ot the naturally cooled and the
membrane-modified device, respectively. Althougé thmperatures measured by the point-
thermometer differ by few degrees from those evatlidy IR imaging, the trends and orders
of magnitude are identical: they clearly demonstthaat the BN50-P150 heat sink membrane
effectively dissipates heat and double the tempezaradient. As a result, the thermoelectric
conversion efficiency of the TEG should be strongigreased. Figure 4c and d display the
Seebeck output voltage (V) and current (1) with anthout BN50-P150 heat sink membrane
at different heating temperatures. As expectedptbmbrane loaded TE device yields larger
voltages and currents. Although the membrane catk @wb300 °C, we still set the upper
limit of the heating temperature to 220 °C, becaxfdthe upper temperature limitation of the
commercial TE module. When the hot stage was hette2R0 °C, we could achieve a
voltage of ca. 0.71 V and a current of 54 mA, 8% and 40% enhancements versus the
membrane-free device. These results validate thabsity of the BN50-PI150 membrane to
enhance heat harvesting and conversion with thdetioe generators, hence highlighting
the high temperature availability. As presentedrigure 4e AT increases with the hot side

temperature. For the BN50-PI50 membrane-loaded THGIs nearly twice that under air-



cooling, indicating efficient heat dissipation. Toonfirm the temperature gradient
measurement (Figure S15), we calculated the expp&xebeck voltages of the TEG for such
temperature gradients (Figure S16). The measurkoewdit well with the expected ones,
despite a minor deviation at larg&f that is reasonable due to the not regulated arhbie
surroundings. Encouragingly, the maximum output @ofkom the BN50-PI150-loaded TEG
reaches 38.3 mW (Figure 4f), i.e. 132 % higher tfmanthe air-cooled device (16.5 mW),
indicating that additional 21.8 mW power is genedaby the BN50-P150-loaded TEG at
220 °C hot stage heating. Hence, apart from efficeoling, such temperature differences
enable extra power generation. Furthermore, praeviomoembrane cooling efficiency
measurements mainly relied on either IR imagesigitadl thermometers [4, 6]n contrast,
this conceptual design provides a more practicataach for evaluating the practical heat

dissipation ability of a thermal sink.
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Figure 5. Tandem connection for practical cooling from higmperature and thermal energy

utilization. (a) The scheme of BN50-PI150 for efficient high tergiure heat dissipation and



practical thermal energy conversion. (b) The optmature of practical tandem of an air-
cooling based TE module. (c) The optical pictur@giractical tandem of BN50-PI150 loaded

TE module.

To further enable the practicability for high termgdere cooling and waste heat conversion,
we then connected 3 TE modules in series (Figurela no any voltage amplifier or power
charging sub-assembly were introduced. Interestirtge naturally cooled TEG without the
heat spreader yielded a total output voltage oy dnb6 V, even under maximum heating
temperature at 220 °C (Figure 5b). By comparisba, assembly of BN50-PI50-membrane
loaded TEGs delivers a total output voltage of \9that is enough to steadily drive a LED
bubble (working voltage 1.8 V) and a calculatorg(ffe 5¢ and Figure S17, Videos S1 and
S2). This high voltage was reached far below th&imam operation temperature (220 °C),
at 180°C. This should reduce the cost of the wheiergy conversion process. These
encouraging results attributed to the efficientliegpof the thermo-anisotropic BN50-PI50
heat sink membrane, where the nacre-like BN anddPbstructure dissipates heat in the
membrane plane. Meanwhile, the high thermal stglmli BN and PI allows for workability
in such a hot condition for more cost-effective powonversion, which is applicable for in-

plane waste heat utilization under high temperature

4. Conclusions

In summary, we have successfully designed bio-iedpinacre-like freestanding boron
nitride-polyimide nanocomposite membranes. The hated layered structure of the
nanocomposite not only improves the mechanicalopednces, but also provides superior
thermal conductivity along the plane of the membgarAdditionally, the membrane features
fire-resistance and high thermal stability in a evtédmperature range (30-300 °C), combined

with great thermo-anisotropy. These charactesspicovide the membrane with high



potential for use as a 2D heat sink to cool a ¥#aé electronic components working at high
temperatures. For instance, the biomimetic membrattgs work can be highly effective for

heat dissipation on the cold side of the TE modeNen under 220°C heating, hence
improving the planar thermal-to-electrical energywersion. Therefore, our work provides
an effective strategy to fabricate high temperathermal spreader for efficient waste in-

plane heat harvest and conversion.
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Highlights

The design of nacre-biomimetic membrane for high temperature thermal conductance.
The membrane exhibits outstanding mechanical performances

The membrane shows ultrahigh in-plane thermal conductivity and flame resistance.

The membrane enables high temperature cooling of electronics.
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