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Fabrication of Ce-doped MnO3 decorated graphene sheets for fire safety applications of epoxy

composites: flame retardancy, smoke suppressionand mechanism, Shu-Dong Jiang, Zhi-Man Bai, Gang
Tang, Lei Song, Anna A. Stec, T. Richard Hull, Jing Zhan and Yuan Hu, J. Mater. Chem. A, 2014, 2, 17341

Fabrication of Ce-doped MnO, decorated graphene sheets for
fire safety applications of epoxy composites: flame retardancy,
smoke suppression and mechanism

Shu-Dong Jiang,? Zhi-Man Bai,?® Gang Tang,? Lei Song,® Anna A. Stec,®
T. Richard Hull,° Jing Zhan*® and Yuan Hu*®

Ce-doped MnO,-graphene hybrid sheets were fabricated by utilizing an electrostatic interaction between Ce-doped MnO, and graphene
sheets. The hybrid material was analyzed by a series of characterization methods. Subsequently, the Ce-doped MnO,-graphene hybrid
sheet was introduced into an epoxy resin, and the fire hazard behaviors of the epoxy nanocomposite were investigated. The results
from thermogravimetric analysis exhibited that the incorporation of 2.0 wt% of Ce-doped MnO,-graphene sheets clearly improved the
thermal stability and char residue of the epoxy matrix. In addition, the addition of Ce-MnO,-graphene hybrid sheets imparted excellent
flame retardant properties to an epoxy matrix, as shown by the dramatically reduced peak heat release rate and total heat release
value obtained from a cone calorimeter. The results of thermogravimetric analysis/infrared spectrometry, cone calorimetry and steady
state tube furnace tests showed that the amount of organic volatiles and toxic CO from epoxy decomposition were significantly
suppressed after incorporating Ce-MnO,-graphene sheets, implying that this hybrid material has reduced fire hazards. A plausible
flame-retardant mechanism was hypothesized on the basis of the characterization of char residues and direct pyrolysis- mass
spectrometry analysis: during the combustion, Ce-MnO,, as a solid acid, results in the formation of pyrolysis products with lower carbon
numbers. Graphene sheets play the role of a physical barrier that can absorb the degraded products, thereby extend their contact time
with the metal oxides catalyst, and then promote their propagate on the graphene sheets; meanwhile pyrolysis fragments with lower
carbon numbers can be easily catalyzed in the presence of Ce-MnO,. The notable reduction in the fire hazards was mainly attributed to
the synergistic action between the physical barrier effect of graphene and the catalytic effect of Ce-MnO,.

has brought a revolutionaryadvancemenin the flameretar
dant researchcommunity. For example,the incorporationof

1. Introduction

Epoxy resin(EP) is one of the mostwidely exploitedreactive
polymeric resins in the laminating, adhesive,coating and
castingdfieldsdueto its high tensilestrengthandmodulus,low
shrinkage when cured, high adhesion property, excellent
dimensionalkstability and chemicaland corrosionresistancé?
However, thehigh flammabilityand largeyield of smokeand
toxic gasesduring combustion signfficantly restricts their
applicationin someareasRecentlyhanocompositeechnology
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nancfillers, such as layered silicates and layered double
hydroxidegLDHSs), canefficientlyimprovethefire resistancef
polymernanocomposite’s® However,a key problemthat was
realized in this systemis that the large addition of fillers
required (>20 wt%) resultedin the deteriorationof other
properties,which is undesirablefor fabricating high perfor
mancematerials.

Graphene,a two-dimensimal (2D) form of carbon, has
becanea ‘rising star becausef its large specfic surfacearea,
extraordinarily high electical and syeriar medarical
strength® Very recently, similar to sane other membersof
the family of carbonbase&l materials, such as expanded
graphite,graphite oxide and carbonnanotubesgraphenehas
attracted interests in scientfic field as a flame retardant
additive’®Kim et al.® demonstratedhat graphenes actually
thermally stableeven after exposing it to a flame, clearly



indicaing the high intrinsic flame resigarce of graprere. In
addition, there are someother reportsregardingthe apdica-
tion of grapher as a flame retardantadditive in polymer
compasites!®*® However,bare graphenevasusedas aflame
retardant in previous reports, such that a high loading is
required to achievea good flameretardanteffed. Theiefore,
the useof grapheneaaloneasthe flameretardanstill remainsa
chdlenge.

As an importantfunctional metal oxide, manganesexide
hasreceivedconsiderablénterestdueto its distinctivephysical
and chemical properties, which lead to its application in
catalysisy adsorptiont? and flame retardatiort® It has also
beenfound that compoundscontaining cerium also have an
unusuallywonderful effect of flamereductionin polymers'’
Recently,intensivestudieshavefocusedon combiningtwo or
more componentsyhich can presenta synergisticeffect and
may offer an unexpectedlameresistanceao polymers.Tang
et al. demonstratedh novel catalytic methodto endowpoly-

propylenewith obviously enhancedfire resistancein the pres

enceof clay and a supportecdhickel catalyst'® Yu et el. showeda
synergismbetweenmultiwalled carbon nanotubesand Ni>xO3

on the flame retardancy of polyethylen€?® Levchik et al

observedthat the integration of SkOs; and ZnS generateda
synergisticeffect for the flame retardanceand smoke suppres
sion of poly(vinyl chloride)? Inspired by these,this study aims
to improvethe fire hazardsof EP by combininggraphenesheets
and Ce-MnO..

In this work, a hybrid of Ce-MnO. decoraed graphene
sheets(Ce-MnO,-GNS) were synthesizedby co-assembly
bewween positively chaged Ce-MnO; nanoparticlesand
neaatively chargel graphenesheets(GNS). GNS have a
neaative chargenaturedueto the presenceof a smallamount
of carboxyl,epoxy andhydroxyl groups?* In addition modi-
fied Ce-MnO, with NH; groupsexhibited the positive charge

nature. The selfassembly of charged nanomaterials via
electrostaticinteractionsis a contollable route for gener

ating hybrid mateials in an aqueousnvironment???* Thus,

the sef-assembly of GNS and Ce-MnO; could simply be
carriedout by uilizing the electrastatc interactions between

the neggative chaige of GNS and the positive chamge of

modified Ce-MnO,. Subsequeny, a CeMnO,-GNS hybrid

was added into EP for the investigation of reduced fire

hazardsbehavior. The synergistic effects between Ce-MnO-

and GNS for thermal stability, fire resistawe and smoke
suppression properties of the asprepared nanocomposite
were systematicallyinvestigated by thermayravimetric anat

ysis (TGA), conecalorimetry,stealy statetube furnace(SSTF)

and thermograimetic andysis/infrared spectromey (TG-

IR). Interestingly,it was found that a numberof propertiesof

the resultant nanocompositecould be remarkably enhanced.
Meanwhile, the flameretardant mechanismwas studied by

the analysis of the char residue and pyrolysis fragments.
Such an aqueous synthett stratggy may be potentally

applicable to the fabrication of other inorgant materials

GNS hybrids, which have potential applications in flame
retardanffield.

2. Experimental section
2.1. Materials

Graphite powder, concentratedsulfuric acid (98%), sodium
nitrate, KMnQOa, 30% H,O; solution, hydrochloric acid, hydra

zine hydrate (80%) and Ce(NG)3.6H.O, HNO; were purchased
from SinopharmChemicalReagentCo. Ltd. (ShanghaiChina).

Aminopropyltriethoxysilane(APTES, 99%) was obtainedfrom

Aldrich (America).All the startingchemicalswere of analytical
grade and were used without further purification. Deionized
water was usedas the solvent.

2.2. Synthesiof GNS

Graphiteoxide (GO) wasfi rzgt synthesized frorgraphite powder
by the Hummersmethod, andthenthe aqueousGO disper

sion waschemicallyrezguceoby hydrazineto generatea GNS, as
describedelsewhere. The obtained GNS wasentrifuged,
washedwith absoluteethanoland then dried undervacuum.
The yield ofthefinal GNS was about0%.

2.3. Synthesiof Ce-MnO;

Typically, 0.003 mol of KMnO,; and 0.00085 mol of
Ce(NGQ)3.6H.O were dissolvedin 35 mL of deionizedwater,
followed by the addition of 2 mL concentrated HNO3
(16 mol LY under magneticstirring. The solution was trans
ferredto a Tdlonlined autoclave(50 mL), maintainedat 140°C
for 3 h, and then finally cooled to room temperature.After
washingwith 30 mL of distilled water and 30 mL of ethanol
three times, brown black precipitates were obtained, which
were thendried at 60 °C overnight. The yield of the final Ce-
MnO; was85%.

2.4. Electrostaticassemblyof Ce-MnO,-GNS hybrid

The Ce-MnO; nanopatrticlesverefirst reacted with APTESto
27

modify ther surfacewith NH> groups. The self-assemblyof
GNS and Ce-MnO», was carried out by electrasstaic interac-
tions.Briefly, 0.09g of modified Ce-MnO, and0.009g GNS

wereaddedo 60 mL of H>,O underultrasonicagitationfor 5 h.
The Ce-MnO>-GNS hybrid was dtaned after centrifugation
and washing with 50 mL of water, and thendried in air at
60 °C. The yield of the final Ce-MnO,-GNS hybrid was
about 90%.

2.5. Preparatiorof Ce-MnO,-GNS-EP composite

Typically, the preparationof epoxy compositewith 2 wt% Ce-
MnO,-GNS hybrid was as follows: Ce-MnO,-GNS (0.2 g)
hybrid was dispersedinto tetrahydrofuranand ultrasonically
mixed until the Ce-MnO,-GNS was completely dispersed to
form a black suspensionThen, epoxy resin (8.2 g) and 4,4°-

diaminodiphenyimethang DDM, 1.6 g) wereintroducedinto
the abovementionedsuspensionand stirred until homoge
neousmixtureswere obtained.The mixtureswere heatedin a
vacuumovenat about60 °C to removeexcesssolvent.Subse
quently thesamplesverecuredat100°C for 2 handpostcured
at150°C for 2h. Aftercuring,thesamplesverecooledtoroom



temperature.For other sampes containing neat EP, Ce-
MnO->-EP and GNS-EP, similar synthetc procedues were
dedoyed excep thatthe addiiveswerevaried.

2.6. Characterization

The powder X-ray diffraction (XRD) patternsof the as
synthesizd sanpleswererecordedwith a ApanMapAHF X-
ray diffractomete equippedwith graphitemonochomatizel
Cu Ka irradiation (A = 0.154056nm), employinga s@nning
rateof 0.02 s in the 20 rangeof 10-6C°. Fourier transform
infrared (FTIR) spectrumanalyss were opeiatedon samples
pelletizedwith KBr powders in the range of 4000-400 crmit
using an IR Fourier transform spectrophotometer(Nicolet,
ZOSX). Raman spectroscopymeasuementswere carried out
at room temperatue with a SPEX1403 laser Ramanspec
tromeer(SPEXCo,USA)withexcitationprovidedinthe back
scatering geometryby a 514.5 nm arga laserline. The
microstructuresof Ce-MnO,-GNS were observedby a JEOL
JSM-2010 field-emission scanning electron microscope

(SEM). Transmissiorelectronmicroscopy(TEM) images were
obtained on a Hitachi model H-800 transmission eledron
microscopewith an acceleratingvoltage of 200 kV. Prior to
observation, Ce-MnO,-GNS were dispersed in deionized
water followed by ultrasonicationfor 30 min. The homoge
neous mixtures were dripped on carborcoated copper grids.
Ce-MnO,-GNS-EP nanocompositewas cut into ultrathin
sectionsusing a CM1900 microtome (Leica, Wetzla, Ger

many). The ultrathin sectionswere transferred from liquid
nitrogen to carboncoatedcopper grids and then obsewred by
TEM. Energy-disper$ve X-ray spetroscopy (EDS) analysis
was obtained with an EDAX detectorinstalled on the same
TEM, and a ®pper grid was used. TGA of sampes were
carriedout with a Q5000thermad analyzer(TA Co., USA) from
50 °C to 700 °C at a heatirg rate of 20 °C min™ in an air
atmosphere X-ray photoelectronspectroscopy(XPS) spectra
were recorded on an ESCALAB 250 X-ray photodectron
spectrometer employing a monochromatic Al Ko X-ray

source.TG-IR was performedusing the TGA Q5000IR ther
mogavimetric analyzerwhich was coupledwith the Nicolet

6700FT-IR spectrophotometeria a stanless steel trander
pipe.Direct pyrolysismassspectrometry(DP-MS) analysis

was performed with a Micromass GCT-MS spectrometer
using the standarddirect insertion probke for solid polymer
materialsat a heatingrateof 15°C min* in the rangeof 30-
700°C. The conecaloiimeter testwas carried out following
the procedureggiven in ISO5660.Square specimeng100 x
100 x 3 mm®) were irradiatedat a heatfl ux of 35 kW m?,
correspondingo a mild fire scenaio. The fire toxicity was
assessedsingaSSTH(ISOTS19700),asshownin Schemel.
An amountof sample(about20 g) in the form of granules
or pellets which was spreadevenly along the furnace boa
was introducedinto a tube furnace at a constant rateA
current of air was passedthrough the furnace over the
specimen to supportcombustion.The effluentwas expellad
from the tube furnace into a mixing chambeyr where
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Scheme 1 lllustration of the steady state tube furnace.

carbon monoxide concentrationand snoke density could
be measured.

3. Results and discussion
3.1. Characterizatiorof Ce-MnO»,-GNS hybrid
Thecompositiorandphasepurity of GO, GNS,Ce-MnO, and

Ce-MnO,-GNSwerefirstexaminedoy powderXRD, asdepicted
in Fig. 1A. For pure Ce-MnO,, four relatively strong peaks
appearedat 26 of around22.1,37.4,42.7,and 56.7, which are
assigned to(120), (031), (300), and (160) refl ections of the
orthorhombicy-MnO;, respectively with lattice contentsof a =
6.3600A andc =4.0900A (JCPDSCardno.14-0644).Nosignal
for thephase®f GNS(002)or GO (001)couldbedetectedn the
Ce-MnO,-GNS hybrid. The relatively high contentand good
crystallinity of Ce-MnO; in the hybrid gave strong
diffraction peaks,coveringthe diffraction of the GNS#2° Fig.
1B showsthe EDS spectrunof Ce-MnOy, in whichthesignals
for Mn and O with the atomicratio of approximatelyl : 2are
clearly observed, indicating the chemical composition of
MnO,. Cu and C elements comdrom the carboncoated
copper grid, whichis used as the support for the
characterizatiorof the Ce-MnO,-GNS hybrid. In addition,
very small amountsof Ce are detected,indicating that Ce
existsin the MnO; structure.

Themorphologyandsizeof theCe-MnO,-GNShybridwere
characterizetty TEM andSEM (Fig. 2). As canbe observedrom

Fig. 2A-D, Ce-MnO; particleswith differentsizesweredepos

itedonthe GNS,andthe GNSshowedarepresentativarinkle
and ripped shape. The TEM image of Ce-MnO,-GNS-EP
compositds alsoprovided(Fig. 2E), from which onecanseethe
Ce-MnO, andGNSwasstill heldtogethelin the EP matrix.
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Fig. 1 Typical XRD patterns of GO, GNS and Ce-MnO,-GNS hybrids
(A) and EDS spectrum (B) of the Ce-MnO,-GNS hybrid.



Fig. 2 TEM and SEM images of Ce-MnO,-GNS hybrid (A-D), and
TEM image of a Ce-MnO,-GNS-EP ultrathin section (E).
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Fig. 3 FTIR spectra of GO, GNS, Ce-MnO; and Ce-MnO,-GNS.

The FTIR spectraof GO, GNS and Ce-MnO,-GNS in the
rangeof 4000-400 cm* are shownin Fig. 3. Almost all the
characteristippeaksof GO disappearfor GNS al_ér chemical
reduction, including the absorptionpeaks O-H deformation
vibrations of tertiary C-OH (1410 cm?), O-H deformation
vibrations of COOH groups (1620 cm?), and C]O stretching
vibrations of COOH groups (1720 cm).33!In the case of
Ce-MnO;,, thetypicalcharacteristipeakof lowerwavenumber

at 574 cm® can be clearly observed,which is commonly
attributedto the Mn-0O vibrationsof the [MnOg] octahedraf?*?
After the electrostatic assembly of GNS and Ce-MnO,,

comparedvith GNS,thebandsassignedo theMn-O stretching
vibration at 574 cm™® still exist®® and several additional
absorptionbandsat 1040, 1128, and 1620 cm™ were present,
attributed to the Si-O-Si, Si-OMn, and N-H stretchingor

bending vibrations, respectively’ It implies that Ce-MnO,

nanoparticlesare successfullyjloadedon the large surfaceof

GNSduringtheelectrostatiassemblyprocess.

Ramanscatteringspectroscopyis an effective method to
examinethe microstructuref carbonaceoumaterialsbecause
of its sensitivitytowardthesematerialsFig. 4 showstheRaman
spectraf Ce-MnO,, GO,GNSandCe-MnO,-GNS.TheRaman
spectrumof the Ce-MnO; hasadistinct sharppeaklocatedat
636 cm®, which can be attributedto the Mn-O vibrations
perpendiculato the direction of the MnOg octahedradouble
chainsof Ce-Mn0O,.2* As shownin Fig. 4, GO exhibitsaRaman
shift atabout1593(G band),correspondingo the Exg modeof
graphite,which is relatedto the vibration of the sp*-bonded
carbonatomsin atwo-dimensionahexagonalattice. Another
dominantpeakat about1357 cm* (D band)is relatedto the
defectsand disorderin the hexagonalgraphitic layers®*® The
intensityratio (In/Ig) of the D to the G bandsof the GOis about
1.30.Moreover,it is observedhatthelp/Ic of GNSincreasedo
1.69. After electrostatidnteractionbetweenCe-MnO, and GNS,
Ce-MnO2-GNS showsa higherIp/I ratio valuethanGNS dueto
the decreasein the ordered graphitic structure &fter the
attachmentof Ce-MnO,. In addition, the peak at about
636 cm* correspondingto the Mn-O stretchingmode is still
observedn the Ramanspectrumof Ce-MnO,-GNS. The results
of XRD, EDS,FTIR andRamarspectraurtherindicatethatthe
hybrid structurecomposeaf GNSandCe-MnO; wassuccess
fully synthesized®*"

XPSanalysisvasusedo investigateahesurfacecomposition
andoxidationstateof the Ce-MnO,-GNShybrid. In Fig. 5A, it
canbe seenthat the productcontainsC, O, Si, N, Mn and Ce
elementsThe high resolutionC1lspeakof the Ce-MnO>-GNS
hybrid can be deconvolutedinto four componentscorre
spondingto carbonatomsin differentfunctional groups:the
graphiticC-C group(284.6eV), G-O-C group(286.3eV), C-OH
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Fig.4 Raman spectra of Ce-MnO,, GO, GNS and Ce-MnO,-GNS.



group (285.32V) and carboxyIC]O group (288.4V).2*** Two
peakscorrespondingo Mn2pz> and Mn2py, are locatedat
642.2eV and654.4eV, respectively’* The Ce3dspectrumof the
Ce-MnO,-GNS hybrid shown in Fig. 5 is composedof indi-
vidual overlappingpeaks,which are resolvedinto two sets of
spin-orbital multiplets 3ds;>-3ds/2. The featureof v, v, v and u,
u’, u”, correspondingo the Ce in 4+ oxidation state,while the
presenceof v and U demonstrateshe presenceof Ce in 3+
oxidationstate.In this work, the peaksat 882.5,888.4and898.5
eV areassignedo thev, v’ andv"” of Ce3d,, and thepeaks at
901.2,906.9and 916.3 eV are observedfor u, u” andu” of
Ce3dy,. The presencef Ce* in the hybrid is corfirmedby the
appearancef weaksignalsat 886.7(v) and904.8eV (u).%°
TGA measurementaere usedto investigatethe infl uenceof
Ce-MnO; on the thermalstability of GNS.Fig. 6 givesthe TGA
curves ofCe-MnO,, GNS and Ce-MnO,-GNS hybrid performed
up to 800 °C under air at a heatingrate of 20 °C min. Ce-
MnO; displays a maximum weight loss of about 4% at
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Fig.5 XPS spectra of the Ce-MnO,-GNS hybrid (A), C1s (B), Mn2p (C)
and Ce3d (D).
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Fig. 6 TGA thermograms of GNS, Ce-MnO, and Ce-MnO,-GNS in
an air atmosphere.

around587°C, correspondingo thelossof oxygenfrom MnO,
lattice and resulting in the phasetransformationto MnOs.
PureGNS shows &onsecutivenass loss witlaweightloss of
about97.5wt%, which shouldbe attributedto the removalof
carbonskeletonby burningof GNS# In contrastthe resulting
Ce-MnO,-GNS hybrid exhibitsremarkablydifferentthermog
ravimetric behaviorwith about52 wt% of residueat 800 °C.
Theseresultsdemonstrateahat the combinationof Ce-MnO;
with GNSsignfficantlyimprovegheresidueyieldof GNS.

3.2. Thermalandfire properties of EP and itenocomposites

The thermal stability of the EP and its nanocompositesvas
evaluatedby TGA, and derivative thermogravimetriqdDTG)
curves were generated As shownin Fig. 7, all the nane
compositepresentediegradatiorbehaviorssimilar to that of
pure EP, andthe main differenceis degradatiortemperatures.
Thethermaldegradatiorproces®f pure EP mainly consistsof
two stagedasedn the TGA prdfile, which mainly correspond
to the decompositionof the macromolecularchainsin the
temperatureangeof 350-480°C andfurtherthermaloxidation
of charresiduebeyond500°C. The T.s¢ and T-s00 are defined
asthe temperaturesvhere 5% and 50% weight lossesoccur,
while Tmax is d€finedasthe maximum decompositiotemper
ature.The dataarelisted in Table 1. In comparisorwith neat
EP, the T-su, T-s0sand Tmax 0of Ce-MnO,-EP nanocomposite
were decreasedbecauseof the catalytic degradation of
Ce-MnO..2 AfterintroducingGNSinto theEPmatrix,the T _sos,
T-s00% and Trmax Were slightly lower than that of the pure EP,
which is attributedto the high heat conductivity of GNS*
Howeverijt isfoundthattheCe-MnO,-GNS-EPnanocomposite
demonstrateisnprovedthermalstabilitywith 4.6°C, 8.8°C and
8.9 °C incrementsfor T.sw, T-s0% and Tmax respectively,as
comparedo thoseof pure EP. As far asthe charyield is con
cerned,the charresidueat 700 °C is significantly increased
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Fig. 7 TGA and DTA curves of pure EP, GNS-EP, Ce-MnO,-EP, Ce-
MnO,-GNS-EP.

Table 1 TGA data for EP and its nanocomposites in air

Char residue

Sample T-50 (OC) T.509% (O C) Tiax (OC) at700°C
EP 369.6 422.7 380.3 0.6
Ce-MnO,-EP 335.8 384.9 362.2 3.0
GNS-EP 356.6 414.7 374.6 0.4
Ce-MnO,-GNS-EP  374.2 431.5 389.2 3.4
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Fig.8 HRR(A), THR (B) curves and digital photos (C) of char for EP and
its nanocomposites obtained from a cone calorimetry test.

whenCe-MnO, or Ce-MnO,-GNSwasaddeddueto thecata
Iytic carbonizationof Ce-MnO..** The improved char yield
providesa protectiveshieldto massandheattransferbetween
air and polymeric materials,andreduceshe heatreleaserate
during combustion® Fromthe DTG curves(Fig. 7), it canbe
clearlyseerthattheadditionof Ce-MnO,-GNSor GNSnotably
decreasethemaximummasdossrate(thepeakof DTG curves)
comparedo thatof pureEP,implying themassbharriereffectof
GNS#»

Conecalorimetryis awidely usedmethodfor measuringhe
flammability of variousmaterialsin reatworld fire ** The heat
releasaate (HRR) andpeakheatreleaseate(THR) curvesfor
EP andits nanocompositeare shownin Fig. 8A and B, and
someimportantparametergbtainedfrom the conecalorimeter
tests,suchas the peakheatreleaserate (pHRR), THR, total
smokereleas€TSR)andtheaveragenasdossrate(AMLR), are
also tabulatedn Table 2. It is shown that neat EP burns
extremelyrapidly after ignition and the pHRR value reaches
1653 kW m2 GNSis usually usedto impart flameretardant
propertiesto polymersdue to its unique 2D nanosheestruc
ture*” As expected,incorporating GNS into EP decreases
pHRRto 1156kW m?. For Ce-MnO,-EP,thepHRRdecreases
to 920 kW m?. In addition, the pHRR of Ce-MnO,-GNS-EP
shows further reduction comparedwith that of both GNS-EP
and Ce-MnO.-EP. In addition, the THR values of GNS-EP,
Ce-MnO2-EPandCe-MnO,-GNS-EP aresignificantlyreduced

by 17%,26%and35%,respectivelycomparedo thatof pristine
EP.Fig. 8C showsthedigital photograph®f theresidualchars
after conecalorimetertestsof EP andits nanocompositesAs
can be seen,neatEP almostdoesnot form a charwhile the
GNS-EP and Ce-MnO,-EP nanocompositegorm char with
manyholesandcracks Theadditionof Ce-MnO.-GNSleadsto
the increasein charyield and the formation of a continuous
andcompactcharlayer, which aregoodin agreemenwith the
TGA results. The continuousand compactchar surfacesare
goodbarriersto protecttheunderlyingpolymersandinhibit the
exchange of degradation products, combustible gases
and oxygen?®*°The resultsof fl ammability exhibit that Ce-
MnO,-GNS-EP nanocomposite show the best flame
retardancyamongEP nanocomposite®8y combiningTGA and
cone calorimetry results,it is reasonablybelievedthat some
epoxy chainsparticipatedin the carbonizationprocessdueto
the barrier effect of GNS and the catalysisof Ce-MnO,, and
more and bettercharsare formed, which decreasdhe fl am-
mability of EPnanocomposites.

@]

TSH 'y
00 yied (ppm

000|200

smake denaity (m ')

e 20

W6 s0 s

1000 1200
Time

Fig. 9 CO release (A), SPR (B) and TSR (C) curves for EP and its
composites obtained from cone calorimetry test; and the CO yield (D)
and the smoke density (E) versus time curves of EP and Ce-MnO,-
GNS-EP obtained from SSTF.

Table 2 Cone calorimetry data of EP, GNS-EP, Ce-MnO,-EP and Ce-MnO,-GNS-EP composites

Sample pHRR (kW m?) THR (MJIm?) TSR(M?>m?) AMLR (gs?)
EP 1653+ 58 129.9+3.4 3075+ 55 0.249+0.01
GNS-EP 1156+ 30 107.8+£2.2 2666+ 28 0.175:0.007
Ce-MnO,-EP 920+ 27 96.7+£1.8 2222+19 0.124+0.005
Ce-MnO,-GNS-EP 765+ 25 83.8+1.5 1809+ 17 0.110+0.003



3.3. Smokesuppressiomroperties

EP with aromatic and aliphatic chains, which decompose to
yield predominantlyaromatic hydrocarbons, produces very
large amountsof smokeandtoxic gaseslt is well-known thatin

mostcasegherealkiller in firesis notthe heatof thefire itself
but the smokeandtoxic gasesTherefore reductionof smoke

andtoxic gasegespeciallycarbonmonoxide)will be bendicial

to fire rescuewhen afire accidentoccurs.Fig. 9A presentCO

releasecurves for EP and its nanocompositesyhich are
obtainedfrom conecalorimetrytests.As canbe observedCO
concentrationfor the samples with GNS, Ce-MnO;, or
Ce-MnO,-GNSis significantlylessthanthatof pureEP.AMLR
is recognizedto be the primary parameterresponsiblefor
influencingthe HRR andthe smokeproductionrate (SPR)of a
material during combustior?® The datacontainedin Table 2
clearly demonstratahat the addition of GNS, Ce-MnO,, or
Ce-MnO,-GNS decreaseghe AMLR, especially for Ce-
MnO>-GNS-EP, which implies that the SPR of the EP
nanocompositeduringburningwill beobviouslyreducedThe
SPRcurvesof thesamplesreshownin Fig. 9B. It canbeclearly
seenthatthe maximumof SPRfor Ce-MnO,-GNS-EP nanc
compositas thelowestamongaall thesamplesMeanwhile TSR
obtainedfrom cone calorimetry testswas also employedto
evaluatesmoke yield during the combustion.As shown in

Fig. 9C, theincorporationof GNS,Ce-MnO,, or Ce-MnO,-GNS
reducesthe TSR comparedto pure EP. Among these, the
Ce-MnO,-GNS hybrid exhibits the bestsmoke suppressioron
EPwith upto a41.2%reductionin TSR.ThelSO-TS19700SSTF
is designedto measurethe yields of combustionproducts,and,
in particular, toxic combustionproductsoccurringin full-scale
compartmentfires (Schemel). The CO yield and the smoke
density versus time curvesfor the EP and Ce-MnO,-GNS-EP
nanocompositewhich wereobtainedfrom SSTFaredepictedin
Fig. 9D and E. Ce-MnO,-GNS-EP also exhibits a reducedCO
concentratiorand smokedensitycomparedo thoseof pure EP.
Toinvestigateheinfl uenceof Ce-MnO,-GNSontheevolved
gaseousvolatiles during pyrolysis, the volatile components
releasedrom EP andits compositesveremonitoredby a TG-IR
technique.FTIR spectraobtained at the maximum evolution
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Fig. 10 IR spectra of gasified pyrolysis products for pure EP and its
composites at the maximum evolution rate.

rate during the thermaldecompositiorof EP andits nanc
compositareshownnFig.10.Somesmallmoleculagaseous
decompositionproducts evolved from EP and its nanoe
compositeare identified unambiguouslyby characteristic
strongFTIR signals,suchas-C-H groupsfor allyl alcoheg|,
acetone ethersand various hydrocarbong3100-2800 cm
CO, (2360cmY), CO (2180cm™) and aromatic compounds
(1605, 1510 and 1460 cm%).5* Typical thermal degradation
productsof EPnanocompositethataresimilarto thoseof pure
EPareobservedTo provideaclearcomparisontheintensities
of typical gaseouwolatilesfor pure EP andits nanocomposite
are presentedn Fig. 11. With the incorporationof inorganic
additives, the intensity of gas emissionis shifted to lower
values Moreover it canbeobviouslyobservedhattheaddition
of Ce-MnO,-GNS signifi cantly decreasethe evolutionof all the
evolved compoundsand showedthe bestsmoke suppression
performanceamongall the nanocomposites.

The possible reasonsfor the reducedsmoke and gases
toxicity of Ce-MnO,-GNS-EP areillustratedasfollows. From
theTGA resultgFig. 7), thesynergisticeffectbetweerGNSand
Ce-MnO; can promote char formation in the EP nanc
composite,which implies that there ismore compactchar
residue formed on the surface of the sample with Ce-
MnO,-GNS. In addition, the digital photographsof the
residualchars(Fig. 8C) furtherconfirm this point. The compact
charresidueandthe physicalbarriereffectof GNS canrestrainthe
releaseof combustiblegasessuchthat the releasedlammable
gasescan completely burn, which leads to the slow CO
productionrate. Metal catalysishasalso beenfound to be an
effectivewayto eliminatevolatile organiccompoundsndtoxic
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gasesduring combustionreactions?** As an importantfunc-
tionalmetaloxide,MnO; hasexcitingcatalyticeffectsdueto its
distinctive physical and chemical properties. Zhang et al
reportedthat manganesexidesare promisingcatalystin CO
oxidation® Li et al. demonstratethatthe MnO, microspheres
showedahighercatalyticability for the catalyticeliminationof
benzené® Moreover,the presenceof ceriumcanimprove the
oxygen storage capacity of the catalyst through the trans
formation betweenCe** and Ce®* undercontrolledconditions,
which promotesthe catalytic ability of the catalyst?®**’ There
fore, it is reasonableo believethatthe catalytic effect of Ce-
MnO; plays an importantrole in the elimination of volatile
organic compoundsand toxic gases.The reduction of the
volatile organiccompoundsandtoxic gasesn the smokeand
gasewvill bebendicialtofirerescuavhenanaccidenbccurs.

3.4. Flameretardantmechanism

It is well-knownthatlayerednandillers, including layeredsili-
caté®* and LDHs ! play a role in the condenseghaseby
actingas“charreinforcers. Whena condenseghaseactionis
themainmechanisnfor fl ameretardanadditivesits efficiency
strongly dependson the structureand compositionof the char
during combustionTherefore investigatingthe propertiesand
the microstructureof the resultantchar layers provides an
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Fig. 12 SEM images (A-D) of the surface morphology of the residue of
EP and Ce-MnO,-GNS-EP and XRD pattern (E) of the char residue of
Ce-MnO,-GNS-EP nanocomposite after cone calorimetry tests.

insight into understandindiow the fl ameretardantadditives
act in the condensedbhase.As indicatedin Fig. 12A, the
residualcharof pure EP presentsaroughandloosecharlayer
with a massof cracks and holes dispersedon the surface.
Moreover,the char displaysa porousand incompactsurface
with high-magnfication SEM imaging (Fig. 12B). However,
when2 wt% of Ce-MnO,-GNSis addednto EP,thecracksand
holes are reduced (Fig. 12C and D) and the porous and
incompactsurfacechangesnto a morecompactsurface More
detailed information regardingthe char surfaceis obtained
from theinsetof Fig. 12D; it canbe observedhatthefinalchar
containsa massof nanosized spheres,and the char nane
spheresvere connectedo eachotherto form a “macromolee
ular-chairf’ structure.The densecharlayer canlower the effi-
ciencyof heatandvolatilestransferencdecausef the strong
hinderingeffect,andcanprovidebetterfl ameshieldingfor the
underlyingmaterialduring combustiorf®4° The charresidue of
Ce-MnO,-GNS-EPwasalsocharacterizedyits XRD patternas
shown inFig. 12E.The visible peakappearing a84.2, 40.6
and58. 7P areattributedto thediffractionof MnO (JCPDSCard
no.89-4835).1t is easilyunderstoodhatMnO nanoparticlesre
formedin situ via thereductionreactionof MnO by degraded
gasedrom EP,which cancatalyzethe carbonizatiorof degra
dation products®*

Fig. 13 showsthe Ramanspectraof the residualcharsof EP,
GNS-EP,Ce-MnO>-EPandCe-MnO,-GNS-EP4&fterconecalo-
rimetrytests As canbeobservedtheRamanrspectraof thefour
samplesexhibit a similar shapewith two peaksat 1593 cm*
and1358cm™. Thecharacteristipeakat 1593cm” is calledG
band, correspondingto the first order scatteringof the Exq
modeof hexagonafbraphite,while the otheris called D band,
arisingfrom thevibration of carbonatomswith danglingbonds
in the planeterminationsof disorderedgraphite®? The graph
itization degreef the charcanbe estimatedoy In/Is, wherelp
and I are the integratedintensitiesof the D and G bands,
respectivelyBasically,thelower theratio of Ip/Is, the betteris
the structure of the char. The peak intensity ratio Ip/Is of
GNS-EP and Ce-MnO.-EP is slightly lower thanthat of EP,
indicating the improvementof the graphitizedcarbonsin the
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Fig. 13 Raman curves of the residue for EP and its nanocomposites.



residualchar®® Furthermoreincorporatinghe Ce-MnO,-GNS
hybrid into EP remarkablydecreaseshe intensity ratio Ip/Ic
comparedo thatof EP,suggesting aynergisticeffectfor char
formationbetweerCe-MnO, andGNS.Thehighgraphitization
degreeof thecharis knownto becompactandefficientin terms
of thermalinsulation,which providesa protectiveshield that
resultsin a decreasén heatand masstransfersbetweenthe
flameandthematerial*®

As is well-known, the pyrolysisproductsduringcombustion
playaveryimportantrolein thefl ameretardanperformancef
materials To explorethe flameretardanimechanisnof the EP
nanocompositesthe pyrolysis products during combustion
werestudiedby the DP-MS techniqueFig. 14 depictsthetotal
ion current(TIC) chromatogranof EP andits nanocomposite,
and EI-MS spectracorrespondingo the TIC peakswith the
maximum intensity. The pyrolysis fragment ions with a
molecularweight of x arelabelledasxw andareidentifiedin
Fig. 15. For pure EP, a strongpeakat 255 m/z correspondso
Ci17H190,. In addition,the peaksat 269 m/z, 213m/z, 197 m/z
and 135 m/z can be assignedto the pyrolysis products of
C17H21N20, C14H1305, CisHis, andCgH110, respectivelyMore-
over, somefragmentions recombineto form somenew prod
ucts under high temperatureenvironments;for instance,the
recombination between benzene and aniline generates
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Fig. 14 Totalion current (TIC) curves of the decomposition process of
EP and its composites, and EI-MS spectra of compounds evolved from
EP and its composites at the peak maximum in the TIC curves.
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Scheme 2 lllustration for the flame-retardant mechanism for the
combination effect of the Ce-MnO,-GNS hybrid.

carbazol€166m/z), andthecarbazolendbenzeneeconstitute
to producea few polycyclic aromatichydrocarbong497 m/z).
Thespectrunmof theGNS-EPcompositeshowssimilarpyrolysis
productsasthat of EP. In contrast,the main fractionsin the
degradatiorproductsof the Ce-MnO,-GNS-EP or Ce-MnO;
includes Ci4H130> (213 m/z), which is with lower carbon
numbersthanthat of neatEP or GNS-EP. In fact, it hasbeen
previouslyreportedn theliteraturethatsolid acidscancatalyze
the degradatiorof polymers,which resultsin the formation of
pyrolysisproductswith lower carbonnumbersandthe degra
dationproductswith lower carbonnumberscould easily cata
lyze carbonization in the presenceof metal oxides®*®
Manganes@xideshavebeenreportedto be the most efficient
solid acid for suppressinghe recombinationof macromolee
ular hydrocarborradicalsdueto the presencef severalacidic
sites??%¢ In this work, carbonnumbersof pyrolysis products
from the Ce-MnO,-GNS-EP composite also decreased
comparedwvith thatof EP. Thus,this undoubtedlyresultsfrom
the catalytic degradatioreffect for EP by Ce-MnO,.**¢¢ More-
over, degradatiorproductswith lower carbonnumberscould
extendthe contactingtime of with metaloxidescatalystunder
the physicalbarrier effect of GNS. With MnO- catalyst,Hong
et al. useda simplemethodto synthesizemulti-layergraphene
flakesfrom pyrolyzing biodegradabl@oly(butylenesuccinate)
composites? Thus, itis reasonablypelieved thatheimproved
fire resistant properties of the Ce-MnO,-GNS-EP nanc
composite are attributed to the synergismof the catalytic
effectof Ce-MnO,andthephysicabarriereffectof GNS.Inview
of the results of volatile pyrolysis fragment ions, the
mechanismfor the improved fire resistantpropertiesof the
Ce-MnO,-GNS-EP nanocomposités illustratedin Scheme 2.
DuringthecombustiorprocessCe-MnO, with catalyticactivity
leadsto the formationof pyrolysisproductswith lower carbon
numberswhich canbeeasilycatalyzedor carbonizationn the
presenceof metaloxides.Meanwhile,Ce-MnO; is reducedin
situ to Ce-MnO by reductive hydrocarbonsthrough redox
reactionswhich cancatalyzethe carbonizatiorof degradation
products* Moreover,GNSactsasaphysicalbarrier,whichcan
absorbdegradedproductsto extendcontacttime with metal
oxidescatalyst,and continually propagateon the GNS, which
servesas a templateof micro-char.Furthermorethe degraded
productsare dehydrogenateand catalytically convertedinto
charby thecombination othe GNS physicalbarriereffectand
Ce-MnO, catalysiseffect.



4. Conclusions

In conclusion,Ce-MnO,-GNS hybrid was successfullyprepared
through electrostaticinteractionsbetweenCe-MnO, and GNS,
andthe compositionandstructurewerecorfirmedby XRD, EDS
and XPS. TGA investigationrevealedthat the modffication of

GNS with Ce-MnO, could enhancethe residueyield of GNS
comparedwith pure GNS. The incorporationof 2 wt% Ce-

MnO>-GNS hybrid into EP led to the improvement of

degradationtemperatureschar residue and DTG peak value
comparedto that of pure EP. Meanwhile,the pHRR and THR

values of Ce-MnO,-GNS-EP were significantly reduced
comparedo thoseof neatEP. Moreover,the amountof organic
volatilesreleasedduring the combustionof EP was signfficantly
reducedand toxic CO was suppressediter incorporatingCe-

MnO>-GNS. The notablereductionof fire hazardswas mainly

attributed to the synergistic action between physical barrier
effect of GNS and the catalytic effect of Ce-MnO,. Ce-MnO»

with catalytic activity resultedin the formation of pyrolysis
productswith lower carbonnumbers,which can easily catalyze
carbonizationin the presenceof metal oxides. GNS acted as
physical barriers, which can absorb degraded products to

extend the contact time with metal oxides catalyst, and
continuallypropagateon the GNS, which servesas a templateof

micro-char, while pyrolysis fragments with lower carbon
numberscould easily catalyzecarbonizationin the presenceof

Ce-MnO:s.
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