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ABSTRACT: Fabricating advanced polymer composites with remarkable mechanical an
conductivity performances is desirable for developing advanced devices and equipm
study, a novel strategy to prepare anisotropic wood-basedsse@h a naturally aligne
microchannel structure from balsa wood is demonstrated. The wood microchannels wg
with polydopamine-surface-medismall graphene oxide (PGO) nanosheets via assemb
highly aligned porous microstructures, with thin wood cell walls and large voids along thg
microchannels, allow polymers to enter, resulting in the fabrication of theolyowoer
nanocomposite. The tensilersss and strength of the resulting nanocomposite reach 8.
and 90.3 MPa with a toughness of 5.0 MJThe thermal conductivity of the nanocomposi
improved signcantly by coating a PGO layer onto the woodoktsa The nanocomposite

exhibits not only ultrahigh thermal conductivity (in-plane about 5.5 Kv'nand through-plane about 2.1 Wik 1) but also
satisfactory electrical insulation (volume resistivity of abbutch@). Therefore, the results provide a strategy to fabricate thermal
management materials with excellent mechanical properties.

INTRODUCTION and interfacial interactions simultaneously to achieve highly
d thermal conductive yet elécally insulating polymer
a?omposites with excellent mechanical properties remains a
6(&hallenge.

In recent years, natural structural materials have displayed
impressive performance and provided a new opportunity for
%W development of high-performance polymer composites.
n
I

As the modern electronicexdces are integrated an
miniaturized, ective heat dissipation has become a critic
issue in high-power electronic equipment and therm
management materials (TMMs)° Consequently, consid-
erable eorts have been devoted to developing higleecy
TMMs. Polymers, particularly epoxies, with advantages of |
cost, light weight, corrosion resistance, and high process
performance have applicability in thed of TMMs.
Generally, due to phonon scattering caused by numero
structural defects, most polymer materials show poor capa
of heat transmission (0.5 W m* K 1), which makes them

example, wood is a sustainable structural material with
tweight design, which can be readily processed, has low
[?gt, shows relatively excellent mechanical #erformance, and is
d in building and furniture constructioft. Generally,
wood is a natural material with a hierarchical structure

unfavorable for TMMS. ® So far, much erts have been comprising of cellulose hollowrils embedded in hemi-

made to improve the thermal conductivity of epox b)Felluloses and ligrfihThe hollow micrabrils o er tubular

incorporatingpceramicllers (e.g., BN, 4D >I/\/IgO gndy channels for the transportation of water and ions during
9., ) 3 ) . : .

AIN).7 1° However, high ceramitier loading is required to transportation and metaboliSiit The peculiar structure and

achieve improved thermal performance, leading to the Iosst%? strong interface interaction provide outstanding perform-

the processing and mechanical properties of polymefdCe: In particular, removing lignin and hemicellulose from
god could provide a unique anisotropic and porous structure

Generally, carbon- and metal-based materials are maQ . ot
L : . that is easy for modiation. The porous structure can be
e ective in improving the thermal performance of composﬂ%rther imp?/egnate d with polyme[r)s to fabricate wood-based

because of their high intrinsic thermal conductivity, bumaterials for enaineering anolicatdié The colored lianin
simultaneously their electrical conductivity will limit their 9 9 app : 9

application in some electronads’*** Therefore, it is still
di cult to achieve high thermal conductivity enhancemerfteceived: June 19, 2021
while maintaining the electrical insulation and mechanicBHPlished: September 9, 2021
properties. It is believed thaketive interfacial interaction,

intrinsic thermal conductivity of thier, and ller orientation

are the main factors for high thermal conductivity enhance-

ment:®> However, the ability to control thier orientation

© 2021 American Chemical Society https://doi.org/10.1021/acs.biomac.1c00786

W ACS Publications 4228 BiomacromoleculeR021, 22, 42284236


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengfei+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ting+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianxi+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingqing+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weifu+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weifu+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.1c00786&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00786?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00786?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00786?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00786?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00786?fig=abs1&ref=pdf
https://pubs.acs.org/toc/bomaf6/22/10?ref=pdf
https://pubs.acs.org/toc/bomaf6/22/10?ref=pdf
https://pubs.acs.org/toc/bomaf6/22/10?ref=pdf
https://pubs.acs.org/toc/bomaf6/22/10?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf

Biomacromolecules pubs.acs.org/Biomac

PGO layers

\’.‘“‘ Polymer

%ﬁ Infiltration
WPGO E-WPGO

A " Delignified wood
Natural wood

Figure 1.Schematic of the fabrication procedure of E-WPGO nanocomposites.

in the cell wall is removed by chemical treatments and mixeuxture was then kept at 8D to remove lignin. The samples were
with index-matching epoxy resin to achieve high |igrﬁtored at 30C and 50% hgr_nidity for 24 h, and they were not dried
transmittance. However, the hydrophobic polymers sho@f Soaked before deligration. When the wood samples were
poor compatibility with the polar wood stas. This usually completely bleached after 72 h, the bleached wood was washed with

. ; . deionized water at least for three times to remove the residues. Then
leads to weak interface interactions between woaidsca the delignied wood (DW) was freeze-dried for further use. About

and resin, which negativelyeets the performan?e._ 1.2% lignin was left in the DW according tts Ireport®

Del'gn' ed WOOd, W|th un'que Ol‘der|y mICI’OStI’UCtUI‘ES, IS an Preparation of PGO.GO was Synthesized from grap[‘a‘es as

ideal candidate for fabrication of transfer channels. Whe#ported previousf§.In order to synthesize relatively small GO
heated by a radiative heating source, the layered structuresiafets, the prepared GO should be treated by repeated dXidation.
aligned delignéd wood nanochannels can transport heaffhe PGO was prepared according to our previous $t@@<p.1

along the cellulose alignment directiolowever, the  9) and dopamine (0.05 g) were added into a Trisrtsolution (200
deligni ed wood scald exhibits thermally insulating proper- ML, pPH 8.5) under stirring at 8Q for 24 h. Afterward, the product
ties with a low thermal conductivity 6603 W m* K lin the gg%csv':;'f#gggeagﬂe"“’jafso':e;‘l"‘(]'th deionized water. Then, the obtained
transverse direction an6.06 W m* K ! along the cellulose Modi cation of the DW Sca old. A PGO suspension (0.5 wt

alignment dlr(_ectloef?. _ _ %) was prepared by strong stirring for 30 min followed by sonication
Polydopamine (PDA) is a well-known biomacromolecul&gr 10 min. The unmodéd and DW scald was immersed in PGO
Dopamine can be oxidized and it spontaneously self-polym@ile performing a low vacuum treatment (0.3 bars for 2 h). Then the
izes under alkaline conditions and forms a PDA coating on alimples were washed with deionized water for three times, and then
types of material surfaceBopamine can also readily induce the obtained samples (WPGO) were freeze-dried. For comparison,
reduction and functionalization of graphene Gkideour the PGO suspension was changed with the GO suspension (0.5 wt
previous studies, we found that PDA could act as an insulatl%%' and the corresponding sample (WGO) was also prepared using

layer to signcantly reduce the transmission of electrond!'c Same procedure.

. . . Fabrication of Wood Polymer Nanocomposites. The wood
between nandlers and improve the dielectric propeffies. scaold after coated with PGO was immersed in the epoxy resin to

The PDA layer was able to reatly_lmprove miscibility betwe%Pepare composites. The product was cured @803 h and then

the nanoller and the epoxy.In this study, based on the at 120°C for 3 h, which was coded*BsWPGO. For comparison,
naturally aligned microchannels, high thermally conductiv®yv and WGO were immersed in the epoxy resin to prepare
wood-derived composites were prepared for thermal managemposites (denoted as E-W and E-WGO) using the same procedure,
ment. The natural wood wasst processed via chemical respectively.

treatment to obtain a deliged wood template with aligned Characterization. An atomic force microscope (AFM, Multimode
microchannels. PDA was applied to neddgraphene oxide 8). was used to measure the thickness of GO. A scanning electron
(GO) under a weak alkaline condition. The PDA-surfacglicroscope (SEM, Hitachi S-4800) was used to observe the

: : orphology of the saalds and nanocomposites. A Fourier transform
modi ed GO (PGO) was then assembled on the a“gne({ir?frared spectrometer (FTIR, Nicolet 6700, Thermo Scied6A)

microchannels in natural wood through interaction betwegf,s ysed to determine the functional groups. The cure reaction of
PDA and cellulose, leading to the formation of heat-transfgpoxy composites was carried out using eredtial scanning
channels. The compositesravenanufactured through calorimeter (DSC 8000, PerkinElmer) under a nitrogen atmosphere
immersion of wood-based sids in the epoxy resin. ata heating rate of 1@ min 1. Thermal gravimetric analysis (TGA)
Simultaneously, PDA enhances interfacial interactions betwees performed using a PerkinElmer instrument with a heating rate of
the wood scalds and the polymer, which successfully endow&0 °C min* under N. The mechanical properties of epoxy

the composite with excellent tensile properties and fractuf@mposites were measured using an Instron 5967 with a crosshead
toughness. speed of 2 mm/min. Thermal conductivity was measured using a

Netzsch LFA 467.HyperFIash. The volume. re§istance was tested using
EXPERIMENTAL SECTION ;thdZ)F:SG high resistance meter (Shanghai Sixth Meter Factory Co.,
Materials. Flake graphite, sulfuric acid (98%5®j), dopamine

(98%), and hydrogen peroxide, @ 30%) were purchased from RESULTS AND DISCUSSION

Sigma-Aldrich. Balsa wood was used in this study. . . .
Deligni cation of Wood Samples. Balsa wood was prepared 1he design concept of thermally conductive wood composites

with di erent sizes. The deligration process of wood was carried Was inspired by the photosynthesis of tfersge lillustrates

out in an acetate ber solution (pH 4.6) with NaCl@1 wt %). The the schematic diagram of the fabrication of E-WPGO
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Figure 2. AFM topography images of (a) large GO, (b) small GO, and (c) PGO nanosheets and the corresponding curves of the nanosheet surfac
scale.

Figure 3.(a,b) FTIR spectra of GO, PGO, PDA, WPGO, natural wood, and DW. (c) Photos of a board of natural wood, DW, and WPGO,
respectively.

nanocomposites. DW was impregnated with PGO to fabricatges of GO nanosheets are quite similar (1.08 nm). The
WPGO scaolds. As shown irigure Slthe amount of PGO lateral size of large GO is about 20 while the lateral size of
adsorbed in WPGO increased gradually in a period 90 mismall GO is less than in. The small GO was subsequently
and when the adsorption time increased to 2 h, the amount céduced with PDA. The lateral size of PGO did not change due
PGO reached 23 wt %. By dipping epoxy resin into the to this process, while the thickness of PGO increased to 1.79
modi ed wood scald, it is easy to prepare wood-basednm, illustrating the coating of PDA on the surface of GO.
composite materials. More characteristics of the samples were obtained by FTIR
Repeated oxidation was performed to cut GO into smaélnalysis. GO shows the characteristic peaks at 978 and 1622
nanosheets. The morphologies of GO nanosheets werm ! (C C vibrations), 1034 crh(C O C), and 1717
investigated by AFM. As showfiure a,b, GO nanosheets cm ! (C 0). PGO shows a new peak at 1587 aue to
exhibit a kind of a wrinkled surface. The thicknesses of the tDA on GO nanosheet§igure @)%’ Furthermore, the
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Figure 4.(a,b) Top-view, (gb) longitudinal direction, and (9,oblique-view SEM images of DW and WPGO, respectively. The inset picture in
(b) is the high-magniation SEM image of WPGO.

disappearance of O C stretching of PGO was due to the In practical applications, polymer composites should show
reduction of GO by the PDA coating. For natural wood, thdigh strength and low brittleness; therefore, it is important to
peaks at 3334 and 2925 trare ascribed to the stretching evaluate the mechanical properties of E-WPGO nano-
vibration of OH and C H, respectively. The peak at 1239 composites. The strestrain curves of natural wood, pure
cm ! is caused by @ of the guaiacyl ring. The color of epoxy, E-W, and E-WPGO nanocomposites were recorded,
natural wood is pale yellow due to light absorption of ligni@nd the results are shownFigure 5 A pure epoxy resin
(Figure 8). When most lignin was removed, the DW appearghows a tensile strength of 40.6 MPa with low e_Iongatlon at
white. As shown ffigure B, the peaks of lignin at 1593, 1503, break (4.30%), and the modulus of pure epoxy is 1.25 GPa.
and 1462 cnt disappedf’ For WPGO, the absorption bands The tensile strength and modulus of E{épplied stress

at 1589 and 1513 chnare assigned to the aromatic C parallel to the wood channel direction) are 56.7 MPa and 2.76
stretching vibration and the N shearing vibration of an GPa respectively, which exceed those of epoxy and natural

aromatic secondary amine in PRjndicating that DW was ~ Wo0d: This is mainly attributed to the strengtheniegt e
successfully covered by PGO nanosheets from the longitudinally oriented cellulose Hagmostructure.

The morphologies of natural wood, DW, and WPGO Weré[he E-WPGO nanocomposite shows superior mechanical
. : - roperties with a fracture strength and modulus up to 90.3
investigated by SEM. After lignin removal, the lumen hol

. . Pa and 8.10 GPa, which are 2.2 and 6.5 times higher than
(well-de ned honeycomb-like structures), which are compose[ﬂose of epoxy, respectively. Moreover, E-WPBOWS
of hollow ber cells 3'0’?9 parallel growtts@ m), remain improved tough,ness (5.0 MJI3n about 5 and 7 times
on the DW scald (Figure &). From the longitudinal — pigher than that of pure epoxy and E-W, respectively. The
direction SEM imagé-igure 4), long microchannels along iensile strength of E-WG@nd E-WGO is 57.1 and 24.2
the growth direction are observed. It is known that wooq1pa, respectively, which is lower than that of E-WPGO. The
microchannels can form a continuous porous transportatigypa |ayer esctively enhances the interactions of WPGO
network as a water conveyance unit in trees. After thgaolds and epoxy, which promotes the load transfer and
functionalization by PGO nanosheets, WPGO exhibits a daéhergy dissipation among the WPGOodts and epoxy and
coating as shown ffigure 8. Figure #,c shows that WPGO  hence tremendously improves the mechanical properties of E-
still retains a similar honeycomb structure. In high-wa&gni WPGO. The abundant catechol groups of PDA on the WPGO
tion micrographsgure # ,c), a rougher surface of WPGO scaolds play a key role in sigrantly enhancing the
is observed in microchannels due to interactions between PGerfacial interactions. Although the presence of amine harder
and wood cellulose, indicating the presence of the PGO layarolecules could become proton-accepto@ € and OH
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Figure 5.(a,b) Stressstrain curves of the pure epoxy, natural wood, E-W, E-WGO, and E-WPGO nanocomposites. (c) Tensile strength and
tensile modulus of pure epoxy, E-W, E-WGO, and E-WPGO nanocomposites. (d) Toughness of pure epoxy, E-W, E-WGO, and E-WPG
nanocomposites (calculated by integrating the area under thetstiessurves).

groups of epoxy could also form hydrogen bonds with PDAoughness of 1.40 MJ it is about three times higher than
More importantly, the possibility of interfacial covalenthat of E-WPGO.
interactions cannot be completely neglected. For exampleFFigure 6shows the cryofracture surface of E-W and E-
the NH, of the curing agent could be connected to the PDAVPGO, respectively. The epoxjtiation process completely
on scaolds through Michael addition or a Stisise reaction.
The NH, and NH of PDA could also react with
epoxy’ >3 As shown irFigure S2the peak observed in the
uncured epoxy resin occurs at 915' ctue to the epoxide
group. After the cure reaction, the epoxide band of the cured
epoxy resin reduced, indicating the reaction of epoxide groups.
As it can be clearly seen, compared with the cured epoxy resin,
the epoxide characteristic peak at 915 ofrthe E-WPGO
composite disappeared; also, a broad absorpti@Hoénd

NH near 3340 cm decreased compared to that of
WPGO. A DSC analysis was performed to further study the
cure reaction Higure SB These results suggest that the
reaction between epoxide groups and amine groups of PDA.
The unigue mesostructured cellulose could also lead to
anisotropic, mechanical properties iardnt directions. The
tensile strength and modulus of E-&ve only 24.0 MPa and
0.16 GPa, respectively. Compared with E-¥e tensile  Figure 6. SEM micrographs of (a,b) E-W and (c,d) E-WPGO,
strength of E-WPGOQOreaches 46.06 MPa, and with enhancedespectively.
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Figure 7(a) TGA curves of DW, GO, PGO, WPGO, epoxy resin, and E-WPGO nanocomposites. (b) Thermal conductivity of wood, DW, epoxy,
E-W, and E-WPGO. (c) Thermal cycling stability of E-WPGO under multiple heating and cooling cycles. (d) Cooling and (e) heating curves of the
samples. (f) Volume electrical resistivity of epoxy, E-W, and E-WPGO nanocomposites. otk tlwditcomposites denote parallel and
perpendicular wood channel directions, respectively.

lled the cell lumen with epoxy resin without destroying th@he PGO enhances the thermal stability of DW. The loading
wood microchannels. The wooden microchannels form thef PGO is determined to be 22.7 wt % for WPGO. The
frame of cellular networks, while epoxy is arranged neatlydontent of WPGO is 12.5 wt % in the E-WPGO
rectangular cellular chambers. The parallel tubes could banocomposite calculated by the mass loss T .80iQure
observed with a layer spacing as shown in the E-Vkb shows the thermal conductivity of the E-WPGO nano-
nanocomposite Fgure @&,b), indicating a low interfacial composites. Thermal conductivities of the pure epoxy resin
interaction. What is remarkablyedéent between the E-W and and the E-W nanocomposite were also provided for
E-WPGO nanocomposites is the interfacial adhesion betwemymparison. The thermal conductivity of the epoxy resin is
wood scaolds and the polymer, as observelignre 6,d. only 0.17 W mt K 1. Natural wood and DW possess low
The interface between the WPGO/epoxy cell wall and ththermal conductivities of 0.12 and 0.06 WKn'! in parallel
epoxy-rich lumen region appears well integrated, whiatood channel directions, respectively. Moreover, the E-W
indicates favorable interfacial interaction between the epomgnocomposite exhibits reduced thermal conductivity values
resin and the WPGO cell wall. As mentioned above, becay®el5 W m* K ! for E-W and 0.13 W nt K ! for E-W ).
the interface regulated the hydrogen and covalent bondBhe decrease in the thermal conductivity is mainly due to the
remarkable interface adhesion is observed, which is conductoxe interfacial interaction between woodadds and epoxy,
to enhancing the mechanical performance of the E-WPG& observed igure &, and the corresponding increase in the
nanocomposite. In order to further investigate the interfacitiermal conduction resistance. In comparison, the thermal
interaction of composites, the tensile fracture surfaces of &nductivity of the E-WPGOnanocomposite can reach 2.1
WGO and E-WPGO are shownFimure S4The obvious W m K 1 which is nearly 12 times higher than that of epoxy.
gaps, pull out, and debonding between WGO and epoxy d@&0O nanosheets could decrease the interfacial thermal
observed, indicating a weak interfacial performance. Howevesistances of epoxy and wood microchannels, resulting in a
E-WPGO showed lessened gaps and even seamless interfaighsthermal conductivity. It is also interesting to note that the
between WPGO and epoxy, demonstrating the enhanc&dWPGO nanocomposite exhibits a higher thermal con-
interfacial compatibility. The hydrogen bonding and chemicauctivity of 5.5 W nt K * about 32 times higher than that
cross-linking could be the driving forces for interfaciabf epoxy. The large enhancement of thermal conductivity is
solubilization. mainly attributed to the straighter and wider thermally

As shown irrigure &, GO exhibits two degradation stages.conductive pathways in the E-WPG@nocomposite for
The rst weight loss below 100 can be attributed to the high- ux phonon conduction along the WPGO channel
removal of residual aqueous solution. The second stage taftigection. Thermal stability of TMMs is very important for
place at 150200 °C corresponding to the pyrolysis of the applications. Generally, a high temperature could increase
oxygen group and carbon oxidatiorhe thermal weight loss  phonon scattering and reduce the phonon path length, leading
of PGO is lower than that of GO due to high thermal stabilityto a decreased thermal conductiVityFigure € shows the
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