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ABSTRACT: Natural nacre, often referred as natarenor, has a typichtick-
and-mortdrhierarchical micro-/nanoscale multilayer microstructure and reﬁk—-
0

Rapid magnetic

able tensile strength and toughness. The highly ordered multilayer micros tme{'/ assembly
of nacre provides valuable insights into constructing advanced nanocom_g ,

Although signtant success has been achieved in simulatingalartacre- \/\

mimetic materials on a laboratory scale, it is stiliidito apply on a large scale/ ol

because of time-consuming sequential depositions. In this study, a rapid and larg
scalable magnetic assembly process for the fabrication of the graphe i
(GO)-based compositdm that mimics the structure of nacre was repo
Magnetic GO nanosheets were synthesized by decorfingaReparticles on
the surface of GO nanosheets and then assembled with poly(vinyl alcohol
solution to form nacre-mimetic nanocomposii@ghe magnetic assemb
technique. The tensile strength and toughness of the RMFOIm can reach
248.0+ 6.7 MPa and 78 0.5 MJdm 2, which are 5.0 and 4.0 times higher than

the pure MGO Im, respectively. More interestingly, aftgtureduction by hydroiodic acid, the tensile strength reached as high as
340.0+ 6.2 MPa. This work ers a rapid process of fabricating strong integration nacre-inspired materials, which shows
applications in engineering, aerospagile energy devices, and electromagnetic interference shielding materials.

KEYWORDS:nacre, magnetic assembly, graphene oxide, nanocomposites, mechanical properties

INTRODUCTION building blocks and 5 vol % protein, exhibits high-level
(g;_ombination of tensile strength and fracture toughness, which

With the rapid development of nanoscience and nan |§§orders of magnitude higher than that of its constituents in
technology, various nanocomposites have been prepared Rergy ternts.'C It achieves a stiess threefold higher than

engineering elds. Biological structural materials engineerina% t of bone while having the same touahness. In order to
in uences the design of advanced functional materials in m ; 9 9 " .
Silmulate the solid structure of nacre, two-dimensional

scientic _ elds, from interfacial property to optical and materials, such asat double-walled carbon nanotibes
mechanical materiafs.Many natural materials possess montmorillonitd? GOZ® 1° layered double hydroxidds.

synergistic mechanical pndjgs by building intrinsic oron nitride nanoshedf€! and MXend?2* have been

hierarchical structures, ranging from nano-/microscopic t sen as reinforcina bricks. Enerav-dissinating soft polvmer
macroscopic scales. Nacre, bone, and teeth are famt?r(‘léJ 9 : gy patng poly

examples. These natural biocomposites usually contain trices (?UCh as PVAchitosari, protein;® cellulose
P'es. P y dgrivative?s, etc. have been widely used“asortars. The

e e o ey e Coon Nt Snayih mechanical perormance mary orgrates fom th
9 9y pating X derly micro-/nanoscale brick-and-mortar architecture and

soft interface ect oers the materials excellent antifatiguep, yant interfacial interactions, which dictates the control-

H 5
Pfgpgg"?fél nanocomposites aredint from the common lable sliding of the brick over a large scale along with ductile
lolog pos 0s[Iretching of the polymer.

engineering material in concept due to their high content
the reinforcing phase. In particular, pearl oyster nacre is @ —

organic inorganic composites produced by some molluskgeceived: July 20, 2021

that act as an armor against external shocks; it is well knoffrepted: August 16, 2021
for its good strength, hardness, and toughness due to ftgPlished: September 1, 2021
hierarchical layered structure and sophisticated interfacial

design, which are superior to many other structural materials.

Nacre, with 95 vol % brittle polycrystalline aragonite (§aCO
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Recently, a series of techniques have been applied itmrganic organic“brick-and-mortarstructure. These arti
fabricate nanocomposites with the brick-and-mortar architedal nacre composite materials integrate tensile strength and
ture, including layer-by-layer (LBL) deposition, evaporatiortpughness, exhibiting possible applications in soft electronics,

ltration, and freeze castifigi* The LBL assembly of engineering, aerospace, and electromagnetic interference-
ceramic sheet®.§. clays and alumina) and polymers hasshielding materials.

proven to be an ective method to create enhanced

nanocomposites with alignment structures. For example, EXPERIMENTAL SECTION

Brinkeret al.reported a novel assembly method to prepare _ . . _
P y prep Materials. Graphite powder (99.9 wt % purity) was received from

nanolayered Coatlrcl%s that mimic the nacre through a S'm%?ngdao Jinrilai Co., Ltd. Ferric chloride hexahydrate; &0,

dip-coating meth . Aupin—Tam et. al. reported self- 97 wt %), iron(ll) sulfate heptahydrate (Fg3@0, 99 wt %),
assembled, nacre-mimetic composites composepolgf  phyqroiodic (HI) acid (57 wt %), and poly(vinyl alcohol) (PVA-1799)
(glutamic acid), graphene oxide, and divalent ceitcsisw were purchased from Aladdin-reagent Inc.

solvent evaporation at room temperafutdL has shown Synthesis of Magnetic GO.GO was synthesized from graphite
many advantages in the manufacture of nanolayered arakes by a modid Hummers method reported previotsBO was
multifunctional compositéms with adjustable size, compo- dispersed in deionized water under sonicationsGFOl and
sition, and structure. These compodites exhibit excellent FeSQ7H;O (conditions: the mass feed ratio Jf EeFe€”is 2 and
optical, electrical, chemical, and mechanical properties. ng mass feed ratio of ferric ion to GO is 1) solutions were added

that many LBL operations usually need time to achie@E)pWise into GO dispersion undegrpgxbtection and continuously

_— . . X irred. NH-H,O solution was added slowly into the mixture to
atomistic relaxation at the interfaces. The construction Qp s the pH to 11. Theal product was separated by centrifugation
Igyered Ims havmg thermodynamlg eqwhbnum is a relativgynd washed with ethanol.
time-consuming process. Nacre-mimetic composites have alsereparation of the Nacre-Bioinspired Composite Film.The
been obtained through the vacuum-assisted self-assendlpined magnetic GO (MGO) was dispersed into PVA aqueous
process and evaporatiorDuring the evaporation of the solution (3 wt %) with derent concentrations. The uniform
solution, the nanop|ates tend to arrange in a low ener sper]sions of MGO in poI_ymer solutio_n were made by sonication.
structure, resulting in an orderly nacre-mimetic structure. Da§¢ Mmixed MGOPVA solution was rapid magnetic assembled to
et al. prepared montmoriloniteodium carboxymethyl "4 &80 CE TR LRECe T B e e at
cellulose composite materials that are ljacre-mlmeth Me3hbient temperature, the compodites were dried in an oven at 80
structured through evaporaﬁBnThe_ obtained composite °C overnight. The MGOPVA compositelm was immersed into 57

Ims possess outstanding mechanical preference. Howevegy i, Hi solution in a sealed cuvette that was placed in an oil bath (70
often needs more time for solvent removal. °C, 4 h). After reduction, the compositen was washed with
The ice templating is a new technique used in the fabricati@thanol. The reduced MGBVA Im was obtained after drying in a
of nacre-inspired composite materials, especially for controllivaguum oven at 8@ overnight.
the micro-/nanoscale layered structure, including the bridgeCharacterization. X-ray diractometer (XRD) patterns were
between the straid layers of the said and the interface ecorded using a XRD analyzer (Bruker-D8, Germany). Fourier
interaction between the sofl and the permeable matrix. By transform infrared (FTIR) data were obtained on a Fourier transform

freezing a suspension of plates, the ice cigsiisgrow infrared spectrometer (Nicolet 6700, Th_ermo Saienh‘.iSA)._
' Thickness of the nanosheets was examined by an atomic force

directionally, through the suspension,repelling anq condensm&roscoloe (AFM MuLtimode 8, Bruker Nano, U.S.A). The
the plates to Self'assembly present n the SUSpenSK)n. After thﬁﬁ',pho|ogy of the saalds and nanocomposites was observed by a
the ice crystals can be easily removed by thawing and dryisganning electron microscope (Hitachi S-4800). The accelerating
Devilleet al. rst took advantage of ice crystal growth as aoltage was increased up to 15 kV for energy-dispersive X-ray
driving force for the assembly of anisotropic particlespectroscopy (EDX) measurements. Thermogravimetric analysis
(platelets) to form layered-hybrid matetfasithough the gTGA) was carried out on PerkinElmer with a heating rate of 10
ice-templating approach éssential for the successful C min *. The hysteresis loop of the compoditein the range of

. F . . : : 120 to 20 kOe is obtained by VSM analysis (LakeShore 7404). The
preparation of nacre-inspired composite materials, it S't{lelznsile tests were carried out with an Instron 5967 tester at a strain

remains a chall_enge to reproduce the premse_lamella_r SUUCHIE 6 1 mmmin *. Mechanical properties were characterized under

of nacre. For instance, the materials contain relatively lojhpient conditions (25, 15% RH). All of the samples were cut

inorganic content and need a sintering process. into strips with the width of 5 mm and length of 30 mm. Toughness
Although the great progress has been obtained in th&v) is the energy dissipation of the composites before fracture,

formation of nacre composite materials, it is still vecylti  calculated bgq 1

to identify rapid and ecient assembly approaches to mimic

strong integrated artial nacre materials for large-scale w= ' ¢

applications in a wide range @fds. In this work, we 0 @)

reported a simple and rapid strategy for preparing th\?/here and

integrated high-performance polymer nanocomposites Withr&pectively.

hierarchical“brick-and-mortér structure based on the

assembly of magnetic GO nanosheets. GO-magnetic sheets

were prepared by attachingdze¢o GO. PVA was chosen as RESULTS AND DISCUSSION

the “mortat for its large amount of hydrogen bonding. TheFigure 1shows the strategy for the rapid magnetic assembly

rapid enrichment of high-concentration GO in the PVAprocess of MGOPVA composites. First, GO was synthesized

solution is achieved by applying an external maghetiand from graphite powdesia the improved Humm'sr method.

the solvent is quickly removed while ensuring the assembly®D nanosheets was meadi with FgO, nanoparticles. The

the nanosheets. The magnetic assembly process resultedhbtained MGO was blended with PVA solution. Then, the

MGO PVA composites with a hierarchically orderedmixture was rapid magnetic assembled to form the MGO

is the stress and strain ands the failure strain,
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respectivel{’. In the FgO, spectrum, the absorption peak at
578 cm* belongs to the F& bond stretching vibratiéh.

For the FTIR spectrum of MGO, a strong Ggeak at 575
cm?! is observed, indicating that the GO sheets were
successfully moéid with FgO, nanopatrticles.

Figure @ shows the AFM image of the GO nanosheets with
lateral dimensions of sealemicrometers on a silicon
substrate. The GO nanosheet exhibits a typical 2D microscale
layer with 0.96 nm thickness, which was in agreement with
single-layered GO. The AFM image of MGO nanosheets is
shown inFigure B. The FgO, nanoparticles with a diameter
of 10 nm is observed on the as-obtained GO nanosheets,
indicating that MGO was successfully prepared.

Figure & shows the TGA thermograms of samples. The
weight loss process of GO can be divided into two stages. The

rst weight loss below 10D can be attributed to the removal
of residual aqueous solution. The second stage shows a rapid
weight loss from 150 to 20 corresponding to the
evaporation of oxygen-containing functional grouw3, Fe
has no obvious weight loss in the temperature range of 50

700°C. The TGA curve of MGO clearly shows that the stages
of decomposition shift to a higher temperature and exhibit
thermal stability due to the existence gdJranoparticles.
PVA undergoes a large amount of thermal decomposition in
the high temperature area (5800°C). The weight loss of
MGO PVA compositelms decreases with the amount of
PVA. According to the TGA curves, the amount0f, e
MGO and PVA in the compositkn can be calculated. The
experimental E®, content in MGO is about 16.4 wt %. The
PVA compositelm by applying an external static magneticcontents of PVA in MGAPVA compositelms are about 4.8,
eld. 13.2, 18.8, and 29.3 wt %.

The chemical compositions of GO;(zeand MGO were The magnetic property of the compositm was
examined by XRD. As showtrigure 3, for GO, an obvious investigated using VSM. The magnetization saturation value
di raction peak is attributed to therdction index of (001). of MGO PVAversuthe applied magnetield from 20 to
Typical XRD pattern peaks of®gare observed in MGO at 20 kOe attains 5.5 ergut. As expected, an obvious decrease
2 of 30.1, 35.6, 43.1, 53.6, 57.0, and 62rfesponding to  in the magnetic value of MGBVA (18.8 wt %) compared to
(220), (311), (400), (422), (511), and (440), respectively, that of pure F©, nanoparticles (70 emeg ?) is attributed
which are consistent with Joint Committee on Powdeto the nonmagnetic PVA polymErgure #), but the present
Di raction Standards (card no. 19-0629Yhe sharp  saturation magnetization of MGRVA is still appropriate for
di raction peak of 2= 10.6 for GO disappears after loading the facile magnetic assembly process otiartinacre
Fe0, nanoparticles, showing that the interlayer distanceomposite Ims. Under an external magnetad, the
expanded’ The FT-IR spectra of GO, g, and MGO are MGO PVA mixture has a rapid response withd s
shown inFigure B. The broad band at 3326 érrepresents  (Figure 4).
hydroxyl group (OH) stretching vibration. TheC O The cross-sectional morphologies of the pure MGO and
stretching appears at 1728 Giwhile the bands at 1622 and MGO PVA compositelm were observed by SEMdure .

1046 cm' suggest the existence & C and C O C, All the Ims exhibit a highly orderétrick-and-mortéar

=EEE

Figure 1.lllustration of the rapid self-assembly process of MGO
PVA compositelms.
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Figure 2.(a) XRD patterns and (b) FTIR of the pure GO;(zeand MGO, respectively.
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Figure 3.AFM image of (a) GO and (b) MGO nanosheets.
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Figure 4.(a) TGA curves of GO, Fe,, MGO, PVA, and MGOPVA compositelms. (b) Magnetization curve of the MGRY/A (18.8 wt %)
compositeIm. (c) Rapid magnetic assembly of the MB@A mixture (digital image of the folded MGV A prepared by a magnetic assembly
process, comrming the exibility of the compositém).

Figure 5.SEM cross-sectional images of (a) pure MGO, (b) M&@ (4.8 wt %), and (c) MGCGPVA (18.8 wt %) compositéms.

architecture similar to that of nacre. The pure MGO the increased loading of PVA wrapping the MGO sheets. The

presents prominent interlayer gaps with withdrawn nanosheeifsmental mapping was further performed to investigate the
indicating the weak interface interaction. MGO in the MGO fractured surfaces of the nanocompasits, indicating that

PVA compositelm is widely orientated horizontally. As the . . - .
PVA polymer content increases, the sharp contours of tlllzt,%o4 is uniformly distributed between the adjacent MGO

MGO nanosheets are visibly piled close together and the gdposheetsFgure §. The results also provided another
between adjacent MGO sheets become inconspicuous dueetadence of the introduction o§®Bginto the surface of GO.
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Figure 6.(a) SEM mapping photograph of fracture surfaces of the compoaitd elemental mapping images of the comgositeé mapping
(b), © mapping (c), and Fe mapping (d).

To further investigate the interface interaction of composite To clarify the synergisticeet of compositdms, a fracture

Ims, stressstrain curves of the prepared samples are shownodel is proposed irigure €. It is well known that when
in Figure @. The mechanical properties of all the compositetensile strain is gradually applied to the MG relatively
were evaluated, as showirigure B, and the detailed data adjacent building plates begin to slip until cracks appear under
are listed infable 1 The pure MGO Im exhibits a tensile large external strain, which leads to tensile failure. For MGO
strength of 50.8 3.7 MPa, a fracture strain of 2.0.3%, a  PVA compositelms, at the initial loading stage, the MGO
Youngs modulus of 1.8 0.2 GPa, and a toughness oft0.5 slide, the weaker hydrogen bonds between MGO and PVA
0.1 MJm 3, It is noted that the mechanical properties can béroke at rst, and then, the spiral PVA long chain is stretched,
signi cantly improved with the addition of PVA. By increasindeading to energy dissipation. When stretching continues, the
the PVA content to 13.2 wt %, the tensile strength andtronger hydrogen bonds on the interface are disrupted and
toughness of the composit@ increases to 152:02.5 MPa more energy is absorbed, causing the pulling out of MGO
and 3.2 0.4 MJdm 3, respectively (curve lll). The maximum nanosheets. As the bridges cracked, the compositaally
tensile strength, toughness, and Ye®umgdulus of the destruct. Finally, MGQPVA (18.8 wt %) was immersed into
resultant nanocompositem are improved to 2489 6.7 HI for in situ reduction. Interestingly, when the compdsite
MPa, 7. 0.5 MJm 3, and 7.2 0.4 GPa, respectively (curve was reduced by hydroiodic acid, the tensile strength of the
IV), which are attributed to the introduction of intermolecularreduced MGOPVA compositelm reaches to 3404 6.2
hydrogen bonding between the hydroxyl groups of the PVIiPa, which is more than 6.8 times that of the pure MIGO
polymer and MGO nanosheets. With the further addition o#Vith exception of the hydrogen bonding, such a great
PVA, the tensile strength and Y&ingpdulus decrease. This enhancement is maybe due to strong interaction caused by
may be attributed to the fact that the excessive PVA polymiersitureduction. The reduced MGO also has strong van Waals
cannot connect the MGO nanosheetsiively. PVA chains forces to improve the interaction with the polymer. The
may also increase the interlayer spacing of the conlpmsite reduction of interlayer spacing between adjacent MGO sheets
resulting in a decrease in compactness. Despite this, thier reduction andinteractions between nanosheets and the
composite Im retains its high mechanical strength andpolymer could also play key roles in enhancing the mechanical
toughness. properties of MGOPVA compositelms.

9693 https://doi.org/10.1021/acsanm.1c02061
ACS Appl. Nano Mate2021, 4, 9689 9696


https://pubs.acs.org/doi/10.1021/acsanm.1c02061?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02061?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02061?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02061?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c02061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials WWWw.acsanm.org

Figure 7.(a) Tensile stresstrain curves of the pure MGItn (curve I), MGO PVA (4.8 wt %) (curve II), MGOPVA (13.2 wt %) (curve IlI),
MGO PVA (18.8 wt %) (curve IV), MGAPVA (29.3 wt %) (curve V), and reduced MGOVA (18.8 wt %) (curve VI) [inset: The MGO
PVA(18.8 wt %) compositim had a high tensile strength and could completely suppory of mass]. (b) Yousgnodulus and toughness of
MGO PVA compositelms. (c) Schematic illustration of the fracture mechanism the conpssite

Table 1. Mechanical Properties of MGO, MGBVA, and ASSOCIATED CONTENT
Reduced MGOPVA (rMGO PVA) Composite Films *  Supporting Information
tensile Youngs The Supporting Information is available free of charge at
trength dul tough . i
name S(l\fﬂegg) "nglgajs ((K/lllgmng)ss https://pubs.acs.org/doi/10.1021/acsanm.1cQ2061
MGO 50.0+ 3.7 1802 0.5t 0.1 Rapid magnetic assembly of the MB®A mixture
MGO PVA (4.8 wt %) 91.8 26 4.8 03 1202 (MP4)

MGO PVA (13.2wt %) 1528 2.5 6.4+ 0.3 3.2+ 0.4

MGO PVA (18.8 wt %) 2489 6.7 7.2+ 0.4 7.0£ 0.5

MGO PVA (29.3 wt %) 218 5.5 5.5+ 0.3 8.7+ 0.1 AUTHO_R INFORMATION

rMGO PVA (18.8 wt %) 3408 6.2 6.3t 0.2 6.0f 0.1 Corresponding Author

Weifu Dong The Key Laboratory of Synthetic and Biological
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