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SUMMARY

Recenly manyresearchelave been focused omanomaterials because of the crucial
role of dimensionality in the fundamental properties of materials. Graphene is the first 2D
material explored experimentallylts unique propertie and also developed methois
synthesis ofits ultrathin layers led tdhe exploration of other 2D materds such as
Molybdenum disulfideMo0S,) and phosphoren@nother type of nanomaterials are the ones
with one dimensionalitylike nanowiresand nanotubesvith uniqueelectron transpaoation
and structural anisotropy needed for different applicaiimelectronics, optelectronics and
energy storag&Vhile nanomaterials are unique and exciting, one big challenge is production
of these materials in large quantities to be used in real word applic@itfiesent methods
have been used for synthesigle low dimensional materials among which we are focusing
on Liquid Phase Exfoliation (LPEgnd Vapor Liquid Solid (VLS) - Chemical Vapor
Deposition (CVD)techniqueswhich are among the most promising approaches imed
productionof nanomaterials. Success in the mass production of desired nanomaterials will
make them lead the industry in thesBdentury.

In this work, Liquid phase exfoliation (LPE) of Black Phosphorous (BP) atomic
layers down to monolayer and also Sulfur assisted Vapor Liquid Solid (VEBg¢mical

vapor deposition (CVD) of Silica nanowires are proposed and investigated.
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In chapter 2, using compatible solvent and suitable ultrasonic energy and time, BP
nanosheets Wa been synthesized. The process considering solvent, exfoliation and
centrifugation time has been optimized. Optical microscopy, Scanning Electron Microscopy
(SEM), Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM),
Raman spectroscopghotoluminescence measurement (PL),-Ug- near IR spectroscopy
and Dynamic Light Scattering (DLS) have been used to study the properties and
characteristics of the produced sheets. The nanosheets have been used as films for humidity
detection sensors dnalso as reinforcing material in nanocomposite polymers. Sodium
transfer pathway in the synthesized nanoflakes has also been investigated-sisingeM.
Specifically in chapter 3, Sulfur assisted Vapor Liquid Solid (VLS) technique has been
employed fo the synthesis of SiOx nanowires in the presence of Sulfur (S) promoter gas.
The process considering growth time and temperature, seeding concentration, and sulfur have
been studied. In this study, different characterization methods such as SEM, TENyWFM
EDS have been performed for analyzing the grown structures and optimizing the growth

process
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CHAPTER 1

INTRODUCTION

1.1 The Rise ofnanomaterials

In the last decade, evolution of nanoscience and nanotechnology have gained high
attention of scientists. Mastructures are the ones with at least one dimension less than
100nm. In this dimension the number of atoms are countable and because of the quantum
effects the properties of such materials are different from their Bh nanostructured
materials areigtided into three different types based on their dimensions: zero dimensional
(OD) like nanoclusters, orgimensional (1D) like nanowires and fibers, tdisnensional
(2D) like Graphene, molybdenum disulfidddS;) and threedimensional (3D) likenanc
powdes andnanafibrous 3D nanomaterials are composechahomaterialsvith OD, 1D
or 2D dimensionsvhich arein close ontact with each other leading3® structureswith

Nano sized grains inside. A schematic of thetsectures are shown Figurel.



In December 1959, Richard P. Feynmgljintroduced the importarc of
nanomaterials n hi s wmoPlekty ofiRobneat tike BottamHe statedwhat could
we do with layered structures with just the right layers? What would theeies of
materials be if we could really Howawngr, tthlkee
highest motivation for studying the 1D materials started by discovery of Carbon Nanotubes
(CNTs) having exciting properties due to quantum confinement effat. phenomena
affects mechanical, physical, electrical and optical properties like melting point, tensile
strength, thermal conductivity, and light polarization along the longitudinal axes of 1D
materialsLater on different one dimensional materials wanethesized and investigated
in the past decadeBhese structures are appealing for studying the effect of dimensionality
(quantum confinement). They can also be used as interconnects in electronics,

optoelectronics and micromechanical sysf@ns



In 1964, Wagner and EII[8] proposé the growth of silicon whiskersyhich have
been widely used to guide the growth of various kinds ofdamensional nanostructures
The reason for the natural 1D growth is the highly anisotropic bonding within the crystal
structure. 1D nanowires, nanorbbons (NRg¥#] and nanomeshes (NMS) with a
confinement in two directionsre examples of 1D structurééanowires are classified in
different groups considering their electrical conductivity. Au, Ag, Ni are among metallic
nanowires and Si, ZnOand GaN are among semiconductordjilev SO is being
considered as insulating nanowireBecause of these exiting properties and their
applications in nanccience researchers are putting high efforts on studying these
materials and opening the new routes for using these materials in indssat@allD
materialscan play an important role interconnects andlsofunctional components in
nancdevices used in electronics, optoelectronics, electrochemistry and sensarderin
to widely employ these interesting materials in the real worldstrg the synthesis and
mass production of these materials is of high importance.

2dimensional (2D) materials are one layer thick atoms having nanoscale dimensions in
two directions.The layered materials are van der Waals solids consisting of weak,
noncwalent bonding between layers and strongplame covalent bonding. These
materials have the abilityy be sheared parallel to theptane directionSo the bulk of
these materials can be exfodd into singleor few-layers. The properties of layered
matrials have been known since 400 C.E. when the Mayans started using layered clays

for making dyesLaterit wasdeveloped and some scientific researches perermedon



understanding the properties of these layered mateEajserimentswvere designedo
exfoliate them into individual sheets with interesting properRedert Frindt applied his
prediction by insulating thin MaSfilms using adhesive tape and synthesize monolayers
of MoS by Li intercalatiof6]. However, it did not gain much attention until the
extraordinary transport properties of individual graphene shestirwestigated in 2004

by Novoselov et l§7]. The discovery of graphene caused huge explosion of interest in
exploring other 2Dmaterials and understanding their properties to be used in future
circuits. Novoselov et al simply exfoliated graphite into sheets of down to single layer
using scotch tape. This mecheatdiexfoliation techniquepened up the research path into
2D materiad with unique propertieandwon the noble prize in 2010. 2D materials are
composed of two different groupBirst, 2D allotropes, which are single elemental 2D
materials such as graphene, germanene, silicene, borophene, stanene, phosphorene which
are singe layers of carborgermanium, silicon, boron, tin anphosphorous]. Second,

2D compoundswhich arecompeed of more than one element. Some examples of this
later groupare Hexagonal boron nitride (hBN) and Transition metatilcogenides
(TMDCs) like Molybdenum disulfide (Mo$ and Tungsten disulfide (W5 Nowadaysa

lot of articles are getting publishazh the synthesis angroperties of these materials
because of their unique characteristics whichdsfferent from their bulk. For example,

the carrier mobility of 5000 AV-'S?, young modulus of 1 TPa and 3000 W/mK thermal
conductivity is observed for monolayer sheet of graphef®. Also monolayerTMDs

such as Mosand Phosphorenan elemental ype semiconducting materjawntunable



direct bandgdgdO][11]. This change in band gappens up their application in
optoelectronics where a direct band gap is needb8: monolayeris a transition metal
dichalcogenides (TMDCs) with nonmagnetic and superconducting behavior at low
temperatureof about 6 K12], andhBN is an insulating materigl3]. The assembly of
multilayers of TMDCs, graphene, boron nitridBN) and other 23systems, vertically or
laterally bound together by weak vdar\Waalsforces can modulate the optical, electrical,
thermal and physical propertiahich can all beexplained by quantum mechani@hey

can play an important role impplications such as photovoltaic dev|dd$, lithium ion
batterie§l5], hydrogen ewlution catalysifl6], transistorgl7], photodetectofd 1], DNA
detectiofl8], and memory devicgsd].

One of the most important application of nanomaterials are in microelectronics where
Asmal |l er means better perfor mansf2g0p Alsomor e
in information storage the miniaturization will play an important[&dlg These unique
properties have attracted various reseansin thefields of physics, chemisy, materials
science, and engineeriagd evolved the newsearch field nameidNano science.

Themass production and controllable preparation of the nanostructures are really
important for advancements of nanotechnology and alsosegenceOne of the important
effects of exfoliation is increasing the exposed surface area of the material. This increase
in surface area will be a benefit in different applicationsatalytic materials, will lead
to enhancement in their chemi@ald physical reactivif22]. Also in composites where

higher stiffness and strength is required, the decrease in the thickness of the fillers will

c
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help the enhanceent of these propertig3]. Anotherimportanceof these 2D materials

are in electronics wherelectrons are constrainadd adopt a 2D wave function different

from their bulk materialswhich has the 3D we function. This lead® a change in the

band structure of material and different electronic prop¢2dés These appealing
properties in 2D materials have made them so attractive for both research and ,industry
that a lot of funding goes into investigating their researtierefore relevant studies on

the production and characterization of these materials are among the major priorities in the

field of nanotechnology

1.2 Future of integrated circuits

According to Mooreds | aw, the nunmdber of
month$25]. Shrinkae in size of the chips amacrease in number of transistors per chip
is pushing the silicon industry towardts size limitations.Increase in the umber of

transistos per chip can be seenkigure2 which followstheMo or 6 s | aw.
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Figure 2. Moore's Law (Transistors per Microprocessor), 19712011[27]

Si transistors cannot scale down indefinitely, and further shrinkage of their size will
compromise their performance. So, microelectronics industry is looking into materials
beyond silicon in order to semuthe future higher technology computéise most recent

prediction of size limits for integrated circuits can be sedfignre3[28].



HA MM HAMO HAMpPpDb

MnyyY

In production LRSOSE 2LIYSYyid Ly NBaSHNDK

Figure 3. Intel R&D microstructures road map

Because of this limitatig nanonaterialsbeyond silicorare beingvidely studied as a
way to overcome the technological limitations of silidzased technology at the atomic

scale.



CHAPTER 2

HIGH QUALITY BLACK PHOSPHOROUS ATOMIC LAYERS BY LIQUID
PHASE EXFOLIATION

(Previausly published aHigh quality black phosphorous atomic layers by liquid phase exfoliati®n
Yasaei, , B. Kumar, T. Forooza@. Wang, M. Asadi, D. Tuschel, J. E. Indacochea, R. Klie, A. Salehi
Khojin. Advanced Materials, 2014, 27 (11), 188392)

2.1 Introduction

Discovery of 2D nanomaterials like graphene and TMDCs have gained much
attention due to their unique properties which can be employed in different fields of
electronics, optoelectronics, sensing, electrochemistry, flexible devices atiagibene
has the highest carrier mobility btite absence of a bandgap limits its performance in
semiconductor industf24]. On the other hand TMDCs possess a tunable bandgap
changing with number of layers; however, the mobility of TMDCs are much lower than
graphee that prevet their performanceén high frequency applications where higher
mobility is needef29]. The recent discovery of phosphorene (one layer thick black
phosphorous) has filled the space between graphene and TMDCs owing to its relatively
high mobility and tunable direct bandgap making it a good candidate tlier
semiconducting industf$0]. BP is also permissibléo be usedn electrocatalys[81],
energy generatigB@2], chemical/biesensing33] and s$orage systenj34]. In these
applicationghere is no need for atomically thin flakes, but it is important to have them in

the form ofembedded structures, composites or films.



In this report we have usejlid exfoliation technique for mass production of
highly crystalline atomically thin BP flakes and showed its promising performance in

different applications such asmposites, sensing and batteries

2.2 Literature Review

After the exfoliation of grapdne from graphite in 2004, the research progress on 2D
materials increased extraordinary. Expl orin
major interest for Scientifics. As some examples of these 2D materialeexiagonal
boron nitride (ABN), transiton metal dichalcogenides (e.g., MO8V, MoSe, WSe,
etc.), graphitic carbon nitride {@3N4), layered metal oxides, layered double hydroxides
(LDHs) metal organic frameworks (MOFs), covalentorganic framksv¢COFs), black

phosphorus (BP), siliconand MXene$35].
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Figure 4. Schematic of some ultrathin 2D material85].

The development of a facile method for synthesis of these materials is a major challenge
for using them in real application©ne of the important discevies regarding the
production of 2D materials was understanding that the layered crystals get exfoliated in
someliquids. Regarding this discovery different methods involving ion intercalation,
surface passivation and oxidatjd6] have been used. The exfoliated sheets are known as
nanosheet ssusadtb refentatheahickness of the produced sheets. There are
different types of materials thean be exfoliated into nanosheets such as graphene, boron
nitride, transition metal dichalcogenides (TMDCs), metal halides, clays, layered double

hydroxides, ternary transition metal carbides/nitrides and metal gddgs
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There are different methods for liquid exfoliation. One of theroxidation of the
material at first anthen dispersion of #hoxide in the proper solve[@8]. In this method
the material will be treated with oxidizers which results in the attachment of the hydroxyl
groups to meerial. This increaseshe hydrophilicity of the surface and lets the water
molecules intercalate between the layers of the materialprtlicesoxide material
nanosheets. Then the material can be reduced using reducing agents but will cause defects
onthe surface structure of the material changing the piiepdrom the pristine material.

Another method used for thisigose is called intercalatif86]. In this method guest
molecules named inclusion complexes are absorbed between the layers ofsnatersal
ionic species increase the space betwkenayers and weaken the boding between them
resulting in the reduction othe energy barrier needed for exfoliation. After this
intercalation, introducing some energy between layers like thermal shock or
ultrasonication will separate the sheets from eatbler producing nanosheets. The issue
for this methods sensitivity of the ionic compounds to ambient condition.

Liquid phase exfoliation using ultrasonic waves is another method used recently for
exfoliation of materials with less defects than othdpkation techniques in liqui@9].
This is a norchemical, non covalent solution based process which is insensitive to
ambient condition.n this method the ultrasonic wes generate cavitation bubbles which
produce high energy jets while tagsing This energy can break the wan der Waals forces
between the layers and sepasdtem fomeach other by means of ultrasonic enefidye

theoretical calculations karevealed that if the surface energy of the material is similar
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to that ofthesolvent, the state dheenergy difference between the exfoliated material and
re-aggregated one will be so small that the sheets will not have the tendency for re
aggregation. The other benefit of this method is the possibilitynfss production of
sheetsvith much less defects than other exfoliating methods involving chemical reactions
and covalent bindings between the solvent and exfoliating mafémakenergy needed for
exfoliating layered materials care iidentified by surface energy. Surface enasgthe
needed energy for removing one layer of the material frotouits divided by twice the
surface area of the monolaydssing proper solvestwith desirable surface energy
together with enough sonication time and energy, one can didpgeseof material in
solvents The exfoliated sheets chathenvacuum filtered, drop casted, spray/ spin coated

in different structures such as films, hybrids and composites for different applications from
sensorgl0] to conductive compositgs3], energy generatiphl] and transparent

electrodep!2].

2.2.1Towards the M assProduction of 2D M aterials

In order to employ 2D materials for industrial applications, the most important
barrier is the mass production of them. Different approaches have been usettabefab
the few layer thick samples. The first method used to insaldesv layers of these
materials was mechanical exfoliatjdB]. In the mechanical exfoliatiortechnique, the
weak bonds between the layers of bulk material are peeled off using scotch tape. By putting

the tapecontaining exfoliated materiah the surface & receiving substrate and removing
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it very slowly, the material will be transferred to the surfatéesired substratéfter that

it is time to locate the flakes using optical microscopy which is a time consuming approach.
Also the typical size of the echanical exfoliated flakes is abou8 umwhich is not useful

for lots of industrial applications. The advantage of this method is the pristine quality of
as exfoliated material which is appealing for research stage but as mentioned the yield is
low andindustrialization of these materials need large area and mass production techniques

which mechanicagxfoliation is incapable of

Othereffortsfor synthesis of these materials have beadeby means ophysical
or chemicalreactions. Slventassisted ewliation[37], chemical exfoliation via lithium
intercalatiofd4] wet chemical syntheg#5] and chemical vapor depositid6] are
examples of the roes developed for synthesis of these materials for different applications
Synthetic methods of 2D materials can be classified into two groups -ofotep €.9.,
mechanicalchemical exfoliatior) and bottoraup (e.g, direct wet chemical synthesis and
chemical vapodeposition) routes.

These methods all have pros and cons and considering the application one should
choose the desired method for production of these materials.

As mentioned previously, although menlwal exfoliation gives pristine
monolayerauseful for understanding éhactual properties of materidhetinability of this
method for mass production and large area synthesis is its main disadvantage.

The intercalation of TMDCs by ionic species exf@mthe material in liquid and

was first demonstrated in the 19j@4. Submerging of the TMDC powder in a solution
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of a lithium-containing compound such agbatyllithium for days allows lithium ions to
intercalate into thealyers of bulk material. Exposing the intercalated material to water
separates the sheets by formation pfjbis as a result dfie reaction between water and
lithium[6]. The disadvantage of ionic intercalatios that first, Li compounds are
flammable under ambient conditions and as a result the work needs to be done under inert
gas; Second, Li is expensive and uséhid material for exfoliation is not economifz9]

and also the sheets will be defective by this method.

The disadvantagef chemical exfoliation is that in this approable Li compounds
functionalizethe materialschemically with compounds suels hydroxyls and epoxides to
stabilize the layef88]. This covalent bonding between the reducers and material disrupts
the structure of material which affects the desiredtelaic properties.

Nowadays,ultrasonic assisted liquighase exfoliation (LPE38], is one of the
most promising methods used foass production of 2D materialk this method the
shear force and cavitation bobbles produced from theagaimn of sonication waves
break the van der Waals force between the layers but cannot break the covalent intraleyer
bindings. Using this method layered materials get exfoliatedmittimum defects on the
nanosheets produced because of theaomalent ad norrchemical interaction between
the bulk material and liquid.

The liquidphase exfoliation is related to solution thermodynamics. The free

mixing energy PGnmix) is given by:
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111“'f;mix = llj"Hrm'x o Tﬂsm{'x

Where DHmix is the enthalpy of mixing anBSnix is the entropy of mixingEor
negative DGmix Which is needed for good mixing, lardeSmix is needed. However,
nanosheets are large and B&ix is small, sdDHmix needs to be smalDHmix is related to

solvent and nanosheets surface tension as mentioned in this equation.

2
Ay = — (Vs = Tws) &
TNS

Tns is the nanosheet thicknegs,and gyus are the solvent and nanosheet surface
energy, and is the dispersed nanosheet volume fractitewing gs andgus close to each
other minimizes the enthalpy of exfoliation.

Even when thethe surface energy dthe solvents matches th@anosheets
sometimeshe concentration of nanosheetsery low.For this reasortlansermparameter
(dr), which is related to other solvents interaction parameters of-potating ¢P),

hydrogenbonding IH) and dispersionsiD) is propsed49].
6f = 85 + 64 + 64

As a result,to minimize the enthalpy energy of exfoliation, three solubility
parameter®f the solvenshouldbeclose to those of the solut® best solvent exfoliatian
Considering the recent discovery of black pgtasous as a promising mateifiat

use in different applications such as storage systems, embedded structuessargdise
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exfoliation of this materialsi of major interest. In this chapter | have @ised on the
exfoliation of black phosphorousto mono and few layer phosphorarseng liquid phase
exfoliation and eme applications othe produced sheeis humidity sensing, polymer

nanocomposites and Nion batteriehave been investigated as well.

2.3 Liguid Phase Exfoliation (LPE) of Black Phosphorous (BP)

In this chapter, we usethe liquid phase exfoliation technique fdhe mass
production of highly crysthne atomically thin BP sheets in organic solvent. Ultrasonic
energy is used for breaking the van der Waals force betwedaytrs of bulk BP and
separatinghem inthe solution. Typically, ultrasonication is a top down method which
mechanically exfolites the layered crystals to produce flakes wigsize of few hundred
nanometers which can be used in inkjet printing, spray coating and etc. In this method
molecules of the solvent are adsorbed on the exfoliated sheets-bgvalant interaction
which is less damaging than chemical exfoliatiam which covalent bonding between
liquid and solid material is involvedNe investigated the exfoliating ability afeveral
solventsof different chemical families with different chemical and physmalperties
(e.g., Hansen solubility parameters). The groups we considered are as follows: These were
mainly: (1) Alcohol (e.g., methanol), (2) Chleosganic solvent (e.g., 1,2
Dichlorobenzene), (3) Ketone (e.g., acetone), (4) aliphatic pyrrolidone (e.g., NCyclohexyl
2-pyrrolidone), (5) Nalkyl-substituted amides (e.g., Dimethylformamide) and (6)

Organosulfur compound (e.g., Dimethyl sulfoxide) having different surface te{2ibni
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to 42.78 dynes/cm) and polateraction parametef2.98 to 9.3which are importantor
the investigation of the exfoliating abilitie$ different solventsThe Hansen parameters
of thesesolvents can be seenTiable 1. Thesesolvents have bedrequentlyemployed

for exfoliating layered materiala previousworkg50].
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Solvents Surface Dispersive Polar hydrogen bond interactic
tension force interaction (th) (MPa1l1/ 2

(dynes/cm) (ud) (M (up) (M

Methanol 22.05 7.42 6 10.9
(MeOH)

Ethanol 22.18 7.73 4.3 9.5
(EtOH)

Acetone 22.86 7.58 5.1 3.4
2-prapanol 21.7 7.72 2.98 8.02
(IPA)

Dimethyl sulfoxide 42.78 9 8 5
(DMSO0)

Dimethylformamide 35.2 8.52 6.7 5.5
(DMF)

1,2-Dichlorobenzene 37 9.38 3.08 1.61
(DCB)

N-Vinylpyrrolidone 40.15 16.4 9.3 5.9
(NVP)

Cyclohexyl-2-pyrrolidone | 38.79 - - =
(CHP)

For this purposéd.5 mg of bulk black phosphorous (purchased from Smart
Elements) was gnded by a mortar and pestle amunersed in 10 i of different solvents

andwere then covered by parafilm in order to decrease the chancetafrgnating the
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solution and also expore to air. Then we introduced a small hole on the parafilm for
entering the sonication tip into the solution and performing the sonicatianSonics

Vibra-Cell sonicator (130 W) fombout 15 hours. The optical imagf solutions we

obtained from sonication of BP in diffetesplvents can be seenkigure5.

Figure 5. Optical image of solutions at different experimental steps. (A) Optical image of samples aftareoday

Some solvents such as@®yclohexyt2-pyrrolidone (CHP) and Isopropan@PA)
could not exfoliate the BP to a noticeable amount after many hours, so we considered them
as norexfoliating solvents for BP bulk material. In some other solvents such2as 1
Dichlorobenzene (DCB), or dVinylpyrrolidone (NVP), we noticed chemical reaction
instea of physical separation of thayers.For understanding the reactidhat was
involved, we refer tothe first principle studycalculation§51] suggestingthat several
chemical species, such as H, F, and CI can strongly bind to the phosphorous atom acting
assciss@t o separ at e i pgtpodthepuckaradchondycomivsructure of
BP. Thus, weassumeéhat DCB breaks down the BP layers into atomically small pieces

notbreaking the van der Waals force between tteseparate the layerfhe SEM image
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of drop casted solution obtained from BP pagetscin DCB can be seen kFigure6. We
can note that instead ofystallineseparated flakes, agglomerated particles of phuars

structure are seen

Figure 6. SEM images of the praduct obtained in DCB solution. a) Lowand b) high-magnification. Scale bars
are 1um and 200 nm.

In case of NVPwe observedhdrastic increase in viscosity tife solution. In this
case we assume that this chemical reaction isuseaaf the high polymerizing ability of
NVP that can form high molecular weight polyvinytplidone (PVP) as seen kigure

7.

21



NS P
O Polymerization ™y O
n

Nx N 5
N
CH,
N-Vinylpyrrolidone Polyvinylpyrrolidone
(NVP) (PVP)

Figure 7. Polymerization of NVP in presence of black phosphorus. A) Showise polymerization of NVP and its
conversion to PVP. b)Optical images of the viscous solution obtained from sonication of BP in NVP solution

In case of DMSO and DMF solutiorsystallineand transpant nanoflakes were
obtained which shows the abilitpf these solvents to exfolia®P into atomically thin
sheets

In order to understand the mechanism of exfoliating the bulk BP a schematic of the
process in which a chunk of bulk material converts to exfoliated nanosheets in the solvent
is shown inFigure8a. At the beginning a chunk of BP is immersed in DMF or DMSO
solution andoy usingultrasonication energysing theSonics VibraCell sonicator (130
W), as a source for breaking down the van der Waals forces betwdaydisave could

separate the nanosheets of BP with different thicknesses down to monbilaymler to
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separate the thick sheets from the thinneesp centrifugation wittEppendorf 5424
Centrifugation machine (250Wf) 2000rpmfor 30 minutess performed onlte solutions

This waythe supernatant consisting of the thinner flakes will be collected for further
experimentsConsidering the fact in some applicatiamsvhichfilms of exfoliated flakes

are needed, we produced the films BPs ascan be seen ikigure8b. For this purpose

we usechydrophilic polytetrafluoroethylene (PTFE) filter papef . 1 e m andr e s
filtered the solution through them usingacuum filtration setup washed thoroughly with

pints of ethanol and IPA. We used PTFE membrane as this is among few filter membranes
which is compatible with DMF and DMSO and does not degaadiedissolve during the

filtration process. Ethanol and water are the best solvents for DMF and DMSO with low
evaporation points that can remove the residue of these solvents on filter. However, we
just used ethanol and not water for the washing stegsinct 6 s proven t hat
upon exposure to water molecules, which we
last step of washing is removing the ethanol residue. Filtering 3ml of a typical DMF

solution containing 0.2 mg BP results in a typidah shown inFigure8b.
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Figure 8. Steps involved in production of nanoflakes anéilms. a) Schematic and real image of exfoliatio
process b) film production

In order to compare the ability of these two solvents, careful study has been

performed using SEM, AFM, optical absorption spectroscopy and DSL.

2 4 Characterization of exfoliated BP flakes

Black Phophorous is composed of a puckered honey comb structure as seen in

Figure9. The puckered structure along thelirectionis shown inFigure9a. Figure9b is

the top view showinga honeycombike structure and the box in blue represents an

individual unit cell of singldayer BP.The atoms in this structure can have different in
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plane and put of plane vibration modes. In order to confirm the crystallinity of the flakes

after exfolation and also film productio®®aman spectroscopy was collected on individual

flakes and films obtained from the BP NE8oth emperiments represettie signature
Ramanpeaks of BP atwaveu mber s of a360m a437shawidng4b6§

of-plane mode), B2g and R&ginplane modesghown inFigure9c, respectively
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Figure 9. a) Perspectiveillustration of the puckered structure along the ydirection.[106] b) Top view
illustrating the honeycombstructure. The blue box represents an individual unit cell of BP. C) Signature
Raman peaks obtained from BP nanosheets.

Forcharacterizing the individual flakesweeud fion chi p s é&@ar ati on
this purpse we used the dispersion of BP NFs in IPA and using a polyethylene pipette
drop casted a small amount of solution on a S¢YSistrate of 270 nm thermally grown
oxide, and dried. We used different methods for drying the substrates. In order to have

bigger flakeswe used lightiot plate (9QC) as the dryer and the flakes remained on the
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surface in circul a«ipagt €4 Ths oétledisusesieohavd ficof f

size sorted BP flakes. The droplet size, concentration of solution and drying temperature
all have effect on the formation of the rsndrlakes with larger size stay the ringsvhile
remaining residue and smaller flakes move to the center of theshagn inFigure10a.
The other method used for having more individual flakes on substrate was drop casting the
IPA/NFs solution on substrate and lettihgiy naturally This was don@nder hood with
a cap covering the surface to minimize deposition of residual partickse air. The
samples were then rinsed gently with methanol, ethanol, deionized (DI) water, and IPA
N2 was blown on the samplén order to removehe remaining solvent residues during
evaporation stag

Scanning electron microscof$EM) image®f the sample dried using coffee ring
method shows densely packed BP nanosheets in the ¢Egere 10b) and indivdual
flakes in the outerrings (Figure 10d). Atomic force microscopy (AFM) height
measurement were also performed on same flakes showing thickness ranging from 5.8 to
11.8 nm Figure10e). Thickness distbution of the flakes in DMF and DMSO solutions
were compared by performing low magnification AFM mapping of the samples. The
thickness histogram obtained from 70 individual flakéigure 10f) show that in DMF,
more thar?20% ofthe considered flakdsave thickness of less than 5 nwhile DMSO
solution contains the flakes with thickness of about205nm. Considering these results

we chose DMF fotherest of our experiments.
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BP is known for itsanisotropic structufg3], which leads to different optical and
electrical performance in different directions. Rbis purpose performing the linearly
polarized Raman spectroscopy on the flakes with different sample orientations was
interesting to show the anisotropic nature of the BP exfoliated sheets. As sheiguare
10c, the intensitis of the three vibrational modekange by changinthe orientation of
the sample. W can see the Agnd Ag modedrend for 180 degremtation of the sample
in right side ofFigure10c. The Ag modeshould bemaximized when thiaser polarization
is parallel to Xaxis of the BP crystf4]. Considering this fact one can determine the

flakes orientation using palized Raman spectroscopy
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Figure 10. Morphological and Raman characterization of the exfoliated BP sheets. a) Low magnification SEM

i mage of the on chip sepamagted. cibstiBt. Scallsahio w2 0@ dmof f ek
magnification SEM image from center of the ring (scale bar is 200 nm). c) Raman spectra of synthesized BP sheets

at different orientations showing the anisotropic nature of BP flakesd) SEM image of individual BP flakes on

the producedrings (scale bar is 200 nm). ) AFM image and height profile of the area shown in D. f) Histogram
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of the flakes thickness distribution measured by AFM height measurement of 70 flakes from both DMF and
DMSO solutions

In order to confirm the result frothicknessof 70 individual flakeswe performed
SEM imaging andve noticed that smaller, but thinner flakes exist in case of CRdF.
this purpose we used the substrates with alignment marks and deposited the flakes on them
to have a better contrast for compan. By looking at the transparency of the flakes in
exposure to electron beaim same conditior(20 kV acceleration vthge, and 30 um
aperture size) we found that the ability of DMSO in exfoliating the BP is lower than DMF

and thickeybut bigger flake can be obtained from this solveRigure11).

Figure 11. SEM images of BPNano flakes (A), (B), and (C) are obtained from DMSO solution. Scale bars are 10
um, 10um, and 200 nm respetively. (D), (E), and (F) were taken from sample prepared in similar way using
DMF solution. Scale bars are um, 0.5um, and 200nm respectively.

In orderto measure the thickness ofygical film we dispersed the wet washed

film into IPA using sonicatio and refiltered the flakes onto mixed cellulose membrane
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filter. Then wecooledthemin liquid nitrogento make them more fragile and broke the
filter to have access to the cross section ofnleenbranelUsing SEM we measured the
thickness of the filmobe 2 6 .e m

Characterizing the samples in the solution level is also of major imporiafece.
usedthe solutions of DMSO and DMEhown inFigure 12a, which areBP nanofake
dispersions aftet5h sonication (left imag) and aftethe centrifugation (right image) for
our characterizations in this level. For measuring the concentration of our sohaion
used a0.2 mg of <chunk BP andWwe somcatedstted i t
samplesising a Sonics Vibr&ell sonicator (18 W) for 15 hours and then centrifuged the
solutionin an Eppendorf 5424 Centrifugation machine (250 W) for 30imR0D00 rpm.
Collectingthe top 50% of the solutidrelped us separate the thinner flakes from the thicker
ones. The Supernatawasthen fiteredusing a Sigmaldrich vacuum fitration system
on ahydrophilic polytetrafioroethylendPTFE) membranelfit e r o pore Bize.lWee
washed the produced filthoroughlyusing ethanolvater, and isopropyl alcohol (IPA) to
make sure the solvent residue is removenhfthe surfaceind dispersed the stacked flakes
in IPA. We used another filter membrane of edxcellulose which is compatible with IPA
and measured the weight of the membrane using a weighing machine with resolution of
0.01mg. The IPA solution containing the BP NFs were again filtered on the mixed
cellulose membrane with known weight. Afterwarde Vet the membrane dry and
measured it again witlhe same weigimg machine. The difference between the weight of

the membrane before and after filtration shapproximately the amount of BP we had in
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the solutionDividing this amount to the volume of tiselvent we used fdhesonication,
we calculated theoncentration®f the solutiongo beaboutl 0 ¢ ¢ ! RorLsolution
level characterization of our samplege performed optical absorption spectroscopy for
therange of 0.5 td.4 ev which covers theandgap spectra of BP from bulk to monolayer.
BP atomic | ayers have a direct thickness dep
to about 1 eV inmonolayef55]. Optical absorption spectroscopy have been used to
characterize the BP flakes dispersed in DMF and DMSO edttsidering théoandgap
dependency of BPWe focusd on the vavelength of 83t2400nm (NIR) to determine
the peakshowing théband gap oBP nanofékes Optical absorption spectroscopyrh
both DMF and DMSO solutionshowseveral peakat a1. 38, 885 &@, al1.0°¢
a0. 72 etedasumbaens b in Figurel2b) in the NIR rangewhich areassociated
with the enlanced light absorption by mondo fivellayers thick BP nanadkes,
respectively. The location of these peaks are so close to plsition of the
photoluminescencgeaksrelated to monoto five-layers mechanically exfoliated BP
flaked54]. As it can be seen iRigure 12b the peaks labeling 1 and 2 are having much
smaller intensities compering to thestr@f the peaks. These peaksld&8 and 1.23 eV
which are associated with the bandgap of one and two layer thick BP implies the low yield
of mono and bilayers flakes in ouasraples. The smaller peakemparedo other peaks
implies that theyjields of mone and bilayers are lower than other atomic layers.
Considering the LambémBeer lam(A/l = G, whereJis the extinctio coefficient),

concentration of the dispersion in a solution is related to the absorbance of the material in
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the solution and also the absorbance is directly related to the length of the line path.
Considering this law theanmalized absorption intensityverthe length of the cel(A/l)
at & =1176 nm were measuredfor both DMF and DMSO solutins at different
concentrationgC), anda linear trendvas observed for Al/versus concentratiorF{gure
12c). This trend shows the wallispersion of nanoflakes both solutions. The extinction
coefficients for DMF ad DMSO solutions weralso calculatedrom the sloe of the
Figure12c to be4819 and 5374 mL mig'm' ! respectivelyConsidering this coefficient
we can calculate the concentration of the dispersions in both DMF and DMSO solutions.
This method is more precise than vacuum filtration and weighing method, which is time
consumingAlso, the loss of material during the pess is so probable.

As it can be seen FRigurel2d, thesize distributiorof BPsheetsvas alsoneasured
by dynamic light sattering(DLS) spectroscopyshowingthe average #lke size®f about
a 1 9006DMFa n &32am foDMSOsolution, suggesting the existencesofallerflakes

in DMF solution compared to DMSO.
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Figure 12. Comparison between DMF and DMSO solutions. (a) Photograph of the solutions after sonicationf{je
and after centrifugation and supernatant collection (right). (b) Optical absorption spectra indicating optical
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In order to study the shape, quality, crystallinity and number of layers in our

exfoliated flakestransmission elctron microscopy (TEM) waserformedon individual

flakes. Figure 13 shows TEM image of some random BP nanoflakes on a lacy carbon

support.
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Figure 13. Transmission electron microscopy (TEM) images of BP nanoflakes. The scale bar is 100 nm.

In order to identify the BP flakes, fast Fourier transform (FFT) was used on flakes
with thicknesses down to a single layer. As suggested theoretically by Cast&izmez
et al[56], the intensity ratio of (110) to (200) diffraction peaks is more than one for
monolayer and lessdh one for multilayer BP. This ratio has been experimentally verified
for multilayers in reference 5@ our images taken from monolayer,BRe 1110 / 200 is
about 2.7 0.2, in good agreement with the proposed computational value of Z/5&7.
high resolution TEM image together with the DFT patterns from monolayer BP has been
shown inFigure14. As it can be seerthe intensityratio of the (110) and (200) peaks is

clearly greater than one.
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Figure 14. HRTEM image and FFT of a monolayer BP. The scale bar is 2nm. FFT in (B) shows the presence of
BP lattice and hydrocarbon on the surface of the BP flakes and also shows that (1110/1200) is greater than one,
confirming the presence of mondayer. The ratio was measured to be 2.7 + 0.2 after background removing which
is close to 2.577 which is the computational value BP monolayeé].

In order to show the crystallinity of the flakgs=T patterns was collected from
different parts of a flake, as shownFgure15b. All of them show identical features
showingthe single crystalline nature of the monolayer flakes. Alggh-resolution TEM
imaging was performed on the flakes in order to resolve the atomic structure of the flakes.
As it can be seen iRigurel5c(upper right)the TEM simulations from the (001) direction
using the BP lattice parametf&g], completely matches the atomic structure of monolayer

BP. Also you can see the filtered image in the lower left insEigofre 15¢.
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Figure 15. FFT and HRTEM of BP nanoflakes. A) TEM image of a BP flake scale bar is 200 nm. B) TEM image
and FFT of the same flake showing the existence of monolayer BP on the region of 8)x 80 nm. The scale bar
is 20 nm. C) HRTEM image of the monolayer BP together with TEM simulation (upper right inset) and a filtered
image (lower left inset). Scale bar is 1 nm.

We should note that for monolayer BP, the simulated image shows hexagonal
structure (like graphene), and orthogonal structure for multilayers as a result of ABA

stacking order for multilayerd$-{gure16).
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Figure 16. Schematic of atomic structures together witiTEM image simulations of mono and multilayer BP
viewing from (001) direction. (A, B) mono and multilayer crystal structure of BP drawn by VESTA. (C, D) TEM
image simulations of monolayer and multilayer BP showing different structures of hexagonal and origonal for
monolayer and multilayer, respectively.

In order to understand the quality of the BP flakes endigpersive Xray
spectroscopy (EDX) analysisogether with electron energy loss spectroscopy (EELS)
have been performed on the existing BP dkem lacy carbon TEM grid. As it can be seen
in Figure 17a, EELS elemental mapping from the BP flake shows only existence of
phosphorous without any impuritigSomparison between HAADF and spectrum images
obtainal from the same flake shows a pure phosphorous distribution on the considered
area.An individual EELS spectrum of the EELS map alsanfirms the existence of
pristine phosphorous@ns and absence of the®, peak loss ifrigurel7b. Interestingly,
repeating the EELS analysis on samples of more timaorith old revealed that the flakes

remain intact in solution which is a main benefithis production method for BP.
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Having energydispersive Xray spectroscopy (EDX) analysis as a conéition of
the EELS result is shown Figurel8. Phosphorus (Feakis the largest one which shows
the main element existing on the flakes and the peaks associated to Carl@oppad
come from the TEM grid. Téy originate from thdransmission electron microscopy
(TEM) carbon grigdand weak Chromium (Cr) and Titanium (Ti) peaks are because of the

contamination cominfrom thesonication tip.
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