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Figure 1.8: Common surface ligand fuocial groups used in colloidal synthesis of nanomaterials.

(A) X-type ligands are anionic and preferentially bind to cationic surfaces-{BjeLligands are

neutral with a lone pair of electrons that can be donated to the NCs surface atom$yg€) Z
ligands are metal complexes that are charge neutral and accept electrons. (D) Preferential binding
to different types of facets. Schematically represented using CdSe NCs zinc blende crystal facets.
Adapted from referenCe 159.. ... eeeei e e 38

Figure 1.9: Schematic representation of how typically INghlasmonic oxides (blue) form low
Neinsulation barriers (grey) which negatively impact their LSPR response and impedes electron
transport between NCs. Adapted from refere 185..........c.c.cevviiiiiiiiiiiiccciiieeeeeeeeeeeeee A2

Figure 1.10: Dispersions of 3G>Tx highlighting the hydrophilic character based upon the
dispersibility in various solvents over a range of polarities. Adapted from reference.15314

Figure 2.1: (A) U\vis spectra of (PEGBIH3")nCs-nBi2Clg (blue), (PEGENHz")nCss-nBi2Brg (red)

and (PEGENHs")nCssnBizls (green). The inset displays a typical photoluminescent spectrum of
(PEG6NH3")nCsnBi2Brg perovskite. (B) A representative SAXS spectrum of (PEG#:" ) Cs-

nBi2Bre nanosheets. Low (C) and high (D) magnification TEM images of (PEES).Cs-

nBi2Brg nanosheets with the scale bar of 500 and 200 nm, respectively. Yellow dashed lines in (D)
outline the presence of singkeyer nanosheets. (E) Histograms of lateral and folded edge sizes of
D, minimum 50 measurements. (F) XRD of (PESHE3")"Cs.nBi2Brg compared to reference for
hexagonal GEBIoBIo. ........oiii e ree bbb e e e e s snnt e e e e e e e e as 50

Figure 2.2: TEM image of (PEG8H3")XCs.xBi-Bre. An example of how Image J was used to
estimate the thickness of the nanosheet based upon overlagyfelldsv circles) and provide

lateral dimensions of large single layer sheets (yellow lines). The scale bar is 200 nm. Over 50
measurements were taken across multiple images of multiple samples to determine lateral
(0T 1T 1S [0 P 51

Figure 2.3: FTIR Spectrum of purifiedEB6-NHz")nCsnBi2Brg nanosheets....................... 52

Figure 2.4: XPS spectra for (PE®#3")nCs.xBi2Brg with characteristic fittings of their binding
energies and characteristic orbital splitting for (A) bismuth, B mide, (C) cesium and (D)
nitrogen. Two types of nitrogen are present: a neutral amine near 400 eV and a protonated amine
NEATI 40L.6 BV ... ittt e e ettt — et e e e e et e et nmmmren e e e e eera e eaeeen a3

Figure 2.5: Schematic representationvgimg conversion of initial precursors to nanocrystals, and
then to the formation of individual nanosheets with further stacking of nanosheets under solvent
EVAPOTAtION CONTITIONS. ... .uuiiiiiiiiiiiii ettt e e e e e e amr e e e e e e e e e e e e e e e nnne e e e 54

Figure 2.6: Syntesis of bromide product with 4 times the typical amount ofPE&ylate
precursor showing a clear lack of nanosheet formation. Scale bar is.50.nm................... 54

Figure 2.7: : (A) TEM microscopy image of perovskit@socrystals synthesized using oleylamine
and oleic acid as surface passivating ligands. Scale bar is 100 nm. {B3 @bsorption spectrum
of the purified NANOCIYSIALS...........ouuii e e e enme e 55

Figure 2.8:Data for (PEG&\NH3"))xCsxBi2Cls A) TEM image with representation of Image J
analysis for lateral dimensions. Scale bar is 500 nm. (B) PXRD diffractogram comparing the
standard for G8i>Clg. XPS spectra with fittings for (C) bismuth, (D) chloride, (E) cesium, and
() TR Yo 1= o USSP 56
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Figure 2.9: Data for (PEGEH3z"))xCssxBi2lg A) Low magnification TEM image with a 1.0 um

scale bar. B) Higher magnification TEM image. scale bar is 200 nm. C) PXRD data comparing to
the standard for GBi2lg. XPS spectra for (PEGEH3"))xCs:.xBizle with characteristic fittings of

their binding energies and tedle orbital splitting of (D) bismuth, (E) bromide, (F) cesium and

(G) nitrogen There are two types of nitrogen present: a neutral amine near 400 eV and a protonated

AMINE NEAN 401 BV it e e e e ee e e e e e e e et e e e e ameeeeeeeeaaa e eees 57
Figure 2.10UPS high energy ctiff spectra for (PEGENH3"))xCs.xBi2X9 Wwhere X chloride (A),
bromide (B), iodide (C). See table 2.1 for values..............cccoeeiiiieeeiiie e, 58

Figure 2.11: (A) Valance band region and (B) secondary energy cut off UPS spectra of (PEG6
NH3")nCsnBi2Cls (blue), (PEGENHs")nCs.nBi2Bre (red) and (PEG®H3")nCsnBi2lo (green).

(C) Direct band gap Tauc plot analysis of (PEXE83")nCs.nBi2Brs. (D) Band diagram with
respect to vacuum where CB is conduction band minimum, VB is vatemzkedge and: ks the

Fermi @nergy lEVEL........oo e e e 59

Figure 2.12: SEM images (PE®&13")nCs:-nBi2Brg microstructures upon controlled evaporation

to obtain hexagonal (A and B) structures. Scale bars in (A) and (B) are 1 um and 100 nm,
respectively. (C) A representative SEM image of petaled structures, and the inset show an
individual petaltype structure.Scale bars 1 um and 100 nm, respectively. (D) PXRD of
evaporated hexagonNal PrOGUCE. ..........uuuuuuiiiiiiiieeeiiiri e e e e e s eeer e e e e e e e e e e e e e e e e e e e amnnas 60

Figure 2.13Direct band gap tauc plots for (PEG®3"))xCsxBi2X9 perovksite nanosheets where
X is chloride Q) and iI0dIdE (B)........cccuuuurriiiiiiiiiii ettt e e e e e e e e e e e e e e e e e e e anne 60

Figure 2.14: A representative TEM image of exfoliated (PINBB"))xCsxBi2Xg perovskite
nanosheets in dichloromethane. The scale bar iS 200 M ... ce e i 61

Figure 3.1: A schematic representation of the TDPA ligand treatment in unpurified mixed myristic
acid (MA) and oleylamine (OLApassivated W&k NPLs. (Left) Tungsten atoms at the edges

and corners are passivated with bidentate carboxylate head group of MA. For simplicity, OLA is
not shown. (Right) Most of the tungsten atoms at the edges and corners are passivated by
phosphonate hiding head group of TDPA through tridentate bonding along with the presence of
A ittt e et ———t ittt et e———————atttttatataaaeeeeeeeeam——aaaeeeaaeeeeeneaaaaannnnneaeaeaaaaas 69

Figure 3.2: (A) UWVis-NIR absorption spectrum and (B) TEM of WEnanocrystals (NCs)
synthesized using a mixturef tetradecylphosphonic acid (TDPA), myristic acid (MA) and
olelyamine (OLA) as surface passivating ligands Scale bar is 20.0m...............ccceeeeeenee 70

Figure 3.3: (A) UWVis-NIR absorption spectra of as synthesized {land TDPAtreated WQ.

x NPLs (blue). A blue shift of ~100 nm is observed upon TDPA treatment. Spectra of both samples
were collected after purification followed by dispersion in £CB) 3P NMR spectra of pure
TDPA (red) and TDPAreated WQx NPLs (blue). Spectra were recorded in CPCI..........71

Figure 3.4: HRTEM images as synthesized (A and B) and (C) and fi2Rfed WQx NPLs. In

(B), the dspacing corresponds to the (010) plane of moniaciWiOs.x. The inset shows FFT
diffraction of the (010) plane. (D) Histogram of width and length of as synthesized (D) and (E)
TDPA-treated NPLs. For the size analysis, a minimum of 300 NPLs were counted.......72

Figure 3.5: (A) XRD diffraction patterns of as synthesized (top, black) and FtEafed (bottom,
blue) WQx NPLs as compared to the monoclinic WO2.72 standard (red, PDE4A5Q). (B)
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Raman spectra of as synthesized (black) and TB&ed WQx NPLs (blue). Raman spectra
were collected using a 532.5 NM [aSer SOULCE..........ccoviiiiiiiiiminee e ] 3

Figure 3.6: High resolution XPS speotvih fittings for W' and W 4f orbital splitting of (A) as
synthesized and (B) TDR#&eated WQx NPLs. (C) EPR spectra of as synthesized (black) and
TDPA-treated NPLs (blue). EPR spectra were acquired at room temperature under identical
conditions. EPRspectra were collected under identical experimental conditions.............. 77

Figure 3.7: Chemical structures with possible bonding motifs between the phosphonate binding
head group and tungsten atoms. Monodenfieand ii), bidentate (iii and iv), bidentate chelating
(v and vi), tridentate (vii) and tridentate chelating (il ..........ccoovvinniiiiiiceeiiieeee e 78

Figure 3.8: (A) FTIR spectra of pure TDPA (red), and as synthesized (bladK)PAtreated

WOszx NPLs (blue) The yellow shaded area represents peaks related to phosphorous oxygen
bonding. The symbolOzhighlights the presence of the amino headgroup from OLA and the
symbol &) represents carbonyl stretching from MA. (B) Ramarcspeof as synthesized (black)

and TDPAtreated WQ@x NPLs (blue). (C) Experimental Raman spectrum (blue), and-DFT
calculated Raman spectra of TDPA bound to W atoms as bidentate (dark green), bidentate
chelating (light green), tridentate (dark red), ardetitate chelating (light red). Black dashed lines

are P=0 stretching, and yellow shaded areas refer to-@=eformations.......................... 79

Figure 3.9: DFT calculated Raman spedcitréA) TDPA and (B) MA...........cciiiiiieeeeeeeceees 80

Figure 3.10: (A) Schematic illustration of the proposed tridentate bonding between the surface W
atoms of a W@y NPL and alkylphosphonate group. For simplicity, only a gewface oxygen
vacancies are depicted, however most of the oxygen atoms from the corners and edges are removed
during the synthesis. (B) Conduction band filling through passivation of shallow trap states via
TDPA treatment and transfer of trap electrorie €nergy gap between the valance and conduction
DANAS IS NOL L0 SCAIE......uuiiiiiiiiiiiiiiie e 82

Figure 3.11: UWVis-NIR spectra of as synthesized and MAated to highlight no blue shift with
(o= 1 o0 )14 V4| Toar= Tox [0 N 1 == 11 0 1= o | GO 83

Figure 3.12: UWVis-NIR absorption spectra of colloidal (A) as synthesized and (B) Fh@a#&ted
WOs.x NPL solutions recorded after addition of titrated amounts of NOBF4 solution. Graphs of
integratedabsorption area as a function of NOBF4 molecules for (C) as synthesized and (D)
TDPA-treated WQ@x NPLs with fittings of the linear portions (red dashed lines)............... 84

Figure 3.13: (A) UWVis-NIR absorption spectra of (A) as synthesized and (B) THireated

WOz NPLs in various solvents with varying refractive index. (C) Relationship between LSPR
peak p oA df aseymtheSized (bladquares) and TDP#&eated (blue diamonds) NPLs

and the refractive index of the bulk solution. The corresponding sensitivities are 324 and 428
nm/RIU, respectively, determined from the slope of the graph............cccccoiieee 86

Figure 3.14: Raw UWis-NIR spectra of (A) as synthesized WNPLs and (B) TDPA treated
WOs.x NPLs in chloroform (black), carbon tetrachloride (red), and tetrachloroethylene (§82en).

Figure 4.1:Schematic diagram of covalent surface modification of pristie@Tk (Tx: T F, T OH,
and/or =O) MXene via esterification reaction where the hydroxy terminations are modified with
ester bonded-PEGECOOH forming TCo-PEGSB...........ccccciiiiiiiiiiiiieeeiiiiiiieeeeeeeee e 102
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Figure 4.2:(A) UV-vis absorption spectra of 30> MXene flakes before (778 nm) and post
covalent surface modification with PE@BOOH (781 nm). (B) TEM image of pristine 3T
MXene flakes. (C) TEM image of post surface modification g€TMXene with PEGECOOH.

Inset in (C) shows magnified TEM imagath a 100 nm scale bar. (D) Raman spectra eCJi
MXene flakes and BC>-PEG6 flakes highlighting the resonance peak (yellow box), Alg peaks
(red dashed lines) and surfacgr&ated vibrational modes (green arrowed line). (E) FTIR spectra
of TizC> MXene flakes and BC,-PEG6 flakes. CharacteristicsUp vibrations are assigned by
green dashed lines and box, and the IR vibrational stretches of®8G61 are shown in red. (F)
TGA analysis of pristine 3C, MXene, pure PEG&OO0H, and TiC>-PEG6. A 14% mass loss is
observed between pristinesTh MXene and TCo-PEGS6...........cc.eeevviiiiiiiiiieeeiccee e 104

Figure 4.3: As obtained Raman Spectra @CHPEG6 (bue) and TiC» (black). This highlights
the absence of D and G disordered carbon vibrational bandd.8000cmt). The asterisk at ~520
cnit arises from the SiliCon SUDSIIALE. ...........ccviiuiiie et 105

Figure 4.4FTIR spectrum of lab synthesized PEGOOH with the-CH related vibration peaks
(2931 cmt) and carbonyl (1735 ch) labeled for reference...........ccccocveeeeeecvieececee e, 106

Figure 4.5: (A) ®lvation study of TiC,-PEG6 flakes in various organic solvents (left to right)
acetonitrile (CHCN), methanol (CBOH), chloroform (CHQ), dichloromethane (CiLl>), and
toluene (PHCHz). (B) UV-vis absorption spectra of dispersedChiPEG6 flakes irthose five
organic solvents. The inset shows offset peaks to show good peak shape and minimal absorption
peak shifts. (C) Dispersibility profile of pristine s, MXene flakes (left) T4C>-PEG6 flakes

(right) in CHCE. High concentration of MXene flakes meedispersed via bath sonication and then
Images were taken 5 min after the sonication. (D) Contact angles of 2.0 uL water droplet on drop
cast films of TiCo-PEG6 (top) and pristine 3> MXene (bottom). (E) Zeta potential value of
aqueous dispersions pfistine TeC2 MXene and TiC,-PEG6 flakes. (F) Conductivity values of
vacuum filtered films of pristine IC> MXene, TeC>-PEG6 and Li-intercalated THC.-PEGS6.

Error bars include uncertainty from the instrumental reading and SEMs®o8en measurement

Figure 4.6: Image of 3C,-PEG6 dispersed ind@ at a concentration of ~1 mg/mL. The lingering
flakes above the solution occur due to residual immiscible chloroform post reaction solvent

EXChaNgEIACK 1O WALEE...... ... i i eeeee e eeee e e e e e eennnees 109
Figure 4.7: SEM cross sections of (A) pristineCi(B) TisC>-PEG6 and (C) Li@ TisC>-PEG6
used to calculate height for conductivity calculation. The scale bars are 10.um............ 111

Figure 4.8: (A) Hot stage XRD data showing changes ofgmd postannealed films of &Cx-
PEGS6 vs. pristine 3C> MXene. Arrows show the shift in peak position of the basal plane (002)
and (004) peaks of eachsTh film upon annealing. The diamond rkad peaks arise from the
Al>0Os substrate and are not characteristic of th€JIMXene films. (B) Expanded XRD data with
y-axis offset of T4C> MXene shift in peak position of the basal plane (002) and (004) peaks of
TisCz during annealing. (C) Expanded XRD data witaxys offset of TiC>-PEG6 shift in peak
position of the basal plane (002) and (004) peakssakLTiuring annealing. (D) The graghowing
changes in the-lattice parameter during annealing 0J3-PEG6 vs. pristine 3C> MXene.112
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Figure 4.9: Vacuum filtered prepared films of (A) pristineChiand (B) TsC>-PEG6 on alumina
membrane substrate. Later used for hot stage XRD analysis. XRD analysis taken on location where
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Figure 4.10: Graph of intdtake distance between vacuum filtered films o§tine TgC, MXene
(red) and modified BC>-PEG6 MXenes (blue) calculated using thiattice parameter obtained
from the hotstage XRD experiment and a theoreticalChunit cell dimension................... 114

Figure 4.11: (A) Schematic representataf the crystal structure of 30>-PEG6 single flake and
(B) stacked T4C>-PEG6 flakes through cooperative ligaighnd hydrophobic and vdWs
interactions. (C) A representative cross sectional SEM image of drop cagiedPEG6 flakes on
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Figure 4.12: (A) UWis spectra of four terminal group&Hs (TisCo-PEG6),-CH=CH, -N3, -
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region of 'H NMR spectrum of BC-PEG6CH=CH, showing alkene -CH=CH,) region
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ABSTRACT

The field of twedimensional (2D) nanomaterials first began in earnest with the discovery
of graphene in 2004 due to their unique shd@eendent optical, electronic, and mechanical
properties. These properties arise due to theirdimensional onfinement and are further
influenced by the elemental composition of the inorganic crystal lattice. There has been an intense
focus on developing new compositions of 2D nanomaterials to take advantage of their intrinsic
beneficial properties in a variety applications including catalysis, energy storage and harvesting,
sensing, and polymer nanocomposites. However, compared to the field of bulk materials, the
influence of surface chemistry on 2D nanomaterials is still underdeveloped.

2D nanomaterialsa®o n s i d e rseudr faanc eficaladt omi ¢ structur e
to few layers of atoms. The synthetic methods used to produce 2D materials includeupottom
colloidal methods and tegown exfoliation related techniques. Both cases result in poorly
controlled surface chemistry with many undercoordinated surface atoms and/or undesirable
molecules bound to the surface. Considering the importance surfaces play in most applications
(i.e.,catalysis and polymer processing) it is imperative to better uadereow to manipulate the
surface of 2D nanomaterials to unlock their full technological potential. Through a focus of the
ligand-surface atom bonding in addition to the overall ligand structure we highlight the ability to
direct morphological outcomes ligad free halide perovskites, maximize optoelectronic responses
in substoichiometric tungsten oxide, and alter physicochemical properties titanium carbide
MXenes.

The careful control of precursor materials including poly(ethylene glycol) (PEG) surface
ligands during the synthesis of bismuth halide perovskites resulted in the formation of 2D quasi
RuddlesdefPopper phase nanomaterials. Through small anglayXscattering (SAXS) and in
conjunction with Xray photoelectron spectroscopy (XPS) we were aldertclude that an #situ
formation of an amino functional group on our REB@ine ligand was insedinto the perovskite
crystal lattice enabling 2horphologyformation. Additionally, through U\Wis absorption and
ultraviolet photoelectrorspectroscopies we were able to develop a complete electronic band
structure of materials containing varying halides.(Cl, Br, and I). Furthermore, through the
increased solubility profile of the PEG ligands we observed solvent controlled assemblies of

varying mesostructures.
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We developed an esitu ligand treatment to manipulate the localized surface plasmon
resonance (LSPR) response of anion vacancy doped tungsten oxiglg) (Viplatelets (NPLS).

Upon ligand treatment to alter the surface passigaligand from carboxylic acid containing
myristic acid (MA) to tetradecylphosphonic acid (TDPA) we observed a >100 nm blue shift in the
LSPR response. Using Fourier transform infrared (FTIR) and Raman spectroscopies in
conjunction with DFT calculated Ramapectra we were able to conclude this shift was due to the
formation of tridentate phosphonate bonds on thed\Rkface. Phosphonate bonding allows for

an increase in surface passivation per ligand decreasing surface trapped electrons. These
previouslytrapped electrons were then able to participate as free electrons in the LSPR response.
Electron paramagnetic spectroscopy (EPR) further supported this decrease in spdabesingh

a decrease and shift of the EPR signal related to metal oxide dwgfaged electrons.

Lastly, using our knowledge of PEG ligands we were able to modify esterification
chemistry to covalently attach PEG ligands to a MXene surface. The successful formation of an
ester bond between a carboxylic acid containing PEG ligaddhyaroxyl terminating group on
the MXene surface was supported FTIR spectroscopy and thermogravimetric analysis. The
attachment of PEG resulted in a drastic change in the hydrophilicity of the MXene surface. Where
MXenes were previously only processeaxtremely polar solvents the PEG attachment allowed
for high dispersibility in a wide range of polar and smoilar organic solvents, effectively
increasing their processability. Further, this chemistry was modified to include an additional
functional goup on the PEG ligand to increase the valency of therposdification MXene
nanoflakes.

Overall, work presented in this dissertation represents the development and application of
surface chemistry to relatively new 2D nanomaterials. We believe oursigmikicantly increases
the knowledge of 2D halide perovskite formation, manipulation of LSPR active metal oxide

materials, and the future processing of MXene materials.
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CHAPTER 1. THE IMPORTANCE OF 2D NANOMATERIAL

SURFACES
1.1 Motivation
Physicist Richard Feynman is often touted as
talk given at an American Physical Soci ety co

at t he !Bnowvhitherdestribed a future possibility of obtaining diverse unique property
outcomes through manipulation at the atomic scale. Although his speech had little direct impact
on the actual realization of the field of nanotechnology, it nonetheless coincides sgitmtific
movement towards realization of development on the nanometer scale throughout all of science
and notably, in the field of inorganic nanomaterials development. The foundation of nanomaterials
is based in early experimental and theoreticakva@scribing the phenomenon of how reduction
in a material size to tens of nanometers or less results in unique physical, optical, and electronic
properties that vary vastly from properties found in its bulk countetparhis early work
examined quantum dots (QDs);dbnensional (0D) semiconductor materials which exhibit
guantum confinement in all directions. However, with the discovery ofdimensional (2D)
graphene in 2004 by Novoselov and Geim an eruption of research into 2D nanomaterials occurred
as nanomaterials confineddnly one direction produced unexpected skigggendent propertiés.
Generally, 2D nanomaterials, defined as being only a few atoms in height erti thiimensions
much larger often reaching hundreds of nanometers, offer strong intralayer atomic bonding with
only weak van der Waals interlayer interactions, ultrahigh specific surface area, robust mechanical
properties, excellent optical transparenapd high charge carrier mobili®f. These general
properties are conducive to an extremely large number of applications ranging from energy
harvesting and storage, phaind electrecatalysis sensing, optics, and electronics to name a
few &9 Material specific properties and the ability to manipulate desired outcomes for particular
applications of 2D nanomaterials are dependent on the elemental composition of the inorganic core
in conjunction with the chemical signature at sneface or interfacial layer.

The scope of possible 2D nanomaterials and their applications is enormous considering the
synt hesis methods avail abl eofmostoftthe pecogidtableas i e nt
building blocks. The methods areoken down into two categories eitherdgwn or bottorrup.

Top-down methods produce 2D nanosheets from bulk layered materials and consist largely of
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exfoliation methods or selective element etcHihg. Bottom-up approaches rely on chemical
vapor deposition and colloidal synthed&s#'®> Compositionally, 2D nanomaterials are often
separated into groufi@sed upon similar crystal structures, synthesis methods used in fabrication,
and broadly defined properties. These groups generally are divided intefn@etaloble metal,
transition metal chalcogenides and dichalcogenides, transition metal oxatestidn metal
carbides and nitrides often referred to as MXenes, and transition metal halide perovskite rhaterials.
16 An in-depth description of the materials investigated in this work can be folBekttion 1.4
however, a brief description of the varid2I3 nanomaterial groups follows.

The group of metalree 2D nanomaterials is dominated by graphene, the original 2D
nanomaterial, consisting of a single layer ot-lspbridized carbon atoms in a honeycomb shape
that displays unexpected mechanical robisstrend unusually high electronic conductivity?
Graphene has been implemented in an array of applications including as a conductive
substrate/composite in catalysis and sensors, mechanical strengthener in coatings, and as a
conductor in flexible electronid$?® Hexagonal boron nitride (hBN) ignsilar in structure to
grapheneand consists ofepeating atoms of boron and nitrogen. The major difference between
these two is that hBN is an insulaf6This insulating property and similar structure to graphene
allow them to be used in tandem in many ratextronic device$ It is valued for its high thermal
and chemical stability allowing for its use in composite magtz’ Another weltstudied metal
free nanomaterial is black phosphorous (BP) which is a semiconducting material with a variable
bandgap and high electron mobility with promising optoelectronic and photocatalytic
applicationg®®° Unlike graphene and hBN, BP has a puckered stredh which phosphorus
atoms are sphybridized and neighboring atoms are out of plane with each other.

Single element noble metal 2D nanomaterialg.(Au, Ag, Pd, etc.,) have been extensively
studied from fundamental research to practical applieatidheir bottorrup, wetchemistry
syntheses allow for a wide variety of anisotropic 2D structures including sheets, hexagons, and
prisms3! They also are inherently metallic in nature meaning they have no band gap between their
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
which is ideal for electronic conductivity. Interestingly, confinemenh their size into 2D
nanomaterials gives rise to a property knasfocalized surface plasmon resonance (LSBR).
LSPR originates due to the oscillation of free carriers, electrons or holes, that have been confined

by a nanomaterial size and are excitedel®ctromagnetic oscillatioff. The metallic nature of
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these nanomaterials and their LSPR property make them ideal for nanoelectronics, catalysts, and
use as sensors due to the local dielectric sensitivity of their LSPR resfighse.

The quantity of 2D transition metal chalcogenides C&Yland dichalcogenides nanomaterials

attained to date is astounding. In general, these are semiconducting materials with the formula of
MX or MX2where M is a transition metad.g.,W, Mo, Cd, Zngtc,.) or post transition metag(g.
Pb) and X is a diicogen ie., S, Se, or Te}’ This plethoraof materials represents a wide range
of optoelectronic and chemical possibilities allowing for their use in applications such as energy
conversion and storage, optoelectronic deviegs ( EDs and lasing), and catalysfs®® They are
found in a number of layered and Rlalyered crystal structures and thus have been synthesized
by both topdown and bottorup strategie4’ Notable representatives of these 2D materials are
CdSeand MoS. CdSe represents a ntayered nanomaterial in which t@mwn fabrication
methods are possible, bareoften difficult or ineffective, and thus colloidal bottemp synthesis
strategies are employét*2 On the contrary, MoSis a traditional layered semiconductor where
Mo is bound covalently between layers of S atom. Thee-S layers are weakly bound to other
S-Mo-S layers through van der Waals (vdWs) forces allowing for faciledtmgn fabrication
while also allowing for bottorup strategie$>**

Transition metal oxides (TMOSs) can be fabricated as layergdNloOz) or nonlayered(e.g.,

TiO2 and WQ) materials similar to transition metal chalcogenides, and thydasetopdown

and bottoraup synthesis method3hey are legely identified by their wide band gaps and
transparent nature in the visible region of the electromagnetic speétfpplications of these
materials range from carrier conducting layers in optoelectronic devices to photocatafysis.
Interestingly, under certain synthesis conditjalefects can be introduced into the crystal lattices
in the form of oxygen vacancies producintype semiconductor materials as in oxygen deficient
WOs..*° These vacancies give rise to excess free electrons creating plasmonic materials exhibiting
LSPR responses similar to noble metal 2D nanomaté?ifitsis plasmonic property of TMOs can
then be applied to various technologies including photocatalysis and seftéiadditionally, as
observed in W@, there exists an intrinsic electrochromic property where the previously
transparent material can be colored by modulation of the free carriers electrochethically.

Transition metal carbides and nitrides, often referred to as MXenes, are a new class of 2D
layered material that have been widely researched since their first reported fabricatiu@»Df Ti

in 2011>* They are syrtesized via toglown elemental etching of a parent MAX phase to produce
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a material with the general formula,MXnTx (n= 1-4), where M is a transition metal layer between
layers of X which is carbon or nitrogen. Herer@presents surface termination proeld by the
etching process, usualiyF, --OH, andi O.%° These materials exhibit robust mechanical properties
and high electron conductiwas making them ideal for energy storage and conversion as well as
sensing applicatior$:>®

The final major 2D nanomaterial group are halide perovskites, semiconductor materials where
the traditional crystal structure is ABXHere, A is a monovalent organic or inorganic categ.(
CHsNHs' or Cs), B is a divalent metal catior.g.,P’*), and X is a halide anion ClI, Br, oP9.

These are notayered structures which differ significantly from previously discussed
nanomaterial groups as their bonding is largely iémicharacter as opposed to covafrithis

allows for a wide rage of bottomup synthesis and processing strategies to be applied to produce
these materiajss ionic bond formation can occur at much lower temperattifesdiscussed in

depth below, there exist other empirical formulae in this class of materials, but all of the materials
share similar ionic character introduced thgb octahedral halide anion binding and cation charge
neutralization between neighboring octahédralhese materials are widely applied in
optoelectronic technologies, especially photovoltaics, due iaittensic high molar absorptivity

and photon emissive properti&s.

The varying compositions of these materials along with numerous crystal phases and the
possibility of defect engineering resuiih a wide range of properties of 2D nanomaterials. The
materials listed represent zero band gapategsmall and large band gap semiconductors, and
wide band gap insulators all with varying chemical, optical, electronic, and physical properties.
Additionally, the synthesis method used,-tigvn or bottoraup, to fabricate 2D nanomaterials
creates intrisic surface characteristics at the interfacial layer that affect the specific property
outcomes. The interfacial layer encompasses the surface atoms of the inorganic nanomaterial and
the constituents that are bound or terminate these surface atoms, ssiled the capping
layer®3%* For instance, toplown elemental etching to create MXenes is often condtoted
hydrofluoric acid aqueous solutions causing the surface to be populateeDMthF, and-O
terminating groups® Altering these groupbave been theoretically shown to directly impact the
electronic properties of the nanomateffahdditionally, colloidal and many other wet chemical
bottomup syntheses take place in the presence of orgarfiars passivating organic ligands with

an anchoring head group and hydrocarbon®tdilhese surface ligands can directly control
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morphology and assembly, solvent stability, optoelectronic properties and electronic trénsport.
OThe vast majority of what is known regarding the impact of the interfacial layer on manipulating
desired property outcomes stems from OD quantum dot research. However, unlike QDs, the large
anisotropy of 2D nanomaterials resulting in heigiftenly a few atoms inherently places added
significance to thei rs usrufrafcaecoe ntohrepnhioslitorgyi.e sT hpers
large percentage of under coordinated surface atoms, or dangling bond architectures, which can be
exploited througlsurface chemistry. Considering the relatively recent discovery of many of the
2D nanomaterial compositions, and the overall field of 2D nanomaterials in general, much of the
surface chemistry related research is still unexplored.

The scientific scope of this dissertation is to study how surface chemistpragrammably
be used to control morphology, physicochemical, and optoelectronic properties of chemically and
compositionally diverse 2D nanomaterials including lead free halide perovskite nanosheets,
metallic titanium carbide MXenesand semiconductinguhgsten oxide nanoplatelet$he

scientific breakthroughs of this dissertation are shown in Figure 1.1.

The Surface
Chemistry of 2D
Nanomaterials

Morphology and Physicochemistry
Assembly mmesw
- — EEEEN
A

Optoelectronics

H7s
vy oo

Figure 1.1: This schematic highlights the major discoveries being discussed in t
dissertation regarding the surface chemistry of 2D nanomaterials.
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1 Surface Ligand Chemistry Driven Synthesis of QuasRuddlesdenrPopper 2D
Bismuth Halide Perovskites.We developed a colloidal synthesis using surfagank
engineering to form singlayer quasRuddlesderPopper phase lead free bismuth halide
perovskites. Through careful control of poly(ethylene glycol) (PEG) containing surface
ligands, we studied the impact in the overall morphology of resulting 2bvgeate
nanosheets, their electronic band structures, and vdWsddxe mesoscale assembly to
hierarchical superstructures.

1 Enhanced Optoelectronic Properties of Plasmonic W&k Nanoplatelets Through
Surface Chemistry Treatment. We maximized the freearrier concentrations LSPR
active, ultrathin oxygen deficient tungsten oxide nanoplatelets through surface trap state
passivation via arex-situ surface chemistry approacithis work includes a robust
spectroscopic characterization of the losaiface bonding and empirical quantitation of
the free carrier concentration through redox titration.

1 Covalent Surface Modification of TeC2Tx MXenes and the Physicochemical Impact.
Anesterification process was C 0namdsc¢otthed t o
typically hydrophilic MXene surface. The solvent polarity dispersibility of the MXene
nanoflakes was greatly broadened with the PEG attachment along with increased vdW

interaction between flakes for improved microstructured film formation.

In summary, this dissertation investigates the unique rdleesurface chemistrgna diverse
group of 2D nanomaterials, and how their surfaces can be modified for advantageous
morphological, optoelectronic, and physicochemical properties. Surface sthemat the
interfacial layer has been used to impact the shape during synéixesits,surface trap passivation
to increase free carriers, and post exfoliation to alter solvation and assembly properties. To
understand the overall importance of undewditasn how our surface chemistry impacts the 2D
nanomaterials field, we outlined what a 2D material is and how its outer surface can be used in

specific applications along with descriptions of each of the materials studied in this dissertation.

1.2 Electronic Structure of 2D Nanomaterials

Nanomaterials are defined as any structure with at least one dimension reduced to 100 nm

or less leading to unique physical, optical, and/or electronic properties that differ from their bulk
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states. This change in properties retates with an increase in surfaocevolume ratio and
confinement of charge carriers (electrons and holes) known as quantum confinement. These
concepts were first being developed for transition metal containing semiconductors, materials with
a noticeableéband gap between the valence and conduction bands also known as the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
respectively. However, as demonstrated by the brief descriptions of 2D nanomaterial groups above,
nanomaterials are not limited to only semiconductors but also include metals with no discernable

band gap and insulators widxtremely large bandgaps (Figure 1.2). Though the concept of

A

Band
Overlap Gap

(Ey)

Energy

A 4

Metal Semiconductor Insulator

Figurel.2: Simple schematic highlighting the band gap differences between metals |
band gap), semicondiaes (small band gap), and insulators (large band gap).The locatic
size, and manipulation of these band gaps give rise to the electronic and optical prope
observed in the different nanomaterials discussed.

guantum confinement dates back to the 1980s when Alexei EKimov and Alexander Efros were
working to understand the nanometer size effect of cadmium chalcogenides and coppér halides
while Louis Brus and his team at Bell Laboratories were developing quantum confinement theory
using QD semiconductor CdS nanoparticla¥ith the carriers of a QD confined in all three

directions tley experimentally found that the band g@p, , increased with a decrease in the
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QD radius. Considering the spatial confinement of the electronic wavefunction they
mathematically modeled this inverse relationship as:

Q p P o= @UIG)

0O 0O —_— = — -
gy a* & “--Y

Equationl.1

where,O is the band gap of the bulk semiconductor, R is tdausaof the QDO s Pl anc k 6 ¢

constant( ° is the effective mass of the excited electiin,is the effective mass of the excited
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Figure 1.3: (A) Schematic representation of the quantum confinement effect
semiconductor NCs where tbetical band gap (} increases with decreasing size. Also
observed is the appearance of discrete energy levels at the HOMO and LUMO bad e
(B) The impact of quantum confinement observed in colloidal CdSe NCs as the
decreases from 6 nm to 2 nm.héh excited with UV light the color of the
photoluminescence changes from red to blue or lower to higher energy, respecti
Adapted from reference 72. (C) The density of states of a metal. (DJeRisey of states
of a semiconductor. Both highlight thescrete band levels at the edges in NCs. Howeve
the band overlap of the metal (C) results in no overall impact of these states even a
temperatures. Adapted from reference 73.

27



hole,- is the permittivity of free space, is the relative permativity, an@is the electron
charge? "' This relationship is exhibited in Figure 1.3 for semiconducis 3 Additionally, the
increasing of th&y can be described through the density of states (DOS) of a nanomaterial, where
DOS solves the electron wavefunction and provides the allowable states an electron can have at
any gven energy. In Figure 1.3, the DOS results in the HOMO and LUMO being displayed as
bands with discrete energy levels near their respective edges. These bands and discrete levels at
the edges are formed due to individual nearby atomic orbitals collecimtehacting within the
material’® This is described quantum mechanically by the Pauli exclusion principle that no two
electrons can simultaneously have the same energy, or quantum stater&éharebllection of
atomic orbitals of a semiconductor form energy bdfidss a nanomaterial decreases in size the
number of atoms aeeases, and thus the number of atomic orbitals decreases which shrinks the
collective band. Additionally, the discrete energy levels at the edges are greatly impacted resulting
in a widening of theEy.”® This phenomenon is directly responsible for QD uses in display
technologies as this size controllable band gap allows for manipulation of optical properties such
as light absorption and corpnding photoluminescénvavelengths. As in the case of QDs,
confinement in any direction will alter the band gap of a semiconductor material, even if it is in
only one dimension as in the case of 2D nanomaterialsisiinisst notably exhibited in the sam
semiconductor transition metal chalcogenides that were first used to explain quantum confinement.
When CdSe exists in its 2D nanoplatelet form the band gap decreases as the height of the platelets
increase$? Metallic nanomaterials exhibit similar band and eddated trends; however, with the
complete overlapping of HOMO and LUMO bands resulting in no measurable band gap (Figure
1.2) the overall electrical and optical properties maintain the resemblance of a corfinuum.
Confinement in metallic nanomaterials does result in other optoelectronic propestieSPR)
which is discusskin Section 1.3.2.

As materials become anisotropiriedimensional 1D) wires and rods or 2Dancplatdets
(NPLs) and-sheets, thelimensionalkelectronic confinement also alsghe possible DOS of the
wavefunction in an energy band. As shown in Figure 1.4, the allowable solution for the varying
geometries is very differefi: "® Beginning atQDs the quantized energy levels bemm
continuum band asnaterials become uncoiried in the bulk. The nanomaterial geometry
dependent DOS impacts the electronic properties, specifically movement and transfer of electrons

that impacts the design of materials for different applications, most notably in theffedd

28



transistors fordigital integrated circuit fabrication. Recognizing the geometrical impact on the

DOS is an import reason for choosing specific dimensional materials; however, the focus of this
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Figure 1.4: |dealized density of states for one band in a semiconducaterial with
varying morphologiesAdapted from reference 73.

dissertation does not involve solving migcussing the DOS of the materials researched.

1.3 2D Nanomaterials of Focus

Considering the near endless number of 2D materials possible as briefly described above
this work chooses to focus on three specific materials from three different groups described above.
Halide perovskites are represented by lead free cesium bismutbsh@igBi>Xe where X is Cl,

Br, or 1), transition metal oxides are represented by oxygen vacant tungsten oxigg),(Ar@d
transition metal carbides and nitrides are represented by titanium carbide MXs5@ (Wihere

Tx are surface terminatiotOH, -O, and-F). Physically they represent the gamut from ionic to
completely covalent bonding crystals and are developed for specific applications using physical,
optical, and conductive properties. Their synthesis methods also represent bothupottom
(CsBi2X9 and WQ.x) and topdown (TeC2Tx) approaches. These materials were chosen as their
compositions encompass a vast amount of scientific research yet study of their 2D counterparts
and surface related phenomena to control morphology and propertiesisitstiihfancy.

1.3.1 Halide Perovskitesi CssBi2Xo, where X is-Cl, -Br, -I

Perovskites, named after a Russian mineralogist, were originally discovered as the mineral

calcium titanate (CaTi¢), and interest has grown since the colloidal discovery of leadehalid
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perovskites. Today, halide perovskites are a class of materials defined by the crystal structure
ABX3 where B represents a +2 charged cation, most often Pb, forming octahedral bonds to X, an
anionic halide ClI, Br or I, and A is a cation that balancestiaege of the crystal lattice (Figure
15A).”>7 In hybrid organieinorganic perovskites A is an amnmiom compound €.g.,
methylammonium$? ““and in comfetely inorganic perovskites A is a large cation like cesitim.

" These semiconducting materials have been extensively stodjglidtovoltaic applications due

to their highly tunable band gaBigure 15B), low-cost solution processing, extremely large
absorption coefficients, and high charge carrier mobifity?°8! Additionally, due to their
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Figurel.5: (A) ABXs cubic perovskite crystal structure where A isharge neutralizing
cation, B is asmall cation ion such as Pb, and X is a halide. Adapted from reference
(B) Solution of all inorganic lead halide perovskites highlighting the band gap tunabi
by alteing the halide as observed in the photoluminescence. Adapted from reference
(C) A schematic comparison of the defect tolerance between classic semiconductor
and all inorganic lead halide perovskites. Adapted from referencg[Bb.Schematic
repreentation offour-layer n=22D RuddlesdeiiPopper phase perskite The long chain
ligands/spacers are highlighte&dapted from reference 90.
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electronic band structure defect tolerarfEegure 15C) and large photoluminescent quantum
yields they are current candidates for rgeheration display technologig&®

Lead halide perovskites are largely ionic, especially the charge balanditg éation,
offering a wide range of tunability in their overall composition and structure tdimadility of the
A-site cation and the facile solution processing enabled by their ionic nature has resulted in
formation of a wide range of 2D lead halide perovskite hanomaterials by a number of methods
most of which require an-gite cation of RNEwhere R is a long alkyl chain or aromatic moiéty.
One of the first synthesis of 2D lead halide perovskites usideNEl3 in the A-site and achieved
2D formation of the material by fast recrystallization method using fast evaporatiodilafea
solution under heatin®f.Other approaches include the use of long chain amino containing ligands
including hexadecylamif&or a mixtue of small methyl ammonium and large octylammonium
cations to colloidally synthesize large nanosh&lssing these longer chain amino containing
ligands hasproventhe capabilityof achieving 2D formation in inorganic cesium lead halide
nanomaterials alsgrigure 15D).82 %09 These syntheses have led to the labeling of a new family
of halide perovskites called Ruddleseeopper phase perovskites. This family is characterized by
t he f orAmIMaXanald@r e AOGS represent a | arge cati
cations, M is a transition metal, and X is a hal@g -Br, or-1. Heren represents the number of
layers of the metal halide octahedra that are separated by the large cations-gitéheefween
layers (Figure 1.8)*°° Section 1.4.1 discusses how the surface chemistry of these large cations
induce the formation of 2D nanomaterials.

Although the use of Pb has shown the greatest optoelecpotgntial in these materials
its presence causes a s@lgnitation of their potential applications due to environmental toxicity
limits worldwide. To overcome this drawbadkere has beeaxtensiveresearch into leattee
forms of perovskites includingsing different valency transition metdl3® The use of different
B-site cations has shown to slightlyaalthe crystal structure of the classic cubic AB¥o slightly
altered crystal structures with different empirical formulae. One such example is tb@xiwon
alternative CsB3Xoq (Figure 1.8)1°%192Even with the crystal structure alteration these materials are
still defined by their metahalide octahedra and A site charge neutralizing catiriEhey still
exhibit similar properties including tubke band gaps based on size and halide of choice, large
absorption coefficients, and facile solution processing. As shown in chapter 2, this new structure

of halide perovskites using bismuth makes it possible to use surface chemistry through the
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incorpordion of large ammonium cations that can only insert at the surface the interfacial layer
to manipulate morphology of the nanomaterial into 2D structures. These surface chemistries can
then be used to impact the assembly of the nanomaterials and theiqueerisproperties for

specific applications.

1.3.2 Transition metal oxides(TMOs) i Oxygen deficient tungsten oxide (WG@x)

TMO nanomaterials represent a large field of materials that encompasses a vast array of
technologies stemming from a variety of catalytredox, optoelectronic, and conductive
properties® The wide range of properties arises from the unique nature of their outer d
electronst® Common examples of TMOs are ZnO, FjO In;Os, MoQs, and WQ,106109
Additionally, IrO; and RuQ are benchmark materials for the important oxygen evolution
reaction'!® These materials all have varying morphologies often dependent on their crystal
structure. For example, MaeMas a layered structure and is commonly found in 2D shapgs (
nanosheet and nanoplates) but rarely observed in 1D fdi$? Although there are many
important materials in thisdid, this dissertation focuses on LSPR active transition metal oxides
specifically nonstoichiometric tungsten oxide (W.Q

Plasmonic behavior in tungsten oxide is induced through the insertion of anion vacancies
resulting in an oxygen deficientdopal semiconductonananaterialwhere free carriers begin to
fill the valence band'*'* WOsy is known to comprise a variety of thermodynamically stable
crystal phases, called Magnéli phases, and a number of synthetically controllable nano
morphologies, from 0D to 3B 113 135The diversexygen vacancy (£ chemistry of the Magnéli
phases result in stoichiometries from YW@ WO, 7211% These phases were studieediepth in
the 19800s bworke&all was foumchndoxygea vacancy (Q resulted in two
phenomena. 1) As oxygens are removed from the stableottahedra, a reduction event can
occur creating WP centes. This has continued to be highlighted in the literature that with increase
Ov there is also an increase in"2) Q, inclusion results in the formation of polarons, an electron
that is bound to a crystal lattice phorfdft2° Interestingly, it was found an Anderson transition,

a shift from semiconductor to metallic natune the electron dynamics, occurred when O
formation reached concentrations >&41This transition occurs gslaron wavefunctions begin
to overlap and delocalization occurs allowing electrons to act as a free electawsgased by

Drudetheory The bulk oscil&tion of the free electron gas can be confined by nanostructuring
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resulting inLSPR responses upon interaction with incident photons in the visible and near infrared
(NIR) regions of the electromagnetic spectrifiiihis phenomenon has been extensively studied
both empirically and theoretically in many metal oxide nanomaterials includoed
semiconductor ZnO nanoparticlgigure 16A).122 However, this wdk focuses on the
thermodynamically stable-dopedWO- 7-crystal lattice, due to the large tunability of the LSPR
response(Figure 16B,C) resulting in a wide range of applications including catalytic,

electrochromic, sensing, aedergy harvestingg®12¢
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Figure1.6: (A) A graphic representation of the mapkasmonic TMOs and their typical
LSPR related UWis-NIR absorption regions. Adagd from referencg&0. (B) Electronic
band structure schematic ofdoped semiconductor NCIn the case of {dn WOs the
free carriers (yellow) begin to fill the conduction baAdapted from reference 114. (C)
Graphical representation of increasikgn WOz« caused by increased, @s the synthesis
temperature is raised. Adapted from referetit®. (D) The crystal structure of W@as
viewed form the (010) direction. The arrows are highlighting the shear planes cause
edge sharingctahedra.

The WQ 72 crystal lattice consists of corner sharing ¥\@@tahedra in the (010) direction,
but in all other direction th®y results ina lattice distortion resulting in edgeasing octahedra
that are segregated along specific planes (103) creating crystallograhniglahes and repeating
hexagonal poregFigure 1.6D)?” The vast majority of W@y, synthesis methods results in 1D
growth due to the large kinetic preference for growth in the (010) dire@ti&®i Remarkably,

under the correct synthesis conditiptise sher planes can be used to limit growth in the height
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direction thus forming 2D nanomaterials with a large amount of oxygen vacdnhtiBsese 2D

WO 72structures have a large surfetoevolume @tio causing a subsequent increased significance

on their surface characteristigslarge amounbf oxygen atomsxiston the surface which can be
removed under high temperature and low oxygen partial pressures which result in local defects or
surface trps greatly impacting their plasmonic response. This is often referred to as a depletion
layer as the total number of free carriers is depleted as they are trapped at these surface
vacarties?#129 Chapter 3 discusses how surface chemistry and ligand engineering can be used to
passivate these traps thassitivelyimpacting the LSPR response.

1.3.3 Transition metal carbides and nitridesi TizC2Tx (MXenes)

2D transition metal carbide and nitrides, known collectively as MXenes, are relatively new
group of materials dating back to their discovery in 264Wnlike previous materialsentioned
MXenesare fabricated via todown elemental etching of a bulk layered MAX phase, where M is
an early transition metal, A is an element of groups@3and X is carbon or nitrogén.*
Commonly, hydrofluoric acid is used to etch away the A group element resulting in intrinsically
layered nanosheets of onlyfew atoms in height and up to micromslateral dimensions The
resulting empirical formula is MiXnTx (n=1-4) where M is interleaved by layers of X. Herg, T
represents the surface terminatior®, ¢(F, or-OH) stemming directly from the etching proses
in aqueous solvent (Figure 1.18§.As suggested by, altering the parent MAX phase can give
rise to materials of varying number of layers post etching. Common examples of these multiple
layers are BICTx, TisCoTx, and NCsTx>* 132133 The 2D structure of MXenes resulting in
extremely robust mechanical properties is often compared to graptiéli&imilar to transition
metal oxides, MXenes offer a wide gamut of properteg,(electri@l and optical) by altering
the transition metal(s) used in fabrication. The most extensively studied MXeneCig«Ji
providing a large amount of empirical data on how the etching parameters can be used to create
the largest and most stable 2D nanoflaké#dditional examples of common transition metals
used in MXene synthesis include niobium, vanadium, and molybdenum which have been studied
for their activity as hydrogeevolution catalysts and battery anod&32° Figure 1.10 highlights
the many other experimentally synthesized MXenes and those that are theoretically possible based
upon lattice binding energies. Interestingly, it has been theorized thatoselonctor MXenes

could be synthesized through surface termination or transition metal control, but as yet all MXenes

34



are metallic in natur&®41 The intrinsic metallic nature gives rise to a plasingroperty which
has been studied for use in sensing applications as seetCiT > Overall, the tunability of
properties makes MXenes highly attractive for technologies such as tsatalgstromagnetic

interference shielding, sensing, energy storage, and mechanical strength improvement of polymer
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Figure1.7: (A) Schematic representation of the elemental etching process using HF
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35



As mentioned above, the etching process to fabricate 2D MXene imparts surface
terminations from the acid and agueeunsironment in the form 6, -OH, and-F. These surface
terminations create a hydrophilic surface and require storage in aqueous solvents. Considering the
preference for most transition metals to form metatle bonds these materials suffer greatlynfro
oxidation under long storage and processing conditittin& Also, the hydrophilic nature of
MXenes greatly limits their use in many applications due to necessarpatamprocessig
conditions. This is most evident in the attempt to use MXenes as fillers in polymer composites
where aggregation occurs due to the native surface termin&tiofisere have been numerous
studies regarding how to attthe surface chemistry of MXene to improve stability and allow for
processing in noaqueous less polar solvents with mixed resaft$? Chapter 4 higlights our
work in covalently modifying the MXene surface with shamain PEG ligands to greatly enhance
the solubility of MXenes in organic solvents with a wide range of polarities. An added benefit is
the ligandligand interactions between neighboriiene nanoflakes to programmably assemble
the nanoflakes. These enhancements enable facile incorporation of MXene nanomaterials into

future technologies using a wider range of processing chemistries than previously achievable.

1.4 Surface RelatedProperties of 2D Nanomaterials

When discussing materials of tens of nanometers or less it is important to mention that other
molecules such as ions and solvent molecules come within an order of magnitude in size. This
means that forces including electragtavdWs, and hydrophobic interactions that nanomaterials
have with their surroundings become greatly increased relative to bulk material intef&dtions.
example, the normally small vd§Norces that can often be ignored in a bulk material dominates
on a local scale for nanomateriafss these forces become outsized with the shrinking scale of
materials they become difficult to measure instrumentally and the scale factor causes the
collective interactions to become nonadditive forcing a heavy reliance on empirical data and
observatior?® This rise in importance of Alonger nontrivial forces along with an inherent
surfaceto-volume ratio increase with decrease in size creates an extraordinary relevance on a
material surface chemistry. This chemistry occurs at the interface of the undercoordinated
inorganic surface ams and the molecules that passivate them along with the interaction between
these passivating molecules of other nearby nanomaterials. As mentioned above, colloidal

syntheses of 2D nanomaterials require passivating ligands, comnfardychain saturatedr
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unsaturated fatty acids and amines, to confine growth. Whereas the exfoliation of bulk layered
materials to create 2D morphologies inherently produces terminations stenmmingthe
exfoliation solvent. The manipulation of these terminations and pésgivegands provides an
opportunityto control a material morphology, optoelectronic properties, and the physicochemistry

or processability.

1.4.1 Programmable Morphology

Surface passivating ligands are ubiquitous to colloidal syntheses of nanomaterials. Noble
metal nanomaterials are often synthesized via a seed mediated strategy at ambient or relatively low
temperatures in the presence of organic ligands.,(cetrimonium bromidejl: 15415
Semiconductor nanomaterials syntheses often adhere to the classical LaMer model of burst
nucleation followed by growth® This is true of the initial synthesis of metal chalcogenide QDs,
in which metal precursors are injected in a high boiling-cmordinating solventi.g., 1-
octadecene) that also contains a mixture of organic ligaeds, bleylamine, oleic acid,
trioctylphosphine oxidegtc,).’®’ In both casgsthese organic ligands are used as surfactants to
passivate the surface and confine growth of the nanomaterial to achieve the desired shapes and
optoelectronic properti€$® In general, the binding of a ligand to the nanomaterial is a dynamic
process with weak binding energiesDkJ/mol)'**%° igands are comprised of two important
qualities: 1) the functional head group that directly interacts with the inorganic surface‘&toms.

2) The tail which most directly interacts with the surrounding environnmeegt, olvent and
neighboring nanostructures) and through steric himderds largely responsible for the overall
packing density on the inorganic surfaé&Common ligands used in colloidal syntheses along
with their dectronic naturei(e.,donating, withdrawing, or neutral) are described in Figure 1.11).
The ligand variation in structure, number, and arrangement on the inorganic surface results in
slight differences in binding affinities anith conjunction with chargg in crystal facet energies

can be used to programmably obtain desired 2D morpholtsgiés.

In general, growth of preferred 2D morphologies occurs through specific crystal facet
pasivation. All crystalline nanomaterials can be described with a distinct crystal structure as
defined by their highly ordered repeating 3D arrangement of atoms and bonds. The terminating
face, or facet, of the nanomaterial exposed results in a spec#icsiaface energy depending on

chemical, physical and structural parameters.,(atom packing, electrostatic charge, atom
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coordination numberetc.).!®? Atoms a facets are undercoordinated and either positive or
negatively charged and these factors can increase surface Eeédgymally, a nanomaterialil

find a thermodynamic minimum in total surface energy, most likely a sphere, where the area of
the highest energy facets are minimized compared to the lower energy ¥aesever, based

uponligand binding affinities, crystal surfadgand engineering of specific facet reduces their
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surface energies providing kinetic contt®i.Overall, more tightly bound ligands will slow the
growth of that specific facet, thus allowing for programmable directional groltis.is observed

in the depth of researchtd the formation of metal chalcogenide nanoplateletsraoré recently,
cobalt oxide nanosheets % 166168 For example, in CdSe nanoplatelets specific binding between
cadmium and carboxylate ligands is used to observe the 2D confin&thent.

Even in our own research, primary amine, oleylamine, is used to confing WO 2D
ultrathin nanoplatelets® The dative binding of amine to the inorganic surface allowed ligand
ligand vdWs interactions between monomers to formaimesophase templated assembly
ultimately ending in 2D growth. This mesophase templated assembly is a common mechanism in
the formation of 2D nottayered semiconductor materials through ligand engineéff@verall,
choice of the head group allows for specific facet binding and a lowering of the surface energy to
control kinetics of monomer attachment. Ligand tail group engineering limits steric hinderance to
allow high packing density of ligands andWs interactions between ligands of neighboring
monomers thus promoting growth.

In our other work, quadRuddlesdesPopper phaskismuth halide perovskitethe ligand
can insert itself directly into the nanocrystal as an ionic charge neutralizing ifeegd ghis is
common for hybrid organimorganic perovskites where the ligand contains a positively charged
ammonium head group and a large bulky %4it’2 The tail then interacts through ligatigand
vdWs forces in much the same way as mesophase templated growth forming 2D nanomaterials.
MXenes on the other hand are formed through elemental etching ancigodiofrom a layered
bulk structure. Thus, there are no organic ligands necessary in the fabrication to form 2D
nanomaterials; however, as seen in Section 1.4.3, organic ligands become extremely important for

physicochemical property manipulation.

1.4.2 Optoelectronic Properties

The optoelectronic properties.§.,absorption, emission, LSPR etc.,) of 2D nanomaterials
are defined by their electronic band structure which is greatly influenced by their surfaces. As
observed in Figure 1.2 the composition of a namtemal results in metal (no band gap),
semiconductor (small band gap), or insulator (large band gap) characteristics. This inherent
difference in the band structure results in materials with differing optoelectronic properties that are

applied in separatdistinct technologies. Halide perovskites are tunable band gap semiconductors
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best suited for photovoltaic and display technologies due to their large absorption coefficient and
high exciton binding energy?® Whereas oxygen deficient transition metal oxides are 2D
semiconductor nanomatesahat exhibitLSPR responses upon interaction with incident light,
akin to metal nanomaterials, that are used in photocatalysis and sensing applit4tions.
MXenes are classified as metallic and exhibit LSPR responses also; however, surface chemistry
control of their optoelectronic properties is largely theoretical at this point and not covered in this
work 1" Not shown in the simplified band structures in Figure 1.2 are the shallowbantertrap
states that occur when point defects occur on the surface of 2D nanomaterials. These point defect
are the result of undercabnated or missing surface atoms that remain unpassivated by ligands.
Due to the differing nature of the optoelectronic response between halide perovskites and oxygen
deficient transition metal oxides there is a nuanced influence of surface defects.

Halide perovskites are often compared to classical QDs as their band gaps are tunable over
the visible range through quantum confinement effects and choice of Ralige choice of halide
is important because the HOMO and LUMO bands are comprised of orbital contributions from the
metal cation and halide anions in each octahedra (Figh@).%8 Chapter 2 discis®s the band
gap alteration caused by changing halide ions in 2D lead free halide perovskitessifeheharge
neutralizing cation does not play a direct role in the optoelectronic properties of the materials;
however, through surface passivation antdasted stability it does indirectly contribute to the
overall efficiency of absorption and emission proce$Sdaterestingly, when compared to QDs,
halide perovskites have a much larger tolerance for surface defects as shallow trap states are
located within their LUMO bands, not imtband gap as is the case for QDs (FigufC)L1e°
Overall, therds an critical need of surface ligands for passivation and stability because the ionic
nature of the halide perovskite results in a low crystal lattice energy making it very susceptible to
its chemical environmer®. Any small change in the lattice of the halide perovskite causes
distortion to the octahedra resulting in decreased efficiency of it optoelectronic properties such as
quantum yield."

Oxygen deficient metal oxides are LSPR active due to free carriers, electrbissdase,
left behind when an oxygen atom is removed. Thus, the more oxygen that is removed the higher
the free carrier concentratiohld) in the material. Consequently, the LSPR respoasgd is

directly impacted by thile caused by oxygen vacandheDrude model for bulk materials relates

Ne to the bulk plasma oscillation frequenty () as'®
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Equationl.2

whereQis the electron charge, is the permittivity of free space, and is the effective mass of
the electron. Using the high frequency dielectric of the materig), @nd the reapart of the
dielectric function{ ), and accounting for the damping effect using a bulk collision frequéncy (

the overall relationship to the frequency of the LSPR resppnse () follows Equation 1.3:

1

Equationl.3

Here,- can be represented using a shape fatifoarfd the dielectric constant of the surrounding
medium taken as the bulk refractive index )
- Il -

Equationl.4

By relating to- , it is clearthe LSPR response of a material is sensitive to the refractive
index of its environment. Interestingly, with the incorporation of the shape factor it becomes clear
that anisotropic materials greatly impact the overall sensitivity of the material. TBif\sgnis
the reasoning for using LSPR active materials in sensing applic&tions.

Considering the Drude model was developed for spherical noble metal nanoparticles with
intrinsic free carriers there arise inherent drawbacks for 2D semiconducting nanomaterials. Free
carriers in a semiconductor are greatly influenced by shape, often resulting in multiple peaks in
their LSPR responsé&? One reason for this is that effective masses of the carrier being different
along each axis of the matert&f Thus, it is important to incorporate a shape factor that can model
this behavior as accurately as possible. An example of this is ingO nanorods where the
dielectric environment of the dianeetis modeled separately to that of the lentfth.

Also, the Drude model does not take in to account the changes at the surface of the

nanomaterial. With the removal of surface oxygen atoms of transition metal oxides surface traps
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can appear cr e ad(Figup 1.89)%Whisdéaypel effdctivalymembvasyfreercarriers

from participation in the LSPR response decreasing sensitivity of the material and many other
necessargptoelectronic properties for effective use in applicati§h@verall, assumptions of the

Drude model for noble metal naparticles based upon electronic band structure (no band gap)
ulti mately fail when considering the surface
structure. Chapter 3 discusses the introduction of a shape factor to account for chaegdsycaus

2D nanoplate morphology of W&Q. Also, this chapter discuses-depth how appropriate
passivation of the surface limits depletion layer effects, thus maximizing the leSpéhse.

Depletion

Flat-band

Figure 1.9: Schematic representation lbw typically highNe plasmonic oxideshiue)
form low Neinsulation barrierggrey) which negatively impact their LSPR response an
impedes electron transport between NCs. Adapted from refet86ce

1.4.3 Physicochemistry Properties

The preceding sections have described how a material surface chemistry can be used to
direct morphological changes during synthesis and alter the optoelectronic properties through
surface passivation. In additipto these important outcomes, surface chemistry techniques can be
applied to manipulate the physicochemical properties of a material. One of the most important
physicochemical properties of materials is their inherently hydrophilic or hydrophobic enaract
resulting from the ligands or surface terminations caused by synthetic conditions. This property is
extremely important when considering a nanomaterial stability in particular environments or
solubility/dispersibility for use in dowfield device manufeturing. For example, inkjet printing
is a common method to reliably manufacture circuitry or patterns of nanoparticles in sensors,

photovoltais, and electrical devicé§® Often, due tothe necessaryconditionsfor the inkjet
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printing process, nanoparticles need to be hydrophilic to achieve large concentrations in polar
solvents thus maxiree printing and processing efficienct€sConversy, polymer processing to
form nanocomposites often occurs in hydrophobic environments requiring nanopatrticles to be
highly dispersible in noolar solvents for effective use in high loadings to achieve desirable
outcomes® Interestingly, wha thinking about bigelated applications such as drug delivery, the
nanoparticle may need to have a mixture of hydrophobic and hydrophilic character to effectively
travel through the body then enter through a cell #alhus, surface chemistry manipulatioh
a material surface layer becomes imperative to successful nanomaterial application performance.
Alteration of this layer is most often achieved through post synthetisity) surface ligand
exchange or attachmieprocedures.
2D perovskites, which are synthesized via botiggmmethods in the presence of bulky

organic cationsg.g, alkylammonium and phenylethylammonium) are inherently hydrophobic and
must beprocessed in nepolar solventsie., CHCE).2% Due to the ionic nature of the halide
perovskite crystal one of the major disadvantages is their poor stability in polar or agueous
environmentg® Especially concerning is their long term instability in high humidity environment
considering one major application is photovoltaic devices that are open‘tbHumwever, these
challengs continue to be circumvented through the usexeditu ligand exchange and treatments.
Common approaches include introducing tighter binding surface ligands, such as bidentate binding
2 , -ilnihodeibenzoic acid®or incorporation of large protective hydrophobic layers, such as
poly(4-vinylpyridine)1°® One novel approach which demonstrated enhanced stability in
photovoltaic cells was to introduce a bifunctional ligand containing a hydrophilic functional
terminal group which adsorbs water while distancing theyskite surface through an alkyl
chain® This method of including hydrophilic outward facing functional groups is also employed
to create aqueous procabke halide perovskite materials; however, due to the extreme
environment of being submerged in solvent a large blogsotymer was requiretf®

2D nanomaterials that are achieved throughdoywn methods such as specific elemental
etching and exfoliation of layered bulk materials introduces terminating groups on the surface of
the nanomaterial. This is the established procedure to fabricate M¥ewdlakes which are

terminated with a mixtur&), -OH, and-F resulting from the hydrofluoric acid used during etching.
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Figurel1.10: Dispersions of TIC>Tx highlighting the hydrophilic character based upon th
dispersibility in various solvents over a range of polarities. Adapted from refetBBce
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This surface mixture of surface terminating groups leads to a hydrophilic surface as obgerved
high solubility concentrations of MXenes in water and palganic solventgFigure 1.10)}°3 This
inherent hydrophilicity lends itself well to many processing techniques such axepting and

inkjet printing2°%1°” However, the surface termination of MXenes create a number of issues. First,
MXenes will oxidize when stored in aqueous environment through the formation of transition
metal oxides on their surfa¢®. Many applicationsncluding the incorporationinto polymer
nanocomposites are detrimentally impacted by the hydrophilic character. When hydrophilic
MXenes are placed in a hydrophobic environment the nanoflakes will agglomerate due to
hydrogen bonds and electronic attracti&hThis agglomeration decreases homogeneity of the
material andesults in negative outcomes in the polymer nanocomp@8itenumber of studies

have been conducted to modify the surface chemistry of MXene using hydrophobic organic ligands
to both improve their long term stability and also to increase sbéibility in norrpolar organic
solventst®! 2°°The majority of these works utilize electrostatic interactions between the MXene
surface and ligand to adsorb organic ligands thus altering their hydrophilic character. This concept
will be further discussed in Chapter 4, where we highlight our work of modifying the MXene
surface through covalent attachment of BHi@ands resultingn MXene nanoflakes that are

dispersible in organic solvents with a wide range of polarities.
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1.5 Purpose andSpecific Aims of Dissertation

As mentioned abovehis dissertation discusses how specific aspects of surface chemistry
can be utilized to affect assembly, optoelectronic, and physicochemical properties-foédead
perovskites, oxygen defisietungsten oxide, and titanium carbide MXenes, respectively. Chapter
2 focuses on synthesizing leide bismuth halide perovskites and how careful control of synthetic
parameters can force the formation of 2D nanosheets in a-Ruddlesden Popper phase
Through cation deficient reaction conditions, the surface ligand is enticed to enter the typically
inorganic perovskite lattice. Through ligahgand interactions nanosheets are formed. Also,
discussed is the electronic band structure impact of halathilation and solvent evaporation
impacts on assembly of the nanosheets. Chapter 3 delves into the optoelectronic property
manipulation of W@y ultrathin nanoplatelets through altering surface passivating ligands.
Through theex-situ treatment of bidenta bound carboxylate ligand passivated NPLs with
tridentate binding tetradecylphosphonate ligands allowed an increase in surface passivation is
achieved. This enhanced passivation equates to a filling of surface traps created by oxygen vacancy
allowing thesurface trapped electrons to occupy the conduction band and participate in the LSPR
property. Chapter 4 explores the altering of physicochemical properties (solubility and assembly)
of traditionally synthesized, hydrophilic s0.Tx by chemically converting hydroxyl surface
terminations to ester bonded PEG6 ligands. This conversion greatly changes the solubility and
processability profile of MXenes without greatly impacting their interlayer electronic conduction,
which is unique forthis material. All of these chapters use a combination of absorption and
vibrational spectroscopic techniques along witha}t diffraction and electron microscopies to
analyze scientific outcomes. Lastly, chapter 5 provides short concluding remarksrerswrifgce
chemistry is heading and how it may be used in technologies that are currently under development.

1.6 Future Outlook

Surface chemistry has and will continue to play a vital role in developing novel
technologie€®® As unique and evermore complex materials are discovered for increasingly
intricate technologiegreviously gained fundamentals of surface chemistry must be adapted and
developed to overcome modern challengé® work presented in this dissertation has the ability

to overcome inherent challenges in a number 2D nanomaterialsgroup work represents an
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origin point for taking advantage of a range of materials in a variety of future applications. Notably,
the expansion of the family of 2D halide perovskites into lead free alternatives while expanding
the ligand options. We higlglht the ability to fabricate 2D Byased halide perovskite nanosheets
passivated with PEG ligands that provide solvent controlled assemblie2DNtrms of Bi

halide perovskite have shown increased stabilization in ambient environments due to thef ability
Bi to form thin oxidation layers while maintaining the core integrity of the perovekithese
non-2D Bi nanomaterials have shown en@ming catalytic activity in the reduction of G.&?
Lastly, applying PEG ligands opens up avenues into biocompatible perovskite m#térials.
Although there may be better alternatives tobBsed 2D halide perovskites in specific
applications, without expanded investigations into the fundamental optoelectrepunse and
catalytic activity of the material it remains unknown.

Our work studying the surface passivation of plasmonic:\W@enotes fundamental
expansion on how the Drude model, developed for noble metals, continues to fall short in
describing the optdectronic response of plasmonic semiconductors. There has been much
research into LSPR active doped semiconductors; however, knowledge of oxygen vacancy driven
LSPR in the extremely important class of transition metal oxides is still lacking.« W43 ben
shown to be a prized material for catalytic aniface enhanceBamanspectroscopy (SER
applications, but there is little fundamental understanding of how oxygen vacancies at the surface
may impact the disparate mechanisms of these applicaffoA¥Thus, continued advancements
in the understanding of the impact of surface chemistry in these materials may one day provide
economicahlternatives to noblenetal LSPR based technologies.

The covalent modification of MXene surfaces that we highlight irsgaidcessability to a
material that currently has not been commercialized. MXene compositions are ever expanding and
as a more stablalternative to the original 2D material, graphene, the applications are near
endless?® Our work features the creation of a MXene surface with functional group containing
ligands that will allow for the use of MXenes in a range of technologies requiring covalent
attachments. Markedly, the use of MXenes as nanofillers in polymer nanocomffSeerall,
this dissertation repsents fundamental first steps and an expansion of possibilitigdizong

some of the most important materials existing today.
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CHAPTER 2. COLLOIDAL SYNTHESIS OF SINGLE LAYER QUASI -
RUDDLESDEN-POPPER PHASE BISMUTH-BASED TWO-
DIMENSIONAL PEROVSKITE NANOSHEE TS WITH CONROLLABLE
OPTOELECTORNIC PROPERTIES

This article has beesdaptedvith permissiorfrom, Jacob T. Lee, Soenke Seifert, and Rajesh
Sardar Chemistry of Material202133 (15), 59175925DOI: 10.1021/acs.chemmater.1c00857

2.1 Synopsis

In this chaptemwe report the colloidal synthesis of-Based 2D perovskite nanosheets,
(PEG6NH3")nCs:nBi2Xo, where X=ClI, Br, and I, through careful design of reaction conditions
and selection of polyethylene gifd®EG6) surface passivating ligands. The 2D nanosheets are
~5 nm in thickness with micresized lateral dimensions and display composition dependent band
gap and work function modulation. Small angleay scattering analysis substantiates that the
individual inorganic crystal layer, €sBi>Xo, is separated by the spacer, PEG6 ligand.
Additionally, we determined that PE&@@H: is an essential passivating ligand and spacer for the
formation of Bibased 2D nanosheets. Most importantly, controlled crysatibiz of the colloidal
dispersion of nanosheets results in the formation of superlattice microstructuresqofaghe
RuddlesderPopper phaseThese microstructures can be exfoliated to ultrathin nanosheets by
overcoming the dWsinteraction between thegainic passivating layers. The controlled synthesis
of leadfree 2D perovskite nanosheetesented here can expand their utility to photocatalytic and

optoelectronic applications with reduced toxicity.

2.2 Introduction

The discovery of atomically thigraphene by mechanical exfoliation of graphitas led to
significant research activities involving synthesis, characterization, and-stalel devie
application of twedimensional (2D) materials that are a single or-layers thick. 2D materials
offer unique physical, optical, and electronic properties unlike those of their bulk counterparts due
to increased carrier mobility, high surfamevolumeratios, and excitonic confinement in multiple

dimensiong® Most widely studied 2D materials such as graphemansition metal
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dichalcogenides, and MXenes are derived from physical and chemical exfoliation of their bulk
counterparts or through vapor deposition metH8d®:2972%° |n recent years, 2D perovskite
nanomaterials have shown tremendous promise for various appliéstfdhsecause of their
inherertly high molar absorptivity and large defect toleran®s?'2?13 However, colloidal
synthesis of ultrathin pevskites has proven to be extremely difficult. A few reports on the
synthesis of leathased inorganiorganic 2D perovskite nanosheets are known that commonly use
the solution phase ferystallization approac?. 1> 214Shamsi et al. presented thin CsBbX
nanosheets synthesized via a colloidal meffod.

To obtain 2D relevant properties for photovoltaic and optoelectronic applications from
fundamentally 3D pensskite structures most research is focused on creating hybrid organic
inorganic RuddlesdeRopper phase structures, $&H3NHz3)n i MnX3n+1, Where A represents a
bul ky ammonium based cation, M is the metal
represents the number of perovskite units in the inorganic fay€r. These large ammonium
cations in the A site cannot fit within the perkits but passivate the edge creating bulk layered
materials with electronic structures similar to quantum wells. The unique electronic properties
arise from the difference in dielectric values between the inorganic and organi¢¥a§@i/hen
preparing thin films using 2D materials for optoelectronic and photovoltaic applications, the
materials show a tendency to assemble into heterogenous multilayered (muliliees)
structurs. Importantly, these heterogeneous films have been shown to act as energy funnels in
which layers containing a lowervalue greatly improve charge separation and movement in
comparison to larger-malued layer$?¥??4 These charge separation and funneling properties are
still dependent on both direction of layer growth and movement between layers which in most
cases are bulky insulating organic ligaftfs.

The intrinsic toxicity and lack of lonterm stability of Pkbasedmaterials have prompted
the use of relatively netoxic metals for the synthesis of either fully inorganic or inorganic
organic hybrid perovskites nanomateriffsi? 226Metallic Pb has been replaced by Bi, Sn and
Sb to synthesize relatively ndaxic perovskite spherical nanocryst&522° However, to the best
of our knowledge, no literature report is currently available on the colloidal synthesis-&ead
ultrathin 2D nanosheets. In this article, using*Bs the bsite cation forming the center of the
perovskite octahedron andnictional polyethylene glycols (PEGS) as passivating ligands, we

report a new Pliree, perovskite [(PEGBIH3")nCs-nBi2Xo, X = Cl, Br, and 1] nanosheet synthetic
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rout e. Here we use AnoO as an-NHsnligaads msertingod r epr e
the crystal lattice, not the number of perovskite units as it is used in the given Rudétepgen
formula above. These nanosheets form through the control of the inorganic lattice crystal structure,
careful manipulation of the metal precursor coneditun, and interplanar van der Waals
interactions. We show that altering the halide ion in the inorganic crystal results in a shift of the
optical band gap from 3.16 to 2.70 to 2.34 eV for chloride, bromide, and iodide, respectively. We
also observe ~300 eV change in the work function of the-Based perovskite nanosheets by
changing the halide ion in the perovskite crystal structure. Furthermore, we are able to produce
QuastRuddlesderPopper phase superlattice structures (hexagonal stacked andypetal
structures) by controlling the evaporation process of colloidal (PEES)CsnBizBrg
nanosheets. Owing to their expected, unique chemical and physical properties, we believe that our
newly synthesized 2D nanosheets could be useful for a number afajopis.

2.3 Results and Discussion

I n an optimized r eNadf)iCisBmBsoandsheenhs WPEG6sy
by mi xing surface pas-NbhRaad i FCEGCOMHE GG nld EgGey/d dast ra( P E
i nodt adecene at 100 AC followed by a&ddi¥son o

spectroscopic analysis of the purified producHt

materi al ate 225 Apm (Phiog wrl umi nescence study of
i nset) reveals a | ow intensity emisstgoanp near
emi s&®foeoretical calculations have shown that

binding enermgi bswt phdotolesmihesc’EAsei yuast uvmt e
Figure 2. 1B;r aymaslilclatdregliemmgX ( SAXS) analysis of
near 0.Lwi6t9h bl drameepeating pattern (n=1, n=:
mi croscopy (TEM) characterization shows the
(Figure 2.1C, D) with variable densities or | a
(Fiegu2r. 2) .

An average lateral dimension of nanosheets is ~360 + 94 nm (Figure 2.1E, top panel) while
the folding edges provide an estimated thickness of 5.1 + 1.1 nm (Figure 2.1E, bottom panel). We
believe this thickness is an over estimation of the actual thickeessise 2D nanosheets have a
tendency to stack during the drying process on the TEM grid. Powday Hiffraction (XRD)

49



analysis confirms the hexagonal crystal lattided p , which is common for Cs3Bi2Br9
perovskites (Figure 2.1F). One would expectar&XRD peak due to ultrathin dimension of the
nanosheets. However, we observe sharp peaks in the XRD analysis that could be due to the
formation of microstructures during the sample preparation steps. We observed that the nanosheets
possess an inherent bilyi to form stacked microstructures when a high concentration colloidal
solution is dropcasted onto a solid surface. Further, FTIR spectroscopy characterization of
purified perovskite nanosheets (Figure 2.3) reveals a strong peak at 110éih is asigned

as the GO-C stretching mode of PEGs ligands. Peaks in the range of3&®and at 1453 ¢
represent the NH stretching and bending modes of the amine of REB6 ligands,

respectivel\’*! The inclusion of the peak at 1633 ¢menotes the presence-6f=0 appearing
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Figure 2.1: (A) UV-vis spectra of (PEGB&IH3")nCs:nBi=Clg (blue), (PEGENH:")Css-
nBi2Bro (red) and (PEG®&H3")nCssnBi2lg (green). The inset displays a typical
photoluminescent spectrum of (PE®61s").CsnBi2Brg perovskite. (B) A representative
SAXS spectrum of (PEG6NHs")nCsnBi2Brs nanosheets. Low (C) and high (D)
magnification TEM images of (PE@8H3"),Cs-nBi2Brs nanosheets with the scale bar of
500 and 200 nm, respectively. Yellow dashed lines in (D)raithe presence of single
layer nanosheets. (E) Histograms of lateral and folded edge sizes of D, minimun
measurements. (F) XRD of (PE®813")nCsnBi2Bro compared to reference for hexagona
CsBr2Bro.
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from the PEGBCOOH in the PEG& OO form. We selected PEG ligands because glycol units in

the PEG chain offer many advantages over aliphatic chains including increased eaggpduati

the electron density of the oxygen atoms, increased solubility in a wide range of solvents and
flexibility to form brush or mushroom type structurésAdditionally, Wang et al. used PEG

ligands when synthesizing antimony based perovskite quantum dots toPsBOGO6 S super i ¢
hydrophilicity increases the perovskgtability against water in ambient atmosphere and overall
biocompatibility opening up future possible applications in bioimagfing.

It is shown that organic cations play a vital role in the foroma@f 2D nanosheets of lead
based perovskite in which some Cs atoms are replaced by alkylammonium CaEoesgy
dispersive Xray spectroscopy (EDS) analysis determines the surface composition of our
nanosheets with Bi to Br ratio is 1 : 4.54 (data not shown). The data suppaRisBGsype
crystal structure in which bismuth ions ate an octahedra with bromine ions and overall charge
of the crystal is balanced through insertion of &sms or in our case a mixture of'@ad PEG6

NHs*. Alkylammonium ions are often formed during colloidal syntheses and passivate the surface

of nanocystals; however, ammonium insertion in the crystal is feasible and necessary due to our

B X

R 4

)

Ve

Va A

Figure2.2: TEM image of (PEGA8\H3")xCsxBi2Bre. An example of how Image J was
used to estimate the thickness of the nanosheet based upon overlap/folds (yellow ci
and provide latetalimensions of large single layer sheets (yellow lines). The scale ba
200 nm. Over 50 measurements were taken across multiple images of multiple samp
determine lateral dimensions.
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cesium deficient reaction conditions (s&ection 2.5.8 X-ray photoelectrospectroscopy (XPS)

analyses also support a cesium deficient inorganic lattice composition by analyzing binding energy
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Figure2.3: FTIR Spectrum of purifiedPEG6NH3*)nCsnBi2Bre nanosheets

peaks of Bi 4f, Cs 3d, Br 3d, and N 1s (Figure 2.4). Bi 4f peaks in XPS appear at 15853 4nd
eV for 4f;,and 4%/, respectively. The doublet of Cs 3d manifest at 723.9 and 737.8 eVsfor 3d
and 3d, respectively. The Br 3d at 67.8 and 68.9 eV fos-3and 3d. respectively. The
appearance of the broad N 1s can be fitted with two psaB89.7 and 401.2 eV. Generally, no
splitting is involved in N 1s orbitals. Therefore, appearance of two peaks represents two types of
nitrogen environments. We believe the peak near 400 eV representsHhef the surface
passivating ligand (PEGEH>), and the peak near 401 eV represeitds*, the protonated amine
that inserts into the inorganic crystal to provide overall charge neutrality to the perovskite
structure?®3Therefore, we define the chemical composition ebB&sed 2D perovskite as (PEG6
NH3z*)nCss-nBizBro.

We hypothesize that the formation of our (PEXHE83")nCs.nBi2Bro 2D nanosheets occurs
through a combination of van der Waals interactions and mesoscale growth (Figure 2.5). The
cesium deficiency facilitates the insertion of PEIHE3" into the crysal to maintain the overall

charge neutrality once the nuclei convert to larger nanocrystals. The hydrdyidilaphilic
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Figure2.4: XPS spectra for (PEGEH3")nCs.xBi2Brg with characteristic fittings of their
binding energies and characteristic orbital splitting for (A) bismuth, (B) bromide, (C)
cesium and (D) nitrogen. Two types of nitrogen are present: a neutral amine near 400 eV
and a protonated amine near 401.6 eV.

interaction of PEG tails and the flexibility of PEG chains allow mesoscale assembly that lead to

attachment of nanocrystals parallel to our substrate surface for the formation of nanosheets. Creutz,

et al. has observed a natural cleavage along the (002 plamanoplatelet structures and we

believe a similar cleavage supports our hypoth@8isAs shown in Figure 2.5, the (002) plane

provides access to vacant surface sites for the insertion of-REG6due to a combirtaon of

hydrogen and ionic bonding interactions. 2D nanosheets stack over time in solution aided by

ligandligand van der Waals interactions. SAXS of this stacking reveals a lamellar repeating

53



P assnsaneannninin 3

? % Bgely $6e S5 e 8 8 8 8
s

~ R TR N
SHSIS; g 58 TE TAhas S e 55 -8
......... I
e e e e e e e e e e e e e e e e e e e e e e = = =
[
| ngee I
l \S° 2 ° 2 o I
¢ 3 I A
I IS R
s 3§ s 5 S
| ¢ 9 L 3 ¢
I é g os 34 ‘} I
| - 8T
I
: BN BBHHBHo |

Figure 2.5: Schematic representation showing conversion of initial precursors to
nanocrystals, and then to the formation of individual nanosheets with further stacking of
nanosheets under solvent evaporation conditions.
pattern (n=1, n=2n=3) with an intetayer gap of ~1.7 nm (Figure 2.18).2%°3D modeling
(ChemDaw 3D) of a PEG&OOH molecule provides an estimated molecule length of 2.1 nm.
The interlayer distance determined from SAXS of (PEQ®Hs")nCsnBi2Brg is ~1.7 nm.

Therefore, some interdigitation between the PEG6 chains of neighboring perovskite layers has

'3" i S
23

Figure2.6: Synthesis of bromide produwith 4 times the typical amount of ®EGylate
precursor showing a clear lack of nanosheet formation. Scale bar is 50 nm
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taken place. To test the proposed fainramechanism involving PEGEHs" insertion into the

crystal lattice, we increased the amount ofRESGylate precursor four times the original
concentration and that results in formation of mostly spherical nanocrystals rather than nanosheets
(Figure 2.6) We also used a rigid amine such as oleylamine, which is very commonly used in
perovskite nanocrystal synthe&iqut no nanosheet formation was observed (Figure 2.7A). Also,

the absorption peak (Figure 2.7B) is located at 386 nm, whiclosely related to other nen
stoichiometricbismuthbasedperovskites nanocrystals as reported by Creugt?3* Taken

together, our experimental results strongly suggest that the choice efIBEG ligands and an
appropriate stoichiometry of metal precursor in the synthetic condition are crucial for the formation

of ultrathin perovskite nanosheets.
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Figure2.7: : (A) TEM microscopy image of perovskites nanocrystals synthesized us
oleylamine and leic acid as surface passivating ligands. Scale bar is 100 nm. (B)sJV
absorption spectrum of the purified nanocrystals

Our experimental data presented above suggest that PEGs are the unique ligands for the
formation of Bibased, ultrathin perovskite nanosheets. We extended the synthetic method of 2D
Bi-based nanosheets to other halide ions (Cl and I) because it is shown that halide ions play
significant role in the catalytic rates in-Based perovskite matals?°2 As shown in Figure 2.1A,
(PEG6NH3")nCsnBi2Cly and (PEGENH3"),CsnBi2lg nanosheets display absorption peaks at
372 and 493 nm, respectively, with corresponding energy values 3.16 and 2.34 eV, respectively,
as detamined from Tauc plot analyses in accordance with methods for cesium bismuth halide
found in the literaturé?® A strong composition dependent band gap effect is observed between 2D
nanosheets depending on the halide ions. XRD data show good crystallinity of \FEGEC -
nBi2Clo and (PEG6NHz:")nCsnBi2ls nanosheets with the hexagonal crystal latfiéed p) as
similar to CsBi>Cls and CsBizlg, respectively (Figure 2-8.9). The XRD spectrum of (PEG6
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NH3")nCs-nBi2Cls shows some distortion especially at higher angles which could arise from lattice
strain upon attachment of binding head groupli¢ and/or-OOC) from the surface passivating
ligands?*¢23’ TEM analyses demonstrate up to 230 nm lateral dimensiorsheets (Figure 2.8).
Although we are able to synthesize iodide containing perovskite nanosheets (Figure 2.9 ), our XRD
analysis shows distortion or mixing of possible crystal phases (Figure 2.9). lodine containing
perovskites often require a high temperatfor colloidal synthesi§ however, our standardized
synthetic conditions were unable form single crystal lattice products with the reaction
temperatures >150 °C because PEG6 ligands undergo decomposition at elevated temperature.
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Figure 2.8: Data for (PEGE&NH3"))xCs.xBi2Cls A) TEM image with representation of
Image J analysis for lateral dimensions. Scale bar is 500 nm. (B) PXRD diffractog
comparing the standard for 4B$.Cls. XPS spectra with fittings for (C) bismuth, (D)
chloride, (E) cesium, and (F) nitrogen.

56



Determination of precise band structure (valance and conduction band positions, and fermi
level) of our newly synthesized Based 2D perovskite nanosheets should be extremely important
for catalytic applications and sdistate device development. We used ultraviolet photoelectron
spectroscopy (UPS) to analyze (PESH;:")nCs-nBi2Bro nanosheets and the work function is
determined to be 3.52 eV (FiguzelOBand Figure2.11), and the position of valence band region
is 2.8 eV (Figure2.10A). A direct band gap Tauc plot provides an optical band gap of 2.70 eV
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pum scale bar. B) Higher magnification TEM image. scale bar is 200 nm. C) PXRD c
comparing to the standard for 8B&ls. XPS spectra for (PEGEH3"))xCssxBialg with
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near 400 e\and a protonated amine near 401 eV.
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(Figure2.10C and Figure2.12). Therefore, the conduction band position with respect to vacuum

is 3.10 eV. Based on the UPS and-gible spectroscopy analyses, wesdaeveloped a band
diagram for 2D (PEG®H3")nCss.nBi2Xg perovskites nanosheets (Fig@rd ). Similar tolead
basedperovskites, we observe a band gap decrease moving from chloride to bromide t&fodide.

223, 238Thjs is due to the absorption taking place between the bismuth and ibakdeithin the

octahedra. This directional shift is also applicable to the work function values from 3.67 eV for

chloride to 3.43 eV for iodide. Tab®1 provides a full list of all values and calculations involved

in formation of the band diagram.
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Figure 2.10: UPS high energy cudff spectra for (PEG®IHs"))xCsxBi2Xo where X
chloride (A), bromide (B), iodide (C). See taBld for values.

Previous work showed that controlled solvent evaporation of alkylammonium containing
RuddlesdefPoppelphase perovskite materials created stacked superstructures of varyif§ sizes.
% To further expand the potential utility of Based 2D perovskite nanosheets for future
applications, we invaigated the assembly process of nanosheets by controlling the evaporation
temperature of their colloidal dispersions in chloroform. At a slow evaporation rate, appearance of
flat hexagonal 2D layered superlattices with an average dimension of 490 + 2% minserved
in the SEM analysis (Figu213A and B). In contrast, petal type structures are formed at a faster
evaporation rate (Figuiz13C). Although it is our understanding that the solvent evaporation rate
is just one of the variables that contrible selfassembly process and the resulting structure of the
superlattice, we do not fully understand the mechanism underlying such processes. The XRD
analysis of hexagonal 2D layered superlattices (Figur@) suggests the formation qtiast
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RuddlesdesPopper phase perovskites withram al ue of 1. 0 as <character.i
=5.7). The growth has very little contamination along the (111) crystal plane which is similar to

n=1 growth in lead iodide RuddlesdBopper phase perovskite8. Our data suggests
RuddlesdesPopper type insertion of the ammom group into the crystal lattice; however,
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Figure2.11: (A) Valance band region and (B) secondary energy cut off UPS spectra of

(PEG6NH3")nCsnBi2Clo (blue), (PEGENH3")NCs.nBi2Brg (red) and (PEG®&H3")nCss-

nBizlg (green). (C) Direct band gap Tauc plot analysis of (PEGE")nCs-nBi2Bre. (D)

Band diagram with respect to vacuum where CB is conduction band minimum, VB is

valence band edge andi&the Fermi energy level.
without further indepth insitu characterization and study, specifically synthesizing otivatue
sheets, we choose to act cautiously and define this material as-&qddsderPopper phase
perovskite?*° To the best of our knowledge, this is the first demonstration of the synthads-of
basedquastRuddlesderPopperperosskite phase. We believe that PEEBI> ligands act as a

spacer to separate bismuth bromide octahedra layers, while bothiNHEGHd PEGECOOH
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Figure 2.13: Direct band gap tauc plots for (PEGBs*))xCsxBi2Xe perovksite
nanosheets where X is chloride (A) andide (B).

ligands passivate the surface of nanosheets to dictate their height and width. In our system the
inter-layer interaction between the glycol chain via van der Waals forces through a mesoscale
assembly process is the key for the formatioquaiRuddlesderPoppeiperovskite phas® The

van der Waals force is weak in nature, therefore we would expect that 2D layered superlattices can

Intensity

20

Figure 2.12. SEM images (PEG®6IHs")nCs.nBi2Brs microstructures upon controlled
evaporation to obtain hexagonal (A and B) structures. Scale bars in (A) and (B) are :
and 100 nm, respectively. (C) A representative SEM image of petaled structures, an
inset show an individual petajpe structureScale bars 1 um and 100 nm, respectively
(D) PXRD of evaporated hexagonal product.
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be exfoliated through mechanical forces such as sonication as shown for M¥éresalidate

this, hexagonal 2D superlattices composed of (PEGBB")CsnBi2Bre were dispersed in polar
solvents such as dichloromethane and sonicated for 10 min at room temperature, which results in
the formation of individual (PEGBIH3")nCss.nBi2Brgs nanosheets (Figuz14).

Tab2leSummari zed optical and electrowis val

spectroscopwal uanaalbytsaéssned from to%al selcaneadar wo
funcio)’Yal e obtained from the valeni€ael bahdt ¢ ¥
val ence b afapteidcgael (bvaBnd gap ( BG) deftCearl miud ead efdr
conduction band (CB).t Alol vaxluwems are with res
cuctf f calbc. . VB re calc.optic calc.
(eV) (eV) (eV) (eV) (eV) (eWV)

chl ori 13.6 3.67 2. 24 5.91 3.16 2. 75

Hal i de

br omin 13.5 3.52 2. 28 5.80 2.70 3.10

lodi ne 13. 4 3. 43 2. 32 5. 75 2. 34 3.41

Figure 2.14 A representative TEM image of exfoliated (PESHB3"))xCsxBi2Xg
perovskite nanosheets in dichloromethane. The scale bar is 200 nm
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2.4 Conclusions

In summary, through manipulation of inorgapi@cursor concentrations and constructive
PEG ligand interactions, we have successfully synthesizdzh®id, 2D perovskite nanosheets
with a composition of (PEGBIH3")nCs.nBi2X9 (X=ClI, Br). These syntheses resulted in a halide
dependent optical band gapm 2.34 to 3.16 eV for chloride and iodide, respectively. Elemental
analysis unequivocally proved a cesium deficient crystal lattice, and those Cs vacancy sites were
filled by ammonium head groups of PEGI6I3* ligands to drive the formation of 2D nanostse
We have shown that the appropriate selection of the surface passivating ligands is the key for the
formation of the first Pifree perovskite nanosheets. These nanosheets form a single layer (n=1)
which, in addition to electronic benefits of PEG6 liganwill provide ideal materials for charge
separation and energy funneling heterogenous multilayered materials. We have also demonstrated
that controlled selassembly of individual nanosheets via mesosdakrted growth resulted in
the formation of qusi-RuddlesderPopper phase perovskite superlattices that can be reversibly
exfoliated to individual nanosheets via mechanical forces. Taken together, we believe that the Bi
based perovskite nanosheets will expand the 2D nanomdiesetl photocatalytic dn

optoelectronic applications with reduced toxicity.

2.5 Experimental Section

2.5.1 Materials.

Bismuth bromide (BiBy;, >99%), bismuth iodide (Bj) >99%), cesium carbonate (99.9%),
1-octadecene (90% technical grade), toluene (99.9%), hexane (99%), chloroform (a88%),
were purchased from Sigma Aldrich and used without further purification. Bismuth chloride (BiCl
>97%) was purchased from TCI. Tetrahydrofuran (99.9%), sodium hydroxide, sodium sulphate
anhydrous, and methanol (99.9%) were purchased from Fisher sedl without further
purification. NnPEGEC OOH ( 095 %) -NHn(dO9IP%®E)G6wer e purchased f

2.5.2 Synthesis of Cscaroboxylate PEG6. .

PEGG6COOH (0.75 mL) and cesium carbonate (0.2 g) were added tend_2®%/0-neck

round bottom flask along with.5 mL ODE. The reaction mixture was heated at 150° C under
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nitrogen for 3 h under vigorous and stirring until a clear solution formed, indicating complete
conversion of cesium carbonate to-€&soboxylatePEG6. The reaction was cooled to room

temperaturecollected througleentrifugationand dried on filter paper.

2.5.3 Synthesis of (PEGEBNH3+)nCss.nBi2X9, X = Cl, Br, and I) Perovskite Nanosheets.

In a 25 mL round bottom flask, 3.0 mL ODE along with PEABgine (60 pL) and PE&
acid (20 pL) were added togeth&eparately, 5.0 mg of @sarboxylatePEG6 was placed in a
small vial and dispersed in ODE (200 pL) by sonication then added to the round bottom flask, and
then the reaction mixture was heated at 100° C for 45 min while stirring undéekt, 0.06
mmol BiX3was dissolved in 200 pL DMSO and injected into the flask and allowed to react for 15
sec. At this point, iceold, 5.0 mL hexane and toluene mixture (7:3 volume ratio) mixture was
quickly injected to quench the reaction. The product was isolated thicmmgrifugation at 7000
rpm for 5 min. The product then further purified from chloroform dispersion by adding hexane

and toluene mixture for two additional times before spectroscopic and microscopic analyses.

2.5.4 Characterizations

UV-vis absorption spectra eke collected using a Varigbary 50 Scan UWisible
spectrophotometer with 1 cm quartz cuvettes over a range eB@DOGmM. All spectra were
recorded in chloroform, and chloroform was used as a background for all measurements. The
photoluminescence ensisn (PL) spectra were collected using a Cary Eclipse fluorescence
spectrophotometer from Varian Instruments with 1.0 cm quartz cuvettes. Fourier transform
infrared (FTIR) spectra were collected using a Thermo Scientific Nicolet iIS10 spectrometer and
analyzed using Omnic 8.2 software package. Samples were pelletized with vacuukKRBitiadd
100 scans were collected. The background was recorded in air with 64 scans. Elemental analysis
was conducted on a field emission scanning electron microscopy systash{l$4700), which
was equipped with an energy dispersiveay (EDS) analyzer, to determine the Cs : Bi ratio.
Wide-angle Powder Xay diffraction (PXRD) analysis were recorded on a Bruker D8 Discover
X-ray diffractometer ( C als weté drogeast from the Shoroferm . Nan
dispersion onto cleaned glass coverslips All samples were run with 0.015° increments at 1.5 s per

step. Samples for transmission electron microscopy (TEM) characterization were prepared by
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placing 10nL of the samplalissolved in chloroform onto a carbonated copper grid (Electron
Microscopy Science). The sample was allowed to set fee80ndsand any excess solution was

by wicked away with filter paper in order to avoid particle aggregation. Images were acquired
using a Tecnai G2 12 Bio Twin. equipped with AMT CCD Camera operating at 120 kV. Small
angle XRay scattering (SAXS) analysis measurements were taken of colloidal dispersion in quartz
capillaries with an incident Xay energy of 18 keV, a sample to detectistance of 2.255 m, and
exposure time of 0.5 s. Data were analyzed using Igor Pro softwaray Khotoelectron
spectroscopy (XPS) and ultraviolet electron spectroscopy (UPS) analysis were conducted at the
Chapel Hill Analytical and Nanofabrication Latatory (CHANL). Samples were prepared by

drop casting purified samples onto piranha cleaned silicon wafers. A Kratos Axis Ultra BLD X
ray Photoelectron Spectrometer was used for b
x-ray irradiation, and pass emies of 80 eV and 20 eV for survey dmdhresolutionscans,
respectively. For samples that were electrically conductive, the samplegreasided,and the

charge neutralizer was turned ofther samples showed some slight differential charging,rand i

these cases the charge neutralizer was used but the sample was isolated from ground. All spectra
were corrected to the C 1s peak at 284.6 eV. UPS was conducted with the He | line (21.2eV) from

a He discharge lamp and charge neutralizer turned off.
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CHAPTER 3. SURFACE LIGAND CONTROL LED ENHANCEMENT
OF CARRIER DENSITY IN PLASMONIC TUNGSTEN OXIDE
NANOCRYSTALS: SPECTROSCOPIC OBSERVATION OF TRAP STATE
PASSIVATION VIA MULTIDENTATE METAL -PHOSPHONATE
BONDING

This article has been adapted with permission fidaapb T. lee,Sumon Hati, Mackenzie M.
Fahey, Jeffrey M. Zaleski arRlajesh SardaChemistry of Material202234 (7), 30533066
DOI: 10.1021/acs.chemmater.1c04042

3.1 Synopsis

This chapter focuses d@he surfacehemistrycontrolledmanipulation of th@ptoelectronic
properties ofsemiconducting2D transition metal oxide nanomateria&pedfically, the LSPR
response of oxygen deficient tungsten oxide QJYQANPLS) as viable alternative to expensive
noble metaNCs. The LSPRof NCs allow manipulation ofthe optical responses by controlling
their morphology, free carrier density, and local dielectric environment. Although extensive work
hasbeen done to control the LSPR properties of semiconductor NCs via doping, the role of surface
ligand chemistry in the enhancement of LSPR properties remains poorly unddretoffitient
passivation of surface atoms creates dangling bonds and surface trap states that together could
compromise the free carrier density asmhsequentlyptoelectroniqroperties Here, we report
the impactof metatligand bonding interactiaon thefree electron density @Nand the LSPR
response of monoclind/Ozx NPLs. The LSPR properties of WONPLsarise from the presence
of free electrons in the conduction blaas a result obxygen vacanesin the monoclinic crystal.

In-situ surface passivation einpurifiedcolloidal WQs.x NPLs with X-type alkylphosphonate (R
PO:?) produces an LSPR peakthenear infrared region of thelectromagnetispectrum. Xray
photoelectron, electron paramagnetic, and Raman spectiostaip support the presence af
tridentatePOs-W3 bondingmotif that allowsincreased passivatiarf shallowsurface trap states
leading to a experimentally determinelde valueof 8.4 x 1G> cmv®. Furthermore, experimenhgal
determinedonding characteristics are correlated with density functional theory calculations. The
effectof thehighNe valuesof NPLsontheir refractive index sensitivity iglsoevaluatedTogether,

the knowledge gained regarding surface ligand chemistntrolled manipulation of the
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plasmonic properties in semiconducting metal oxide NPLs angighéNe values of WQx NPLs
achievedmay result in sizabladvancemerit various LSPRdriven applications such as sensing

and energy storage and conversion schemes.

3.2 Introduction

Localized surface plasmon resonance (LSPR) properties of nanomaterials arise from the
collective oscillation of free charge carriers (electronsades) upon interaction with an external
electromagnetic field*?LSPR properts are often associated with noble metal nanostructures (Au,
Ag, etc.) as their metallic characteristic provides an extremely large free electron de)siaue
(10> cm®) leading to LSPR responses spanning the visible to near infrared regions of the
electromagnetic spectruff24® Additionally, these largdle values produce local electromagnetic
fields as a consequemof the enhanced polarization of the free carriers that depends on the
morphology of the nanomaterif In general, maximizing)le is beneficial and necessary for the
most effective and efficient use of nanomaterials in a wide variety of applications including
biosensing*"?4° surface enhanced Raman spectroscopy (SERS¥! and catalysig®#2°°
However, due to the prohibitive cost of noble metal nanostructunes;dst and highly stable
earthabundant materials have been sought as viable alternativ@®B8R responses in
semiconductor nanocrystals (NCs) can be created through atom vacancies, redox and
photochemical charging, and introducing dopants into inorgaystats. Appropriate composition
for the creation of LSPR active materials can be established in metal chalcogenides {e&j., Cu
E =S, Se, and Té§? 256257 gnjon vacancy metal oxidé¥, 2>®metal oxides with extrinsic dopants
(e.g.,Sn-doped In0s, Al-/In-/F-doped ZnO, and hloped CdO)F*2?%2 and group IV elements
(B/P-doped Siy53264
Amongst all the abovenentionel semiconductor NCs capable of displaying LSPR properties,
metal oxide NCs are highly desirable because their conduction band electrons are stable under
ambient conditiong® Most LSPR active metal oxide NCs synthesized at high temperature contain
extrinsic dopants which can vastly alter their performance whether dopants reside nadacke s
or are deep within the cot& Moreover, each host crystal can only allow a certain percentage of
extrinsic dopants which makes the process highly challenging to achie®@’Ncm3.26° Anion
vacancy metal oxides, such as-stbichiometric WQ2%52%7 offer a high degree of structure and

composition tunability thamake it an ideal material for a wide array of applications including
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electrochromic windows, photothermal therapy, sensing, photovoltaics, and photocatal§is, etc.
A high temperature reduced oxygen partial pressure synthesis creages atym vacancies in

the LSPR active W& NCs. The thermodynamically stable oxygen vacancy at room temperature
donates two electrons into the conduction band while generating a dianion point*fefect.
Importantly, for charge compensation created by the oxygen vacancy, suffacanNindergo
reduction to form W and/or W*. As the amount of oxygen vacancies increases, the chances of
the formation of reduced W sites such a® fe highet!® 12°This reduction of tungsten atoms
provides the potential for the creation of defect sites (trap states) in which electrored|ynaiohe

to participate in the conduction band, can be trapped or pinned, thus loweringwaleiéNand
impacting the optoelectronic propertfé$.12!: 184Theoretically, a higher Nvalue for WQx NCs
should be achievable if all W are present in +6 oxidation states or most of the surface trap states
are passivated.

Surface ligand chemistry is ubiquitous to colloidal NCs to provide stability, control
optoelectronic properties, and enhance NC perdmga for various applications. Appropriately
selected surface ligands can tune the bgapl and the Fermi level of semiconductor NC$%8
The ligand chemistry of nehSPRactive metal chalcogenide NCs is well established®? " In
contrast, such chemistry is much less developed for semiconductor NCyidgsmasmonic
properties. Particularly in doped semiconductor NCs, inappropriate surface passivation can lead to
surface defect and trap state formation that together produce surface depletion layers, which can
substantially alter thale value and influence their dielectric functio¥$One would expect that
surface ligand chemistry will have profound effects on oxygen deficient, LSPR active,
semiconductor metal oxide NCs, however the knowledge of the role of surface ligands on
controlling theNe of these NCs is lackindgreported gntheses of LSPR active VWQNCs were
conducted in the presence of aliphatic ligands containing carboxylate binding head gfot®s,
which are designated astifpe of ligand$’* and potentially form bidentate bridging with surface
ionized W lattice atoms. Even with possible Inité#ée binding between carboxylate group and
metal centers, the steric repulsion between the aliphatic hydrocarbon chains may not allow the
formation of a tightly packed ligand layer, leaving some percentage of unpassivated surface W
sites. Thispoor passiation leaves dangling bonds behind that are detrimental to optoelectronic
properties of semiconductor NCs in general. One approach capable of passivating a maximum

number of surface W sites, while obviating the steric repulsion problem, is udymeXigands
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containing at least a tridentate binding head group. In this article, we strive to investigate the W
ligand bonding characteristics and to ultimately enhance the resulting plasmonic properties.
Herein, we report a surface passivation approablth significantly increases tiv value
of two-dimensional, LSPRictive WQx nanoplatelets (NPLs). Recently, we reported that
colloidally synthesized W& NPLs possessédk value of 3.2 X 18 cm3*5We postulated that
the large surface area and the presence of sharpsantkedges of atomicaltizin NPLs allowed
the removal of maximum surface oxygen atoms during synthesis to create a large number of anion
vacancies, and thus produced an unprecedentedly higialde!!® We now show that the
stabilization of dangling bonds (due to oxygen vacancy) og\WPLs, after synthesis but before
purification with alkylphosphonic acid ligands, results in an ~100 nm blue shift of the LSPR peak
of WOs.x NPLs. Experimental optical spectroscopy data supploe passivation of trap states
leading to the transfer of most of the oxygen vacageyerated electrons to the conduction band
resulting in an experimentally determinegldfi8.7 X 1#?cm®, determined using a redox titration
method. Experimental Ramapectroscopy results, which have been supported by the density
functional theory (DFT) calculation, show the formation of dominarpW/sphonate tridentate
(PGs-W3) bonding, which mitigate most of the shallow surface trap states that is further supported
by the electron paramagnetic resonance (EPR) spectroscopy characterization. Newly ligand
passivated We&x NPLs display high refractive index sensitivity as comparable to anisotropically
shaped noble metal nanostructures that would be beneficial for-n&®@R sensing applications.
Taken together, we demonstrated a new surface passivation approach to stabilize trap states of
NPLs that fundamentally offers a promising route to enhance the charge carrier density and LSPR

properties for anion vacancy, LSPR aetmetal oxide NCs.
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3.3 Results and Discussion

3.3.1 Ligand Treatment and the LSPR Property of WQsx NPLs.

Atomically-thin WOsx NPLs were synthesized according to our previously reported
colloidal synthetic method with a slight modificatibiiBriefly, under N atmosphere, in a mixture
of myristic acid (MA) and Jdoctadecene (ODE) at 290 °C, tungsten (V) ethoxide was injected,
followed by an immediate iagtion of a N purged mixture of oleylamine (OLA) in ODE.
Immediately, the color of the solution turned blue indicating the formation of iR
tungsten oxide NC¥3 The reaction mixture was allowed to stir for 1.0 h and then quickly cooled
to 100 °C. At this desired temperature, the reaction mixture was transferred under inert atmosphere
to a separate Nourged flask containing tetdecylphosphonic acid (TDPA), sEgure 3.1 The
reaction mixture was then slowly heated to 140 °C unddoNanother 1 h and then cooled to

As synthesized NPLs TDPA-treated NPLs

0.2 mmol TDPA

A J

140°C,1h

o~~~
OH OOKYQBH o Tungsten

Myristic acid (MA) Tetradecylphosphonic acid (TDFA)

Figure3.1: A schematiaepresentation of the TDPA ligand treatment in unpurified mixe
myristic acid (MA} and oleylamine (OLApassivated Wex NPLs. (Left) Tungsten
atoms at the edges and corners are passivated with bidentate carboxylate head gr
MA. For simplicity, OLA is not shown. (Right) Most of the tungsten atoms at the edc
and corners are pasated by phosphonate binding head group of TDPA through trident:
bonding along with the presence of MA.

room temperature for purification (see experimental section for complete details).The purpose of
performing TDPAtreatment in unpurified W€ NPLs is to achieve a better surface passivation
that would prevent additional trap state formation and possible surface degradation through
undesired solvent adsorption during the sample processing as has been highligatediium
selenide NC possynthesis processirfg? Understanding that one hundred percent complete
passivation of the surface trap states is unlikely in our system, our specific reaction congitions (

amount of TDPA and treatment time) were selecesktl upon the largest LSPR shift observed.
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We selected Xype?’! TDPA as a surface passivating ligand because transition metal oxide
macrostructure thifilms are commonly passivated with phosphonic acid ligands due to their
ability to form strong metgbhosphonate bonds that provide exceptional stability against
oxidation?”3 Also, alkylphosphonic acids have been shown to be useful passivating ligands in the
synthesis of metal chalcogenide NCs due to their strong multidentate binding capability with
surface metal atont$#276 The multidentate binding ability of alkylphosphonic acid intrigued us
to use it as a passivating ligand to stabilize the coordination sphere of surface W atoms and prevent
unwanted trap state formation in our as synthesizedWNIPLs. Before we pute indepth
characterizations, it is important to mention that our attempt to synthesize MELs in the
presence of a mixture of TDPA and MA failed to produce tihim, two-dimensional NPLs (see

Figure 3.2. UV-vis-NIR spectroscopy analysis was coniucto determine the impact on the

>
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Figure 3.2: (A) UV-Vis-NIR absorption spectrurand (B) TEMof WOsx nanocrystals

(NCs) synthesized using a mixture of tetradecylphosphonic acid (TDPA), myristic &

(MA) and olelyamine (OLA) as surface passivating ligaBdale bar is 20 nm.
LSPR response of t he wit hout-tredted aV&Qx NPYsnlyh e s i z €
determining the LSPR peak positiorisser). As illustrated inFigure 33A, thel.spr Of as
synthesized NPLs appears at 1198 nm, whereas more than 100 nm (~105 msXifisluee:spr
are observed for TDP#reated NPLs)(spr= 1085 nm). We conductedP NMR (Figure3.3B)
spectroscopy analysis to confirm the TDPA attachment onto NPgsré=83A). It is a common
technique for analyzing phosphorus containing surface passivating ligands for inorgasi¢ NCs.
The TDPA treated NPLs (blue spectrum) exhibits a broad resonance at 34.6 ppm. In contrast, a
sharp peak appears for free TDPA (red spectrum). This NMR Ipe@dening is attributed to
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Figure 3.3: (A) UV-Vis-NIR absorption spectra of as synthesized (black) and FDP,
treated WQ@x NPLs (blue). A blue shift of ~100 nm is observed upon TDPA treatmel
Spectra oboth samples were collected after purification followed by dispersion in CC
(B) P NMR spectra of pure TDPA (red) and TDf#&ated WQx NPLs (blue). Spectra
were recorded in CDgl

binding of TDPA onto the NPL surface via the formation of mptadsphonate bonding that is in
agreement with the literatufé® 2’®This NMR result is significant in terms of achieving tiesired
surface passivation of WQ NPLs. We believe the NPL surface is passivated with mixed TDPA
and MA ligands \ide infrg). Below, we address, in detail, various mechanisms that could cause

our observed | sprshift in TDPAtreated NPLs.

3.3.2 Microscopy, Diffraction, and Spectrometry Characterizations to Delineate the
Mechanism(s).

There are three main mechanisms, which can potentially alter the structural and electronic
properties of W@y NPLs and influence this LSPR peak shift: (1) Changéise NPL dimensions
during TDPA treatment in unpurified samples, (2) alteration in the crystal structure, and (3)
variation inNe values.

Mechanism (1): To ascertain that no morphological changes occurred during the TDPA
treatment, we performed transmission electron microscopy (TEM) analysis to determine the
dimensions of W@y NPLs. As shownn Figure 34A and B distinct formation of NPLs is
observedn as synthesized NPL samples. Aattice spacing of 0.38 nm is calculated from a high
resolutionTEM (HRTEM) image (Figure3.4B). This value corresponds to the (010) plane and
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indicates the growth direction of monoclinic \B4OFigure3.4C representa TEM micrograph of

TDPA treated NPLs where the NPL shape is clearly maintained. Based upon dimensional analysis
using ImageJ software, the length and width of as synthesized NPLs are determined to be 13.8 +
2.2 nm and 4.8 = 0.8 nmespectively (Figur&.4D). Dimension analysis of the TDPt#eated

product shows NPLs with 13.4 + 3.5 nm length and 5.4 + 1.Widlth (Figure3.4E). The height
measured form NPLs that appear to be on their sides in the TEM images are ~1.1 nm and ~1.2 nm
for as synthesized and TDRreated NPLs, respectively. This height is consistent with our
previously published results on WQONPLs that were determined by small anglerax

scattering:'® Together, the structural analysis suggests that NPL dimension is not the prevalent

factor for the ~100 nthspR blue-shlft of TDPA—treated samples.
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Figure 3.4: HRTEM images as synthesized (A and B) and (C) and TDP#&ted WQx
NPLs. In (B), the espacing corresponds to the (010) plane of monoclinicWOhe inset
shows FFT diffraction of the (010) plane. (D) Histogramwafith and length of as
synthesized (D) and (E) TDPt#heated NPLs. For the size analysis, a minimum of 300 NPI
were counted.

Mechanism (2)To examine the crystal structure deformationsysthesized and TDAP
treated W@x NPLs were analyzed by powderrdy diffraction (XRD) and Raman spectroscopy.
Figure 3.5A illustratesthe XRD diffraction patterns of as synthesized (top, black) and TDPA
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treated NPLs (bottom, blue). No apparent changésearcrystal phase between either sample are
observed, and importantly each diffraction pattern matches with the monoclinig,\W@stal

(PDF #712450). This crystal phase is known to commonly grow along the (010) dir&étidh

which is consistent with the appearance of high intepsaks in both samples aj 223.5° (010)

and ~48.1° (020). Also, this growth direction is supported by the HRTEM anéfygise3.4B).

The broadening of the XRD peaks can be attributed to a decrease in crystallinity of the NPLs due
to their ultrathin dimension that is commonly observed in ultrasmall inorganicRGkext,
Ramanspectroscopy was used to confirm the monoclinic phase of thezM@stal and to
investigate any plausible distortions that may be caused by TDPA passivation. The Raman
spectrum of as synthesized NPLs includes distinct monoclinic tungsten oxide viiratimahes
(Figure3.5B, black line).These peaks are assigned as the crystal lattice vibrationOp)Whains

at 71 cmt, W& O stretch at 123 cr bending vibration of (& W38 O) at 252 crit, and (&

W& O) stretches of the Wgdctahedra at 692 chand 797cm™®.28%28° The Raman stretch at 318

cmit can also be attributed to a monoclinic begdinode?®! The Raman vibrations appear to be
broader and shifted to lower wavenumbers as compgaréie tungsten oxide films and larger
structure€®® 28This is due to the distortion in the overall crystal lattice resulting from oxygen
vacancies that reduces the crystallinity compared to largetlikalstructureg®’ All the above

mentioned Raman vibrational modes are also observed in the -fie&&d WQx NPLs andhe
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Figure3.5: (A) XRD diffraction patterns of as synthesizeédp black) and TDPAreated
(bottom, blue) WQ@x NPLs as compared to the monoclinic WO2.72 standard (red, PD
71-2450). (B) Raman spectra of as synthesized (black) and TiBRfed WQx NPLs
(blue). Raman spectra were collected using a 532.5 nm lageeso
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position of only a few Raman stretches are minorly diffiereaomparison to as synthesized NPLs.
Slight changes in the @W3 O) bending mode at 246 chand a shift of the W®octahedra
(O3 W& O) stretching modes to 675 dnand 801 cnt are observed in TDP#&eated NPLs
(highlighted in black dashed boxes) when pamned to asynthesized Wex NPLs. We believe
that the multidentate binding of TDPA to the surface of the NPL causes the slight variation in the
position of these Raman stretches. Moreover, local assembly of the sample may also influence the
Raman respae by the presence of TDPA due to differences in the organic ligand attachment onto
the solid inorganic surfac¢&® Finally, increases in oxygen vacgnand the presence of a high
density of free carriers could shift the Raman vibrational modes to lower wavenifif&rs,
particularly the appearance of Raman stretches at 252a00h 692 crt that resemble in highly
oxygen deficientWW1s049 nanomaterial$’® Nevertheless, the aboweentioned diffraction and
spectroscopic characterizations invalidate fbesibility of alteration in the crystal structure of
WOszx NPLs upon TDPA treatment, and rather support the concept of the varialermatues.
Mechanism (3)We employed the empirical Drude approximation for bulk materials (Eq.

3.1) to calculate th&ee electron densityNg) of WOsz.x NPLs 122, 260, 289

14

BT

[ 6

IERT Y%

Equation3.1

Herg ; -vgrepresents theSPR frequency, ; the bulk plasma oscillation frequency of electrons,
and-, the highfrequency dielectric constant (4.8 for tungsten oxfdtYhe real part of the
complex dielectric function of plasmonic nanostructurgsgan be represented by BR:

S e

Equation3.2

Based upon our previous work with ultrathin \MPLs, we defindl as the shape factor of the

NPL, which was treated as an oblate spheroid structure, understanding that this assumption may
introduce some error as the assumption is weighted towards the height and width dintéhsions.
Here,-4 represents the bulk refractive index of the surraumpdnedium (CCGl = 2.24). The

damping of the incident field induced oscillation of the electrons is represented by the bulk
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collision frequencyr() as determined by Lorentz fitting of the NIR spectra. Thyss dependent

uponNeas:

Equation3.3

Whered is the effective mass of an electron in tungsten oxpéi( ),'*>wherea is the rest
mass of an electron. Using our NPL specific spectroscopic values @-&pie the Drude model
with appropri¢e shape factordye values for asynthesized and TDR&eated WQ@x NPLs are
determined to be 3.82 and 5.56 ¥2@n?3, respectively. This is an ~45% increas&ptiue to the
TDPA treatment. Although we used LSPR resonance energy to calculate aeid it is not
always obvious that a higher energy LSPR peak would provide a great@ubl. This is because

Table 3.1: Morphological parameters of NPLs. Width, height, shape factor, LSPR (eV),
gamma, Ne oWOsx NPLs.

_ . Collision
Length Width | Height Shape StSPR Ne
Sample frequency
(nm) (nm) (nm) | Facto (eV) ( (cm®)
2,
As 13.8 + 3.82x
. 48+08| ~1.1 6.2 1.04 1.3
synthesized| 2.2 10?2
TDPA 134 + 5.56 x
54+£1.1 ~1.2 6.3 1.14 14
treated 3.5 1072

the collision frequency in E@.1 depends on the linewidth of the LSPR spectrum. Nevertheless,
our calculatedNeis unprecedentedly high when compared to currently reported{aSt\R metal
oxide NCs where free carriers are generated \oaalient doping or through oxygen deficierfé§.

Our theoretally calculated\e value is comparable to the free electron density found in noble
metal nanostructures (X&m?).243 Since oblate spheroid model takes the height and width into
account, the assumption of NPL as oblate spheroid may introduce some errordNivalure
calculations. Due to the ultrathin nature of our NRhe shape factor simplification of our two

dimensional material is largely dependent on the height. For example, a ten percent alteration in
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the height dimension may result in roughly a six percent chargge mowever, this still maintains
a magnitudef 10?2,

A limitation of the Drude model is that it does not account for the depletion layer that is
created by trap states in semiconductor K¢Fherefore, a more quantitatid value can only
be determined through redox titration scavenging free electrons residing in the crystal. We have
performed this experiment and the result is presented in the later part of this article. Additionally,
changes in the local dielectric environment of LSRRve NCs also influence thespr 24" 2%1In
this context, TDPA ligand contains 1GH: units in the hydrocarbon chain whereasQi2. units
are present in th®lA. Therefore, one would expect that the refractive index of TDPA would be
higher in comparison to MA, thus TDPA treatment should not lower the local refractive index
value around We@x NPLs that may causk spr blue shift. Taken together, based on thevabo
presented results, we hypothesize that the TDPA treatment results in the passivation of most
surface W sites through the formation of multidentate bonding, and thus reduces the number of

trap states.

3.3.3 X-ray Photoelectron and Electron Paramagnetic Resomge Spectroscopic
Characterizations of WOs-x NPL Electronic Properties.

The mechanism underlying the increas®&le¥alues upon TDPA treatment of WONPLS
was investigated by XPS and EPR. FTIR and Raman spectroscopy were used to further understand
the metalligand bonding. There are two possibilities for the increadk wélues in TDPAtreated
samples: (1) an increase of oxygen vacancies being @drdateg the TDPA treatment, and/or (2)
changes in surface passivation allowing passivation of trap states leading to a larger participation
of oxygen vacancylerived electrons as free carriers. First, we conducted XPS analysis to
determine whether a greatnumber of oxygen vacancies were being created during TDPA
treatment that would significantly increase thevalue. It is well known that a single oxygen
vacancy theoretically produceso free electrons. In fact, the presence of oxygen vacancies near
W6 atoms often cause the formation of\Which in turn creates defects that can cause electrons
to be trapped or pinned’® Thus, all free electrons created through oxygen vacancies may not
participate as free carriers in the LSPR response. This phenomenon has also been observed in
oxygen deficient titanium dioxide filni822°3 Figure3.6A,B shows XPS spectra of as synthesized
and TDPAtreated NPLs. Peaks representirigo4nd 4s;, of W' are located at ~35.7 eV and
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Figure 3.6: High resolution XPS spectra with fittings for *fvand W?® 4f orbital

splitting of (A) as synthesized and (B) TDR#&ated WQx NPLs. (C) EPR spectra of
as synthesized (black) and TDReeated NPLs (blue). EPR spectra were acquired
room temperature under identical conditions. EPR spectra were collected ui

identical experimental conditions.

~37.9 eV, respectively, with a characteristic peak splitting of W. Peaks associated ‘WaheW
observed at ~34.6 eV and ~36.8 eV for the&4nd 4s2 orbitals, respectively. The ratio between
W*® to W is 5.72 + 0.2 which is nearly identical for both as synthesized and THhRated
WOz x NPLs. Our data are in agreement with the literature when comparing XPS analysis of W
atoms under oxidation environmégt.lt is important to mention that oxygen vacancies\iOz
crystals can only be created under reduced pressure and/or at high temp&aheefore, it is
unlikely that the TDPA treatment at 140 °C underaimosphere would remove any additional
oxygen and create more vacancies in3y/€rystals than those already existing before the TDPA
treatment.

We nextused electron paramagnetic resonance (EPR) spectroscopy to investigate the
electron trapping phenomena in as synthesized and Titda#ed WQ@x NPLs. This is a very
useful spectroscopic technique to investigate the oxygen vacancies in metal oxide NCs, as
electrons can be localized at these vacartéfé?. Figure 36C displays a strong EPR signal for
as synthesized NPL (black line) with a centeratpe of 2.0032 which is in good agreement with
tensor values reported in literature for oxygen vacabegtrons in tungsten oxide N&%2%°|n
contrast, TDPAreated WQ@x NPL sample shows a low intensity peak with-aadue of 2.0023
(blue line). The decrease in the EPR signal and shifting of thedug together suggest the
presence of a smaller number of ampd electrons in TDPAreated WQ@x NPLs in comparison
to as synthesized samples. We believe this is caused by the passivation of unwanted trap states by
TDPA, and thus freeing the trapped electréfiAdditionally, the low intensity EPR signal in
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TDPA-treated WQx NPLs can be assigned to deep trapped rather than existing shallow surface
trapped electron¥? Taken together, XPS and EPR analyses support the hypothé@siseased
trap state passivation leading to the transfer of oxygen vacancy directed electrons into the

conduction band, resulting inl aspr blue shift.

3.3.4 Vibrational Spectroscopic Evidence of Multidentate WPhosphonate Bonding in
TDPA-Passivated WQ-x NPLs.

Specific bonding modes cannot be decisively determined from scokthatet’P NMR due
to limited shifts of each bonding type and the overall peak broad&Hitigin contrast, vibrational
spectroscopic techniques such asHHnd Raman are very useful to examine the chemical
environment of ligangbassivated, inorganic NCs. We utilized these techniques to determine the
binding motif of the three oxygen atoms such as monodentate (i and ii), bidentaip dfii
tridentate (viiand viii) in the phosphonic acid head group withFAg(re3.7). The FTIR spectrum
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Figure 3.7: Chemical structures with possible bonding motifs between the phosphor
binding head group and tungsten atoms. Monodentate (i and ii), bidentate (iii and
bidentate chelating (v and), tridentate (vii) and tridentate chelating (viii).

of neat TDPA Figure3.8A) displays several distinct peaks in the phosphonate binding region in
the yellow shaded area, including a large peak at 121%5comesponding to the P=0 strefti.
Also, the IR stretch of ® OH bond is visible by the appearance of broad peaks near 2272 cm
(black dashed box) along with the expected broad peak beyond 30&Goomd in alkyl
phosphonic acid infrared spectfa3%® As expected, the FTIR spectrum of as synthesized NPL
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samples does not show any of these characteridti® Ribration related peaks (yellow shaded
area)in the 950 crit i 1250 cmt region. However, we do observe the presence of the OLA and
MA ligands used during the synthesis as indicatedagr{d &), respectively. This is also evident

in the large @ H stretching observed at 288000 cmt resulting fran the aliphatic backbone of
the ligands.
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Figure3.8: (A) FTIR spectra of pure TDPA (red), and as synthesized (black) and TDI
treated WQ@x NPLs (blue) The yellow shaded area represents peaks related to phosph
oxygen bonding. The symbdghighlights the presence of the amino headgroup from OL
and the symbol#) represents carbonyl stretching from MA. (B) Raman spectra of
synthesized (black) and TDP#eated WQ@x NPLs (blue). (C) Experimental Raman
spectrum lflue), and DFJcalculated Raman spectra of TDPA bound to W atoms

bidentate (dark green), bidentate chelating (light green), tridentate (dark red), and tride
chelating (light red). Black dashed lines are P=0 stretching, and yellow shaded areas
to (O=RC) deformations.

The FTIR spectrum of TDPAreated WQ@x NPLs shows several interesting features. First,
OLA (1632 cm') and MA (1743 cri) are still present in the TDR#eated NPLS®” however, the
intensity of these peaks have clearly reduced. This is expected because the TDPA treatment
weakens metdigand bondinginteractions of these ligands. Also, the maid@ ®H stretch
vibration at ~ 2270 crh which is noted in the neat TDPA powder spectrum (red line) by a black
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dashed box, is not observed, suggesting the abser@ah phosphonate binding head group.
Additionally, the appearance of a broad peak in the phosphonate binding region (yellow shaded
area) is clearly visible with no corresponding P=0 stretch near 121&gmwitnessed in neat
TDPA powderlt is known that tridentate binding leads to broad IR ste=tch this region due to
all oxygen atoms participating in bondirfg* 38

We further conductedRaman spectroscopy analysis to investigate the bonding motifs
because the broadness of the FTIR peaks makes it challenging to precisely determine the local
vibrational response and bonding environméfithe Raman spectra of surface ligand binding to
WOz« NPLs is presented irigure 3.8B Here, Raman spectra of as synthesized and Tidéaded
NPLs are shown by black and blue lines, respelstivTo precisely assign the coordination
environment of various ligands, DFeRIculated spectra were acquired for TD&# MA (Figure

3.9). The corresponding vibrational modes are presented for both TDPA and Mablas4.2
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Figure3.9: DFT calculated Raman spectra of (A) TDPA and (B) MA.

and4.3 in Appendix A respetively. The yellow shaded area kigure 3.8Bis attributed to the
response from the silicon substrates used for sample deposition, and the red shaded areas are a
combination of ligand tail, & C, vibrations from the alkyl chains in all three ligands useithé

NPL synthesis. The Raman peak located at 793 ionas synthesized NPL&ifure 3.8B black

dashed line) is attributed to 8O asymmetridoonding (Table3.3, Appendix A. The presence

and intensity of this peak is duedrperimental analysisonditions. It is also visible as a shoulder

in the TDPAtreated spectrum. The TDP#eated NPLs (blue line) clearly shows the presence of
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TDPA binding as indicated by the broad Raman band in the-1280 cm' region (black dashed
box) and multiple smaller peaksn di cat ed by (6) in the spectrum
various P=0, @ P, B O, and other coupled vibratio#€>!® Considering the many vibrations
participating in the response in this broad region from both alkyl chains and the phosphonate head
group we chose not use this area when describing the specific type of bonding.

To further investigate and confirm the examtdl binding nature of the TDPA ligand with
WOs.x NPL, we performed DFT calculations involving different bonding possibilities, as shown
in Figure 3.7. Monodentate \AO bonding witha free -OH group (Figure3.7 (i) and ii)) can be
ignored because our FTIRGRaman analyses of TDRPeated WQ@x NPL samples showed no
evidence of the presence of hydroxyl graufigure3.8Cprovides the calculated spectra for four
different binding modes and the relevant Raman peaks are listed in 3ab3% in Appendix A
A key difference between the bidentate and tridentate bonding is the involvement of the P=0,
therefore we focus on P=0 related vibratianaldes. As explaineabove we choose to only focus
on well resolved P=0 related vibrations below 1200'due to pek overlap and coupling with
alkyl related vibrations from the ligand backbone. &¥sign the P=0 stretching vibrations in each
DFT-calculated spectrum and the experimental spectrum of Tioéated NPLs as black dashed
lines. All the relevant Raman stretshare assignments in Tabl8s+3.7, Appendix A It is
apparent from the aboveentioned results anBigure 3.8C that the tridentate nowhelating
bonding is most likely, as the calculated P=0 stretching is assigned at 108@amnclosely
matches withite experimental Raman stretch at 1074*émour experimental spectrum. This
slight shift in the peak position could be due to change in the chemical environment between the
gasphase DFT calculations and experimental Raman spectroscopy characteroration®vOs.
x NPL films. For further confirmation we considered the coupled (@¥Fbonding which
according to our DFT results, the linking of a double bonded oxygen to a tungsten atom causes an
in-plane scissoring deformati¢®@=P-C). Thisdeformation is highlighted in the tridentate bonding
spectra by the yellow shaded area. The BFiulated peaks can be found at 809dior the
tridentate chelating bond and 640 tror the tridentate bond without chelation. The extreme
tridentate bondig of three oxygen atoms chelating to the same tungsten site does not match, as
well as being unlikely due to energy required and valency necessary of the tungsten atom. However,
the tridentate nowehelating bond is in good agreement with our TDPA treateds\as we have a

peak located at 619 ciTaken togethemur Raman analysis confirms the majority of binding
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occurs through a tridentate bound TDPA ligan@®PA allows for tridentate bonding which
eguates to three passivation sites per molecule, threasing passivation of defect sites without
increasing the steric hinderance issues on the surface.

Our indepth spectroscopic analyses support the appropriate passivation of surface defects
by TDPA due to the forman of tridentate binding. The structure of \W\ONPLs is linked by
edge and corner sharing Wartahedra where a large percentage of W atoms reside on the sharp

edges and corners, ségure 3.1@. The monoclinic crystal of W&r2is shown on the left wh
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Figure 3.10: (A) Schematic illustration of the proposed tridentate bonding between -
surface W atoms &f WOs.x NPL and alkylphosphonate group. For simplicity, only a fev
surface oxygen vacancies are depicted, however most of the oxygen atoms from the c
and edges are removed during the synthesis. (B) Conduction band filling thro
passivation of shkdw trap states via TDPA treatment and transfer of trap electrons. 1
energy gap between the valance and conduction bands is not to scale.

most of thesurfaceoxygen in the norgrowth directionyemoved to highlight the surface tungsten
atoms with defects caused by the oxygen vacancy. The minimum distance between tungsten atoms
is ~3.1 A. When comparing the binding ability of TDPA avid to passivate the surface, two
factors are at play: (1) the oxygémoxygen distance of MA is ~2.2 ,Avhereas this distance
increases to ~2.6 A for TDPA. This increase in bond distance allows the oxygen atoms in the
phosphonate group to passiveitenearest neighboring atoms without causing strain, and (2) three

W atoms can be passivated through tridentate bonding of TDPA versus only two for MA. Sterically

it is difficult to increase the number of MA ligands on the surface of these NPLs. To support this
hypothesis, unpurified, as synthesized NPLs were treated with additional MA where no LSPR peak
shifts are observe(Figure 3.11). Taken togetheras synthesized WHQ NPLs possess inherent

trap states due to the oxygen vacancy in the crystals where dhewslsurface traps can be
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passivated through TDPA treatmgaliowing electrons to transfer into the conduction band to
participate as free carriers in the LSPR response. The deep trap statesillwemgassivated, as
observed in the EPR sign&igure3.60).

as synthesized NPLs
—— myristic acid treated NPLs

Absorbance

300 600 900 1200 1500 1800 2100 2400
Wavelength (nm)

Figure3.11: UV-Vis-NIR spectra of as synthesized and MAated to highlight no blue
shift with carboxylic acid treatment.

3.3.5 Determination of Ne Values of WO3x NPLs via Redox Titration.

Spectroscopic data unequivocadlypportthe tridentate binding of TDPA to the surface of
NPLs leading to the passivation of trap states and an indrepaéicipation of oxygen vacancy
generated electrons as free carriers. tN&e soughtto determine how quantitative is the
previously determinelle values which werecalculated using the empirical Drudpproximation
To experimentally determine th¥e value, we applied aingle electron redox titration using
nitrosonium tetrdtioroborate NOBF4) as reported by Strouse and coworkers and others on
plasmonic metal oxide and nitride N&43%° |t is important to note the possibility of NOBE®
interact with ligands causing precipitation. To circumvent this and other challenges, bulkier redox
agents such as decamethylferrocenium have been used in the lit¥fatioeever, under our
specific conditions we chose to utilize NOBRA known concentratioof NOBF was added to
WOs.x NPL samples (as synthesized and TDirgfated) and allowed to react for 15 min before

the LSPR spectra were recorded (®geerimental sectiofor additional details)All spectra were
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integrated from 50@500 nm to account for peak broadening and pedirghto lower energies
that is known to occur as free carragnsity decreasePlotting the absorbance area vs known

NOBF: concentrations and fitting the linear portion of the graph to find Hinéexcept, we could
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Figure 3.122 UV-Vis-NIR absorption spectra of colloidal (A) as synthesized and (E
TDPA-treated WQx NPL solutions recorded after addition of titrated amounts of NOBF
solution. Graphs of integrated absorption area as a function of NOBF4 molecules foi
as synthesized and (D) TDRfeated WQx NPLs with fittings of the linear portior(sed
dashed lines).

determine the total number of free electrons in the system. As illustraegline3.12A, with the
increase of NOBJFconcentrations, # LSPR spectra of as synthesized NPLs contidyous
decrease in intensity along withspr red shifting.Similar results are shown for the titration of
TDPA-treated NPLsKigure3.12B). We determined the {\valueof as synthesized NPLs to be
7.93 x 162 cm® based on the absorbance area versus number of N@@e&cules Figure3.12C).
Under similar experimental conditions, TDR#&ated WQx NPL samples provida Ne value of
8.74 x 162 cmi3 (Figure3.1D).
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The higheNe value in TDPAtreatel WOz x NPLs in comparison to as synthesized NPLs is
in agreement with the trap state passivation. Furthermoré\cthialue of TDPAtreated WQx
NPLshas anearly 57%higherin comparison to the Drude approximation of 5.56 % £6v3. This
is not surprising because a recent report on catiedoped zinc oxide NGghe authorshowed
nearly 80% difference iNe values between redox titration and Drude mdubeded calculatis?
Nevertheless, wpredct that this large difference between experimental emgirical formula
based calculations iNe values of WOsx NPLs is due to irproperapproximation of several
parameters: (1) The original Drude model was developed for spherical, NCs where shape
factor I is 2.0 (Eq.3.2). In contrast, our NPLs are rangular in shape, and their shape factor
can only be determined from the aspect ratio. Due to their ultrathin height, we may have introduced
some errors in thit value calculation. (2) The Drude model is valid for NCs where no depletion
layer is presensuch as noble metal NG¥ Plasmonic metalxade NCs are +type semiconductor,
therefore one would expect the presenca depletion layer due to formation of trap states and
surface defects that together change the dielectric function of the materials. It is also shown that a
depletion layer redws the LSPR sensitivitf* We believe that mpoor surface passivation in
WOz x NPLs created surface defects and trap states that together altered the local electronic
structures and thus the dielectric function of M/@aterials, resulting in an ~50% difference
theNe values between experimental and theoreticalculations Taken together, to the best of our
knowledge, our experimentally determirdgvalue of 8.74 x 1% cm of TDPA-passivated W@

« NPLs is the lghest free electron density ever reported for-noble metal NC$'

3.3.6 Refractive Index Sensitivity of LSPRActive WO3sx NPLs.

It is evident thathe inclusion of tridentate dnding of TDPA in WQx NPLs causes an
increase in free carriers participating in the LSPR responseefbhe, itis importantto examine
the LSPRbased RIU sensitivity of NPLs so that thegnbe used in plasmonigcased sensing
applicationst!® As synthesized and TD¥Rtreated WQx NPLs were dispersed in ngolar
solvents(carbon tetrachloride (Cg)l chloroform (CHCJ), and tetrachloroethylene (CI=CCh))
and tshrealues irethe different solvents weseorded. The LSPR spectra show red shifting
o fLspeas a function of theolventrefractive indces(Figure3.13A,B). It is important to note that
the spectra in Figurg.13A,B was processed to remove NIR peaks arising from the solvent. Raw
UV-Vis-NIR spectra are provided in Figei3.14, Appendix ABulk refractive index sensitivities
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Figure3.13: (A) UV-Vis-NIR absorption spectra of (A) aynthesized and (B) TDRA
treated WQ@x NPLs in various solvents with varying refractive index. (C) Relationsh
bet ween L SPR 8rg aflas spnthesized (blaak sq(ases) and TBieated
(blue diamonds) NPLs and the refractive index of the kolktion. The corresponding
sensitivities are 324 and 428 nm/RIU, respectively, determined from the slope of the gi
of as synthesizeand TDPAtreated NPLs are determined to be 324 and 428 RIU/nm, respectively
(Figure3.13C). This large 428 RIU/nm sensitivity value is similar to plasraanetal oxide NCs
with the highest reported sensitivities and is comparable to unighalyed noble metal
nanostructures such as gold nanobipyramids and nanoprisms, see Tablé'Sahis placeshe
figure of merit(sensitivity divided by the full width at half ma§ of our TDPAtreated NPLat
~0.48,whichis rehtively low compared to noble metal nanostructures. We believe thig i
the broadness of the LSPR peaiginatingfrom large scattering cross sectional area of the platelet

geometry.

3.4 Conclusion

In summary, we have developed a colloidal chemistsed surface modification approach to
further enhance th@asmonigroperties of anion deficierafomicallythin WOz 72NPLs. TDPA

treated NPLs display a shape factor dependedtredox titratiorbasedNe value of 5.56 x 162
and8.74 x 16%cm?3, respectively Between the morphology ararge Ne value of our TDPA

treated NPLs, we have achieved a refractive index sensitivity of 428 RIU/nm which is comparable
to anisotropically shapeaoble metal nanostructures. Based on FTIR and Raman spectroscopy
studies along with other structural characterizations, we have deduced the mechanism involving
the formation of tridentate PW3 bondingthat preventedhe formation of shallow surface trap
states, which has resulted in transferringnofst of theoxygenvacancyrelated electrons into the

conduction bands. This photophysical property has been further supported by EPR analysis where
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the optical signal from unpaired electrons is balegreasedfter TDPA treatment of unpurified
WO:>.72NPLs. We believe than appropriate bond length in the phosphonate binding head group
is able to coordinateiith three neighboring W atoms without encountering any steric hindrances
which is responsible for the positive LSPR response. This resmonskkely in original WQ.72

NPLs where Xtype, alkylcarboxylate ligands wemedominate irsurface passivation. Taken
together, our work on surface ligandntrolled maximization othe LSPR response in oxygen
deficient nanostructures provideswknowledge and mechanisms, anmkos new possibilities to
produce lowcost, eartrabundant plasmonic nanomaterials with exceptionally high free electron
densites that would be extremely useful to design highly efficient nanomaterials for sensing,

optoelectronic device, and catalytic &pations.

3.5 Experimental Section

3.5.1 Materials.

Tungsten (V) et hoxide was purchased-from /
octadecene (ODE, 90%), oleylamine (OLA, 70%), tetradecylphosphonic acid (TDPA, 98%),
carbon tetrachloride (Cg199.9%)t et r achl oroet hyl ene ( TCEz 099 %)
99.9%) were purchased from Sigrldrich. Chloroform (99.9%), toluene (99.9%), and ethanol
(99%) were purchased from Fisher Scientific. All chemicals were used without further purification
unlessotherwise noted in the synthesis proceddsalrocarbon organic solvents were purged with

N2 prior to use.

3.5.2 Synthesis and Purification of LSPRactive WO3-x NPLs.

WOz3x NPLs were synthesized using standard Schlenk line techniguesy, 2.25 mmol
(0.513 g of MA and 50 mL of 1-ODE were added to a 50 mkrgck round bottom flask and the
mixture was purged with Nat 110 °C for 30 min. Theomogeneous solutiomas then degassed
at130 °C under vacuum for 1.5 thenplaced under By andslowly the temperatie was raised to
290 °C.At thistemperaturg0.25 mmol (0.70 mL) of tungsten (V) ethoxide was rapidly injected
thatresulted in an immediate change of solution from colorless to dark blue. Immediately, a N
purged solution of 0.5 mL ODE and 1.5 mmol (hk) OLA was injected via syringe and the
reactionwas allowed taontinuefor 1h. The reaction was quickly cooled to 100 °C by blowing
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compressed air across the outside of the fldskler inert conditions, colloidal solution was then
transferrednto a 3neck 50 mL round bottom containingl@nmol (1222 mg) of TDPAthatwas

flushed with N for 30 min.The temperature of the TDPA containing colloidal solution raesed

to 140 °C and stirred for additiondlO h. The reactionvasquenched by removing frothe heat

and stiredunder N until it reached room temperature. The reaction mixttasthen diluted with

5 mL CHCEk and transferred into a 50 mL centrifuge tube. 25 mL ethanol was added to precipitate
the NPLs, and the blue solid was collected via centrifugation at 10,000 rpm for 10 min. The
supernatant was discardechd the product dispersed in 5 mL chloroform. Thefjgation steps

were repeated two additional times. The final product was dispersed in the appropriate solvents

for characterization.

3.5.3 Microscopy and Spectroscopy Characterizations.

XRD analysisA Bruker D8 Discover Xray diffractometer (CuK, & = 1.54 ) w
to collect XRDdiffraction patterns. Chloroform dispersion of purified W®PLs was drojcast
onto cleaned glass coverslips. A 2D VANTS00 detector was used to obtain diffraction patterns
from56 0 A 2d wi t h 5 Aersted. Cantbiaediffractiom phiteieresintegrated to
create 1D output.

TEM analysisTEM analysis was conducted usingeeOL-JEM-F200 electron microscope
with an accelerating voltage of 200 KVEM samples were prepared by dispersing in GH@id
dropping 10 pL onto a carbecoated 150 mesh copper grid (Electron Microscopy Science). The
excess solution was drawn through vatfiter paper.

UV-Vis-NIR absorbance measuremerithie absorption spectra were collected using a

Perkin ElImer Lambda 19 UV/Migle/NIR spectrometer in a 1 cm quartz cuvette over a range of
3002500 nm. Samples were dispersed in carbon tetrachloride or other appropriate solvents for
refractive index sensitivity study.

XPS analysisXPS was conducted at the Chapel Hill Analytieald Nanofabrication
Laboratory. Samples were prepared by erapting purified samples onto pirantiaaned silicon
wafers. A Kratos AxisUIltraDLD X ay phot oel ectr on srgyéradiation met er
and energies of 80 and 20 eV were used faraey and higkresolution scans, respectively. For
samples that were electrically conductive, the sample was grounded, and the charge neutralizer

was turned off. If samples showed some slight differential charging, then in these cases, the charge
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neutralizr was used, but the sample was isolated from ground. All spectra were corrected to the
C 1ls peak at 284.6 eV.

FTIR analysisA Thermo Scientific Nicolet iS10 spectrometer with accompanying Omnic
8.2 software was used for all FTIR collection and procgssiamples were dispersed in CEICI
and placedonto a 4 mm KBr plate. Solvent wadlowed to evaporateébefore theFTIR data
acquisition with 100 scans subtracting asgdn background under ambient conditions.

Raman Spectroscopamples were drop caston cleaned silicon wafers and spectra

were acquired using a XploRA Plus Raman Microscope from Horiba Scientific. Crystal lattice
vibration related spectra were obtained using2rin laser at 25% power, 1800 line/mm grating
and Dx objective were used to collect spectra with an acquisition time of 3 second and 3 to 5
accumulationsSpectra delineating thebrationalmodes of ligandsvere obtained using32 nm
laser at 1% power with a 100x objective and 60 second acquisitionduae8 accumulations.

EPR Spectroscop¥EPR analysis was conducted using a Bruker EXIKstrument with
an ER 4119 HS cavity using 100 kHz field modulation. 3%/NPLs were dissolved i@HClz; and
0.5mL of solution was transferred in an EPR tube fordhalysis at room temperature. All the

sampls wereplaced at the same position inside the resonant cavity during the EPR aiiélgsis.

g value was determined from the magnetic fiddg) Using the following equation g =8hoO H

where h is the Planck'smstant (6.626x03*J-s),3 is the frequency of the radiation (9.800416%
Hz) andb is the Bohr magneton (9.274&38 J-GY).

3.5.4 Density Function Theory (DFT) Calculations.

DFT calculations were performed to obtain frequenquency optimized geometry and
determine Raman vibrational frequencies for different modes of tungetatedto the TDPA
molecule via WO bonds. Calculations were accomplished using Gausstaniéh the BP86
exchangecorrelationfunctional in the GenECP variatiobanL2DZ effective core potential b
sef?’ was usd for tungsten atom whil6-311+G** basis set was used for rest of the atoms to
perform the theoritical calculatioAll TDPA bound to tungsten theoretical spectra were corrected
according to the assigned stretching ofP Cobserved in the experimental Spem. The
visualization of optimized geometry and assigning vibrational frequencies for the active modes in

Raman analysis were achieved using Gaussview 6.0.16 soffivare.

89



3.5.5 NOBF4 Titration Description:

NOBF; was dissolved in acetonitrile to create a saturated solution in an inert atmasplikra@
glovebox. The concentration of this solution was determined!¥%aNMR using 1,2,3,5
tetrafluorobenzene (Alfa Aesar, 99%) as an internal standdre.calculatel concentration
determined from 5 internal standard prepared solutions was determined to be 243.5 £ 8.2 mM.
This solution was then diluted as necessary to conduct the titrations. Each aliquot addition was
performed within the glovebox and the cuvette weedex] before removal for analysis.

3.5.6 Calculation of Free Carrier Density:

Free carrier density can be calculated directly via the total number of N®@&Ecules necessary
to completely extinguish the LSPR response by extrapolating the linear portienaidgorption
area vs. NOBF4 molecules graph. The total volume ok\W@the sample was determined by
knowing the initial concentratioabtained using the molar absorption coefficient, 3206 &
1322 of the solution, the molar mass of W, and the density which we used 7.7 g/abtained
from CrystalMaker 9 software.
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3.6 Appendix A

Table3.2: DFT-calculated Ramawibration modes of tetradecylphosphonic acid.

Vibrational Descriptions Mode DFT peak (cn?)
Usc (C-H) FAIk 102 1489
tse (C-H) NAIK 96 1457
aw (C-H) FAIK 92 1398
9w (C-H) 80 1324
3 (P=0),9w (C-H) 77 1296
3 (P=0),9w (C-H) 75 1275
3 (P=0),9w (C-H) 73 1256
3 (P=0),9w (C-H) 71 1232
3 (P=0),9w (C-H) 69 1214
tr (C-H) fﬁlh; w (C-H) 68 1203
i (C-&:) 67 1142
Uso (C-C) Nalk, t (C-C) 66 1102
lsc (C-C), aN (O-H) 62 1065
3sym (C-C), 9w (O-H) 54,53 10091002
3asym(C-C), 9w (O-H) 53 1002
3asym(C-CHs) FAIK 47 896
3 (C-P) 44 852
3 (P-0) 38 734
U (P-O) 32 473
U (P=0) 29 414
Usc (P=0) 28 390
b (AIK) 16 152
b (FAIK) 14 124
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Table3.3: DFT-calculatedRaman vibration modesf MA bound to tungsten atom via bidentate
chelatingbonding.

Vibrational Descriptions Mode DFT peak (cnt)
3(CB0) 105 1533
s (C-H) alkyl 103,96 1459,1434
Usc (CHz) NAIk 91 1375
aw (CHy) alkyl 76 1285
Ur (C-H) alkyl 67 1185
3 (C-0); i (C-C) alkyl 65,64 1132,1113
i (C-C) Falk 62 1071
3 (C-C) alkyl 61,58 1052,1043
lisc (O-C=0) 51 987
9w (CH3) 46 900
3sm (W-0O) 44 840
3asm(W-0) 41 792
3 -C(E0)0) 35 759
3 {C®O)O) 34 636
i -C)alkyl 28,26 407,373
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hydroxy oxygen. Al I vi brati ons scal &€ by
Vibrational Descriptions Mode DFT peak (cn?)
Usc (C-H) NAIk 117 1299
aw (C-H) NAIK 115 1279
a2 (C-H) NAIK 112 1256
aw (C-H) Falk 109 1233
2 (C-H) Falk 90 1119
Usc (C-C) alkyl 87 1042
U (C-C) alkyl 84 1018
aw (C-C) alkyl 81 986
3 (C-C) alkyl 78 966
2 (C-C) alkyl 75 945
3 (P=0);0 (C-C) alkyl 73 914
3sm (W-O) 68 840
i (C-H) alkyl 64,63,61 790, 767, 755
Usc-PQO; 3a®m (V 58 709
3 -P)C 57 680
0 (oW 56,55 607, 594
ow -G-\W) 54 573
ow -P-@ ; -0 (W 52 544
i +-0) 51 509
U -Ck2-C) alkyl 49 481
U -p@3):alkyl 45,44 417, 392
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Table3.5: DFT-calculated Raman stretches of bidentate and chelating bound TDPA through

Scal ed

deprotonated hydroxy oxyge-pr).
Vibrational Descriptions Mode DFT peak (cnt)
0 (C-H) alkyl 108 1460
2 (CH) alkyl 95, 92, 89,87,85 | 1311, 1288, 1266, 1255, 123
2 (C-H) Falk 83 1231
U (C-H) Falk 78 1198
3 (C-H) alkyl 76 1192
i (C-C) alkyl 73 1096
3 (C-C) Nalk 70 1040
3 (C-C) alkyl 66,64,62 1010, 992, 986
3 (P=0);0 (C-C) alkyl 57 942
U (C-CH) Falk 56 903
3 (W-0) 52 842
U (C-C) alkyl 49 788
3 (W-0) 43 740
3 -P)C 42 680
s c-P-Q)O 41 611
ow -R-@) ; -H)rNalK 40 597
i (OwW) 39 509
i +-0) 36 466
a -P@3); alkyl 33 419
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Table3.6: DFT-calculated Raman stretches of tridentate bound TDPA. Scaled by 1.046
accordi-Rg to 3(C

Vibrational Descriptions Mode DFT peak (cnt?)
Usc (C-H) FAIK 124 1504
Usc (C-H) NAIk 119,117 1457, 1449
aw (C-H) Falk 109,107 1374, 1359
ow (C-H) alkyl 102,100,97,95( 1326, 1309, 1259, 122
Usc (C-C) alkyl 93 1179
Ur (C-C) alkyl 89 1133
3 (P=0);Ur (CH) alkyl 83 1089
i (C-H) alkyl 80,78 1047, 1003
3 (C-H) alkyl 77 979
3sm (W-0) 76,74 955, 930
3asm(W-0) 70,68 870, 832
i (W-O) 63 787
U (CHy) alkyl 61 747
3 -P)C 60 680
ow -G-\W) 59 655
idsc -CoO=P 58 640
i s c-P-0)O 56 601
ow -R-@ 54 578
3 -O)P 52 521
U -CH2C) alkyl 50 476
U s(©-P =0) ;-CH2-C)(alkyl 49 432
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Table3.7: DFT-calculated Raman stretches of tridentate chelating bound S¢aied by 1.030
accordi-Rg to 3(C

Vibrational Descriptions Mode DFT peak (cntt)

aw (CHa) FAIK 116 1501
Usc (C-H) alkyl 110 1476
Usc (CH2) NAIK 104 1449
aw (C-H) FAIK 102 1392

aw (C-H) alkyl 97,96 1369, 1350

Ur (C-H) alkyl 88,86,84,81,79 1320, 1301, 1278, 1246,

G (C-H) Nalk 77 1197
U (C-C) alkyl 76 1148
3 (C-C) alkyl 75 1105
3 (C-C) FAIk 70 1073

3 (C-C) NAIk 66,65 1054, 1037
3 (P=0);0(C-C) alkyl 62 1003
3sm-QQ W 57 937
isc -CO=P 52 809
ow -OWP) ; -H)iNalk ( 46 775
ow -OW) ; -ld)Nalk{ ( 45 715
3 sm-Q)W -RiO)( O 44 700
3 -pC 43 680
us c-OPW 42 660
0 (C-PO3); alkyl 41 592
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Table3.8: Comparison of LSPR refractive index unit (RIU) sensitivity of various metal oxide
and noble metal nanostructures.

Approx.

Nanostructure (description) Sensitivity

(nm/RIV)
AgFON (Ag film over nanosphere®}® 481
Au nanorocf4® 318
Au nanoprisn?49 225
Au sphereg* 135
Au nanoprism (28 nm edge lengif} 647
Au nanoholes?* 100
S-P-AuNR (solution processed gold nanordép) 196
Gold nanorings?® 880
Au-hematite nanoric&® 801
Au nanorattle®?’ 285
Au gold nanostar¥® 643
Au nanobranche¥’ 703
Ag nanoparticles?® 191
Ag triangular nanoprisms? 205
ReQ; nanocrystals®! 112
CuwxS spherical nanoparticles 350
WOs« nanoplatelet$®® 330
WO gzsnanorods? 280

MoO2 and MoQ x 332 115260

WOz3« nanoplatelets (This work) 428
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CHAPTER 4. COVALENT SURFACE MODIFICATION OF TI3C2Tx
MXENE WITH CHEMICALLY ACTIVE POLYMERIC LIGANDS
PRODUCING HIGHLY CONDUCTIVE AND ORDERED
MICROSTRUCTURE FILMS

This article has been adapted with permission fizanpb T. Lee, Brian C. Wyatt, Gregory A.
Davis, Adrianna N. Masterson, Amber L. Pagan, Archit Shah, Babak Anasori, and Rajesh
SardarACS Nan®02115(12), 1960019612DOI: 10.1021/acshano.1c06670

4.1 Synopss

This chapter focuses ohisC,Tx MXenesand advaning the methods ofmanipulation of
their surface functionajroupsbeyondsynthesisbasedsurface terminations (TiF, i OH, and
=0).This knowledgecan provide mechanisms &nhance solution procekdlity as well as
produce new solidtate device architectures and coatings. Here, we report a fundamentally new
surface modification approach in whighs o |-lv ie kpayiners, polyethylene glycol carboxylic
acid (PEGBCOOH), are covalently attached onto MXenes via esterification chemistry. Surface
modificationof TisCoTx with PEG6COOH with large ligand loading (up to 14% by mass) greatly
enhances dispersibility in a wide range of 1pmtar organic solvents (e.g., 2.88 mg/mL in
chloroform) without oxidationof TizCzTx 2D flakes or changes in thestructure ordering.
Furthermore, cooperative interactions between polymer chains imjexvanoscale assembly of
uniform microstructures oftackedMXene-PEG6flakes into ordered thin fihs with excellent
electrical conductivity (~16200 S.cn?). Most importantly, our covalent surface modification
approach withw-functionalized PEG6 ligandsv{PEG6COOH, wheren: -NHa, -N3, -CH=CHy)
allows control over the degree hinctionalization (incorporation of valency) of MXenaNe
believe that installing valency onto MXenes through short, ion conducting PEG ligands without
compromising Xe ne s 6 f e asolutiongrecesbilitg, structugal stability, anelectrical
corductivity furtherenhance MXenes surface chemistry tunability, performanceyales their

applications.
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4.2 Introduction

The field of nanoscience has completely transformed since the discovery of the two
dimensional (2D) material grapheh&ince thena wide range of 2D materials with varying
elemental compositions (i.¢ransitionmetal dichalcogenideb;BN, transition metal oxides, etc.)
havebeen etensively studied® 33*336MXenes, which ardransition metal carbides, carbonitrides,
and nitridesThese nanomaterials have béemforefront of 2D materighased researdince their
discovery in 2012 MX e n eirsigde combination opropertiessuch as their high iplane
electrical conductivity (up to 24,000 S-gifor TisC2Ty),}*°high capacitance (up #0490 Fg' ! at
1 A-g'Y),'*® and impressive elastic modulus (up to 386 GPa foChlk)**" have driven their
utilization in a vast number of applications including energy conversion and storage,
electromagneticinterferenceshielding, andin compositesfor numerous functions such as
membranes and sens@fs>®: 146, 241, 33842

MXenes are synthesized from their MAX phase precuranthave a general formula of
Mn+1XnTx (n=1- 4), where Mis n + 1 layers obne or moresarly transition metalof the 311 5d
block in groups 3 6 of the periodic table, interleaved byayers ofX, which representsarbon
or nitrogen and T represents the surface terminai¢commonlyi F, i OH, andi 0).%> *°Qver
the last D years, TiC2Tx (TizC2) MXene has been extensively studied due to its ease of synthesis
and delamination, good physical and chemical staBiitty?’and demonséited unique electronic
and optical propertie$! The standardynthesisonditions and etching procesfithe MAX phase,
where A represents an A group element, commonly of groupd&®f the periodic tablegsuls
in hydrophilic surface terminations ohet MXene flakesi(OH, =0, i F).3** These hydrophilic
chemcal functionalities allow MXene flakes to be dispersed in water and other polar organic
solvents such as dimethylformamide (DMF), dimethyl sulfoxide (DMSO), propylene carbonate
(PC)152153 This dispersibility property of MXene flakes in various solige enhances the
procesability of MXenesthrough spraying, inkjet printing, and stamping for salidte device
application®** However, highly hydroplic TisC,Tx flakes are prone to oxidation in water and
thus lose the desirgohysicahemical properties that together linibwnstreamprocessing?®
Therefore, it is extremely essential to be able toteoartrol over the surfaagroupsof TisCaTx
flakes so that surface modified MXene can be solubilized in wataiscible nonpolar organic

solvents to improve stabilifyong term storageand theprocesability of the materiat>3
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The surface functionalization of 30> flakes by various organic ligands has been
conducted through multiple routes including cateéfibkilane?®® 34¢jsocyanaté?”34® amino
acid**3*0 and phosphonic acief chemistriesWhile these methods have been successful, there
are still limitations on MXenes property control and stahility Silane chemistry does not provide
uniform surface modification due to severe homocondensation in #at@). Attachment of
amino acid requirean aqueous phasgnthesigoute which may result in oxidation of3T flakes
into TiO. due to the presence of dissolved oxygewater itselft4’ (3) Surface modification with
isocyanate and phosphonic acid group containing ligands bearing insulating, aliphatic hydrocarbon
chains would impede the conductivity. (4) Lack of adequate knowledge to increase the range of
solvent options for hig concentrations of i3C, dispersions becaugke existing approach only
produces relatively low concentrat®0.5 mg/mL) in norpolar organic solvent$? High
concentrations of MXenes in a wider range of+poiar organic solvents would allow for their
implementation in a greater number of technoladtes examplepolymerization reactions under
anaerobic conditions and nonpolar organic solvents are commonly performed to prepare ink
dispersions for coating applicatioiairthermore, to the best of our knowledge, there are no reports
available demonstrating the surface ligand modification to control the degree ofcahemi
functionality or adding fival anceo onto MXene
structureand conductivity. Installing endterminal, chemically reactive functional groups on the
surface of nanostructures provédmique possibilities to contrtheir structural and optoelectronic
properties, higher order assemblies, and expand potential applications. Very recently, Mayorga
Burrezo et al. reported the synthesis of multifunctional\N2Renes by modifying their surface
with amiro acids3*® However, this chemistry requires aqueous phase chemical transformation,
which could reduce the overall stability of the multifunctionati®ene materials.

These prewmus investigations on organic ligands to modify the surface groups of MXenes
for increased functional behavior paired with the current limitations of the use of MXene-in non
polar organic solvents led to our interest toward the functionalizatidoiz©f MXene flakes with
w-PEG6COOHIligands. This chemical modification strategy demonstratagiriad of successes
in ligand attachment in nanopartidiased researchi?®>® We selected esrification chemistry
becausethe covalent ester bondis chemically more stable than diazonium bonding and
electrostatic interaction$? ***Additionally, the attachment of PEG ligands expands the solubility

range ofMXene 2D flakesto both norpolar and polar organic sauts. In addition to the
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attachment method?EGmodified TeC, MXene flakescan offer a low barrier toelectron
conductance between MXene flakes in film applicatiasssompared to long hydrophobic alkyl
chain containing ligands. This is, dueth@ charg transportapabilityof glycol units*>3¢ The
aliphatic nature and flexibilitpf the PEG chainfr constructive liganeigand hydrophobic and
van der Waals (vd\g interactionscan alsopermit various selassembly processes, which is
expected to enhance optoelectronic properties infilnis.23-232: 354360 Simjlarly, the addition of
PEG functional surface groups paired with the alrdadgrable 2D properties of MXenesuld
be wefulfor many biotechnologgpplications such as sensing, imaging, and drug del#¥&mis
is due toPEG ligand®d i n hbmcompatiliity,?°> 362 as well as reducing nespecific
biomolecule adsorption for the abereentioned application$>364

In this manuscript,we demonstrate a Steglich esterificatfSnroute to covalently
functionalize TiC> MXene flakes withw-PEGG6COOH ligands in a mild and neaqueous
reaction conditionas seen ifrigure 31. Together, we show that the covalent attachment of PEG6
ligands onto T4iC> MXene flakes dramatically increases the dispersibility in a broad range-of non
polar and polasolvents with concentrations as high as 2.88 mg/mL in chloroform. Furthermore,
PEG ligandfunctionalized TiC> MXenes retain the conductive properties as similar to unmodified
TisC> MXene flakes. Most importantly, we show that our developed sunfagdification

chemistry can be extended to a wide range of functional greapEG6COOH, wherew is -
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Figure4.1: Schematic diagram of covalent surface modification of pristig@€Tk (Tx: 1
F,7TOH, and/or =O) MXene via esterification reaction where the hydroxy terminations
modified with ester bonded-PEG6COOH forming T3C>-PEGS6.
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NHa, -N3, -CH=CH,) on the opposite termini of the 2D structure which should allow fe€Ti
flakes to take part in further covalent chemistries and have dioettol over the assembly of
TisCo via bottomup strategies towards the development of advanced MXene hybrid

nanocomposite¥5367

4.3 Results and Discussion

4.3.1 Synthesis andCharacterization of PEG6-Ester-Modified Ti 3C2 MXene (TizC2-PEG6
Flakes).

In order to prepare the pristinesTp for the PEG6 modification, we first transferred an
aqueous dispersion of 30, MXene into DMF via multiple steps of bath sonication and
centrifugation. After fully dispersing BC: into the DMF, the resulting DMF dispersion o&Ci
MXene was then combined with PE@®OH (see Supporting Information for additional details)
and 4dimethylaminopyridine (DMAP). The combination of these componentdtedsin the
appearance of small particulates, which we believe are formed due tonwiezgular hydrogen
bonding between PEGBOOH andi OH andi F groups onto &C> surface. The esterification
reaction was then initiated by dropwise addition of the chionof solution of
dicyclohexylcarbodiimide (DCC) at 0 °C undes &hvironment. After continuous stirring of this
solution overnight, the small particulates disappeared which resulted in an optically transparent
solution. We believe once the surface afChiis modified with PEG6 due to the formation of ester
bond, most of the hydrogen bonding interaction between the flakes disappeared, whereas strong
nonpolar interaction between organic solvent and glycol chamtaining TiC> flakes dictates
the overall stvation properties. The product was centrifuged and washed with chloroform multiple
times (See experimental section for further details). The purified product was dispersed into
chloroform for spectroscopy and microscopy analyses.

After observing the syn#sis process of the PEG6 modification ofCeiMXene, we next
focused on characterization methods of the resultant product. We observed two important optical
properties of THC>-PEG6 flakes. First, the UVis absorption spectrum shows good peak shape
and hck of noise (Figurd.2A, blue line), which is due to adequate dispersibility oCHPEG6
flakes in chloroform. Second, 3,-PEG6 flakes display an absorption peak at 781 nm in
chloroform that is very close to the value for as prepargd:Tlakes inDMF (778 nm). This 3.0
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nm change in the absorption peak position can be attributed to the change in local refractive index
appearing from the solvent change, as well as attachment of PEG6 ligands on the surface. As
reported in the literature, a major aljgoyn peak shift from the initial 3C2in DMF (Figure4.2A,

black line) would be observed in the event of oxidation e€Jand the formation of Ti©during

our synthesi$® Transmission electron microscopy (TEM) analyses also confirmed the lack of
oxidation product in our synthesis conditions. Figdt8B and C show TEM images of as
syntheszed, pristine T3C> MXene flakes and post modificationsCT-PEG6, respectively. We do

not observe the clear formation of any small nanoparticles as a form phamOparticles in the
TisCo-PEGS6 flake. Moreover, the 3G>-PEG6 flakes are in micrometer scale lengths. These results

suggest that the chemical modification of(ziM Xene flakes does not change the size nor induce

Figure4.2: (A) UV-vis absorption spectra of3G2> MXene flakes before (778 nm) and post
covalent surface modificatiowith PEG6COOH (781 nm). (B) TEM image of pristine
TisC2 MXene flakes. (C) TEM image of post surface modification @CTiMXene with
PEGG6COOH. Inset in (C) shows magnified TEM image with a 100 nm scale bar. (
Raman spectra of 3T> MXene flakes and EC>-PEG6 flakes highlighting the resonance
peak (yellow box), Alg peaks (red dashed lines) and surigiedded vibrational modes
(green arrowed line). (E) FTIR spectra ogdid MXene flakes and BC>-PEG6 flakes.
Characteristic ®BC> vibrations are assigned by green dashed lines and box, and the
vibrational stretches of PEGBOOH are shown in red. (F) TGA analysis of pristingCTi
MXene, pure PEGE&OOH, and TiC>-PEG6. A 14% mass loss is observed betwee
pristine TeC> MXene and T:C>-PEGS6.
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