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LIST OF SCHEMATICS AND FIGURES

Scheme 11 (A) Representative structures of sirdggergraphene quantum dotSQDsg),
multi-layered carbon quantum dot€@Dg, and amorphousarbon nanodotsCNDs).
Note the CND structure isot meant to represenspecific molecule; its purpose is simply
to convey a predominately amorphous structure of carbon atom&g@esentation of
commonly observetluorescenproperties othese materialSlypically, & the size of the
dot increases the emission wavelengttishifts a phenomenon thaian also occur via
heteroatom doping and/or variation in surface functionalgtditionally, these dots
frequentlydisplay excitation wavelengittiependenemission(i.e., a rededge effegtthat

is accompanied with a concomitatecrease in intensitjschematic used with permission

from references1. Copyright © 2017 Royal Society of Chemistry............ccccvvvvviiienn. 2

Schemel .2 Schematical representation of a solar cell based on a mesoscopic, metal oxide
film (e.g, TiO.) sensitized with FCDshowing the fundamental photovoltaic operation
under illuminated conditions. The inset arbitrarily shows the appropriate band alignments

IN TNESE UOVICES. ... e e ettt e e e e e ae e e e e anaans 5

Scheme 1.3(A) The origin of localized surface plasmon resonances: if particles are
substantially smller than the incident wavelength of light, they experience a relatively
uniform electric field as the wave passes through them resulting in a collective oscillation
of electrons.This electron resonance leads to drastically enhanced electric fields in th
immediate area around the patrticle, as shown in panel B. Nanopgldsteon resonances

can be exploited in various device architectures to enhance photon harvesting and device
performance: (C) larger particles can act as light scattering centersraerdace while

(D) smaller particles can act as light concentrators embedded within &timmatics
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adapted with permission from references 62 an€68yright © 2003 American Chemical

Society and 2010 Nature Publishing GroUp.............eeiiiiiiieceeeiiieseee e e e eeeeen 7

Scheme X4 (A) Generalized formation of potential molecular fluorophores in citric-acid
basedFCD syntheses first proposed by Yang and coworkeirs which the pyrojzation

of citric acid(CA) in the presence of common (di)amioentainingheteroatom dopants,
such as (i) ethane diamines, (ii) propane diamines, or (iii) monoamines containing hydroxyl
or thiol groups, yields the correspondingpyidonederived byproducts. (B) Ideed,
several fluorescent molecular-pyoducts originating from the carbonization@h-based
precursor systemsyhich typically possess a-@yridone backbone, have been identified
Schematics adapted with permission fronerefices 87 and 9Copyright ©2015 Royal

Society of Chemistrand 20B EISEVIEL.........ccoiiiiiieeeiiiiiiieeee e, 9

Scheme 2.1Graphical abstract conceptualizing the thermal upcycling of human urine to
biocompatible fluorescent carbon dots and their exploitation in bioimaging and

guenchometric SENSIAPPIICALIONS........uuuuiiiie e e 21

Figure 2.1 UV-vis spectra of thehree differentPD samplesdispersed in water at a
concentration of 0.1 mg mt UPDs {jreencurve), CPDs rhagentacurve), and APDs
(cyancurve). The insgbhotograptshows representative samplestbese PDsit the same

concentration viewed under ambient light................ccoicr i 35

Figure 2.2 (A) Excitation wavelengtidependent fluorescence emission spectra of APDs

in water. Magnified emission spectra at longer excitation wavelengths are displayed in the
inset. (B)Plotting the wavelength of maximum emission against the excitation wavelength
for these PDsevealededshifted emission for CPDs and APDs relative to Ugi3korter
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excitation wavelengths, particularly below 450 nm. The ingeitograps show the
fluorescere of (C) UPDs, (D) CPDs, and (E) APDs under blue (405 nm, upper beam) and
green (532 nm, lower beam) laser pointer excitation. (F) Waveleggtbndent quantum

yields measured at five different excitation wavelengths...............ccccoivccevvvinnnnnnns 36

Figure 2.3(A) XRD patterns and (BFTIR spectra showing the slight graphitic nature and
surface functionalities of the PDs, respectivélye legend in panel A also corresponds to

(02T L= I = 39

Figure 2.4 RepresentativeTEM micrographsof (A) UPDs, (B) CPDs, and (C) APDs.
Histograms with the average particle sizeb#x) are also showwith the inset ojpanel

(C) further illustrates the bimodal particle size distribution of the ARDs................ 40

Figure 2.5 Merged fluorescence micrographs of AfRigubated mice embryonic
fibroblast (MEF) cells showing APD incorporation into the cellular cytoplasm. The cell
micrograpls combine the signal from DAPI staining of the nuclear material with-APD
derived signal collected through a (A) FITC or (B) TRITiler cube. (C) Summary of
BT-474 cell viability for varying concentrations of the three kinds of PDs using a

sulforhodamine B cell protein dy@ENding assay..............ccevvvvvvviiicccreeeeeereieieeeeann 42

Figure 2.6 (A) Metal screening test for all three PD types (0.05 md3Ynagainst 11
differentmetal ions (ZA", SP*, B&*, Mn?*, C&*, Srt*, Ni?*, Fe*, Cu*, P&, and Hg"),
each present at a (B)®Representdtveplotiofddhquemdhinglod 0

AP D IS S ON. et e e 44
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Scheme3.1 Graphical abstract highlighting the synthesis of @Xivedfluorescent carbon
dots FCD9 and their use as dual reducing and capping agentsottuceAg@FCD,
Au@FCD, and AWAQ1ix@FCD NPs, the latter of which showed a high degree of

spectroscopic tunabii upon varying the AUu:AQ ratio..........cccceeeeeieieeeeeceeciiciciee e 52

Figure 3.1 Representative TENhicrographsof (A) Au@FCD and (D) Ag@-CD NPs.
Shown are results for 0.3 mgl'*:0.35 mM and 0.3 mgiL'1:0.30 mMFCDs:metalratios

for Au and Ag reductions, respectively. The SPR shifts of the resultant paniared$Bi

F) show the smooth tunability afforded simply by changingR8®:metal ratio. In the
case of ANPs (B and C), the SPR intensity initially increased, regch maximum at a

0.3 mgmL't FCD:0.45 mM Au ratio. The increase was also accompanied by a slight
bathochromic shift. Higher ABCDratios resulted in a continuous redshift with decreasing
SPR intensity and substantial peak broadening, indicative ofrlargee polydisperse
NPs. On the other hand, the AiPs (E and F) displayed only a slight bathochromic shift
in SPR, with increasing intensities as the Ag concentration was varied from 0.15 to 3 mM.
The lowerphotograpk correspond to the Au and Ag sampilegpanelsBi C and EF,

(=TS 0 1=Tod 117 PO PPUPPRRPPPRRR 65

Figure 3.2 (A) Normalized U\tvis absorbance of the bimetallkuxAg1ix@FCD NPs
showing that as the experimental Au:Agafio decreased the resultant SPR displayed a
systematic hypsochromic shift. (B) Extracted SPR frequencies platted %Au, further
demonstrating the smooth evolution in SPR wavelength as the Au:Ag ratio was modulated.
The sample sets were replicatbtee times highlighting the reproducibility of the BMNPs
(error bars denote one standard deviation from the mean), especially at the lower Au

concentrations. (C) Photograph of a serieAwig1ix@FCD BMNP samples, illustrating
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a palette of SPR transitioriBhe cuvettes correspond to the samplgairelsA andB from

100% Ag (left) to 200% AWNGNL)........uereiiiiiee e eereer e e e e e e e 69

Figure 3.3Representative TENMhicrographsand their corresponding EDX spectra for (A

and D) Au@CDs (B and E) bimetallic AtlsAgos@FCDs and (C and FAg@FCDs

I nterestingly, upon the slightest addition
factor of ~7 and remained relatively constant across the Au:Ag composition tested. (G)

Plot showing the extent of alloying between Au and Ag (%Au measuvidin the

BMNPs vs the content predicted from the initial Au:Ag stoichiometiye.( %Au
theoretical). The dashed line represents the ideal case where the measured values directly
correspond to reagent metallic ratios. In general, the measured contents fthe

prediction line. The slight enrichment with Au at higher initial Au% could be tentatively

tied to a small amount of galvanic replacement in whichifgtched by A% ............. 71

Figure 3.4 (A) Time-dependent UwWis absorption spectra of the NaBRbissisted
reduction of 4NP catalyzed by the AUBCD NPs. Spectra were acquired every 5 s but,
for clarity, spectra are shown only for illustrative times. (B) Plots o%AA{) for 4-NP
absorbance at 400 nus time for variousmetal NP@FCD catalysts. Eacleatalyst was

tested within days of preparation..................uuuiiiccciiiiecee e 74

Scheme4.1 Graphical abstract showing a representative FCD sample under dialysis
highlighting the drastic quantity of small, molecular (highly fluorescentproglucts
permeating the membrane, whose presence masks the true properties ahBléBds to

misconceptias surrounding FCD emissiavhen notsufficiently fractionated away...82
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Figure 4.1(A) Trend showing the exponential rise in publications dealing with fluorescent
carbon dots (FCDs) over the past decade. (B) A sampling of over 550 FCD publications
categoried by their mode of purification. (C) An approximate molecular wetigisize
correlation suggesting that the use of <5 kDa molecular weightftMWCO)
membranes is inadequate for purifying these materials. The pink and blue lines demarcate
1 kDa and %kDa MWCOs, respectively, while the purple area represents the average FCD
size and ideal MWCOs that should be employed for memidrsased FCD purification.
yThis is an approximation; there i s no uni\
size aad a 3D molecular weight. The abbreviations in panel B are as folfivent. &

filt. 0 = centrifugation and filtration (in no particular ordefiBolv. extracto = solvent
extraction;iIMWCO unk.0 = MWCO for dialysis not reporteddEPO = electrophoretic
separation; andiChromatogio = chromatographic separation. The bars labelled with

specific MWCOs denote either dialysis or ultrafiltration as a means of purificatiof6

Figure 4.2 Assessedluoresence quantum yields aEAi U-derived samplesfollowing
fractionation via(A) dialysisor (B) (ultra)filtration. The retentresults are represented by
closedcirclesand dialffiltrate quantum yields are denoted by op#cles These sets of
studies reveahat the smaller species permeating the membranes are associated with the
majority of the fluorescence observed in thesyasth samples while the reterfractions

ShOW MUCHh WeaKET flUOIESCEINCE. .. .. e 101

Figure 4.3 Sequence ophotograpk showing the progress of dialysis for microwave
generatedCAi U (1:3) samples using a 1 kDa MWCO membrane. The rapid passage of

colored material through the membrane vividly illustrates the fact that large quantities of

XV



small molecular (nomanoscale) byroducts result from bottorap microwave routes to

Figure 4.4 Representativd EM micrographdor the (AandC) retentatgretent.)and (B
andD) dialysate(dial.) fractions resulting from (AB) 1 kDa and (€D) 50 kDa dialysis

of samples produced byicrowave treatment a€Ai U (1:3). Some apparent FCDs are
visible in the 1 kDa reten{fmarked bycyansquaresn panel A but proved difficult to
image due to the large quantity of-pyoduct residues. While the 50 kDa retgmbved

easier to image arttie FCDs were more visually prominent, a significant amount of non
FCD material remained after purification. Some FCDs were visible in the 50 kDa dial
samples indicating that dialysis may not be capable of fully separating FCDs from organic

Molecular DYPrOAUCE ...........cooiiiiiii e e e e emae 105

Figure 4.5 (A) Metal ion quenching studies conducted on the microvieaetedCAT U

assynth. sample and the corresponding retemddial. fractions. For the metal ions tested

(CWw*, F€*, or HgY), the retentfractionswer e quenched more ?strong
than thé& assynth or dial. counterparts whi | e t he quenching in t
Cu?* or F€* was essentially identical for alreefractions. (B) SterVolmer plots of Hg*

titrations of CAi U-derived FCDs. These results reveal that improper purification can
clearly impact the performance of the investigated material, in this case masking the
analytical responsivity of the FCDs (the limit of detection fofHg 2 3 times better for

the retent fraction compared with the didl For all metal ion quenching studies, the
concentration of the FCD fractions wasormalize@ by adopting the same absorbance

(~0.1) at the excitation wavelength (375 nm) employed in the fluorescence spectra
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Scheme 5.1 Graphical abstract highlighting the impact that moleculasptoducts
generated in FCD syntheses have on photosensitizer applications, particularly when

employed iN PhOtOVOIAICS.........uuiiiei e 126

Figure 5.1(A) Averagel-V curvegwith correspondingtandard deviation®f illuminated

devices employing Ti©films sensitized in5 mg mL'* CAi NH4OH-derived fractions

di spersed in 100% acetone or 50: 50 vol %
Average device metrics. *Note, efficienay) (s reported in percent and FF is a unitless
parameter but both values are on the same scale as the left andaxgist yespectively.

(C) Average EQE and UVis absorbance (inset) spectra. ([Photographsof
representative films used in the devicese Performance of bare Ti(@black curves) is

provided in all plots fOr COMPArISON............uuuuiiiiiii e eeerr e 147

Figure 5.2 (ATB) Average J-V curves (with corresponding standard deviatipnsf
iluminated devices employing Tidilms sensitized indial.-spiked (A) 5 mg mL* or (B)

1 mg mL'! CAiNH4OH retent. fractions dispersed in 100% acetone or 50:50 vol%

a

acetone: ethanol (denoted by AEt OHO). Appro

in the retent. solutions to yield concentrations of 1, 2.5, 5, 10, or 30 mY (QlLF)
Average EQE and absorbance spectra for the-shited (C and E) 5 mg mitor (D and
F) 1 mg ml'! CAT NH4OH retent. fractiorwith magnifiedversiors of the EQE spectra
provided as insstin panels C and IGi H) Photographsf representativéims sensitized
with dial-spiked (G) 5 mg mi! or (H) 1 mg m[! CAi NH4sOH retent. fractions. The

performance of bare TJgblack curves) is provided in all plots for comparison....152
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Figure 5.3 (A) Averagel-V curvegwith corresponding standadeviation$ of illuminated
devices employing TigXilms sensitized irt0 mg ml'* Arg-derived fractions dispersed in
EtOH. (B) Average device metrics. *Note, efficiend) (s reported in percent and FF is a
unitless parameter but both values are on the same scale as the left andaxight y
respectively. (C) Average EQE and WAs absorbance spectra withreagnifiedversion

of the EQE spectra provided as an inset. PBjtographsof representative films used in
the devices. The performance of bare Ja{®lack curves) is provided in all plots for

(o0 4] 0 F= T <o o USRS 156

Figure A.1 Key suspected products thfe metabolic breakdown of (ARsparagusic acid:
(B) methanethiol, (C) dimethyl sulfide, (D) dimethyl disulfide, (E) dimethyl sulfoxide, and

(F) dimethyl SUIFONE........cooiiee e e e e e e e ameea s 184

Figure A.2 (A) An extendedpyrolysis time (24 h)oir i ne col |l ected duri
unmodified diet phasgeneratd aredshift in peak emissiarelative to the emission arising
from a 12 hthermal treatmenaf the same urine (panBl). Specifically, the peak emission
for the latteroccurred at 392 nm under 325 nm excitatidnle the peak emission shifted
to 445 under 350m excitationafter an additional 12 h of pyrolysi§C) The CPDs
displayeda slight redshiftn emissionover the UPD$12 h)but dd not show as large of a
redshift as the APDs (Fige 2.2A) or the UPDs from the 24 h pyrolysisThis loosely
implies that a longer treatment time of tietary-dopedurine samples could lead to an
even further redshift in emissiofDi E) TEM imagng analysis of the UPDs (24 h)
confirmedthat small presumably carbonaceousnocrystalsverestill generatedvhen a
longer pyrolysis time was employedote, the abbreviatiofiF.l1.0 used in the inset plots

of panels AC stands for fluorescence iINteNSILY...........ceeeeeiiiiiiemieiiiii e, 185
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Figure A.3 Confocal fluorescence miagoaphof APD-labelled BF474 uman mammary

gland ductalcarcinoma cells adhered to a 98ell plate...........ccccceeeeiiiiiiiiieeeccceen. 186

Figure A.4 (A) Quenching curves for UPDs (green), CPDs (magenta), and APDs (cyan)
in the presence of HY(circles) and Cti (triangles). Both metabnsshowed fluorescence
quenching with H§" displaying stronger quenching over €uEach respective metal
guenched all three samples in a similar mannerFYBQuenching curves used ftire
determination ofjuenching constants and limit of detect{b@D) calculationsThe ®lor

and shape schememployedin panel A were kept consistent for all pangls., Bi F).

Note, he quenching curve used ttie LODcalculationof APD quenching in the presence

of Hg?" is providedaspanel B ofFigure 2.6.........c..coueoveiueieeieeeeeee e seeeces s 187

Figure A.5 PD fluoresceoe signalrecovery using EDTA to preferentially chelateHg
restoring the previously quenched fluorescent $ite>90% of the original signal.
Specifically,the (A) UPDs, (B) CPDs, and (C) APDs dis@d®7.2%, 96.0%, and 93.6%

FECOVETY, FESPECHIVELY......ceiiiiiiieiiiei e e e e e e e eeeere s e e e e e e e e e e e e e e e e e eeesannnas 188

Figure B.1(A) Photophysical properties ttie CA-derived FCD®mployed in this work
Akin to other reporte&CDs thesecarbon dotslisplayed excitation wavelengtlependent
emissionandquantum yieldsdanel Ainset). (B) Representative TEMicrographof the
CA-derived sample indicating that, presumably carbonaceous, nan®dd6 nm (up to
100 nm)in sizewere produced. (C) FTIR spectrum of the-@érived FCDsevealingthat
the nanocarbonspossessedalcohol, carboxyl, epoxy, ester, and ethsurface
functionalties, moietiesthat account for th& C D kigh aqueous solubility. The FTIR

peaks were assigned as such: stretching vibrationsi &f Odjr3 3600 3000 cm?l),
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stretching vi le-p 4800 1600 <Ml $kele@l=vibrations of aromatic
g r o ugc1800 4600 cm?), stretching vibrationsfacCiO mo i ectoic @ s & a3
13001000cmY),and al i phat i ccHaardge2900s1400,@td@I5éns ( 3
1. The outsepanelto the right of paneC is an expanded plot of treea within theed

POXSNOWN IN PANEI C....oeee e e 189

Figure B.2UV-vis spectra of the resultant AlK@D NP solutions when the concentration
of Au salt was held constant at 0.3 mM and B@D concentrationwasincreased from
0.05t0 0.60 mgmL'*. As theFCD concentration increased up to 0.30 mg' %, the AUNP
SPR appearedd hypsochromically shifted. For the three highest concentratidfSg

the AUNP SPR remained relatively constant in intensity and peak positian....... 190

Figure B.3 Representative TENhicrographsof the resultant Au@FCD NPs when the
FCD concentration was lieat 0.3 mg mL! and theAu concentration was (A) 0.20 mM,

(B) 0.35 mM, (C) 0.45 mMor (D) 0.60 mM.SuchFCD:Au ratios resulted in average
guastspherical particle sizes of (A) 17.8 + 6.4, (B) 26.7 + 10.0, (C) 47.8 £ 20.7, and (D)
96.7 + 29.9 nmrespectively For the higher Au:FCD ratios, large hexagonal and trigonal
Au plates formed with average particlees of 266.7 £ 99.3 and 528.8 + 214.3 nmAar
concentrations dd.45 and 0.6enM, respectivelyThe higher Au:FCD ratios also produced
much smaller quasipherical particles in tha 80 nm regime as evidenced by the insets of
panels Cand D but these picles were less concentrated than the larger egmwerical

particles and platelets........cooviiiii e 191

Figure B.4(A) Time-dependent UWis spectra of the room temperature Au reduction (0.3

mgmL'! FCDs0.35 mM HAuC}) showing that the reduction was near complegifver 3
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h.(B) Timedependent f | uoek=23Cnnhaf the reom eemperatare Aus-
reduction (0.3 mgnL'! FCDs0.35 mM HAUCL). After the reduction, the AUBCD NPs

still retained approximately 25% of the origifgCD fluorescence. Since HAugid not

show any absorbance or fluorescence features within the wavelength range of interest, the
increase in absorbance and decrease in fluorescence intensity wasitsalelied to the

OrOWEN OF AUNPS... .. e e e e e e e e e e emnn s 192

Figure B.5UV-vis spectra of the resultant Ag@FCD NP solutions when the concentration
of Ag salt was held constant at 1.0 mM and the FCD concentrafisincreased from
0.05to 0.60 mg ml!. In general, as the FCD meentration increased, the AP SPR
displayed a slight bathochromic shift. Interestingly, at the lowest concentration & FCD
(0.05 mg ml'1), a broad shoulder centered at approximately 535 nm appeared in addition
to the SPRoeakat 396 nma feature thais indicative of larger Ag nanostructures with
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Figure B.6 Representative TENhicrographsof the resultant quasipheical Ag@FCD
NPs when the FCD concentration was held at 0.3 mg amd the Ag concentration was
(A) 0.30 mM, (B) 1.00 mMpr (C) 3.00 mM.SuchFCD:Ag ratios resulted in average

particle sizes of (A) 11.1 £ 9.9, (B) 6.9 + 3.4, and (C) 6.0 + 4.0reapedtely ........ 194

Figure B.7 ResultantAu@FCD NP SPRas a function othe Au concentrationwithin
samples synthesized H20 °C. Similar to the room temperature reducmiAu saltusing
FCDs, the 100 °C reductismesulted in a bathochromic shift of the SPR with increasing
Au concentrationa transitionindicative of the formation of larger ANPs and further

highlighting thedegree oSPR tunabilityeven when using elevated temperature. 195
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Figure B.8 UV-vis spetrum ofacontrol sample that was hediat 100 °Cin the presence
of 50:50mol% Au:Ag butin the absence dfCDs.The lack of a discernable SPR peak
provides further evidence that th€A-derived FCDsact as reducing agents towards

AUAG1 x NP TOIMALION. ...t e e e e e e e e e e e 195

Figure B.9 Representative TEMmicrographs of the (A) AwdAgo1@FCD, (B)
Auo.7A0o.s@FCD, (C) Au.3Ago.7@FCD, and (D) Au1Ago.s@FCD BMNPsInterestingly,
the size of thé\uxAg1ix NPs decreased slightly with increasing Ag contepecifically,
size analyss of the imaged BMNPygieldedaverage particle sizes of 4.1 £ 1.4, 3.4 £ 0.9,
2.4 £ 0.8, and 1.9 £ 0.7 nm for the dAQo.1@FCD, Aw.7Agos@FCD, Aw.3Agdo.7@FCD,

and Aw.1Ago.o@FCD BMNPS, reSPeCtiVEL........coovviiieiiiiiiiieee e 196

Figure B.10 (AiB) Time-dependent UWis absorption spectra of the NaRbissisted
reduction of 4NP catalyzed by (A) AssAgos@FCD NPs and (B) Ag@CD NPs. (C)
Plots of In@/Ao) of 4-NP absorbance at 400 rwa time for various aged MNP&CD

(0= 1tz 1Y) PP PPRRUURPPRRPN 197

Figure B.11 NormalizedUV-vis absorption spectra of freshly prepared and aged (for 5
months in a lab drawer) MNP@FCD NPs highlighting the stability of the (A) Au@FCD,
(B) Auo.5Agos@FCD, and (C) Ag@FCD NP&omparison of the spectialofilesfor fresh
samples to those arising from their aged counterparts revealthth@#u@FCD NPs
remainedessentiallyjunchanged aftestoring for5 months while the aged AsAgos@FCD

and Ag@FCDNPs displayed increased absorbance at longer wavelefegisres that

likely stem frommarginal particle aggregation.............ccocoovvvvvimmmeiiiiie e, 198
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Figure B.12 Concentratiordependentperoxidasanimicking activity of the Au@FCD
NPsassessely temporallymonitoringabsorbance changef ABTS (0.805 mM)at 418
nm in the presence of 5.4 mM.8; and 3.048.3eg mL't Au@FCD NPs Note, he
reported concentrationiadicatethe quantity of FCDs present in the Au@FCD aliquot
added; the concentration of Au @M) within eachAu@FCD sample is half the value of
the corresponding FCD concentratiang, the 24.2eg mL't FCD sample contains 12.1
eM Au). Results of a control experiment usiag . 7 ¢'golutioh of neaFCDs(i.e.,
metatfree) are also provided (brown circles) While no activity was observed on this
timescale forthe finaked, metatfree FCDs,the Au@FCD NPs clearly shosd higher

activity with increasingnanocatalyst concentration....................ccvcvccceeveeeeeeviinnnnnn. 199

Figure C.1 Excitation wavelengtidependent emission of the microwayeneratedCAI
U-derived(A) assynth. sample and its filtrate fractions after ultrafiltration Wgh1 kDa,

(C) 10 kDa, or(D) 100 kba MWCO membranes or bulk filtration with syringe filtefs

(E) 0.20 pum or(F) 0.45 um pore size. Thexcitation wavelengtdependentmission
profiles of all filtrate fractionswere essentially identical to those of thesgathesized
sample indicating that the small organic material (<1 kDa) that traverses the membrane is
associaté with the majority of the observed fluorescence. Further, these results highlight

thatthe common practice of purifying solely with a syringe filter is entirely inadequate

Figure C.2Excitation wavelengtaependent emission dialysis fractions stemimg from
membrane purification (MWCOs of 1, 3.5, 8, 15, and 50 kDa) of thél=derived
microwavegeneratecample, specifically théA, C, E, G, and 1) retenand (B, D, F, H,

and J) dial fractions Within each respective categornye(, retent, dial.), the fractions
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displayed similar spectral characteristics to one another regardless of the membrane
MWCO employed;however, the emission profiles in crassegory comparisons were
markedly different, alluding to thexistence of at least two distit populations of
fluorophores Even further, when the emission was
similar absorbance values in the ref region, the retenfractions presented drastically
lower emission intensities compared to the.dractions. That is,the yaxis maximaof

the retent emission plotsaare an order of magnitude lower th&e imaxima useébr the

plots of thedial. emission; the data were plotted as stachetter show the spectral features

of the retent. fraction§ hese restd indicate that the reteritactions which should contain

the desired FCDs (if present), are not nearly as fluorescent as once thought émel that
majority of the fluorescence arises from small molecular species (<1 kDa) that permeate

(SN 0 4121001 o] =1 A V= TR 201

Figure C.3 Sequence ophotographshowing the progress of dialysis famicrowave
generatedCAT U-derivedsampleafter 48, 72, 96, and 120 h of dialysifie images were
collected immediately before replenishing the exchange solventultrapure water).

These results highlight the sheer quantity of small molecular material (<1 kDa) that
continues to permeate the membrane even after four additional 24 h dialysis periods against

fresh exchange SOIVENL...........uuuiiii e eees 202

Figure C.4 Sequence gbhotograpk showing thedialysis progression af 1 kDa CA U
retent. fraction dialyzeavith a 50 kDa MWCO membrandhat is, the retent. fraction
employed in this studyas amicrowavegenerated CAi U-derived parent (assynth.)
sample that had previously beexrtensvely dialyzedwith a 1 kba MWCO membrane.

These images further highlight that the resulting product consists of twdispagate
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species: onkess tharl kDa .9, molecular/polymeric material) and the otlgeeater than

50 KDA .05 FODS)..veveeeereeeeeeeeseeeeseeesseeseeseeeseseeseeseessseemseseeseessseseeseeseeseesenesees 203

Figure C.5 RepresentativeTEM micrographsof (AiB) citrate and (D'E) NaBH:-
stabilized AuNPs Corresponding histogranfsom the size analysis of the citratend
NaBH:-stabilized Au NPs are shown in pan€sand F respectively The AuNPs were

employedas a convenient means to clarify nanoscale membrane permeability for a given

Figure C.6 UV-vis spectra of the dialysafdial.) and ultrafiltration(filt.) fractions of the
14 nm citratestabilized and 6 nm NaB#btabilized AuNPs compare to their parent
(norpurified) solutions. These benchmark experiments reveal that neithgPAamples
permeate the 50 kDa dialysis membrane, whereas minute quantities of btk gimes
pass through the 100 kDa ultrafiltration membrane, with the lanitrate stabilized Au
NPs mobilizing to a lesser extent. The inset panel is a magnified plot of the spectra for the

dialysate and filtrate fractions to better highlight these revelations..................... 205

Figure C.7 Representativ EM micrographf the (A, B, E, and F) 1 kDa and (C, D, G,
and H) 50 kDa MWCO retenfpanelsAi D) and dial (panelsEr H) fractions from dialysis

of the microwavegeneratedCAI U-derivedmaterial. Some FCDs were visible in the 1
kDa MWCO retentfraction but proved dif€ult to image due to the large quantity of film
forming, molecular byproducts still present. Contrarily, FCDs were more prominent in the
50 kDa retentfraction and were more easily imaged due to fewer (or ne)rbgluct
impurities still contaminating thfraction. However, some apparent FCDs were visible in

the 50 kDa MWCO dialfraction indicating thatin general, dialysis may be less than ideal
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due to the difficulty in segregating the target FCDs from molecular (odigpolymeric)
by-products, a sc®rio worsened by the potential for small, organic fluorophores to form

supramolecular aggregates that resemble FCDs under TEM imaging............... 206

Figure C.8 Excitation wavelengtiidependent emission of thgdrothermally treated, Arg
derived (A)assynth sample andts correspondingB, D, and Fyetent and (C, E, and G)

dial. fractions arisingrom the membrane MWC@ependent dialysis study. AHactions

had similar spectral characteristics to one anopthewever,the emission of the retent
fractionswas drastically lower despite all fractions possessing similar absorbance values
in the neatUV region. Tlese resultsin combination with the fluorescence quantum vyield
data (FigureC.10), further iterate thahe majority of the photoluminescence arigesm

small molecular species (<1 kDa) and not FCDS.............cccvvviiiieeeeeceeeeeeeeeeeiiiins 207

Figure C.9 Sequence ghhotographshowing the dialysis progression dfiydrothermdiy
treated,Arg-derived sample dialyzed witta 1 kDa MWCO membranélhe continued
mobilization of material through the membrane out to 24rtner highlighs that a single
dialysis treatment of <24 h is wholly insufficient to fully fractionate the target FCDs from

small molecular BYProdUCES. ........cooeiiiii e 208

Figure C.10 Wavelengthdependentfluorescence quantum yieldsf hydrothermally
synthesizedArg-derivedassynth. sampleand thé corresponding retenfclosedcircles
and dial (opencircleg fractions after dialysis fofA) 6 h and(B) 24 hwith 1, 15, or 50
kDa MWCO membranesPanel C compares the measured fluorescence quantumofield
the 24 h dialfractions to those determined for retdractions after an additional 48 h of

dialysis (72 h in totalvith the exchange solvent replenished every 24 h). Thesedearly
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show that 6 h of dialysis is insufficierats evidenced bthe quantum yields of the retent
fractionscontinuallydecreamg with longerdialysis period, trends that furthesupport the
notion thatthe majority of the observed fluorescencetbé assynth sample originates

from material constituting the didtaction (.e., by-products)...........ccccceeeeiiiiiiiienns 209

Figure C.11Excitation wavelengtindependent emission bfdrothermally treated, QA
EDA-derived(A) assynth sample andtheir corresponding (B, D, and gtent and (C,

E, and G)dial. fractions from the membrane MWCdependent dialysis study. All
fractions had similar spectral characteristics to one another although the emission of the
retent fractions was drastically lowerven for samples withcomparableabsorbance
values These trends amnsistentvith theothersystemsexplored in this work anégain

allude to small molecular species (<1 kDagcounting for the majority of observed
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Figure C.12 Fluorescence quantum yields ahydrothermally synthesizedonpurified

CAi EDA-derived samplé.g., assynth.) and its corresponding 72 h retéelbsedcircle

and 24 h dialfractions (opercircleg. The results are consistent with all other dialysis

studies and clearly show that the reténaictions consist of less photoluminescent species,
whereas the majority of the fluorescence of theyagh sample originates from species
comprisinghedialf r act i ons. The ee)eamployadorithese quardume | e n g

yield assessmentgas 350 nm for all fractions...............ovvvviiiicccrreeeiece 211

Figure C.13UV-vis spectra of asynth samplegrom syntheses that employed (A) CA
U or (B) CAI EDA as precursors, as well as the spectra of their corresporaterg and

dial. fractionsthat were obtained after dialysis of thesgsth. samples with 1 or 50 kDa
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MWCO membranes. Stagpectral differences between the retant dial fractionswere
evident wherethe latterfractionsdisplayed identicalfeatures to the correspndingas
synth sample indicating that the species constituting the dial. fractions dominate the

observed spectral properties of their respective paresyrak. sample................... 212

Figure C.14Excitation wavelengtudependent emission of an electrochemigatbduced,
graphitederived(A) assynth.sample andts corresponding (B, D, and F) reteand (C,

E, and GYial. fractionsobtainedrom a membrane MWC@ependentl, 15, and 50 kDa)
dialysis study. While all fractions had similar spectral characteristione another, the
results highlight that toplown approaches are not exempt from purification due to small

photoluminescent bproducts generated in situ during FCD synthesis................ 213

Figure C.15Excitation wavelengtuependent emission af(A) hydrothermallyPEGN-
functionalized (15 kDa) sampleandits corresponding (B, D, and Ftent and (C, E, and

G) dial. fractions obtainedfrom a membrane MWC@ependeni1, 15, and 50 kDa)
dialysis study. These results highlight that the products fror® F@hctionalization
reactionsarenot solely comprised of passivated FCDs but also contain small fluorescent
molecular species (<1 kDa), thus indicating that postfunctionalization purification is an
absolute necessitiote, he parensampleemployed in his study walectrochemically

synthesized from graphiteds............ccoooeiiiiiiiiiiieeee e 214

Figure C.16 Excitation wavelengtidependent emission @ (A) hydrothermallyPEFK
functionalized (12 kDa) sampleandits corresponding (B, D, and F) reteand (C, E, and
G) dial. fractions obtainedfrom a membrane MWC@ependen{(1, 15, and 50 kDa)

dialysis study. Consistent with tfleorescenceesultsobtained from thelialysisstudyof
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the PEGN-functionalizedsample these resultfurther revealthat postfunctionalization
purification is essential to adequately separate the putatively functionalized FCDs from
molecular (olige or polymeric) byproducts.Note, he parensampleemployed in this

study waselectrochemicallyynthesized from graphiteds...............ccccoevvvvvvieennnn... 215

Figure C.17 Excitation wavelengtidependentfluorescence quantum yieldssessetbr

the (A) electrochemicallysynthesizednonfunctionalized) (B) PEGN-functionalized

(1.5 kDa),and (C)PEHunctionalized (12 kDa) materialsas well agheir respective retent
(closedcircleg and dial (opencircleg fractions. The resultant values highlight that even

for top-down syntheses and their subsequent functionalization, adequate purification is a

necessity after the initial synthesis as well as postfunctionalization.................... 216

Figure C.18 (A) Excitation wavelengtudependentfluorescence quantum vyields
determined fomnelectrochemicallgynthesized (asynth.)sampleandits filtrate fractions
obtained upomnltrafiltration (denoted byiUF0Q) of the assynth. samplevith 1, 1Q or 100
kDa MWCO membranesThe observed trendsirther highlight the need for adequate
purification. (B)Excitation wavelengtidependentluorescence quantum yields of the as
prepared PE@I-functionalized (15 kDa) and PEfunctionalized (12 kDa) materalsand
thar corresponding filtrate fractions after ultrafiltration with a 1 kDa MWCO membrane
The results clearlyshow that highly fluorescénby-products are indeed generated,
necessitating fractionation from the targdtnctionalized FCDs. The excitation
wavelengthdependenguantum vyield of the electrochemicallysynthesized (asynth.)

parent samplareincluded in panel B for comparison............cccooovivviiieemniieee e, 217

XXIX



Figure C.19 Metal ion quenching studies afhydrothermallytreated,CAi EDA-derived
assynth.sampleandits corresponding reterdind dial fractions. In general, Gtiand Fé*
induced little to no quenching for all fractiondiile Hg?* quenchedhe emssion of the
retent. fractionmore strongly than the &ynth and dial fractions These results are

consistent with thgquenching studies of tmeicrowavegenerate €A U-derivedmaterials

Figure C.20 Toxicity of microwavegeneratedCAI U-derived (A) retentand (B) dial
fractions toward mice embryonic fibroblasédthough distinctive fractionor membrane
MWCO-dependent trends were not appartmt either fraction, rmimal toxicity was
observed for concentrations at or below 0.3 mdmthile slight toxicities arose for
concentrations of 1 mg mt, regardless of the fractioffhe toxicity of the asynth, parent

sample is provided in both panels for comparison............cccccvvvveeee i, 219

Figure C.21 Toxicity of microwavegeneratedCAI U-derived (A) retentand (B) dial.
fractions toward human breast cancer celld {D). Both retentand dial fractions for all
membrane MWCOs studied had no toxic effects on this specific cell line. The toxicity of

the assynth, parentsample is provided in both panels for comparison................ 220

Figure C.22 Toxicity of microwavegeneratedCAI U-derived (A) retentand (B) dial.
fractions towards HelLa celld-or this cell line, he fractionsdid not display any
concentrationp membrane MWCGQ) or fractiondependent trends toxicity. The toxicity

of the assynth, parensample is provided in both panels for comparison............ 221

Figure C.23Photographic comparisai (A and C) assynth.samples t¢B and D) 50 kDa
retent.fractions for thgAi B) CAi U- and(Ci D) Arg-derivedmaterialsunder white light
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(left panels) and 354m UV light (right panels). Tis compositellustrates he misleading
fluorescence results that arise when the samples are not properly diluted to a similar
concentration (or absorbance valutjat is, & higher concentrations, the samples will
appear to fluoresce &inger (redderyvavelengthsHowever, thisdubious observation is
simply an artifact of the inner filter effect, arising from thear complete) reabsorption of

blue to green emission and tilleamination of the already orangeed, or brown-colored
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Figure C.24 Excitation wavelengthdependent emission spectra afhydrothermally
generatedArg-derived (A) assynth sample as well a@) 10-fold diluted and (C) 100

fold dilutedsolutions. The results appear to indictiat the fluorescence blueshifés the
sample is dilutd, which might lead one to believe that the samples emit redder wavelengths
with increasingconcentration. However, this apparent bathochromic shift simply arises
from inner filter effects that lead to attenuation of ititenseblue edgeand subsequently
render the weakly emitting red edge the only emission vigiD)ePlotting hewavelength

of maximum emission (ésacted from panels 1AC) as a function of the excitation

wavelength further highlights thgerceived but deceptivamission shift................... 223

Figure D.1 (A) UV-vis and (B) fluorescence spectra of arsgsth. sample derived from
GSH F as well as its corresponding retent. and dial. fractions obtained after dialyzing with
a 50 kba MWCO membrane. The results further corroborate the need for adequate
purificaton as the absorbance and emission profiles drastically change upon dialysis.
Specifically, the asynth. sample displays strong blue emission which decreased as the
highly fluorescent byproducts were removed leading to even stronger blue emission for

thedial. fraction and the emergence of distinct-emdlitting species (presumably FCDs) in
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the retent. fraction (see inset photograph). Normalized (C) absorbance and (D) fluorescence
spectra of the retent. fractions compared to the results reported irethwutié reveal the
synthetic consistency of the published protocol. The data in panels Cveaslr®produced

with permission fronreference86 of Chapter 5Copyright © 2A.9 Elsevier.............. 224

Figure D.2 Temporal uptake of 5 mg mt.CAi NH4sOH-derived(A) assynth, (B) dial.,

and (C)retent.fractions (dispersed in acetone) by T@ms, monitored with UWvis
spectroscopyPanel D shows that the majority of uptake occurred within the first 2 h of
sensitization with the retent. fraction showing higappaentuptake evidenced bynore
strongly absorbing filmshowever, this observation could arise frantarger extinction
coefficientinherent tahe adsorbed species. Additionaltgpntinued but slowedptake of

the different fractions was observed after ihitial, rapidadsorptiorduring the first 2 h of
sensitization Given the spectral similarities between Tifdms sensitized with the as
synth. and dial. fractions, the species constituting the dial. fraction clearly account for the
majority of the assynth. product composition, materials that dominate adsorption and the

resultant spectral features of the sensitized films............c.oooviiee i, 225

Figure D.3Temporal uptakef 10 mg ml'* Arg-derived(A) assynth, (B) syringefiltered
assynth. (assynth. filt.), (C)dial., and (D) retent. fraction@ispersedn EtOH) by TiQ
films, monitored with UWvis spectroscopyPanel E shows that over 50% of the sensitizer
uptake occurred within the first 2 h of sensitiaat however, appreciable uptake still
occurred up to 12 h with minimal to no additional uptake occurring after 24 h of
sensitization. In fact, the two-aynth. fractios showed a slight decrease from 12 to 24 h,
indicating undesirable sensitizer desarptiThese fractions, as well as the retent. fraction,

also showed absorbance decreases from 8 to 12 h total sensitization time. The widely
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varying values ofn(Ad/Ao) for the studied fractionare attributed todrastically different
extinction coefficients for the species comprising each fraction but couldm@ésofrom

varying degrees Of UPLAK ............uuueiiiiii e e e s eeeese s e e e e e e e e e e eeenaneens 226

Figure D.4 Temporal uptake chqueousl0O mg ml'! CAi U-derived(A) assynth, (B)

dial., and (C)retent.fractionsby TiO> films, monitored with UWvis spectroscopyPanel

D shows that the majority of sensitizer uptake occurred within the first 2 h of sensitization
with additional but minimal uptake occurring out to 24 h of total sensitization time.
Interesingly, the dial. and retent. fractions showed almost identical uptake, both temporally
and in terms of raw absorbance, while thessth. fraction showed a comparable trend in
temporal uptake but yielded higher overall absorbance, the origin of whathréntly
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Figure D.5 Temporal uptake o6SH F-derived(A) assynth, (B) dial., and (C)retent.
fractionsby TiO: films, monitored with UWvis spectroscopyNote, the asynth. and dial.
fractions were dispersed in 50:50 vol% formamide:wattanknown concentrations while
the retent. fraction was dispersed in 100% water at 10 md. riRanel D shows that
sensitizer uptake occurred rapidly within the firs64 of sensitizatiomndbegan to slow
after 6 hbut never fully levelled offwith sensitiing species still adsorbing out to 24 h of
total sensitization time. Interestingly, the-sgth. and retent. uptakes were essentially
identical despite the unknowaoncentration of the former, the different solvent systems
employed, and the minor differences observed for the two fractiongimatbsorbance
peaks between 6@Ghd750 nm. Additionally, substantially lower absorbance was observed
for films sensitizedin the dial. fraction,an occurrence thatould stem fromthe

concentration differences between the fractions since the concentration of the dial. fraction
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was not assessaliee to residual formamidelowever, given the stark differences in film
color betveen the fractions (Figur®.20), the lower absorbance likely arises from

markedly lower extinction coefficients for the species comprising thefchation.... 228

Figure D.6 TiO2-subtracted (A) EQE and (B) absorbance (abs.) spetfréD; films that

were sensitized i mg mL'* CAi NH,OH-derivedfractions in 100% acetone or 50:50
vol% acetonesthanol(denoted byiEtOHO). The inset plot in panel A shows normalized
(norm.) spectradr the TiQ-subtracted (Ti@sub.) EQE spectr&learly, the photocurrent
generated by species in thgsynth.fraction predominately originates from reaction by
products comprising thdial. fraction. Additionally,chromophoricout nonphotocurrent
generating, by-product speciesexist within the dial. fraction evidenced by lower
absorbancéor films sensitized irthanolic solutions compared to thesasitized irt00%
acetone yethe former films yieldedcomparable performance toe latter Furthermore,

the above results indicate that the photocurrent generated by -Hymths and dial.
fractions is likely prodoed by the species responsible for the shoulder observed at 450 nm
in the absorbance spectra. Conversely rétent.fractions generated substantially lower
photocurrent despite having markedly higher absorbance. Moreover, the maximum EQE
for the retent.fraction is hypsochromicallghifted by 20 nm relative to the maxima

observed for the asynth. and dial. fractions................ccoovviiiiieeei e 229

Figure D.7 (A) Average J-V curves (with corresponding standard deviatipnef
illuminated devices employing Ti©films that were sensitized it0 mg mL't CAi
NH4OH-derived fractionsdispersedin 100% acetone or 50:50 vol% acetone:ethanol
(denot ed by Avergge Oddice)metricé. BNote, efficienay) (s reported in
percent and FF is a unitless parameter bth balues are on the same scale as the left and
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right y-axes, respectively. (C) Average EQE &DBjl UV -vis absorbance spectnath their
corresponding Ti@subtracted counterparts provided in panels E and F, respectvely
magnifiedplot of the EQErom 350to 550 nm,photograph®f representativéilms used

in the devicesand a plot ohormalized (norm.) spectra for the Bi@ubtracted (Ti@sub.)
EQE spectrare provided in the inseof panels C, D, and E, respectivelyne conalisions
drawn from the above results are similar to those arrived at for ing L' * fractions;
that is, device performance, mainly the photocurrent, arises from reactjrodycts,
specifically, species responsible for the absorbance shoulder at 45hdrthe yellow
orange color of the filmsThe performance of bare Ti@black curves) is provided in all

relevantplots for COMPATIS...............uuuviuiiiiii i errn e eeeeaaes 230

Figure D.8 (A) Average J-V curves (with corresponding standard deviatipnaf
iluminated devices employing TiCfilms that were sensitized i80 mg mL't CAi
NH4OH-derived fractionsdispersedin 100% acetone or 50:50 vol% acetone:ethanol
(denot ed by Average Gadice)metricé. BNote, efficienay) (s reported in
percent and FF is a unitless parameter but both values are on the same scale as the left and
right y-axes, respectively. (C) Average EQE &Djl UV -vis absorbance spectnath their
corresponding Ti@subtracted counterparts provided imels E and F, respectivelj
magnifiedplot of the EQErom 350to 550 nm,photograph®f representativéilms used

in the devicesand a plot ohormalized (norm.) spectra for the Bi@ubtracted (Ti@sub.)

EQE spectrare provided in the insedf panels C, D, and E, respectivelne conclusions
drawn from the above results are similar to those arrived at for #mel 30mg mL'!
fractions; that is, device performance, mainly the photocurrent, arises from reaction by

products, specifically, spees responsible for the absorbance shoulder at 450 nm and the
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yellow-orange color of the flm&he performance of bare TiCblack curves) is provided

in all relevantplots for COMPAriSON..........uuuiiiiiii i eereer e 231

Figure D.9 Comparative analysis of the results for the 5, 10, and 3@ §CAT NH,OH-

derived (AT E) assynth. and (FJ) dial. fractions (A and H AverageJ-V curves(with
corresponding standard deviatipo$illuminated devices employing Tidilms that were

sensiized in the above fraction6 M Et OHO denot es insb&aspvbl%és di s
acetone:ethanpl (B and Q Average device metrics. *Note, efficienay) (s reported in

percent and FF is a unitless parameter but both values are on the same scédét anthe

right y-axes, respectively. (@nd H Average EQE andD and I) UV-vis absorbance
spectrawith their corresponding Tigsubtracted counterparts provided as panel indets

and J)Photograph®f representativéilms used in the deviceJhe perfomance of bare

TiO2 (black curves) is provided in atblevantplots for comparison......................... 233

Figure D.10 (A) Average J-V curves (with corresponding standard deviatipnsf

iluminated devices employing Tidilms that were sensitized in diadpiked 5 mg mL'!

CAI NH4OH-derived retent. solutions dispersedn 100% acetone or 50:50 vol%
acetone: ethanol (denot ed b ythedidd. tfractibo yvere Appr C
spiked in 5 mg ml! retent.sampledo yield 1, 2.5, 5, 10, or 30 mg Miconcentrations of

the dial. speciegB) Average device metrics. *Note, efficienay) {s reported in percent

and FF is a unitless parameter but both values are on the same scale as the left and right y
axes, espectively(C) Average EQE an(D) absorbance spectvéth their corresponding
TiO2-subtracted counterparts shown in panels F an@&)3hotograph®ef representative

films sensitizedn thedial.-spiked 5 mg mL'* CAi NH4OH reten. solutions A magnified

plot of the EQHErom 350to 550 nm and a plot aformalized (norm.) spectra for the B0
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subtracted (Ti@sub.) EQE spectrare provided in the insetof panels C and F,
respectively The performance of bare Ti@black curves) is provided in afilots for

(o0 4] 0 F= T <o o SRS 234

Figure D.11 (A) Average J-V curves (with corresponding standard deviatipnsf
illuminated devices employing Tidilms that were sensitized in diapiked 1 mg mL'?

CAI NH4OH-derived retent. solutions dispersedn 100% acetone or 50:50 vol%
acetone: ethanol (denot ed b ythedidd. tfraxtibo yvere Appr C
spiked in thel mg mL'* retentsampledo yield 1, 2.5, 5, 10, or 30 mg ficoncentrations

of the dial. specie¢B) Average device mats. *Note, efficiency ) is reported in percent

and FF is a unitless parameter but both values are on the same scale as the left and right y
axes, respectivelyfC) Average EQE an(D) absorbance spectvdth their corresponding
TiO2-subtracted counterpa shown in panels F and (E) Photographsf representative

films sensitizedn thedial.-spiked 1 mg mL'* CAi NH4OH reten. solutions A magnified

plot of the EQHrom 350to 550 nm and a plot aformalized (norm.) spectra for the O
subtracted (Ti@sub.) EQE spectrare provided in the insetof panels C and F,

respectively The performance of bare TiGblack curves) is provided in all plots for

Figure D.12 Select comparisons of thesults from theCAi NH4OH dial. spiking studies.
(A) Device metricgor TiO- films sensitized irl. or5 mg mL' ! retent. fractions spiked with
10 mg ml'! dial. compared tdilms sensitized in 40 mg mL'! assynth. fraction, which
nominally contaied0.1 and 9.9 mg nit retent. and dial. species, respectively. (B) Device
metricsfor TiO; films sensitized irl or 5 mg mL'! retent. fractions spiked with dial. to a

concentration of 30 mg mk compared tdilms sensitized irethanolic 30 mg mi! as
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synth. fraction, which nominally contaid0.3 and 29.7 mg nik retent. and dial. species,
respectively. (C) Average UVis absorbance spectra for the flms employed in the devices
summarized in panel B. These resuliearly show that synergistic effects between the dial.

and retent. species exist, where an optimized nanocarbon content leads to improved device
performanceas widely reported in the literature. Furthermore, higher concentrations of the
retent. fractio appear to diminish the apparefgelectivityo observed in ethanolic
solutions, evidenced by increaséitm absorbancevhen sensitized irhigher retent.

content evenwhenin the presence of 50% etharfdle n o t &tOHOp.y.....A....... 237

Figure D.13Comparison of 2 kis24 h uptake fo€EAi NH4sOH-derived assynth.fractions.
(A) AverageJ-V curves(with corresponding standard deviatip$ illuminated devices
employing TiQ films that were sensitized #, 10,or 30 mg mL'! CAi NH,OH-derived
assynth.fractionsdispersedn 100% acetone or 50:50 vol% acetone:ethanol (denoted by
A Et OH oAveragé deyice metrics. *Note, efficienay) (s reported in percent and FF
is a unitless parameter but both values are on the same scale as the igfitandxes,
respectively. (C) Average EQE an(D) UV-vis absorbance spectraith their
corresponding Ti@subtracted counterparts provided in panels E and F, respectively
magnifiedplot of the EQErom 350to 550 nm,photograph®f representativéilms used

in the devicesand a plot ohormalized (norm.) spectra for the Bi@ubtracted (Ti@sub.)
EQE spectrare provided in the insebf panels C, D, and E, respectivelhe results
clearly show that longer sensitization times riegdy impacted device performance
despite an increased uptake of chromophoric material, effectsvératconcentration

dependent andthus, most prominent for the 30ng mL'! assynth. fraction.The
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performance of bare TiJblack curves) is provided irlaelevantplots for comparison

Figure D.14 Concentratiordependenta@mparison of 2 ws24 h uptake foCAi NH4sOH-
derived assynth. fractions (A) Average J-V curves (with corresponding standard
deviation$ of illuminated devices employing T¥diIms that were sensitized lor 30 mg
mL'! CAi NH,OH-derivedassynth. fractionsdispersedn 100% acetone or 50:50 vol%
acetone: et hanol .(B)JdAwenage device rbejrics.fi*lRote Ceficienay) (

is reported in percent and FF is a unitlessameter but both values are on the same scale
as the left and right-gxes, respectively(C) Average EQE andD) absorbance spectra
with their corresponding Tig@subtracted counterparts shown in panels F andEp.
Photographs ofepresentative filmsA magnifiedplot of the EQHErom 350to 550 nm and

a plot ofnormalized (norm.) spectra for the Bi®ubtracted (Ti@sub.) EQE spectrare
provided in the insetof panels C and F, respectivelyhe results clearly show that longer
sensitization times led to diminished performamdéhough, thisobservations not solely

a product of increased uptake, specifically, of nanocarbons, since 2 h sensitindiions

30 mg mL'! assynth. fractions yielded comparable performaticene anotheand 24 h
sensitizationsn ethanolic solutionproduced similar decreases in performance as their
100% acetone counterparts. Therefore, the observed decrepsgsiimance upon longer
sensitizations may arise from Ti#hduced degradation of the photoactive speciég

performance of bare Ti#Jblack curves) is provided in aklevantplots for comparison

Figure D.15Fractiondependent@mparison of 2 ks24 h uptake fo€CAi NH4OH-derived

samples(A) AverageJ-V curves(with corresponding standard deviatip$ illuminated
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devices employing Tig¥ilms that were sensitized BOmg mL'* CAi NH4OH-derivedas
synth.anddial. fractionsdispersedn 100%acetone(B) Average device metrics. *Note,
efficiency () is reported in percent and FF is a unitless parameter but both values are on
the same scale as the left and righaixes, respectively(C) Average EQE andD)
absorbance spectwath their correspnding TiQ-subtracted counterparts shown in panels

E and F. Amagnifiedplot of the EQHErom 350to 550 nm,photographs of representative
films used in the deviceand a plot ohormalized (norm.) spectra for the B@ubtracted
(TiO2-sub.) EQE spectrare provided in the inseof panels C, D, and E, respectively
Akin to the other 24 h sensitization studies, longer sensitization led to diminished
performance for the 3thg mL'! assynth. and dial. fractionshowever, the decrease
observed inthe latter was not nearly as prominent as that for the forimetying the
nanocarbons may be playing a role in Fi@duced degradation of the photoactive species.
The performance of bare TiQblack curves) is provided in alelevant plots for
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Figure D.16 Aging effectsof CAiNH4OH samples.(A) Average J-V curves (with
corresponding standard deviatipo$illuminated devices employing Tidilms that were

sensitized infresh or aged (>1 week oldB0 mg mL'! CAi NH4sOH-derived assynth.
fractionsdispersedn 100% acetoner 50: 50 vol % acetone: et hanc
(B) Average device metrics. *Note, efficiena)) (s reported in percent and FF is a unitless
parameter but both values are on the same scale as the lafflandaxes, respectively.

(C) Average EQE andD) absorbance spectraith their corresponding Tigsubtracted
counterparts shown in panels E and Fnagnifiedplot of the EQErom 350to 550 nm,

photographs of representatifiiens used in the deviceand a plot ohormalized (norm.)
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spectra for the Ti@subtracted (Ti@sub.) EQE spectrare provided in the insgdf panels

C, D, and E, respectivelyhile not staggering, slight aging effects were observed in the
30 mg mL'! assynth. fractionsAlthough, when the same samples were sensitized in the
presence of EtOH, the minor decrease in performance was not apgueht.an
observationmplies the lower performance likely does not originate from degradation of
the photoactie species but stems from the degradation of another species that is only
present in a sufficient enough concentration to induce a negative impact inrtigers0
Lassynth. fraction, which could be the nanocarborenamidentified reaction byproduct.

The performance of bare TiQblack curves) is provided in alelevant plots for

(o0 4] 0 F= T <o o USSP 242

Figure D.17 Effects of water exposure d»Ai NH4OH samples(A) AverageJ-V curves
(with corresponding standard deviatipo§illuminated devicesmploying TiQ films that
were sensitized iB0 mg mL't CAT NH4sOH-derivedassynth.fractionsdispersedn 100%
acetone(B) Average device metrics. *Note, efficiend) (s reported in percent and FF is
a unitless parameter but both values are on the saale as the left and rightaxes,
respectively(C) Average EQE an{D) absorbance spectwath their corresponding Ti§&
subtracted counterparts shown in panels F and G. The inset in pduostrBtes the effects
that water exposure (right) has the acetonedispersedsolutions(left). (E) Photographs
of representativéilms. A magnifiedplot of the EQErom 350to 550 nrm and a plot of
normalized (norm.) spectra for the Bi@ubtracted (Ti@sub.) EQE spectrare provided
in the inses of panels C and F, respectiveRhe performance of bare TiQblack curves)
is provided in alrelevantplots for comparisonlhe experinental details for these studies

and an irdepth analysis of the results are provided below..............ccccvveeeee. 244
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Figure D.18 TiO,-subtracted (A) EQE and (B) absorbance (abs.) spectra for 10 frlg mL
Arg fractions inEtOH. The inset plot in panel A shows normaliZedrm.) spectra for the
TiO2-subtracted (Ti@sub.) EQE spectr&learly, photocurrergeneration fronthe retent.
fraction is negatively impacted by a species present indtake fraction since the
photocurrenproduced bythe assynth.fractionsis only slightly higher than thatreated

by the dial. fractionNote,flassynth. filt.o represents the aynth. sample that was passed

through a 0.20 & m..p.or.e..s.i.ze..s.y.l.l.nged7f il ter

Figure D.19 Aging effects of CAi U-derived samples.(A) Average J-V curves (with
corresponding standard deviatipo$illuminated devices employing Tidilms that were
sensitized irfreshor aged (>1 month old)0 mg mL'! CAi U-derived fractionslispersed

in water.(B) Average device metrics. *Notefficiency () is reported in percent and FF is
a unitless parameter but both values are on the same scale as the left anduaght y
respectively(C) Average EQE an{D) absorbance spectwath their corresponding Ti§&
subtracted counterparts shownpianels E and F. Anagnifiedplot of the EQHrom 350

to 550 nm photographs of representatifilens used in the deviceand a plot ohormalized
(norm.) spectra for the Tsubtracted (Ti@sub.) EQE spectrare provided in the inset
of panels C, D, ah E, respectivelyThe performance of bare TiGblack curves) is
provided in allrelevantplots for comparisonThe experimental details for these studies

and an irdepth analysis of the results are provided below..................ovvveeeeee. 248

Figure D.20 Aging effects of GSH F-derived samples(A) Average J-V curves(with
corresponding standard deviatipo$illuminated deviceemploying TiQ films that were
sensitized irfreshor aged (>1 week old) solutions of t&SH F-derived fractions(B)

Average device metrics. *Note, efficienay) (s reported in percent and FF is a unitless
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parameter but both values are on the same aedlee left and right-pxes, respectively.
(C) Average EQE andD) absorbance spectraith their corresponding Ti@subtracted
counterparts shown in panels E and FnAgnifiedplot of the EQErom 350to 550 nm,
photographs ofepresentativéilms used in the deviceand a plot ohormalized (norm.)
TiO2-subtracted (Ti@sub.) EQE spectrare provided in the insof panels C, D, and E,
respectively Magnified plots of the EQE and absorbarfoem 550to 750 nm are shown

in parels G and H with their corresponding BiSubtracted counterparts shown in panels
| and J, respectivelyThe performance of bare Tidblack curves) is provided in all
relevantplots for comparisonThe experimental details for these studies and aleph

analysis of the results are provided below...............ovvviiicccriiiieece e, 251

Figure D.21 Effects of aging orGSH F-sensitized TiQ films. (A) AverageJ-V curves
(with corresponding standard deviatipo$illuminated devices employing Tidilms that
were sensitized ifreshor aged (>2 months old) filmsensitized withhe GSH F-derived
fractions (B) Average device metrics. *Note, efficienaj) {s reported in percent and FF
is a unitless parameter but both values are on the same stiadelaft and right yaxes,
respectively(C) Average EQE an{D) absorbance spectwath their corresponding Ti§&
subtracted counterparts shown in panels E and fagnifiedplot of the EQHrom 350
to 550 nm photographs of representatifilens usedn the devicesand a plot ohormalized
(norm.) spectra for the Tsubtracted (Ti@sub.) EQE spectrare provided in the inset
of panels C, D, and E, respectivelyagnifiedplots of the EQE and absorbarfoem 550
to 750 nm are shown in panels G ahdwith their corresponding Ti&subtracted

counterparts shown in panels | and J, respectivdig. performance of bare Ti@black
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curves) is provided in afkelevantplots for comparisorThe experimental details for these

studies and an idepth analysisf the results are provided below.......................... 255

Figure D.22 Effects of synthesis temperature on G&Hierived fractions(A) Averagel-

V curves(with corresponding standard deviatipio$ illuminated devices employing TiO
films that were sensitized in G$R-derivedsamplesynthesized atither1800or 200 °C.
(B) Average device metrics. *Note, efficiena)) (s reported in percent and FF is a unitless
parameter but both values are on the same scale as the left andaxgist yespectively.
(C) Average EQE andD) absorbance spectraith their corresponding Ti@subtracted
counterparts shown in panels E and FmAgnifiedplot of the EQErom 350to 550 nm,
photographs of representative filmmployedin the devicesand a plot oihormalized
(norm.) spectra for the Tsubtracted (Ti@sub.) EQE spectrare provided in the inset
of panels C, D, and E, respectivelijagnified plots of the EQE and absorbarfoem 550

to 750 nm are shown in panels G ahkdwith their corresponding Ti&subtracted
counterparts shown in panels | and J, respectivédig. performance of bare Ti@black
curves) is provided in atkelevantplots for comparisoriThe experimental details for these

studies and an tdepth analys of the results are provided below........................ 258

Figure D.23 AverageJ-V curves(with corresponding standard deviatipredf devices
employing TiQ films that were sensitized in an aqued.®mg ml'! coatderivedretent

fraction that purportedly contain€QDs. (B) Average device metrics. *Note, efficiency

(d) is reported in percent and FF is a unitless parameter but both values are on the same
scale as the left and rightaxes, respectivelf{C) Average EQEspectrum of the deves

(left y-axis)andaverageabsorbance speatn of the flms employed withiright y-axis).

A representativphotograplof the sensitized Ti©films is provided in the inset. (D) Plot
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of thenormalized EQE spectrahe performance of bare Ti@black curves) is provided

in all relevantplots for comparisornClearly, the highly graphitic nanocarbons negatively
impacted PV action, decreasing the performance well below that of bageahiD
generating neazero power conversion efficiency, despitee intense uptake or high
extinction coefficient of the material. Furthermore, the graphitic nanocarbons produced
essentially no photocurrent and, in fact, substantially decreased the photocurrent arising

from TiOz and hypsochromically shd@tithe EQEpeak by 20 nm...............oooeeiiiine 262

Figure D.24 Mass spectra of (A) CA an@i C) CAi U precursor solutionfrom am/z

range of (B) 100242 and (C) 24IBB07.......ccccceeeeeeeiiieeeeeeeeee et mmme e 263

Figure D.25 Mass spectra of () CAINH4sOH and (GD) CAi U assynth. fractions
from m/zranges of (A) 86242, (B) 247512, (C) 46242, and (D) 250470. An asterisk
(*) next to a peak or peak assignment indicdked the peak waslso observed in the

[0t U] £ ] ] 01T od 1 = WP 264

Figure E.1 (A) Photograph of the solar simulator systemployed in all the studies
discussed within this dissertation.i(®) Schematical representation of the components
comprising the solar simulator system shown in panel A. Specifically, panels B (solid lines)
and C (dashed lines) represent the instrumemiatiodules on the lower breadboard and
upper shelf, respectively, where the provided identifiers correspond to the elements listed

([ 1= o] (=3 =0 RO ORPRPRPRPRN 263

Figure E.2 (A) Schematic representation of the origin of various air mass (AM)

classifications, specificallyAMO, 1, 1.5D, and 1.5G, which are the solar radiation at the

top of the Earthdés atmosphere at the Zenit
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the Zenith angl e, direct solar radiation

Zenithh , and both direct and diffuse sol ar
(relative to Zenith), respectively. The solar radiation spectra arising from AMO and AM1.5
conditions are shown in yellow and red, respectively, in panel B, with sexdudgectra of
these conditionsi.e.,, AMO, AM1.5D, AM1.5G) provided in panel C. AM1.5G filters
employed in photovoltaic characterizations are designed to mimic thefBMé&.5
Globald spectrum shown in panel. ®anels B and C were used with permission from
referencesl and 2, respectively Copyright © 2007 Robert A. Rohdé¢panel B)and
Copyright© 2010 Christiana Honsberg and Stuart Bowdpanel C;original work and

data from SMARTS modeling program used at the National Renewable Energy

1= oY ] r= 1o ) PPN 270

Figure E.3 (A) Ideally, an incident beam of light irradiating from the lawquld possess
uniform power across thentirebeam (B) Realistically thoughthe powemagnitudeof

the incident beam is more conigaghapedthat is, a Gaussiatistribution withhigh power

at the centeand decreasing power away from the a€} Therefore,he goal igo align

the lamps and collimate the emanating light such that a more uniform power distribution

(i.e., domeshaped) is aChieVed............ccoiiiiiii e, 274

Figure E.4 For proper alignment of the 300 W arc lamp, (Agactual arand the(B) arc
image created bthe back reflector mirror need to B€) superimposed in such a manner
that the fihot spotso of the el ectlytoveotdee s
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xlvi

r

a

a

(t]



SchemeF.1 Schematic representation of the components of a fully assembled sensitized

Y0 ] = g o1=) | F PR 290

Figure G.1 (A) Schematiof representativé-V curves of a photovoltaic device collected
under @rk andilluminatedconditionswith major device metrics and their origins shown,
specifically, shortcircuit current density Jc), opencircuit voltage Voc), theoretical
power output (Ptheg, maximum power outputPpnay), current densityat Pmax (Jma), and
voltageat Pmax (Vmax). Additionally, the equations for calculation of fill factor (FF) and
efficiency (), as well as the approximation of shung{Rand series (8 resistances, are
also povided in the inseSuchphotovoltaic devicecan be modeled by simple equivalent

circuits such as that shown in panel.B..............ccooiiiiieee e 294

Figure G.2 The maximum power density outputadevice can be determined by plotting
the product of the current and voltage vakshe original voltage valueé. near parabolic

curve should be obtaineslhere the apex of theurve equates tadhe maximum power

Figure G.3 Critical informatian regarding charge transport properties can be inferred from
the J-V response under dark conditions by plotting the dark current demsajog scale

vsa specified VOItAgE raNge............uuuuiiiiiii i sreeie e e e 29

Figure G.4 Schematic representation external quantunefficiency (EQE) for a device

with a dyesensitized semiconductor photoanode. EQE is a direct measure of how
efficiently the device converts incident photons to electrons, and then current, at each
wavelength. Ideally, the observed EQE peaks will corredpothe characteristic UVis
absorption peaks of the photoactive SENSILZEr.............coiviiiiieeee i 300
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Figure G.5 Chronoamperometry provideital information about device charge transport
namely,temporal stability of photocurrenvhetherthe photocurrent productiaos limited

by diffusion and if so, what the diffusion coefficient of the electrolyte As the
illumination is continually interrupted, a stable device will have the same current response
during each illumination perigdhat is, a drop iphotocurrent will not be observed over

multiple dark/illuminated cycleConversely, if a decay in photocurrent is visible during

each illumination period then tideviced s p hot o c ur isleniedbypelecootyte ct i o n
diffusion. In this scenarighephotocurrentiecay can be plottagtime °°as shown in the

outset plotand the apparent diffusion coefficient can be extrati@eh an appropriate

fIttING OF thE CUIVE.....coeeeee e e 302

Figure G.6 Similar to chronoamperometry, chronopotentiometry can provide critical
information regarding device stability and charge transport properties, specifically, the
decay in the photovoltage can be used to determine the recombination lifetime of electrons

WIthin the EleCtrOIYte........e et 303

Figure G.7 (A) Schematiaepresentation of Alyquist plot obtained from the electrical
impedance spectroscopic characterization of asdysitized solar cell. The resulting
Nyquist plot from such characterizations will typically consist of three semicircles which
arise from: (ijthe charge transfer resistance at the counter electrode (kHz region), (ii) the
charge transfer resistance in the photoanode (Hz region), and (iii) the finite Warburg
impedance (mHz region). The semicircles will be shifted to the right, or to highermesista
values, depending on the electrolyte and contact resistBtaténg the same data in a
Bode phase plot and extracting the peak frequency of thesemicircle provides

information about the electron lifetime within the semiconductor f(8). The Nyquist
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plot canalsobe modeled by a resistor and two RC circuits in series, with one RC circuit
containing a finiteWarburg Impedance elementyZRs corresponds to the resistance of

the electrolyte and the electric contaatisile the two RC circuits (Q =apacitor, C, of
variable capacitance) represent the charge transfer resistances at the counter
electrode/electrolyte interface 4R e) and the dye/semiconductor/electrolyte (photoanode)

interface (Rtra) as well as the double layer capacitances at eagtidoe (Q).......... 305
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AN EVALUATION OF THE NEED FOR CRITICALLY REFINED
PURIFICATION PROCEDURES IN FLUORESCENT CARBON DOT
SYNTHESES: THE RAMIFICATIONS OF THE UBIQUITOUS PRESENCE OF
REACTION BY -PRODUCTS ON QUENCHOMETRIC AND LIGHT
HARVESTING APPLICATIONS

Jeremy B. Essner
Professor Gary A. Baker, Dissertation Supervisor

ABSTRACT
Fluorescent carbon dots constitute a novel and intriguing class of nanocarbons that display

unique optical propertiesand can bepurportedlygenerated from virtuallyany carbomn
containing source. For example, the thermal pyrolysis of human urine results in the
formation of fluorescenhanocarbonswhose spectroscopic properties are dependent on
the diet of the urine donor, a scenario potentially leading to heteroaipmgdof the
carbonaceous nanomaterial s. Fur telearonmor e,
donor/acceptor capabilities afford their implementation as dual reducing and capping
agents towarslthe formation of metal nanoparticle/carbon dot composites tlssepe a

high degree of optical tunability. The ability to modulate the spectroscopic properties of
both these materials holds promise for exploitation in solar energy harvesting applications
as green sensitizers and plasmonic enhandexsever, thee nano a r b distinguishing
luminescent properties, whose origin continues to elude the field, has recently come under
scrutiny due to the presence of highly fluorescent, moleculpragucts generated in route

to the target nanocarbpresulting in the widggead misrepresentation of their emission
characteristics. Thus, ithdetrimental issue of insufficient gyroduct removal andhe
subsequergffects orreportedhanocarbon luminescenas well acommon applications,

namely, quenchometric detection aplabtosensitizersare addressedhere providing a



path forwardfor arriving at a fundamental understanding of these promising nanocarbons

and their true properties.



Chapter 1: Introduction to Fluorescent CarbonDots, their
Synthesis and Applications, and the Vexing Purification

Conundrum

Nanoscalearbonge.qg, fullerenes, graphenes, carbon nanotubes, nanodiajnoosisess
a range ohighly attractive properties, including electrical conductivityemical inertness
high thermal stabilityand tunability €.g, textural properties, dopinghat havgorompted
intensive researcinto these carbonaceousmnomaterialsn recent yearsWithin this
family of nanoscale carbontherecently establishefiuorescent carbodot (FCD), often
separated into subgroups suchgesphene quantum dots (GQDs), carbon quantum dots
(CQDs),andcarbon nanodots (CNDs; Scheme 1.1&)dtypically sized below 10 nm,
displays unique and useful optical featurgenerallynot observed ints nanocarbon
cousinst*® such astunable emission coloexcellentphotostability and, most notably,
excitation wavelengtaependent fluorescen¢€cheme 1.R). Furthermore FCDs offer
high aqueous solubility andn alluring ecofriendliness (e.g, biocompatibility, low
cytotoxicity) makingthem prefeential nanomaterialever conventional semiconductor
based quantum dgtsuch a<dX (X = S, Se, Te)

Sincetheserendipitous discovenf FCDs overa decade ago during the purification of
crude carbon nanotubes, researchers have increasiagbyrted alternate synthetic
pathways for generatingCDs from myriad carbon source3hese various ysithetic
techniquegor producingFCDs arebroadly lumped ird two camps: tojglown and bottom
up. Top-down approachesuch asarc dischargé Jaser ablatiorf®?! and electrochemical

oxidation??2¢ involve the cleavage ahacroscalerelatively pure (typically, graphitic)



Scheme 11 (A) Representative structures of sintggergraphene quantum dotSQD9,
multi-layeredcarbon quantum dot€CQD9g, and amorphousarbon nanodotsCNDs).

Note the CND structure isot meant to represent a specific molecule; its purpose is simply
to convey a predominately amorphous structure of carbon atom&g@esentation of
commonly observetluorescenpropertes ofthese materialSlypically, a the size of the

dot increases the emission wavelengitishifts a phenomenon thatan also occur via
heteroatom doping and/or variation in surface functionalitgiditionally, these dots
frequentlydisplay excitation &velengthdependenemission(i.e., a rededge effegtthat

is accompanied with a concomitant decrease in inter&ityenatic used with permission

from references1. Copyright © 2017 Royal Society of Chemistry
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carbon fragments into smaller and smaller particles, eventually resultinfpvin to
multilayer, crystalline FOs. Conversely, bttomup methodscomprise chemical or
mechanicalassemb} of the FCDs, in an essentiallyatomby-atom or moleculdy-
molecule fashion from carborcontaining molecular precursors, an approach that
overwhelmingly yieldsFCDs that are highly amorphous in nature. Examplesheke
tacticsinclude combustion or thermal treatméhand tenplated?® microwaveassisted?
or hydrothermal growtf® Thus, he literature suggests thaBs can be produceithirough
anappropriate treatment of virtually asgrboncontaining precurssuch agitrates? 2%
3034 andsaccharidesy(g, glucose, chitosarff* Unfortunatelyde s pi t e t he figr ee
of FCDs, manyof thesesyntheticprotocolsemployedunsustainable precursorsganic
solventsharsh acidic/alkaline conditions, high synthetic temperatures, or extensive pre
posttreatmentsTherefore, wth environmental sustainabilitponcerns eveincreasing, a
shift toward developing greener pathwéysFCD synthesiccurredwheremore benign
carbon sourceandsynthetic methodthat did nonecessitate subsequent funotbzation
stepswere exploredFor instancegreenercarbonizatiorstrategies such alse microwave,
thermal, or hydrothermal treatment of various sustainable precuesgrifric acidlt*?
ured?) or even lowvalue waste material®.g, grass; fruit peelst**’ coffee ground$?
biomas$® 4*%%) have beermggressively pursueddditionally, the carbonization dfuman
hair*®*® and even human urifieor animal fece¥ have been reported to result in the
formation of FMs.

In addition to FOs 6 p uflu@dasdentproperties and the growinbibrary of
i nexpensi ve, facile preparation protocol s

electron donors or acceptors coupled with their ease of (bio)conjugation, accobetrfor t



increasing interest as candidates in a number of applications rangindldoyescence
sensingto bioimaging™. Of these numerous applications, the exploitation oD&E®
properties in various photovoltaic (PV) solar cell architectures is of particular irgieresst
theirinexpensive synthesis and greener nature makes them promising additives within, or
evenfull replacements to the often scare, costly, and toxic nadggédaund in, statef-the-

art PV device$® 5 In the last few decades, one of the most widely explored PV
architectures is the dysensitized solar cell (DSSC), which was pioneered by Michael
Gratzelin 1991 and has been rightfully dubbed the Gréatzel ¥elfhe heart of these
phaoelectrochemical cellss the photoanodewhich consiss of a metal oxide film,
typically a mesoporous network of interconnectingzl@noparticleshat is deposited on

a glass substrate precoated with a transparent conductive exgddlforine-doped tin

oxide or FTO) and thesensitized with a chromophgmaich as the industry standard-Ru
centererganometallidye (N719)auniquedesignin whichlight absorption and charge
separation processescur within different device consiiénts contrary to conventional
solid-state devices based on a PN junctiéabrication of acomplete cell is then
accomplishedby sandwiching a redeactive electrolyted.g, I'/13" in acetonitrile) between

the photoanode and eathode, orcounter electde,that is typicallya thin Pt filmalso
deposited onraFTO-coatedylass substraté\ schematic of the generic device architecture,
albeit with F sensitizers, is shown in Scheme 1The detailed operation of these
devices is provided in Appendix F but, briefly, assuming appropriate energy alignments
between the individual components, the sensitizer absorbs incident radiation, promoting an
electron from the highest occupied moleculdnital (HOMO) or valence band (VB) to the

lowest unoccupied molecular orbital (LUMO) or conduction band (CB). The estitel
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Scheme 1.5chematial representationf asolar cell based onraesoscopicmetal oxide
film (e.g, TiO2) sensitized with FOs showing the fundamental photovoltaic operation
under illuminated conditions. The inset arbitrarily shows the appropriate band alignments

in these devices.

electron is then injected into t flmtothe mi con
FTO layer, from which it leaves the device to do external work before returning through
the counter electrode to reduce the electr
the entire process by shuttling charge carriers back anddemntfeen the electrodes.

While stateof-the-art Gratzel cells have been reported to yield a power conversion
efficiency, or simply efficiencyd), over 12%, this promising performance is obtained
using costly organometallic dyes such as N719, that rehapid metalto-ligand charge

transfersfrom the Ru center, an element of particularly low terrestrial abundance.
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Therefore, there is increasing interest in replacing thesegagfbrming but unsustainable
dyes with lowcost sensitizers derived from abumdasources such as Zmentered
porphyrins or metalree dyes? In addition to these desirable attributes, ideal replacement
sensitizes need topossessntense broadband optical absorption, conjugatégmical
bondsto allow electrical conductivity between the absorption center and metal oxide
scaffold,andappropriate surfadenctionality(typically carboxylic acid moietie$d afford
strong covalent attachmefite., chemisorption)and electrical continuity to thenetal
oxide.FCDs, which often have high absorption cross sections, graphitic islands/ceses (
inherent conjugation), and chemisorpticepable functionalities,epresent a promising
alternative to conventional sensitizers, however, devices empldgese nanocarbon
sensitizers have yet to crest dof approximately05% s i nce t hese materi a
absorption is typically limited to wavelengths below 400 nm leatbrigsufficient light
absorption in the visible regiom regime thatonstitutes abou#3% of incident solar
radiation.

One potential avenue to overcethese optical hurdleand increase device efficiency
is to introduce heteroatoms.§, O, N, S, Si, B, Pinto the FM core or functional
periphery, a doping strategy that has been demonstrated to bathochromicallyeshift (
redshift) both the observed absorption and luminescent prop¥rtiefespite the
promising effects on optical properties, these doped nanocarbon sensiizerget to
producean d beyond 1961 5861 An alternate approach to improving performance is to
incorporate (noble) metaanoparticles (MNPah the photoanode architecture since the
intrinsic optical properties of these materials.(localized surface plasmon resonance or

LSPR) allow them tounction as lighiconcentrating antenna light-scattering centeys



Counter Electrode Counter Electrode
Scheme 1.3(A) The aigin of localized surface plasmon resonascéf particles are

substantially smaller than the incident wavelength of light, they experience a relatively
uniform electric field as the wave passes throughmtresulting in a collective oscillation

of electrons.This electron resonance leads to dra#ificenhanced electric fields in the
immediate area around the patrticle, as shown in panel B. Nanopgldteon resonances

can be exploited in various device architectures to enhance photon harvesting and device
performance: (C) larger particles can astlight scattering centers at an interface while

(D) smaller particles can act as light concentrators embedded within &Stilmematics
adapted with permission froraference$2 and63. Copyright © 2003 American Chemical
Society and 2010 Nature PublisgiGroup.

scenarioghat positively augment photon absorption by the photoanode (Scheni&®i.3).
Towards thisuspiciougfficiency enhancing strategy, FCBaverecentlyshown promise
asdualreducingand stabilizingagentsin the formation of Au and AINPs35: 3839, 6471

owing to their intrinsic abilig to act as electron dondasceptors? Additionally,



heteroatorrdoped FCDs have shown similar functionaliiiethe growth of MNP$3thus,
the implementation of these dope@D/MNP composites as photoactive sensitizers may
lead to substantial enhancements in device performance, however, such tactics have seen
little exploration to date. Thereforeuch work is still required to thoroughly understand
the fundamental intricacies of these carbonacewmsmaterialsand their subsequent
applications

Due tothefacile preparation and promising characterisbtECDs, researclon these
materialshas explodedh the last few yearslthoughthe majority of these worksimply
focused on alterinthe carbon souraa synthetic protocolThus knowledge otheparticle
growth mechanismsand their exact chemical structure, how this final composition
influences their observed properties, #mekeffectsthese propertieimduce orapplication
based studieare allstill severely lackingFurthermore the unbridled enthusiasm and
extremely rapid pace of research has naturally leaiteerousincritical,uncorroborated
and detrimental claims and misconceptions entering the publication recuety real
barrier preventing maturation of the fiekspeally giventhe fact that the purification of
FCDsis frequently inadequate, unsubstantiated, or missing altogether. Several researchers
have already alluded to the fact that, in order to elucidate the true origiCf F
fluorescence, efficient separationopedures to reduce sample complexity are urgently
needed*’” Exacerbating the issue is the mounting evidence that the fluorescence
associated with FQs originates significantly from molecular/oligomeric -pyoducts,
such as yridone derivative$® that are generated alongside the nanoscab®ns®? ®
8 where the properties of aggregated moleculaptogucts resemble the reported

properties of EDs 2% making a unified purification approach all the more pressing.
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Scheme 1.4A) Generalizedormation of potential molecular fluorophores in citric acid
basedFCD syntheses first proposed by Yang and coworkeirs which the pyrojzation

of citric acid(CA) in the presence of common (di)amioentainingheteroatom dopants,
such as (i) ethane dranes, (ii) propane diamines, or (iii) monoamines containing hydroxyl
or thiol groups, yields the correspondingpyidonederived byproducts. (B) Indeed,
several fluorescent molecular-pyoducts originating from the carbonization@h-based
precursor gstemswhich typically possess a-gyridone backbone, have been identified
Schematics adapted with permission fronerehces87 and91. Copyright © 2a5 Royal
Society of Chemistrand 208 Elsevier

Indeed, as shown in Schemd &bove a handful ofluorescent, molecular speci#such
as methylenesuccinic acid (MS&)citrazinic acid (CzA)® 4-hydroxy-1H-pyrrolo[3,4c]
pyridine-1,3,6(H,5H)-trione  (HPPT®®  N-(2-hydroxyethyl)-2-oxo-1-vinyl-6-(vinyl-
amino)1,2-dihydropyridine4-carboxamide ~ (NVDPAJ®  5-oxo-1,2,3,5tetrahydre
imidazo[1,2a]pyridine-7-carboxylic acid (IPCAf® 9! 1-(2-aminoethyl)5-oxo-1,2,3,5
tetrahydroimidazo[12]pyridine 7-carboxylic acid (ATPCA? 5-oxo-3,5-dihydro-2H-
thiazolo[3,2a]pyridine-7-carboxylic acid (TPCAJ*** and 5oxo-3,5dihydro-2H-
thiazolo[3,2a]pyridine-3,7-dicarboxylic acid (TPDCAY °3have been identified for the
thermal degradation of citric acid (C#jnd CA reacted with or S dopants such as urea

9



(V)28 ethanolamine (EAY? ethylenediamine (EDAJ® *1diethylenetriamine (DETAY?
cysteine (Cy$* % or cysteamine (Cyay % respectively. Additionally, no#rCD studies
have generated these exact (or structurally related) molecular fluorophores through the
reaction of CA with similar Nor Scontaining precursor$.®® Furthermore, Chang and
co-workers recently demonstrated tH&ED samples require ~120 h of purification via
membrane dialysis, even when refreshingekehangesolvent multiple times per day, to
fully remove thessmall molecular byproducts® a duration and routine rarely reported
in the literatureDespite mounting evidence, the improper and insufficient purification of
FCD samples remaingnsettlinglycommon,necessitating a reassessment and unification
of employedpurification practices

Furthermore FCDs are often haphazardly classified or given invented names or
acronyms to give the false impression that a novel mata&beenntroduced.Indeed
nearly a dozen namdsave emerged in the literatute designate thes#uorescent
nanocarbonssuch assQDs, CQDsCNDs, carbon dots, -@ots, carbogenic dots, carbon
nanoclusters, polymer dots, nitrogech quantum dots, and graphitic carbon nitride dots,
although several of thesitles can be consolidatkinto a few subclasseSpecifically, it
has beemroposed that only three categories.(GQDs, CQDs, CNDsaresufficient to
categorize all FOs, where the segregation lsased on the chemical, physical, and
photophysical properties specific to each subckasthe purposes of this dissertation, all
nanocarbonstudied within these workwill simply be referred to as fluorescent carbon
dots (FCDs) although materials deed from graphitic sources are often designated as

GQDs.
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Herein,Chapter2 detailsthe green synthesis of FCDs through the upcycling of human
urine, where a diet fortified with vitamin C or asparagus resulted in changes to the observed
photophysical propées, potentially due to heteroatom doping of the resultant Rl
ChapteB describeshe fabrication of plasmonic bimetallic NP/FCD composites uSig
derived FCDs as dual reducing and stabilizing agé&hisoriginalintentionwas toemploy
the urine-derived FCDs and MNP/FCD composit@s sensitizers in PV applications to
investigate potential enhancenmeint performance metrickr reasons mentioned above,
however, n route to achieving these goals, the observation that highly fluorescent by
products were produced duriCD synthess, in combination with emerging literature
arriving at similar conclusionsaltered the pathway of these worl&pecifically, hese
observationged to the exploration of the resulting photophysmalpertiesof cardully
separated (via membrane dialysis) FCD fractiosamples that were generated by
following previously reportedrepresentative FCD synthetic protocols, as detailed in
Chapterd. The results disseminated in this wankequivocally demonstrate th@e need
for an adequateunified purification protocolto arrive atmeaningful, erroffree results,
especially regarding luminescent characterizationsf FCDs. Given the insufficient
purification practicegplaguing the field, particularly in PV applications of FCDs, Chapter
5 describes the effects that careful fractionation of FCD samples had on the PV
performance of devices containing photoanodes sensitized with the various FCD fractions.
The results of thee studies indicated thagactionby-productscancontribute substantially
to or negatively impacthe photovoltaic action observed KFCD-sensitized devices,

corroborating the conclusions in Chapter 4, and providing additiamalisputable

11



evidence thastandardized purification procedures need to be implememteediately

alongsidehe execution ofemedial studies tevaluatethe validity of previous claims.
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Chapter 2. Biocompatible Fluorescent Carbon Dots Derived
from the Upcyclingof Urine Towards Chromophoric Tuning

for Enhanced Light Harvesting®

AThis <chapt ersubmited dnd aceepted qpaeviewed manuscriptin Green ChemThe
information contained herein is adapted with permission f&ssner, J. B.; Laber, C. H.; Ravula, S.; Polo
Parada, L.; Baker, G. APeedots: Biocompatible Fluorescent Carbon Dots Derived from the Upcycling of

Urine. Green Chem2016 18, 243 250.Copyright © 2016Royal Society of Chemistry
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Scheme2.1 Graphical abstraatonceptualizinghe thermal upcycling of human urine to
biocompatible fluorescent carbon dotand their exploitation in bioimaging and

guenchometric sensing applications
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Abstract

An easy, economic, orstep synthetic route to wateoluble fluorescent carbon dots
derived from the thermal upcycling of uriie demonstratedThesei pe®t so ( PDs)
which primarily comprise hydrophidecorated amorphous carbon, exhibit bright, stable,
excitation wavelengtdependent fluorescence in aqueous solution and are shown to be
useful nanoscale labels in cell imaging applications. Cytotgxtitdies demonstrate that
these PDs are benign toward model cel | [
mL'%. Notably, this approach converts an otherwise useless, negatiedd byproduct

of human life into a valuadded nanoscale product Mehsimultaneously pasteurizing the

waste stream. The reported PDs proved to be effective nanoprobes for the fluorescence
based detection of heavy metal ions of environmental concern, particulahar@u

Hg?* ions which were found to be strong quenchefsheir fluorescence. Interestingly,

the optical properties and nanoscale dimensions of the PDs are a direct reflection of the

diet (e.g, vitamin C or asparagus (sulfur) fortified) followed by the urine donor.

Introduction

Thefluorescentarbonnanodot FCD) is a recently established form of nanocarbon which
displays unigue and valuable optical propertiesy,( excitation wavelengtdependent
fluorescence, excellent photostability) compared with its carbonaceous cousins, the
fullerenes, graphese carbon nanotubes, and nanodiamdifid¥ariously (and often
arbitrarily) referred to as carbon quantum dots (CQDs) or graphene quantum dots (GQDs),
sometimes depending on their level of crystallinigCDs offer an attractive eeo
friendliness €.g, biocompatibility, inertness, low cytotoxicjtynot shared with other

conventional quantum dots, particularly semicondubtmmed quantum dots such as CdX
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(X =S, Se, Te). These properties, plus their ability to act as electron donors or acceptors
coupled with their ease of (bio)conjugation, accoanttieir growing interest as candidates

in a number of applications ranging from sensing and bioimé&fjtogncorporation within
photovoltaic device$® From the time of their serendipitous discovery a decade ago during
the purification of crude carbon nanotubes, researchers have increasingly explored various
synthetic pathways for generatir@Dsfrom myriad carbon soces using a wide variety

of means. Synthetic approaches for mak@Ps can broadly be lumped into two camps:
top-down and bottorup approaches. Tegown approaches, examples of which consist of
arc dischargéJaser ablatio;? and electrochemical oxidatidfl#involve the cleavage of

Al ar geo ( ma c rpue caabbnefragments linto tsmallee dng smaller particles,
eventually resulting in GQDs if the carbon source is highly graphitic in nature to begin
with. Bottomup approaches, on the other hand, essentially involve assembliRGEse

in an atorAby-atom ormoleculeby-molecule fashion from carbesontaining molecular
precursorstacticsthat overwhelmingly yield=CDs that are highly amorphous in nature.
Examples of bottorup methods include combustion or thermal treatrterand
templated® microwaveassisted, or hydrothermal growtfh® Unfortunately, many of
these synthetic procedures (both-tlgwn and bottorup) involve high temperatures,
acidic/alkaline conditions, organic sehts, and/or extensive prand posttreatment steps
which do not embrace the principles of green chemistry. With environmental sustainability
becoming an increasing concern, a shift toward developing greener pathvidyB4
occurring, both in terms dhe use of more benign carbon sources as well as employing
synthetic methods such as lesemperature thermal treatment and hydrothermal reactions

which do not necessitate subsequent functionalization steps. For instance, it has recently
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been shown th&CDs can be generated through the carbonization of various food wastes,
including spent coffee grounds and certain fruit peelg, (watermelon, pomeldf?! The
recouping of spent foods via carbonizationRGDs could have the added benefit of
reclaiming a waste stream that might otherwisapfy find its way into already
overflowing landfills.

Another area of great environmental concern, and one which relates to the conversion
of waste material(s) into more valuable products,( Aupcycl i ngo), I's wa
especially of human sewge. The lack of clean, potable water is one of the most significant
worldwide health issues, affecting billions of people who do not have access to safe
drinkable water, including devastating numbers who die tragically each year after
consuming contaminatl wate?? Even in densely populated and industrialized areas,
contaminates are increasingly entering waste streams duenamhactivity?? In general,
conventional wastewater treatments and the further development of these treatment
facilities to generate a cleaner emabduct are intensive and expensive enterpfises.
Identifying cheaper means for converting human waste streams into more environmentally
friendly forms and their upcyicig to valueadded byproducts are of particular importance.

For example, it haslready been shown that biochar and activated carbon can be produced
from cattle manuré>?* More recently, Weet al showed thaFCDscould be synthesized

via the hydrothermal treatment of shredded office p&ap&iven these examples, it is
entirely plausible that, under the appropriate conditions, raw sewage waste, which
primarily comprises celluloséecal matter, and urine, can be converted into useful carbon
based materials, adding value and rendering the sewage harmless whilst eliminating certain

time-consuming steps in the purification process.
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To this end, it should be pointed out that thedsplortion of sewage waste can be
usefully employed as a source of fuel or fertilizer (indeed, cow/chicken manure has been
used as fertilizer for centurieYdh owe v er |, the remaining | iqui
containing urine) currently finds essentially no usefppleations. In fact, despite
comprising just 1% of the volume of domestic wastewater, urine contrith&asajority
of chemical nutrients: 80% of the nitrogen and nearly half of the phosphates. These
nutrients must be removed through multiple enanggnsive steps before the water is
clean enough to release back into our rivers and oceans, if they are not to wreck the
ecosystem downstreane.(, algal blooms). Worse, conventional Western plumbing
involves the staggeringly wasteful dilution of urine withst quantities of drinking water
(which then combines with fAgrey watero frol
plus rainwater to make the removal process unnecessarily inefficient and costly. In order
to close the nutrient cycle, some have prepds fi p e e 2"€ which entails ¢the
diversion and pasteurization of human urine for fertilizer, as a possible option for
sustainable living. Although this is something of a minority pursuit scafaymber of
countries (among them, Sweden, Finland, Denmark, and the Netherlands) are seriously
experimenting with this concept, highlighting an evolving mindset regarding how we
should utilize energy and resources in our daily lives.

Urine contains a sigficant amount of urea (~9 g'1) as a nitrogenous breakdown
product of protein metabolism, in addition to lesser quantities of saltsN&l K*) and
heterocyclic speciese(g, creatinine, uric acid), suggesting potential as an otherwise
discarded carbon source for making nitrogepedFCDs Indeed, Quet al reported on

FCDs displaying a fairly high quantum yield (14% under 420 nm excitation) produced by
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microwave irradiatiomf an aqueous solution of urea and citric &éiginding a productive
use for raw urine is attractive not only for deriving mmmic benefit but also for relieving
the current burden placed upon current wastewater treatment, a problem emerging in
developed countries today.

The concept of upcycling of waste to prepare industrially significant cdrased
materials has gained sidicant traction recently. A key early example is the inspiring work
of Pol in which conductive carbon microspheres were prepared from waste plastics,
including high density polyethylene grocery bags and polystyrene disposable drinking
cups, using a solvetfitee autogenic proce$$The Tour group showed that cheap and even
negativédy valued sources ranging from Girl Scout cookies to a cockroach leg could be
transformed into pristine graphene using a chemical vapor depositiorY&iteilarly,
Muller et al showed that welbrdered graphene monolayers could be grown via liquid
precursor deposiin using human fingerprint residues with identical quality as those
derived from ultrapure precurso¥sOther prominent examples of vatadded carbons
include hierarchical micrémesoporous carbons produced by pyrolysis of used cigarette
filters®> and FCDs made from the hydrothermal treatment of gtass the pyrolysis of
hair 3* Most recently, researchers successfully carbonized dehydrated human utireein a
furnace under nitrogen at 700L00 °C to prepare heteroatomd, N, S, Si, P) doped
porous carbons that were electrocatalytic for the oxygen reduction reaction {ORTR).
current work adds significantly to the scope ofsth@oteworthy efforts by describing a
simple approach for upcycling urine into usef@Dsthatdisplay negligible cytotoxicity
and show excellent potential for both cellular imaging and fluoresdess®d sensing

applications.
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Experimental

Materialsand Reagents

All experiments were carried out using Ultrapure Millipore watglished to a resistivity

of1 8 . 2-cnMAJl human urine used was collected from a single souscgofe person).

The vitamin C tablets and asparagus were both purchasedfioral grocery store. The
96-well plates and the chloride salts of%(dab grade), F& (ACS grade,>98%), St

(ACS grade, 99%%), Ba&* (>99%), and C& (99.999%), were obtained from Fisher
Scientific (Pittsburg, PA). Sulforhodamine B (SRB), fetal bewserun(FBS), cell culture
media, phosphatbuffered saline (PBS), trichloroacetic acid, acetic acid,
ethylenediaminetetraacetic acid (EDTA), the chloride salts 6f (98%), Hg* (ACS
>99.5%),SA*( 099. 995 % t r,and M (98.99% tracdnsesls =giak well
asthe sulfate salt of Cti( 09 8, weréwl purchased from Sigmaldrich (St. Louis,

MO). The acetate salt of Pd(>99.95% Pd) and the anhydrous chloride salt oZn
(99.95% metals basis) were acquired from Strem Chemicals (Newburyport, MA) and Alfa
Aesar (Ward Hill, MA), respectively. Athemicals were used as received. Dialysis tubing
(132105, Spectra/Pdi7, 1kDamolecular weight cubff or MWCO) was purchased from
Repliger? (formerly Spectrum Lal¥s Rancho Dominguez, CA)Mice embryonic
fibroblast (MEF) cells were obtained from colleagues within the Dalton Cardiovascular
Centerwhile the human mammary glanductalcarcinoma cell§BT-474)wereacquired

from theAmerican Type Culture Collection (ATEGTB-2 0 E)

Urine-derivedFluorescentCarbonDot Synthess
Roughly one liter of urine was collected for each of the three different dietary conditions

investigated: unmodified diet, vitamin C supplemented, and aspariagudiet. Since
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numerousexcretions were requad to acquire this volumeyrine waspooled over the
course of several days (collected between -maining and miehfternoon) and
homogenized to ensure a representative saripldortify the diet with vitamin C, four

500 mg vitamin C tablets (Nature M&tevere taken at 2 h intervals, with vitamin C
enriched urine collected 4 h and 6 h after consumption of the first tablet. To set the
conditions forsulfur-enriched uringapproximately one pound fsesh and locally sourced
asparagus walightly steamedand consumed collecting all urinewithin 6 h of its
ingestion This exercise was repeated several times over the course of a couple days, much
to the studentds chagrin.

To initiateFCD synthesis, 450 of a particular urine sample was dehydratealheated
roundbottom flaskthat wasimmersed within an improvised sand bath consisting of an
anodized aluminuground cake pan (Fat Daddi®)dilled with coppetcoated airgun BBs
(0.177 caliber; Crosm&rCopperheat). Temperature control was achieved to within 2 °C
using a digital stirring hotplate (Suplru o v a E ; Thermo ScientificeE
type thermocouple immersed in the BBs. Stirring was provided at 300 rpm using a PTFE
coated magnetic stir br. The dehydrated residues were heated for an additional 12 h at
200 °C to yield a black chahatreadily resuspended in water. As the liquid evaporated,
the urine gradually darkened from yellowharnt orange and, finally, a viscous brown
solution. Thoughout the carbonization process, the material evolved in appearance,
eventually becoming coal black. Following the carbonization step, the solid was
reconstituted using 60 mL of water. The suspension was centrifugkd@hSor 30 min
andfiltered usirg a 0.45 pm nylon syringe filter (Fisherbr&n@®9-719D)to remove large

particles after which the resulting solution wdglyzed for 12 h against 1.5 L of water
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(changing the dialysis water three times throughout) uaidigkDa MWCO cellulose
dialysismembraneA portion of each dialyzed sample wigsphilized to obtain a solid

product for XRD analysis.

Characterization Techniques

Absorbance andteadystatefluorescence data were collected aWarianCary® Bio 50
UV-vis spectrophotometer and Varian CaBclipsespectrofluorometerespectivelyFor
thestudies discussed in tiibapter all spectroscopidata were blank subtracted amdhen
applicable, all fluorescence emissionlata were also dilution corrected. Excitation
wavelengthdependent gantum yield valueg 0 Were calculatedising the following
equation

0O

3| Cs
@]

3
€

ol

0
where R and S stand for reference and sample respectivElystands for integrated
fluorescence intensity (calculated over the wavelength range of intéd&sgtands for
optical density (at the excitation wavelengthused in the fluorescent measurements), and
n stands for refractive indexSpecifically, quinine sulfate, coumarin 153, fluorescein,
rhodamine B, and cresyl violatere employeds reference fluorophoresth all relevant

fluorophoreparameters utilized for the quantum vyield determinatmesided in Tble

2.1 below
Table 2.1 Reference fluorophores used to determine quantum yigldalues.
Fluorophore | Excitation a(nm) Solvent n ur (%) |Reference
Quinine sulfate 350 0.1MHSQ; | 1.343 58 36
Coumarin 153 421 Ethanol 1.366 38 37
Fluorescein 470 0.1 MNaOH| 1.336 91 38
Rhodamine B 514 Water 1.334 31 39
Cresyl violet 580 Methanol 1.332 53 36
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Raman spectra were collected on a Reni§hBaman spectrometer employing a laser,
operating at an incident wavelength of 514.5 nm. The samples wereastgu on a clean

Si wafer and allowed to adry at room temperature. Therdy diffraction patterns were

recorded at 25 °C by a RigdkBXRDsy$ em using Cu KU radiati on
kV and 44 mA with t he tes8p°cTodsanmples wera drgpgtedo f 2 d
on a glass slide and allowed to-diy at room temperature. Transmission electron
microscopy (TEM) studies were condedton carbon coated copper grids (Ted Phita,

01822F, support films, ultrathin carbon tyge 400 mesh copper grid) usingREI®

TecnaE (F30 G2, Twin) microscope operated at a 300 k¢tronacceleratin voltage

Bioimaging Studies

For thefluorescent imaging studies, freshly isolated MEF cells were cultured in a 35 mm
glass culture dish in the presence of each type of PD (0/2lg. The cells were fixed
with a 70% ethanol solution for 10 min and mounted with Prdfor@old Antifade
Mountant (Invitrogen) for imaging.Cells were observed and photographed using an
inverted microscope Olymp#i-71 with Normanski and fluorescence optics using 4, 10,
20, or 40x lenses and a black and whif@rfaging Retiga EXior color (Axiocam MRc5,
Carl Zeis) camera. Confocahicrograpls were obtained using an OlymfusuoviewE

1200 laser scanning (OlymgusAmerica) 1X83 microscope with appropriate lenses.
Fluorescence micrographs shown indfgy25 combine the signal frod,6-diamidino2-
phenylindole(DAPI) staining of the nuclear material with ARI2rived signal collected
through (A) FITC éxcitationemission 479 nm/524 nm) or (B) TRITC

(excitation'emission 543 nm/593 nm) filter cubes (Semrotkc., Rochester, NY).
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Cell Viability by Sulforhodamine B Assay

Cell viabilities were evaluated based on tadorimetricsulforhodamine B (SRB) assay,

asit produces more consistent resulssandard error of measuremennt coefficient of
variation)for adherent cell cultures over throre commonly employed colorimetric assay
based on the ligkgensitive, tetrazolium dye-(4,5dimethylthiazol2-yl)-2,5-diphenyt
tetrazolium bromidéMTT). After the addition of PDs, celiability wasquantifiedusing

the SRB assay as described previod$fy This cell protein dyéinding assays based on

the measurement of protein content of surviving cells as an index to determine cell growth,
inhibition, and cell viability. Briefly, 8 x 1Dcells (BT-474)dispersed n 100 &L cul
media were seeded into each well of a8l plate and incbated overnight at 37 °i@ a

10% CQ atmosphergafter which the culture etdia was removednd thecells were
washed with -réebnediunDuibéccos Bodified Eagle Medium: Nutrient
Mixture F12). The cells were then treated in 5% FBS culture medium for 48 h in the
presenceof 1,3,10r3 0 ¢ L orhL't®D sfockmsajutionthe final volumen each

well always totaledl O OL. Following PD exposurgethe medium was removeahd
surviving, or adherentcells were fixedin situ,b y a d d i LroigPB2 sblGtiorand 100

eL of 50% cold tricthoroacetic acidThe cells were theimcubating at 4 °C for 1,rafter

which theywere washed with iceold waterfive times and dried. Cells were staineyl
adding5 0L of a4% SRBsolution(in 1 vol% acetic acid) for 8 min at room temperature.
Unbound dye was removed by washthg cellsfive times with cold 1% acetic acid and

the cells were thedried. BoundSRBwa s s ol ubi | Lo #0dnMwWiistbdfer 1 50 ¢

solution(pH 7.4)andthe absorbance of theesulting solutionsat 560 nmwas collected
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with a microplate reader. Threeparatevells were usedor eachPD concentration and

every solubilized SRB solutiomasmeasured in triplicate.

Metal Quenching ad Fluorescence Recovery Studies
Stock solutions of the various metal salts with concentrations of at least 5 mM were
generated, which were then diluted to 3.1 mM. PBeconcentration was kept constant at
0.05 mgmL'?! throughout all studies. For the metateening tests, 100 pL each3.1 mM
metal salt solutionvasadded teseparate€uvette containing3 mL of a0.05 mgmL't PD
solution. Fluorescence and UNs spectra were collected before and after the metal
additions For the quenching titrations, the emission of the rife¢& FCD solution (3 mL)
was first collected then a 10 pL addition of a 31 uM aqueous solution%fdd@*+ was
added to give anetalion concentration of ~100 nM and the emission wasaléected.
This process was repeated nine additional times resulting final Hg?* or Cu*
concentration of 1 uM. Next, nine separate 10.5 pL additions of a 310 uM aqueous solution
of H?* or CU/* were added to givenetal ionconcentrations of 2.0 puM, after which
nine separate 11 pL additions of a 3.1 mM aqueous solution Bfdd@ " were added
to give metal ionconcentrations of ~2A.00 uM. Emission spectra were collected after
each aliquot of H§ or CW#* was addedFor the fluorescence recovery studies, three
separate cuvettes per sample were treated in the following manner:

Cuvette 1: 3 100 pL water

Cuvette 2: Ix 100 uL water followed by & 100 pL 6.4 mM EDTA

Cuvette 3: Ix 100 pL 3.1 mMHQgCI: followed by 2x 100 pL 6.4 mM EDTA
Fluorescence and UVis spectra were collected after each 100 pL addition. After the

EDTA additions, the cuvetsaverevigorouslyshookprior to collecting the spectra. This
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process of shaking then collecting wageated until the fluorescence emission stabilized.
Again, all spectroscopiaata were blank subtracted and all fluorescespectrawere

dilution correctedvhen applicableAdditionally, the fluorescence emission data for the
metal screening and recoverydies were corrected for inner filter effects through the

approximate correction factor below:

0 0 pi

whereFcorris the corrected fluorescenéepsis the observed (blank subtracted and dilution
corrected) fluorescencégy is the absorbance of the sample at the excitation wavelength
(i.e, 450 nm), andAenm is the absorbance at each wavelength over the emission range
collected {.e., 460 800 nm). Thdluorescence data for the titration quenching studies was
not inner filter corrected as the met#ldg®"/Cl?*) used for these studies showed no
measurablabsorbance over 46800 nm even at concentrations much higkeg,(1 mM)

than those used in the titrations (maximum concentration of 100 uM).

Results and Discussion

Photophysical Characterizations

The thermal treatment of human uric@lected from an unmodified diet indeed afferd

upcycing ofthe negativelywalued waste into usef&tlCDs referedt o a <l ofi se&e ( PDs)
herein In addition to carbonizing raw urine derived from an unmodified diet, the test
subject volunteered to consume large quantities of either vitamin C supplements or
asparagus, on separateasions over the course of several days, in an attempt to alter the
properties of the urine by doping with excess ascorbic acid or stdphtaining
compounds, respectivel y. The motivation f

attempt to alter theptical features of the resulting carbon dots by either incorporation of
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an additionglknown carbon source in the urine or, in the case of an asparelgyuket, S
doping of the final nanocarbpnas heteroatom doping has been reported to
bathochromicail shift the observed absorbance and fluoresceinckeed, the pungent,
disagreeable smell associated widsparagusirined derives from metabolic breakdown
products of asparagusic acid. Although éxactmechanismby which asparagusic acid
is metabolizd are not completely understood, it is known that asparagusic acid is digested
to various sulfuicontainingcompounds like methanethiol, dimethyl sulfide, and dimethyl
sulfoxide??4° Figure A.lof Appendix Asummarizes the primarguspected breakdown
products of asparagusic acichroughout the remainder of thikaptey FCDsderived from
an unmodified diewill be referredtoas UPDs (fAuwWmediof)i,ed hpese
from a diet heavily soplemented with vitamin C as CPDs, and those upcycled from
asparagusirine as APDs.

Detailed synthetic procedures can be founderfiFluorescent Carbon Dot Syntheges
in the AExperimentad section above Briefly though collected urine was dehydrated at
atmospheric pressure on a hotplate, followed by a carbonization step at 200 °C for 12 h to
yield a black char materiahat readily redispersed in water. In addition to these
experiments, undoped urine samples wereta¢sded for an extended period of 24 h with
representative results summarizedHigure A.2 (panels A, D, and E). Following PD
purification, which comprisd centrifugation, filtration, and dialysis steps, orange to dark
brown solutions were obtained depempupon the precise nature of the initial urine, as
shown in the inset of Fige 2.1 below. Reports orFCDsgenerally show featureless UV

vis absorbance spectra in which the absorbance sharply rises as the wavelength decreases

(

toward the UV regiod;® ®an observation gentertad drysiattitorni
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Figure 2.1 UV-vis spectra of thehree differentPD samplesdispersed in water at a

concentration of 0.1 mg mt UPDs reencurve), CPDs rhagentacurve), and APDs
(cyancurve). The insgbhotograptshows representative samplestbkese PDsit the same

concentration viewed under ambient light.

aromatic spdomainst”!® 4648 The PDs display similar spectral profiles togh typically
reported, although all three samples display weakshoulders (Figre2.1). The UPDs
exhibit a shoulder near 330 nm with a misboulder at 390 nm. The CPDs show similar
features at 330 and 385 nm, as do the APDs at approximately 325 and 400 nm. The citric
acidureaderivedFCDs described by Qu and-eaorkers, which were reported to possess
a largely graphitic character, displayed tWwooad absorption peaks at 340 and 405 nm
characteristic of an aromatigi systemt’ The shoulders present in the absorbance spectra
of the PDs appear at similar wavelengths as the characteristic peaks for the ciureacid
derivedFCDs pointing to a minor graphitic character for the PDs.

All three PD samples displayed fluorescent properties akin to kir@ds, such as
excitation wavelengtidependent emission, with the APDs showing the most redshifted
emission for a given excitation wavelength. As shown iufe@.2A, APDs show their

peakemission intensity at 500 nm which coincides with 425 nm excitation. In comparison,
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Figure 2.2 (A) Excitation wavelengtidependent fluorescence emission spectra of APDs

in water. Magnified emission spectra at longer excitation wavelengths are displayed in the
inset. (B)Plotting the wavelength of maximum emission against the excitation wavelength
for these PDsevealededshfted emission for CPDs and APDs relative to URIDshorter
excitation wavelengths, particularly below 450 nm. The ingeitograps show the
fluorescence of (C) UPDs, (D) CPDs, and (E) APDs under blue (405 nm, upper beam) and

green (532 nm, lower beangser pointer excitation. (F) Wavelengtbpendent quantum



CPDs Figure A.2Q and UPDsFigure A.2B display their highest emission intensities at
427 nm and 392 nm, which correspond to 350 nm amldnB2 excitation, respectively.
This easily observable redshift in the emission for the APDs can be traced to the dietary
presence and putative incorporation of sulfur into the PDs. A comparison between the
wavelengthdependent fluorescence features ofREs can be made on the basis of a plot
illustrating the dependence of the maximum emission wavelength on the excitation
wavelength, as shown in kige 2.2B. These data reveal that, to a lesser extent, the CPDs
also show a slight redshift relativeltiDs and, moreover, that the redshift is predominant
at lower excitation wavelengths, particularly in the kdgime Indeed, when the excitation
wavelength exceeds 450 nm, the emissraitation profiles for all three PDs begin to
converge.

To make direccomparisons with fluorescence quantum yieidsgreviously reported
in the open literature) for these samples were determingier350 nm excitation using
guinine sulfate as the reference fluorophore. Although this is the most popular choice for
the cetermination oFCD U by a wide margin, it is not a particularly meaningful one given
the limitations of 350 nmi.g., UV) excitation in prospective bioimaging applications. That
is to say, a higlu value measured for 350 nm excitation does not necesgarilslate to
a hight for excitation at longer wavelengths better suited to cellular imaging, a feature
underlined by the characteristic drop in the fluorescence intensity FGDs as the
excitation wavelength increasd@% better elucidate this behavior, we performed a multi
excitation wavelengtii study for the three kinds of PDs using excitation wavelengths of
350, 421, 470, 514, and 580 nm. To the best of our knowledge, this is the first time such a

study has been caed out for a multiplicity of excitation wavelengths #6€Ds In fact,
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only rarely haves for FCDs been measured at more than a single excitation waveféngth.
Our results presented in kg 2.2F demonstrate a clear trend of diminishingalues as

the excitation wavelength increases. Overall, UPDs display the high@gs8% at 350

nm), with CPDs and APDs presenting lower valathough their maximall similarly

occur at 350 nm excitation, with of 4.3% and 2.7%, respectively. Despite this situation,

at an excitation wavelength of 580 nm, all three samples display simMalues (UPDs:

0.50 £ 0.05%, CPDs: 0.44 £ 0.09%, APD&t3+ 0.07%), an outcome likely related to the
redshifted emission associated with the APDs. It should also be noted that the fluorescence
emission of UPDs prepared by thermal treatment for 24 h displays a greater redshift
compared with samples treated iét h. For a 24 h thermal step, the peak emission was
observed at 44Bmunder 350 nm excitatioffirigure A.22) while the corresponding UPDs

prepared by a 12 h thermal process peaks at 392 nm under 325 nm ex€itgdiaA( 2B).

StructuralCharacterizations

To define the nature of the carbon comprising the different PBay Xiffraction (XRD)
patterns and Raman spectra were collected fdytiphilized materials. The powder XRD
patterns for all three samples reveal a broad band at apmateky 22° with a eépacing
between the (002) planes of 0i8738 nm, indicating that the PDs consist of weakly
graphitic crystallinity (Figre 2.3A). This dspacing also indicates the presence of
functional groups on the surface of the sliglghaphitic sheets within the dot. This kind

of behaviour has been observed in the literature and shows that the PDs are highly
amorphous in nature but do possess a slight graphitic fafline. Raman spectra (data

not shown) gave no evidence for their graphitic nature, consistent wiikr @adorts on

otherFCDs® Although no Raman peaks were discernible for the PDs, the steady increase
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Figure 2.3 (A) XRD patterns and (B) FTIR spectra showing the slight graphitic nature and

surfacefunctionalities of the PDs, respectivelyhe legend in panel A also corresponds to

panel B.

in intensity with increasing Raman shift has been observed in &@Bs and most
certainly arises from their luminescenagich could obscure weak graphitic sigsr!
Fouriertransform infraredFTIR) spectra for the three different PDs (kg 23B)
indicate that the PDs are functionalized with carboxyl, carbonyl, hydroxyl, epoxy, and
amine moieties. The large, broad absorption band near 3400israssigned to the
stretching vibrations of OH dr3 and NH «iH3. The weltdefined absorbance bands

at1712 cmtand 1670citar e ascri bed t o t he g&¢)andthec hi ng
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(C) further illustrates the bimodal particle size distribution of the APDs.

skeletal vibrati e=psrNB/NHa e foona ma 4, iregpecovalp s (3
The peaks at 1230 and 1070'¢mrise from the different stretching modes of carboxylic,
ester, ether, abida ndoagowhie the peaks nedr 2980sand(1400
cmMtare assigned to al icp)hEhese chemical fubctomalitiesi b r at
account for the excellent water dispersibilitytloé PDs while also providing evidence for

some degree of conjugation, consistent with the slightly graphitic charactgrssed by

the XRD results.

Representative TEMmicrographsfor the UPDs, CPDs, and APDs, along with
histogramof the PDs size distributionare provided in Figre2.4. Panel A of Figure 2.4
revealsthat the thermal treatment of unmodified urine results in UPDs varying in size
between 10 and 30 nm, with a few errant particles as large as about 55 nm. The inset
provided in Figire 2.4A displaysa single large quasspherical dot approximately 55 nm
in diameter;giventhat no discernible lattice fringeseobserved, thisnicrographfurther
supports the earlier notion that these PDs are primarily amorphous in nature. The average
size of the CPDs is roughly half that of the UPDs (Féf 4B). Interestigly, the APDs

display a bimodal size distribution, with one distribution centered near 17 nm and a second
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particle size near 55 nm (kige 2.4C). An unanticipated finding, it appears that dietary
doping can influence not only the optical properties ofRBs but their size distribution

as well.

Bioimaging Applications and Cytotoxicity Studies

The three different PDs were next explored for bioimaging studies using mice embryonic
fibroblast (MEF) cells (Figre 2.5) andhuman mammary glandiuctalcarcinoma cells
(BT-474;Figure A.3. Despite their modest valuesundervisible light excitation (in the

range of a few percent), the PDs proved fully capable of fluorescently staining both cell
lines, demonstrating their potential in cell imaging. Therescencenicrographs of MEF

cells incubated with APDs confirms that APDs can be endocytosed by MEF cells and that
the dots distribute throughout the cell cytoplasm §Feg.5; panelsA andB). Because

PDs are compatible with common excitation sources spanning the visible spectrum, they
offer many options fomulticolor and multiplex detectionin demonstration of this, we
show in Figire2.5A and 2.8 that fluorescence signal can be monitored in eitiegteen

(FITC filter set) or the red (TRITC) spectral regions, providing contrast to the blue
fluorescing 4',&diamidina2-phenylindole (DAPI) stain known to bind strongly teTA

rich regions in DNA. Cytotoxicity screenimgthe BT-474 cancer cell line a&s also carried

out using a sulforhodamine B colorimetric assay for PD concentrations ranging from 0.05
to 1.5 mg mi! (Figure 25C). There was full retention of cell viability at concentrations

of 0.15 mg ml! for all three types of PD&urther, the cytimxicities of UPDs and CPDs
were found to be negligible at PD concentrations as high as 0.5 g Bven at the
highest PD concentration studieg( 1.5 mg mL'%; it should be noted that prior studies of

FCD cytotoxicity have rarely includedoncentrations beyond 0.5 mg ), BT-474 cell
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Figure 25 Merged fluorescence micrographs of AfRigubated mice embryonic

fibroblast (MEF) cells showing APD incorporation into the cellular cytoplasm. The cell
micrograpls combine the signal from DAPI staining of the nuclear material with-APD
derived signal colleed through a (A) FITC or (B) TRITC filter cube. (C) Summary of
BT-474 cell viability for varying concentrations of the three kinds of PDs using a

sulforhodamine B cell protein dy@nding assay.
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cultures retained 90% of their viability. In fact, some a$ tApparent decrease in cell
survival can be attributed to the osmotic shock associated with addition of relatively large
volumes of the PD stocks (which were prepared in deionized water) to-thell9Q@ates

used in the cytotoxicity screiny. Theresuling change in cell culture media osmolality
can induce cell rupturevhich is not related to PD toxicity as such. Measurements at the
lower PD concentrations were not subject to this artifact since miniscule volumes of PD
solution were required for thesencentrations. Regardless, the PDs appear tudigy
biocompatilte, even at concentratiomisat arewell in excess of those required for cellular

imaging studies.

Quenchometric Metal lon Sensing and Fluorescence Recovery

A final set ofexperiments investigated the utility of PDs in fluorescdmsed metal ion
sensing (Figre2.6 andA.4). In these experiments, PD fluorescence quenching behaviour
was screened against 11 different metal iond!, Br*, B&*, Mn?*, C&*, Srt*, Ni?*, Fe*,

Cu*, P, and Hg" (Figure 2.6A) All three types of PD responded in a similar manner
to eachindividual metal ion. The metal ions Zf) S#*, B&*, Mn?*, and C&" showed no
quenching of PD emission whilst 8rand Nf* showed relatively weak quenchinghe
remaining metal ions (B& Cu#*, P&*, and Hg") all produced much stronger fluorescence
quenching, with Pd and Hg* displaying the strongest quenching capabilities of the metals
tested, irrespective of the PD identity. Since the strongest quenci&riPah unlikely
environmental contaminant in most waters, we focused our attention on investigating Hg
detection. Fure 2.6B provides a representative Stivfolmer plot of Hg?*-induced
guenching of APD fluorescence, whéteandF represent the fluorescence intensities in

the absence and presence ofHgespectively F o | | o wdonvention, the limB of
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Figure 26 (A) Metal screening test for all three PD types (0.05 mdYnagainst 11
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each present at a (B)®Repesentdtiveplotiofddgquemdhinglod 0

APD emission.

detection (LOD) for a particular metal ion was determined as tié étmcentration
corresponding to a signal that differed from that of the nfetal result by thrice the
standard deviation of the signal in the absence of metal. LOD wakresestimated in the
low micromolar range for both Hand Cd* ions. Specifically, for UPDs, the calculated
LODs were 2.7 pM and 3.4 uM for Hjand C@*, respectivelywhile the corresponding
Hg?* (Cuw?*) LOD values for CPDs and APDs were 1.8 uM (1.7 pM) and 2.7 pM (2.9 uM),

respectively.
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In addition to showing quenchometric sensing capabilitiepfiarity, heavymetal
ion pollutants the fluorescence signal was almost completelyi $9%) recoverable
through the addition o strong metatchelating agentethylenediaminetetraacetic acid
(EDTA), toHg?*-quenched sampleBigureA.5).32 An excess of EDTA (>4:1 EDTA:Hg
molar ratio) is required to achieve the greatest signal recovery, indicating that while a
majority of the Hg" ions may be loosely interacting with the functional groups at the PD

surface, some fraction are apparently bound with a high affinity.

Conclusions
To sum, analytically useful and biocompatitH€Ds can be facilely derived from the
thermal upcycling of human urine. The synthesized pee dots were found to be effective
nanoscale labels, illustrated in the multiplexed fluorescence imaging of micecenabry
fibroblast cells, whilst showing no apparent cytotoxicity at concentrations approaching 1.5
mg mL'L. These dots also proved to be excellent nanosensors for fluorescence quenching
based detection opriority, heavymetation pollutants of environmentahterest like
mercuric (Hg"). The fluorescence signal was fully recoverable using EDTA as a chelator,
suggesting the potential for immobilization of the dots within reusable paper test strips for
water quality monitoring, for example.

The current workepresents one of the few instances where fluorescent quantum yields
of FCDs have been measured a multiplicity of wavelengthsThe findings reveal a
marked decrease in quantum yield with excitation wavelength, suggesting a need to shift
away from reporting quantum yields at a single excitation waveleaggh350 nm) or, at
the very least, to employing visible excitation waveleaghietter matched to target

applications such as bioimaging, sensing, and photovoltaics for whiéiCgare being
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proposed for immediate exploitation. Moreover, this observation points to the need to
specify the precise optical conditions employed whexking meaningful comparisons
between quanturyields and other optical properties commonly reported in the literature,

a guideline not always followed. Pragmatically, another consequence of these findings is
that FCDs that yield the highest emission unddtraviolet or blue emission may not
necessarily be those best suited for practical bioimaging, particularly given the excitation
of cellular autofluorescence in these spectral regions.

Intriguingly, we have also demonstrated that the fluorescent, size semgbry
characteristics of the carbon dots can be modulated by simple dietary modifications of the
urine donor. For instance, intentior@nsumptiorof sulphurcontaining foodstuffsife.,
asparagus) was shown to lead to measurable redshifts in thestiance emission from
the dotsFurthermore, lthough highly speculative, this result suggests the enticing notion
that an extension of this approach might possibly be used to assess the diet and general
health of urine donors in resourtimited settingsas such will be reflected in the optical
features of the subsequent dots produced to some extent. In any case, compelling evidence
that urine can be upcycled into a useful carbonaceous product in a process that could
potentially combine, simplify, or rerme steps in wastewater treatmisrpprovided Within
a larger context, the work adds momentum to research aimed at upcycling low or negatively

valued waste into useful and compelling nanocarbons.
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Chapter 3: Catalytic Carbon Dot ReducedBimetallic
Nanoparticles: Sizeand Surface Plasmon Resonance

Tunability Towards Plasmon-Enhanced Photovoltaics

AThis chapter is based onsabmitted and accepted peeviewedmanuscriptin J. Mater. ChemA. The
information contained herein is adapted with permission fEssner, J. B.; Laber, C. H.; Baker, G, A.
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Enhanced Catalytic Applications Mater. ChemA 2015, 3, 16354 16360 Copyright© 2015Royal Society
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Scheme3.1 Graphical abstract highligting the synthesis of @Xivedfluorescent carbon
dots FCD9 and their use as dual reducing and capping agentsottuceAg@FCD,
Au@FCD, and AWAQ1ix@FCD NPs, the latter of which showed a high degree of

spectroscopic tunability upon varying the Au:Ag ratio.
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Abstract

A simple and green route toward monometallic (Au or Ag) and alloyed bimeialhg
nanoparticles usin@A-derivedFCDs as the reducing and stabilizing agéentreported
Simple variation in the initigFCD:metal ratio yields a smoothly tunable surface plais
resonance and the resulting nanomaterials show excellent catalytic activity for 4
nitrophenol reduction which is fully preserved following 5 months of storage.

Furthermore,iie Au@FCD catalyst demonstrated intrinsic peroxiddike activity.

Introduc tion

Metal nanopatrticles, especialtilose consisting ofAu or Ag, have received increasing
attention in recent years owing to their attractive electronic, thermal, optical, and chemical
properties, making them applicable in a wide range of fields such as catalysis, biomedicine,
photovoltaics, antimicrobials, and faceenhanced Raman spectroscopy (SEFI)n
particular, theobservedgropertieof thesemonometallic nanoparticles (hereafter, referred

to as MNPshre greatly influenced by thiesize, shape, crystal structure, and composition
characteristics that algtictate how thse particles interact with incident light. When the
size of the nanoparticle is substantially smaller than the wavelength of incident light, it
experiences a relatively uniform electric field, resulting in a collective oscillation of
conduction electrons. his gives rise to an energlependant resonance known as the
surface plasmon resonance (SPRhen incorporated into photovoltajV) solar cells,

these MNPs can behave as lighhcentrating antennaer light-scattering centers,
depending on their size or morphology, whiehds toincreasd photon absorption and

device performancé.Furthermore, lie optoelectronic properties of the MNPs can be
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altered or enhanced Iycorporating other metals into their structure or by the formation

of composites or heterostructures. Indeed, bimetallic NPs (BMNPs) have shown enhanced
properties over their monometallic counterparts because of a synergetic coupling between
the individua me t a |¥¥ The adelifos of this second metal can improve the
electronic and absorption properties, giving rise to SPR bands lying intermediate between
the individual MNP SPRghereby enhancing catalytic, antimicrobiahd, in particular,

PV prospects for the material. Recently, Halebal reported on the synthesis of Au@Ag
bimetallic coreshell NPs with varying Au core diametérEhese researchers showed that

the catalytic efficiency toward the reduction ehdrophenol (4NP) varial with the Au

core size, however, the bimetallic cesieell NPs were still up to 12 times more active than
their monometallic Au counterparts. &similar vein, our group recently demonstrated a
green, sunlightissisted approach toward the generation iofetallic AuAg alloys
decorated onto-aminopropyifunctionalized magnesium phyllosilicate nanoclay sh¥ets.

In this work, the BMNP-decorated aminoclays possessed superior catalytic and
antibacterial activity compared to their pure Ag or Au NP decorated analogs.

Historically, approaches such as laser ablaticnd chemical reductione(g,
NaBH,,?13 hydraziné®) have beercommonly employed to generate MNPs but these
methods requir either timely, omplex, resourcéimited equipment, or hazardous
chemicals to carry out the reduction. This scenario impelled researchers to shift toward
simple, environmentallyriendly, and costffective approaches for synthesizing various
MNPs, including consideratioof phytochemicals found in plant and fruit extracts as the
reducing and stabilizing agerits®* For example, Nadagouds al presented a greener

synthetic approach for generating both Au and Ag NPs using blackberry, blueberry,
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pomegranate, and turmeric extracts, taking adggnof the electredonating capabilities

of the antioxidants present in the extrdétdse of these greener reducing agents has also
recerily been extended to the formation of bimetallic AuAg NPs. For example, Ketnari

al. used pomegranate juice to generate both alldyskh and coreshell Au@Ag NPs?®
Recently,FCDs prepared by various methods have shown promise as reducing agents
towards the formation of Au and AgPs?%%¢ owing to their intrinsic abilig to act as
electron donovacceptors! For instance, Luo and emsorkers demonstrated that
electrochemicallysynthesized=CDs functioned as reducing and stabilizing agents in the
preparation of Au@CD nanocomposites that displayed tunable particle diameters by
varying the chloroauric aciBCD ratio3® Similarly, Shenet al reported the reductive
capabilities of hydrothermally synthesiZe@Ds for ANP growthwherethe resultant Ag

NP size vaed when the silver nitratéCD ratio was altere® Owing to the enticing
prospects of FCDs as additives or replacements to costly components in PV devices, in
particular, in sensitized metal oxide solar cells, as well as the established efficiency
enhancing capabilities of MNPsia exploitation of their SPRsthese MNP/FCD
composites may hold promisas low-cost, green materials toward improved PV
performance.

Since the serendipitous discovery EEDs over a decade ago, research into their
formation and application has grown exponentially due to their many attractive optical and
physical properties, including large redge effectsi(e., excitation wavelengtidependant
emission), electrodlomatingacceping capabilities, high agueous solubility,extreme
photostability, and low cytotoxitf**De s pi t e t he fFGDsdregeneralnat ur e

many synthetic appachessuch asrc-discharge’? laser ablatiori® and acid oxidation$"
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42 often involve unsustainable precursors shaacidic/alkaline conditions, high synthetic
temperatures, or extensive poeposttreatmentsvhich are inconsistent with the principles
of green chemistrylherefore, greener synthetic strategies such as microwave, thermal, or
hydrothermal treatment ofarious sustainable precursoesg citric acid**>** ured or
low-value waste materialsuch asgrass® fruit peels (e.g, pomelo? watermelorf,’
banand®orangé®), and, even human urifiare being aggressilygpursuedFor example,
Donget al recently demonstratdtateitherFCDsor graphene oxideould beselectively
generatd througha simple thermal degradation of solid citric acidherethe degree of
carbonizatiordictated the resultant produfét

In this chaptey the thermal degradation of solid citric a¢idA) to produceFCDs
following methods slightly modified from that reported by Dong andwvodkers is
described The resultanECDs were competent reducing agents for the thernaakysted
formation of AgNPs as well as the ambiet@mperature synthesis of APs. Similar to
previous reporté>3® varying theFCD:metalsalt ratio resulted in different MNP sizes and
morphologies, an influence reflected in the observed SPRs. InterestinghC Elsewere
also effective for the coeduction of both Au and Ag salts to synthesaeAg1ix@FCD
BMNPs. To the best of our knowlgd, this is the first example of BMNP formation using
FCDs as the reducing and stabilizing agent.
SPRs, theAuxAgux@FCD BMNPs showed marked improvements in the catalytic
reduction of 4nitrophenol (4NP) ower their monometallic Au@CD NPs counterpart.
Perhaps more surprisingly, the AG@D NPs possessed catalytic activit@snparabléo

that of the Ay.sAgos@FCD NPs.
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Experimental

Materials and Reagents

All experiments were carried out using Ultrapure Millipore watglished to a resistivity

of 1 8. 2 -cnMd@nhydrous citric acid (791725, 99.5%), silver(l) nitrate (204390,
99.9999%), gold(lll) chloride hydrateHAuCls, 254169, 99.95%), sodium hydroxide

(306576, 99.99%), sodium borohydride (480886, 99.99%),j4t r ophenol (24132
2 ,-&ip-bis(3-ethylbenzothiazoling-sulfonic acid) diammonium salt (ABTS, 11557,

98%), and hydrogen peroxide (216763, 30 wt%) were purchasedigmaAldrich (St.

Louis, MO). All chemicals were used as received. Dialysis tubing (132105, Spectra/Por

7, 1 kDamolecular weight cubff or MWCO) was purchased fromepliger? (formerly

Spectrum Lab% Rancho Dominguez, CA)

Citric Acid-derivedFluorescent Carbon Ddbynthesis

In a typical synthesis, 50 g of salidnhydrous citric aciqCA) and aPTFEcoated
magneticstir bar were added to a round bottom flask. The round bottom was placed into
an improvised sand bath consisting of an anodized alumimoomd cake pan (Fat
Daddio'®) filled with coppercoated airgun BBs (0.177 caliber; Crosifi@opperhea)

and theCA was thermally decomposed at 250 °C (300 rpm) for @ith temperature
control achieved to within 2 °C using a digital stirring hotplate (Sdparov a E; Ther mc
Scienti fi cE) -typedhermecoupleitmersed inghe BBbe resultant dark

red produtwas dissolved in 50 mL of water and then centrifuiged0 min atSk rpm to
remove any larger particles. The supernatant was transferred to a cedidbysis
membrane (1 kDa MWCO) and dialyzed for 48 h against. bbwater, replenishing the

exchang solvent witha fresh 1.5L aliquot of water after 24 h Upon completion of
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dialysis the dark orange solution was lyophilized and stored in a drawer until neefled. A
mgmL'!, aqueoustock solution of the CAlerivedFCDswas prepared anemployedor

all characterizations and MNP syntheses, diluting as needed

Au@FCD NanoparticleSynthess

For the nanoparticle syntheses discussed here, as well as in the next two sections, all metal
ion reductions were conducted in 20 mhorosilicate glass scintillation vials
(Fisherbrad E -833-7). Initially, a broad range ofCD to chloroauric acid KIAuCla;
hereafter, simply referred to as Autios were tested for Au reduction at various
temperatures (100 °C, 60 °C, 40 °C, and roompkerature). While AINP formation
appeared to occur at all tested temperatures and an increase in reaction temperature resulted
in more rapid reduction, tHeCDs adequately reduced Au at room temperature ovieda 1

h period. Therefore, all subsequent Aduetions were carried out at room temperature.

For the Au reductions, a 2 nmgL'! aqueous solutioof the FCDs waspreparedand two

series of room temperature Au reductions were generated; one in which the Au
concentration was kept constant with increast@p additions and another in which the

FCD concentration was kept constant with increasing Au additions. For the cofgtant
series, the concentration of Au was held at 0.3 mM while increasing amo&@Bsivere

added to generate concentrations of 0.05, 0.15, 0.30, 0.45, and 0n60' nGonversely,

for the other series, tHeCD concentration was held consta0.30 mgmL'! and the Au
concentration was increasédm 0.10 to 0.60 mM in 0.05 mM incrementor all metal
reductions conducted at elevated temperatures (including the Ag and AuAg reductions
discussed below), scintillation vials containing the FCD solutions nesated in a circular,

anodized aluminum reaction bloc€lfemglas® CG-1991-03) with temperature control
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achieved to within 2 °C using a digital stirring hotplate (Stipero v a E ; Ther mc
Scienti fi cE)-typedthermaauplesdried imtheaheriasil of the reaction

block.

Ag@FCD NanoparticleSynthess

Similar to the Au reductions, a broad rangd-6D to AgNQ; (hereafter, simply referred

to as Ag)ratios were tested for Ag reduction at various temperatures (100 °C, 90 °C, 70
°C, 50 °C, 30 °Cand room temperatureinfortunately, @ apparent AQNP formation
occurredat any of the tested temperatures. Basedelated literaturg® the addition of
NaOH, at final concentrations of 1, 10, and 20 mMas testedat all of the above
temperatures. While the addition of NaOH promoted the reduction of Ag at all tested
temperatures, it was found that temperatures >80 °C and NaOH concentrations of 20 mM
resulted in the optiad formation of AgNPs.Therefore, ér all sutsequent Ag reductions,

the NaOH concentration waeld constant at 20 mM and a reduction temperature of 100
°C wasemployed To initiate the formation of Ag@FCD NPs, thealkaline FCD solution

was heated at 100 °C for 15 min and then various aliquots @fekg added, heating the
samplesat 100 °Cfor an additional 15 minAkin to the Au reductions, two series of Ag
reductions were generated; one in which the Ag concentratiorh@ldsonstant with
increasing~CD additions and another in which tR€D concetration was kept constant

with increasing Ag additions. For the constant Ag series, the concentration of Ag was held
at 1 mM while increasing amountse€Ds were added to generate concentrations of 0.05,
0.15, 0.30, 0.45, and 0.60 md."%. For the constar®RCD series, the concentration€Ds

was maintainedat 0.3 mgmL'! while increasing amounts of Ag were added to generate

concentrations of 0.15, 0.30, 1.0, 1.5, and 3.0 mM.
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AuAgii x@FCD NanoparticleSynthess

First,7 mL of a0.43 mgmL'?, aqueou$CD solutionwas heated at 100 °C for 15 min to
allow for thermal equilibration. NaOH was then added to HAU®GI produce gold
hydroxide, Au(OH)', after whichhe Au(OH)' and AgNQ solutionswere simultaneously
added to th hotFCD solution and allowed to react for 15 m8pecifically, diquots of 10
mM Au(OH),' and 10 mM AgNQweresimultaneouslynjectedinto the hot~CD solution
to generate Au:Agatios of 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:7@02@&nd
10:90 where the combined metal salt concentrations in the final samples abtaiyd 1
mM. For example, to generate a 50:50 Au:Ag sample, 0.5 mL of 10 mM HAusSH
added to 2 mL 0100 mM NaOHand the alkaline Au solutiomastheninjected, alongside
0.5 mL of 10 mM AgNQ, into the hotFCD solution.In all instances, thénal FCD and

NaOH concentraticswere held constant at 0.3 my-'t and20 mM, respectively.

Characterization Teatiques

Absorbance andteadystatefluorescence spectra wesequiredwith a Varian Cary® Bio

50 UV-vis spectrophotometer and/arianCary® Eclipsespectrofluorometerespectively,
using PMMA cuvettes. -Nitrophenol catalytic and peroxidasmimetic studieswere
conducted in quartz microcuvettes (1 mL) and PMMA cuvettes, respectively, monitoring
the reaction rates using the same €appectrophotometer. Transmission electron
microscopy (TEM) studies were conductedcanbon coated copper grids (Ted Pdlia.,
01822F, support films, ultrathin carbon tyge 400 mesh copper grid) usingREI®

T e ¢ n @FBOR2, Twin) microscope operated at a 300 ki¢tronacceleratin voltage
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4-Nitrophenol (4NP) Catalytic Studies

For the catalytic rate studies, 400 pL of 0.2 M NaB#DO pL of 0.2 mM 4NP (1000:1
NaBHs:4-NP mole ratig, and 20 pL of the catalysts (Alor AQ)@FCDs and AuxAgiix
@FCDs 0.2 mM metal concentration) were combined in a Imiatrocuvette and UWis
spectra were collected every 5 s until the characteristie eak at 400 nm disappeared.
More specifically, the asynthesized Ag@CD NP andAuxAg:1ix@FCD BMNP samples
were diluted Sold using water. Since the Au@ZD NPs did not ontain NaOH and were

at a lower overall metal concentration then the other samples, these catalysts were only
diluted 1.25fold using 20 mM NaOH to keep the base (4 mM in MNP solutions; 97.6 uM
in cuvettes) and metal concentrations (0.2 mM stocks; 4.9nudlivettes) similar in all
samples. Within these diluted samples, the high€& concentration (0.24 mgL'?) was
present within the Au@CD NPs due to the smaller dilution factor. Therefore, folRG®
control studies, a 2 mgL'! stock solution oFCDswas diluted 8.Fold to generate a 0.24
mg mL'! solution and 20 pL of this solution was used in place of rtheocatalyst
compositesPrior to use, the 0.2 mM stock solution eN® was degassed for 20 min to
remove any dissolved gas, minimizing the induction time. In addition, freshly prepared

(less than 3 h old) NaBHvas used in all catalytic studies.

Peroxidasdike Activity Studies

For conductinghe peroxidasemimetic studies,selectvolumes of MNP@FCD solution
(ranging from 15.6 to 500 pL) plus 100 pL of 25 mM ABTS were mixed in disposable
PMMA cuvettes and diluted with deionized water to bring the total volume to 3.1 mL. To
initiate the reaction, a 5 pL droplet of 30 wt%®1 was carefully pipetted ¢o the side of

the cuvette and gently mixed by manually inverting the cuvette twice. This procedure
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resulted in concentrations of 0.805 mM ABTS and 5.4 mjD41The peroxidaséke
activity was assessed by monitoring the absorbance at 418 nm over a 4griod
collecting data points every 30 s. A control experiment was carried out usifgGiasaat

a concentr at i''oWhileonb actvity assolgserved. on this timescale for
unmodified FCDs, as shown in Figure B.12Au@FCDs clearly producedpronainced
activities that increasd with nanocatalyst concentration. The concentratilisted in
Figure B.12 denote theoncentration oFCDs within the aliquot ofAu@FCDs added
Specifically, the different samples contained the following concentrationsixé BGd Au
ine g 'habhdeM, respectively (assuming both are uniformly dispersed): 3.0 and 1.5, 6.0
and 3.0, 12.1 and 6.0, 24.2 and 12.1, and 48.3 andNgte. ro activity was observed for
Ag@FCDs or AwsAgos@FCDs over the time periodnonitored; that is, 24 fafter

initiating the reaction

Results and Discussion

Photophysical and Structural Characterizations of thed@tived FCDs

The detailed experimental procedures and characterizations BCibgemployed in this
work are provided imCitric Acid-derivedFluorescent Carbon Dot Synthesisder the
AEXxperimentad section above anBigure B.1 ofAppendix B, respectivelyBriefly, 50 g
of solid CA was thermally decomposed at 250 °C for 2 h. The rmsuttark red product
was redispersed in deionized water, centrifuged, dialyzed, and then lyophilee@A
derived FCDs displagd properties akin to those of previously reporfe@Ds3® 47 4°
Specifically, the=CDs shovedincreasing absorbance with decreasing wavelengthir@-ig
B.1A, dashed black linewh i ¢ h ar i s-& $randitionoofmarométie gpdomains

and is likely due to the broad size distributionF@Ds produced’:*° Similar to other
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reportedFCDs 8 4’ the CAderived FCDs displayd excitation wavelengtdependent
emission with a maximum emission occurring near 470 nm under 350 nm excitation
(FigureB.1A). The emission intensity increased as the excitation wavelength was increased
from 300 to 350 nmafter which it decreased and redshifted. The decrease in emission is
further highlighted and quantified by the excitation wavelefmghendent quantum yields
(Figure B.1A, inset). The resultant CAerived FCDs were slightly larger than those
typically reported in the literature.g, 1i 10 nm)38 ranging in size from 3@ 60 nm with
some dots reaching 100 nm (&igB.1B).

Fouriertransform infrared (FTIR) spectroscopic analysis indicated that-@ies
possessed hydroxyl, carboxyl, and epoxide moieties, accounting for their hydrophilicity
and excellent dispersibility in water (FiguBe1C)*2 The large, broad absorption bands
between 360@&ind 3000 cm! were assignedo the stretching vibrations ofi® ).
Well-defined absorbance bands appeared between 1800anch 1600 cit that were
ascribed to the st r®dandtherskgletal vidratioand of amomatic o f C
gr o u@d. Thewvarious peaks between 13@0d 1000 cm?! arose from the different
stretching modes of carboxytdcandefwhla K et hi
the peaks near 2900, 1400, and915'eme r e at t ri but ed citaon dalsi phat
H). The presence of these functionaliteascount for the longerm dispersibility ofFCDs
in water. Due to these surface functionalities and based on previous literature?feforts,
we positedhat the CAderivedFCDs would likely function as reducings well as capping
agens in the formation of MNPs. After optimizing the reaction conditiatetdils can be
found intheFAu@FCDNanoparticleSynthegsso andiiAg@FCDNanoparticleSynthesso

subsections under th@Experimentad sectionabovg, it was revealedthat FCDs were
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capable of directly reducing HAugb AuNPs at room temperatymghereas Ag reduction
required alkaline conditions and elevated temperatures with the most promising results

achieved using 20 mM NaOH (pH>10) and a reaction temperature of 100 °C.

Synthes and Photophysical Properties of the Au@FCD Nanopatrticles

For the roontemperature reduction @&u, various ratios oFCDsAu were tested in two
fashions: 1) using a constdftD concentration for varying Au precursor additions and 2)
maintaining a consta Au concentration for varyingCD additions. A given concentration

of Au (0.3 mM) with increasing amounts &CDs (0.050.60 mgmL'?Y) resulted in
increased SPR intensities accompanied by a blueshift (indicative of smalPFwintil

the FCD concentrabn reached 0.3thg mL'?%, after which the SPR intensities remained
relatively constant and presented a negligible shift in wavelengthréBg2). On the other
hand, for a given concentration BEDs (0.30 mg mL'Y) in the presence dhcreasing
amounts ofAu (0.10'0.60 mM; 0.05 mM increments), the SPR increased and drastically
redshifted (indicative of larger ANPS) pointing towards the potential tunability of the
resultant AINPs (Figuire 31B and C). Specifically, between Au conaetibns of 0.1@Gnd

0.35 mM, slight bathochromic shifarose accompanied by increage SPR intensit
while for Au concentrations greater than 0.35 mM, large bathochromis shifie SPR
wereapparent. At these higher concentrations of Au, the SPRsities increased up to
0.45 mM, after which the SPRs decreased and substantial peak broadening pccurred
features that armdicative of larger, more polydisperse AllPs. Based on these results,
the CA-derived FCDs appear to function effectively as botbducing and stabilizing
agents. The results also indicate the clear potential fortdimeg the Au SPR (Fige

3.1C), and concurrently the AP size, simply by varying thieCD:Au ratio.
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Figure 1 Representative TENhicrographsof (A) Au@FCD and (D) Ag@-CD NPs.
Shown are results for 0.3 mgL'1:0.35 mM and 0.3 mgL'1:0.30 mMFCDs:metal ratios

for Au and Ag reductions, respectively. The SPR shifts of the resultant panpiaied$Bi

F) show the smooth tunability afforded simply by changhmgRCD:metal ratio. In the
case of ANPs (B and C), the SPR intensity initially increased, reaching a maximum at a
0.3 mgmL'! FCD:0.45 mM Au ratio. The increase was also accompanied by a slight
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bathochromic shift. Higher ABCDratios resulted in a continuous redshift with decreasing
SPR intensity and substantial peak broadening, indicative of larger, more polydisperse
NPs. On the other hand, the AlfPs(E and F)displayed only a slight bathochromic shift

in SPR, with increasinotensities as the Ag concentration was varied from 0.15 to 3 mM.
The lowerphotograpk correspond to the Au and Ag samplepamelsBi C and EF,

respectively

The SPR bathochromic shifand peak broadening were attributed to increase
particle sizeandhigherdegrees opolydispersity, respectively, as evidenced irnuired.3.
For example, the 0.20 mM, 0.35 mM, 0.45 mM, and 0.60 mM Au concentrations resulted
in 17.8 £ 6.4, 26.7 = 10.0, 47.8 = 20.7, and 96.7 + 29.9 nm -gphsrical particles,
respetively. The 0.3 mgmL'1:0.35 mM FCD:Au ratio is also shown in Fige 3.1A.
Moreover, for higher concentrations of Au, large hexagonal and trigonal plates formed,
with a higher amount of plate formation occurring with increasingF&D ratios.
Although sample stability initially appeared to decrease for higher Au concentrations, the
samples could beasily redispersed and the sedimentation was actually linked to the
presence of large Au nanoplates which settled from solution withio@ecdays. Indeed,
the 0.45 mM and 0.60 mM Au concentrations afforded 266.7 £ 99.3 and 528.8 + 214.3 nm
plates with approximate quaspherical:plate ratios of 1:5 and 1:2, respectively. The
increasing formation of large hexagonal and trigonal plateslatadsto substantial peak
broadening within the UWis spectra and bathochromic skiff the SPR, resulting in a
color transition of the solutions from red to blue/purple. Interestingly, the higher Au
concentrations still produced a population of smallM@s in the 520 nm size range
(FigureB.3C and D insets), however, these particles were relatively rare in these samples.

To gain additional insight into the reduction process and the photophysical

characteristics of the AuBCDs the room temperature nection of 0.3 mgmL'?
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FCDs0.35 mMAu samples was monitored via s and fluorescence spectrosiasp
(FigureB.4). After 180 min, the intensity of the SPR band (absorbance at 544 nm) was still
increasing, although the SPR growth rate had begun to staligating that the Au
reduction was nearing completion (&ig B.4A inset; left vertical axis). Throughout the
reduction, the SPR remained consistently near 544 nmir@=§4A inset; right vertical
axis), elucidating that the increase in absorbance wasadilne growth of additional NPs

of a similar size rather than new species possessing different optical characteristics.
Intriguingly, despite the intrinsic quenching nature of Au, the A@@®sretained ~25%

of the original fluorescence from tR&D parentsolution(Figure B.4B). The inset plot of
Figure B.4B shows that, initially, the fluorescence rapidly decreased but eventually
stabilized. Over the monitoring period, the wavelength of maximum emission from the

FCDsremained relatively constant near 460 nm.

Synthesis and Photophysical Properties of the Ag@FCD Nanoparticles

Similar to the case for Au reduction, varioBD:Ag ratios were tested at room
temperature for potential reduction to APs. In this case, no AYP formation was
evident even after a weekos ti me. Based
reduction?® 3various concentrations of NaOH (1, b®20 mM) were added and elevated
temperatures were employed (30, 50, 70, @0100 °C) in an attempt to drive Ag
reduction. Although some AP formation was evident at lowemperatures and modest
NaOH concentrations, the best results (on the basis of narrow and intense SPR bands) were
achieved at 100 °C using 20 mM NaOH. Under these conditions, v&@DAQ ratios

were assayed. The Ag reductions displayed a decreasedepRddncy ofrCD:metal

ratios compared to their Au reduction counterparts. Whek@izconcentration was held
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constant (0.3 mgiL'?) and increasing amounts of Ag were added {BX5mM), the SPR
intensity drastically increased (indicative of increasedNiyformation) whilst showing
negligible shift in wavelength (Fige 3.1E and F). On the other hand, when the Ag
concentration was held constant at 1.0 @M increasing amount$ FCDs (0.05to 0.60
mg mL'Y) were addedthe SPR intensity again increasedt displayed a small
hypsochromic shift followed by a slight bathochromic shift (ifggB5). In spite of this
slight SPR shift, an increasing AgCD ratio apparently generatslightly smaller AQNPs
(FigureB.6). A size analysis, conducted by countingr®00 particles per sample, resulted
in mean particle sizes of 11.1 £ 9.9, 6.9 + 3.4, and 6.0 £ 4.0 nm for the 0.30 mM, 1.0 mM,
and 3.0 mM Ag concentrations, respectively. A representative Midviographfor the
Ag@FCD sample derived from a 0.3 mngl.'1:0.30 mMFCD:Ag sample is also shown in

Figure3.1D.

Synthesis and Photophysical Properiéshe AuAg:ix@FCD BimetallicNanoparticles

Both the Ag@CD and Au@-CD NPs, due to their plasmonic nature, hold prospects for
SERS andin particular,PV applicatons, but to further enhance the applicability of these
MNPs@FCDs attemptsto simultaneously reduce both Ag and Au salts to generate
AuAg1i x@FCD BMNPswere exploredThe fact that Ag reductiofor the geneation of
Ag@FCDswas only obtainablender basic conditions requirtitht thesynthetic approach

be tailoredin order to arrive at BMNPs. Firstly, NaOH was added to HAw€produce
gold hydroxide, Au(OHj. The FCD solution was then heated at 100 °C for 15 min to
allow for thermal equilibration. Lastly, Au(OH) and AgNQ solutions were
simultaneously injected into the HBED solution andvereallowed to react for 15 min. In

all instances, theCD, NaOH, and total metal salt concentrations were held constant at 0.3
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Figure 3.2 (A) Normalized U\tvis absorbance of the bimetallkuxAgiix@FCD NPs
showing that as the experimental Au:Ag ratio decreased the resultant SPR displayed a
systematic hypsocbmic shift. (B) Extracted SPR frequencies plottsthe %Au, further
demonstrating the smooth evolution in SPR wavelength as the Aatidgvas modulated.

The sample sets were replicated three times highlighting the reproducibility of the BMNPs
(error bars denote one standard deviation from the mean), especially at the lower Au
concentrations. (C) Photograph of a serieAwgfAg1ix@FCDBMNP samples, illustrating

a palette of SPR transitions. The cuvettes correspond to the sangaeslsh andB from

100% Ag (left) to 100% Agright).

mgmL'?, 20 mM, and 1 mM, respectively. Aliquots of 10 mM HAu@hd 10 mM AgNQ

were mixed to generate Au:Ag ratios of 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70,
20:80, and 10:90 (Fige3.2A). For example, to generate the 50:50 Au:Ag BMNP sample,
0.5 mL of 10 mM HAuCJwas added to 2 mL of 200 mM NaOH which was simultaneously
injected, alongside 0.5 mL of 10 mM AgNQnto 7 mL of hotFCD solution (0.43 mg

mL'1). Samples containing 100% Ag were madeaimlogous fashionwhereas the
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preparation of 100% Au samples involved no addition of NaOH, in accordance with the
Au@FCD prepaation method described earlier. It is noteworthy that the use of Au{OH)
in the absence oAg at 100 °C led solely to the formation of large gold plates. As the
Au:Ag ratio decreased, the SPR uniformly blueshifted, consistent with the presence of
BMNPs (Figire 3.2A and B)!0: 1425

Reminiscent of the room temperature reduction of 0.6 mM Au, use of Amal 100
°C yielded highly unstable particldsatdisplayed a broad, redshifted SPR. For this reason,
the 100% Au results reported in bBig 32 were genatedusing0.25 mMAuU. Given this
observation,he effect of Au concentration on thesultantSPRwasalsoinvestigatedor
100 °C reductios(FigureB.7), where theesultsof these studieagain reiterate the strong
control over the SPR made possibjesimply varying the ratio of AtFCDs To verify that
theFCDswere indeed responsible for the reduction of the BMNPS, a control reaction was
performed for a 50:50 Au:Ag sample in the abserfcE@Ds (Figure B.8). The lack of
both a SPR band and a visible change in solution color indicated tiaE Erevere solely

responsible for accomplishing metal ion reduction.

Morphological and Compositional Anabssofthe AuAgii x@FCD Nanoparticles

Both the Au@CD and Ag@CD NPs displayed larger particle sizes than all their
bimetallic counterparts (Fige 3.3Ai C and Figire B.9). Interestingly, upon the addition
of 10% Ag, the average particle size dramatically decreased from 3®nm for the
Au@FCDNPs to 4.1 + 1.4 nm for the AbAgo..@FCD NPs. Increasing the Ag:Au ratio
within the BMNPs led to further decreased particle size. For the/A%43:@FCD,
Auo.s5Agos@FCD, Auo.3Ado.7@FCD, and Aw.1Ago.s@FCD BMNPSs, the average particle

sizeswere 3.4+£0.9,3.3+1.1,24+0.8,and 1.9 + 0.7 nm, respectively. Although a small
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Figure 3.3Representative TENMhicrographsand their corresponding EDX spectra for (A

and D) Au@CDs (B and E) bimetallic AtsAgos@FCDs and (C and F) Ag&CDs
I nterestingly, upon the slightest addition
factor of ~7 and remained relatively constant across the Au:Ag composition tested. (G)
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Plot showing the extent of alloying between Au and Ag (%Au measured) within
BMNPs vs the content predicted from the initial Au:Ag stoichiometiye.( %Au
theoretical). The dashed line represents the ideal case where the measured values directly
correspond to reagent metallic ratios. In general, the measured content folows th
prediction line. The slight enrichment with Au at higher initial Au% could be tentatively

tied to a small amount of galvanic replacement in whichifgtched by A#f.

decrease in particle size was present, the dependence of the SPR maximum on the Au:Ag
ratio was primarily related to different levels of alloying amlderefore synergistic
plasmonic cooperation between the two metals.

Energydispersive Xray (EDX) microanalysis cAuxAg:ix@FCD NPs was performed
to reveal the average composition of the BMNPsUf@.3Di F). As expected, the Au
peaks became less prominastthe Au:Ag ratio decreasetdhereas the Ag peakecame
dominant. Figire 3.3G shows that the actual composition of AweAg:i x@FCD NPs was
nominally the same as the starting Au:Ag ratios, although for Au:Ag fractions greater than
20:80, a slight enrichment in Au arose, possibly dumiter galvanic replacement of Ag
with Au. Note, he Cu peak®bservedn the EDX spectra ase from thecoppergrids

employed for imaging.

Model Catalytic Application of thAuAgi x@FCD Nanoparticles

The catalytic activities of the MNIEBFCDswere studied through the model reduction of
4-nitrophenol (4NP) to 4aminophenol (4AP) using NaBH as the reducing agent. The
reaction kinetics of the catalytic conversion were moniterad)V-vis spectroscopy. The
agueous solution of-KIP displays little (pale yellow) to no color with an absorbance band
at 320 nm. Upon the addition of NaBHhe solution immediately turns dark yellow due to

the formation of the -itrophenolate ion @NPO). The formation of ANPO results in an
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increased almsbance accompanied by a bathochromic shift to 400 nm. To test for catalytic
activities, U\tvis spectra were collected every 5 s following injection of Na®Hnonitor

the decreang absobanceat 400 nmi(e., loss of 4NP). The 4NP to 4AP conversion

was unaltered in the presence of the-@&ivedFCDs (5.8 pgmL'?) even aftei30 min,
demonstrating that unmodifidgelCDsare not catalysts for this reaction (&g 3.4B; only
shown out to 450 s). Upon addition of MN®BCDsto the 4NPO solution, however, a
prompt drop in absorbance at 400 nm was observed within seconds, indicating the rapid
conversion of 4NP to 4AP (Figures 3.4A andB.10A1 B). The complete reduction of 4

NP to 4AP was observed within 120 s, 150 s, and >1000 s fo@P@QDs
AgosAues@FCDs and Au@FCDs respectively. The reduction mechanism can be
explained through the Langmthfinshelwood mechanism, in which the analyte of interest
(4-NPO) alsorbs on the surface of the MNPs, while the MNPs also react with tie®H
form a metal hydde. The metal hydride then reacts with the sorbed analytP(3),
facilitating its reduction. Due to the slow transfer of electrons from the metal hydriele to 4
NPO, it is considered the rate determining step of the reaéfidns lag phase or induction
time (o) in the reaction rate was minimized by degassing th€>4olution for 20 min to
remove any dissolved oxygen. Despite this preventative measure, lag phases were still
observed in the A@FCD NP samples. In #sestudes, excess amousi{100Gfold) of
NaBHs (0.2 M, 0.4 mL) compared to-MP wereused (0.2 mM, 0.4 mL) so that the
conversios would follow a pseuddirst-order rate law. Under these conditions, the
apparent rate constankggdy) for each catalyst can be estimated from the slopes of the linear
correlation of Inf/Ao) vstime, whereA, is the initial absorbance ardis the absorbance

at time ). Thekappvalues for A@FCD, Ago.sAuos@FCD, and AU@FCD catalysts were
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Figure 3.4 (A) Time-dependent UWis absorption spectra of the NaBHssisted
reduction of 4NP catalyzed by the AUBCD NPs. Spectra were acquired every 5 s but,
for clarity, spectra are shown only for illustrative times. (B) Plots o&dA{) for 4-NP
absorbance at 400 nus time for variousmetal NP@FCD catalysts. Each catalyst was

tested within days of preparation.

2.30(+x0.29 x 1025, 1.92(+ 0.43 x 102!, and 2.54(+ 0.30 x 103 'L, respectively
(Figure 34B). Thus, the AgsAuos@FCD and Ag@-CD catalysts showed improved
activities (faster NP reduction) over the AuECD NPs, an outcome attributed to their
smaller sizes andherefore higher surface areas.

All three types oimetalNPs@FCDsretained their catalytic activities after months of

storage in a lab drawer. Even after 5 months of casual, ambient storage, the apparent rate
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constants for NP reduction were completely preserved. In fact, surprisingly, the
Ag@FCD and Ag.sAuos@FCD NPs displayed statistically meaningfotreasesn their
catalytic rates. Thksppfor the 5month aged Ag@CD, Ago.sAuos@FCD, and Au@CD
catalysts were 3.8@& 0.30 x 1025, 2.69(+ 0.39 x 102s'?, and 2.9+ 0.22 x 103

! respectively (Figre B.10C). Since the aged AgED and AgsAuos@FCD NPs
showed improved catalytic rates overithigeshly prepared NPsounterparts UV-vis
studies wereonducted on both the aged and freshly prepared NPs to monitor any optical
changes (Figre B11). The Au@FCD NPs remaineéssentialljunchanged after 5 months
while the aged AusAgos@FCD and Ag@-CD NPs displayed increased absorbance at
longer wavelengths, possibly due to minor nanoparticle aggregation. The slight particle
aggregation upon prolongetbsage may have resulted in catalylimtspots, accounting

for the marginal increase in catalytic activity of the aged A@® and Ag sAuos@FCD

NPs. Due to the surprisingly high catalytic rate ofthe Ag®NPs and gol dbés es
reputation as a galocatalyst for this reaction, the improved catalytic rates of the BMNPs
could be attributed to a synergistic effect of Au and Ag rdomoains within the individual

particles, in line with results reported recently by Rawtlal®

Application of theAu@FCDNanoparticles as Peroxidase Memetics

Lastly, the potential of the MNPELD samples as peroxidase mimetics toward oxidation
of the peroxidase substrate 2a2inobis(3-ethylbenzothiazoling-sufonic acid)
diammonium salt (ABTS) uisg H-O>was examinedWhile neither AgsAuos@FCDsnor
Ag@FCDsdisplayed anyneasurablg@eroxidasdike activity within 24 h of prospective
catalyst addition, the Au@CDs demonstrated clear activity. As summarized inuFeg

B.12, addition of Au@CDs triggered the formation éfiegreencolored ABTS oxidation
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product which was monitored spectrophotometrically at 418 nm. A control experiment
carried out usin@€CA-derivedFCDsalone did not yield noticeable peroxiddsée activity.

A dramatic increase in the catalytic velocity was observed in thedé@pendent absorption
profiles as the Au@CD content was increased, validating the intrinsic peroxitikee
activity of the Au@-CDsin contrast with the nakdelCDs Among other things, these data
open the possibility of using hybrieCDsfor selective glucose detection by coupling with

glucose oxidase, for example.

Conclusions

In summary, a simple and green approach towards the synthesis of MNPs/BMNPs using
FCDsas the reducing and stabilizing agbas been demonstratéthe resultant SPR of

the various MNPs and BMNPs showed a systematic tunability indicating that the size of
NPs carbeeasily controlled simply by varying the&CD:metal ratio. ThéAuxAg1i x@FCD

metal compositions were nominally the same as the starting stoichiometric ratios, pointing
to theefficacy of this nanoscale preparation. Notably, the Ag@ NPs andAuxAgzix

@FCD BMNPs displayed remarkably enhanced catalytic activities over ACi@Xor 4-
nitrophenol reduction, highlighting the potential of these materials in various catalytic
applications. Finally, the Au@CD NPsshowed peroxidaskke activity not seen in the
unmodifiedFCDsnor in their Ag@-CD and AuxAg1i x@FCD analogsLooking forward

these materialpossessantalizingpotentialsfor exploitationin additional areas such as

surfaceenhanced spectroscopies amibst notablyplasmonrassisted photovoltaics.
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Chapter 4: A Field Misled: Artifacts and Errors Associated
with the Ubiquitous Presencef Fluorescent Impuritiesin

Purportedly fiFluorescent Carbon Nanodots®

AThis chapter is based on smbmitted and accepted peewiewed manuscriptin Chem. Mater The
information contained herein is adapted with permission fEssner, J. B.; Kist, J. A.; PoB®arada, L.;
Baker, G. A., Artifacts and Errors Associated with the Ubiquitous Presence of Fluorescent Impurities in

Carbon NanodotChem. Mater2018 30, 1878 1887. Copyright© 2018 American Chemical Society

Fluorescent carbon dots:

>10 kDa;
Weakly fluorescent

Molecular by-products:
0.1-5 kDa;
Strongly fluorescent

Scheme4.1 Graphical abstract showing a representative FCD sample under dialysis

highlighting the drastic quantity of small, molecular (highly fluorescentproglucts
permeating the membrane, whose presence masks the true properties ahBleéBds to
misconceptias surrounding FCD emissiovhen notsufficiently fractionated away
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Abstract

Fluorescent carbon dots have attracted tremendous attention owing to their superlative
optical properties which suggest opportunities for replacing conventional fluorescent
mateials in various application fields. Not surprisingly, the rapid pace of publication has
been accompanied by a host of critical issues, errors, controversies, and misconceptions
associated with these emergent materials, which present significant bargtrsidating

their true nature, substantially hindering the extensive exploitation of these nanomaterials.
Of particular interest are expedient, bottam pathways to carbon dots starting from
molecular precursor®(g, citric acid, amino acids, alkylamines), although such routes are
associated withthe generation of a ubiquity of small molecular weight or oligomeric
fluorescentby-products A primary obstacle to progress is the inadequacy of purification

in reported stdies, an omission which gives rise to misconceptions about the nature and
characteristics of the carbon dots. In this work, a series of carbon dot syntheses usjng facile
hydrothermal and microwave routes employing citric acid (paired with urea or
ethylerediamine as a nitrogen sourég)explored followed by dialysis or ultrafiltration
purification steps. Careful comparison and analysis of the optical properties of the resulting
purification productsi(e., dialysate/filtratevsretentate fractions) affins the formation of
molecular fluorophores (potentially oligomeric or polymeric in nature) during beffmm
chemical synthes, speciesthat producethe majority of the observedemission from
unpurified carbon dot sample€lear evidencas providedshowirg that the fluorescent
impurities produced asy-productsof carbon dot synthesis must be rigorously removed to
obtain reliable results. On the basidludsefindings, the inadequate purification in many

reports calls into question published work, suggggshat many previous studies will need
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to be carefully revisited using more rigorous purification protocols. Of course, deficiencies
in purification in prior studies only add to the ongoing debate on carbon dot structure and
the origin of their emissiorMoving forward, rigorous and consistent purification steps
will need to be uniformly implemented, a tactical change that will help pave the way toward
the development of carbon dots as rgameration agents for cellular imaging, saltdte

and fulkcolor lighting, photovoltaics, catalysis, and (bio)sensing.

Introduction

Nanoscale carbons are associated with a range of attractive properties, including electrical
conductivity, biocompatibility, high thermal stability, and tunabilitg.g, textural
properties, doping), forming the subject of intensive research in recent years. The newest
addition to the family of nanoscale carbons consists of fluorescent carbon dots (FCDs).
Typically sized below 10 nm, FCDs display unique and useful opfezlres €.g,
excitation wavelengtdependent fluorescence, tunable emission color, high
photostability) not seen with their nanocarbon relatives fullerenes, graphenes, carbon
nanotubes, nanodiamonds), while also offering biocompatibility, irestnand low
cytotoxicity, which make them preferable to conventional semicondbeteed quantum

dots €.g, CdS)® Moreover, FCDs can be synthesized using a wide variety eldom

or bottomup approaches. The literature suggests that Fab$e produced as a result of
appropriate thermal treatment of virtually any cardoontaining precursor, with examples
including citrate$;*® saccharidese(g, glucose, chitosartf;?? food waste>28 biomass*
32human haif>3®and even human uriffeor animal fece$’ Due to their facile preparation

and promising characteristics, research on FCDs has exploded récegntigfortunately,

the unbridled enthusiasm and extremely rapid pace of research has naturallyaled to
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number of uncritical, unsubstantiated, and detrimental claims and misconceptions entering
the publication record. In many instances, revisiting prior work with more scientific rigor
is warranted, paying closer attention to consistency, purificatiopepicharacterization,
and sometimes nomenclature. Cayuslal recently published a highlight stressing the
urgency for consistency in FCD research, proposing a unified nomenclature in the
classification of fluorescent nanocarbdf¥Ve agree with these authors, particularly given
how frequently FCDs are haphazardly classifiegigen invented names or acronyms to
give the false impression that a novel material is being introduced. Currently, nearly a
dozen names are (sometimes arbitrarily) used for fluorescent nanocarbons: graphene
guantum dots (GQDs), carbon quantum dots (CQEm}hon nanodots (CNDs), carbon
dots, Cdots, carbogenic dots, carbon nanoclusters, polymer dots, nitregeguantum
dots (Ndots), and graphitic carbon nitride dots, although several of these can be
consolidated into a few subclasses. Indeed, Cayetel. proposed that only three
categories (GQDs, CQDs, and CNDRsk necessary tsufficienly categorize all FCDs,
based on the chemical, physical, and photophysical properties specific to each subclass.
Beyond troubling nomenclaturénconsistencies, a very real barrier preventing
maturation of the field is the fact that the purification of FCDs is frequently inadequate,
unsubstantiated, or missing altogether. Several researchers have already alluded to the fact
that, in order to eludiate the true origin of FCD fluorescence, efficient separation
procedures are urgently needededuce sample complexity*?> Worse, recent evidence
suggests that the fluorescence associated with FCDs may originate significantly from
organic €.g, oligomeric) byproducts generated alongside FCP¥. Despite mounting

evidence, the improper and insufficient purification of FCD samples remains common,
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making a unified purification approach all the more pressing. In response to thisveeed,
report on the nanoscale features, photophysical properties, and cytotoxicities of
representative FCDs made viat@wvn and bottorup strategies. By evaluating the FCD
fractions resulting from extensive purification using membrane dial{ises, retentate
(retent.), dialysate (dial,)alongside unfractionatedssynthesizedassynth) samples,

we unequivocally demonstrate the importance of adequate purification to generate
meaningful, errofree results, particularly in regard to luminescenarabterizations.
Indeedtheresults suggest that inconsistencies and eimgnsblished work are widespread

and in need of revaluation. Moving forward, standardized purification procedures taking
into account these findings will need to be implemeatadi remedial studies to gauge the

veracity of previous claims will also be warranted in many instances.

Experimental
Materials and Reagents
All experiments were carried out using Ultrapure Millipore water polished to a resistivity

of 18. 2 MqLemwiumd estsa tod dh. Anhydrous <citric

(us5378), ethyl enediamine (E26266, 09 9 %) , ¢
met al s basi s), sodi um ¢ haminoprogyh ter(niSaied 5 3 , (
polyethylene glycol (452572, 1, 500 kDa), gold(1l11) chl ori

trace metal basis), sodium borohydride (480886, 99.99% trace metal basis), sodium citrate
tribasic dihydrate (C7254, 09 8 WeJerredpas ni ne
quinine sulfate2264Q0>9 8 . 0 %) , coumarin 153 (01511, 099
(F6377), sulfornodamine B (SRB), cell culture media, phosphatered saline(PBS),

trichloroacetic acid, acetic acid, the chloride salt of'HACS >99.5%), and the sulfate
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saltofC3*(©098. 0%) wer e al | -Audich (SthLauwseMD). RhodamineSi g ma
610 (rhodamine B) chloride (06101) was acquired from Excitboa (Dayton, OH).
Branched polyethyl eni mi~h200 kDh) W&s Ipyrchased rans 8 0
Polysciences Inc. (Warrington, PA).L-ar gi ni ne (BP2505500, 09!
FisherbrandE syr i ng-19D)iard0.20rus (0919Q) poreGized,5 Om
96-well plates, and the chloride salt of FACS >98%) were obtained from Fisher

Scientific (Pittsburg, PA). Banol (2716, 200 proof) and graphite rods (40766, 99.9995%

metals basis) were procured from Decon L.dibs, (King of Prussia, PA) and Alfa Aesar

(Ward Hill, MA), respectively. Regenerated cellulose dialysis membranes with molecular
weight cutoffs (MWCOs) of 1, 3.5, 8, 15, and 50 kDa (SpectrafPoy 132105, 132111,

132116, 132124, and 132130, respectively) were acquired Repliger? (formerly

Spectrum Lald¥ Rancho Dominguez, CAVltrafiltration filter membranes with MWCOs

of 1, 10, and 100 kDa (13312, 13612, and 14412, respectively) were purchased from
Millipore (St. Charles, MO). Mice embryonic fibroblasts (MER)manmammary gland

epithelial cellsderived froma ductal carcimma, metastatic pleural effusiasite (T-47D;

ATCC® HTB-133E ), and humarepithelial cells derived from @ervicaladenocarcinoma

(HeLg ATCC® CCL-2E) were acquired from colleagues within the Dalton

Cardiovascular Research Center. All chemicals weesl as received.

Fluorescent Carboimot Syntheses
Representative microwavél* 4?51 hydrothermaP?°® and electrochemic&t®® synthetic
routes were explored to elucidate possible shortcomings and misconceptions from previous

literature reports.
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Domestic Microwavd reatment of Citric Acid and Urea

Following a common and widely reported prototof: 45! FCDs were synthesized from

citric acid (CA) and urea (U) in a 1:3 CArdolar ratio using a 900 W Frigidaire domestic
microwave ovenSpecifically, 6 g of CA and 6 g of U were dissolved in 20 mL of water in

a round bottom flask stabilized in a beaker #resolution wasreated in the microwave

on the default power settind@0% power) for 5 min, forming a charred, porous product.
The resultant carbonaceous material was dissolved in 50 mL of water and the round bottom
flask was rinsed with two additional 50 mL aliquots of water to ensure adequate removal
of all the product. fie three 50 mL fractions of the product were thoroughly homogenized
resulting in 150 mL of final sample which was purified following the procedures outlined

in thefFluorescent Carbon Dot Purificatioaection below.

Hydrothermal Treatments of Argininedgitric Acid-Ethylenediamine

Two hydrothermal approaches using different FCD precursors were explorad: (

argininé?>3and (i) CA and ethylenediamine (EDA}>®

(i) For theFCDs derived fronw-arginine (Arg), a 3 M aqueous solution of Arg was made
by dissolving 26.13 g of Arop 50 mL of water. Due to this concentration being beyond
the solubility limit of Arg, the saturated solution was vigorously shaken and 10 mL was
rapidly pipetted into a 23 mL Teflelined stainlessteel autoclave. The solution was
then hydrothermally &ated at 180 °C for 9ih a programmable oven

(i) For theCAI EDA-derived FCDs, 0.42 g of CA and 536 pL of EDA were dissolved in
10 mL of water in a 23 mL Teflehned stainlesssteelautoclave which was then

hydrothermally treated at 200 °C for %nha prggrammable oven
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Both syntheses were repeated 5 additional times and the six samples of each type of FCD
were thoroughly homogenized. The homogenized samples pueifeed following the

procedures outlined in th#luorescent Carbon Dot Purificatidsectionbelow.

Electrochemical Oxidation of Graphite GODs

FCDs were synthesized through an electrochemical route using graphite rods as both the
cathode and anode submersed in 100 mL of an ethanol/water (95:5 v/v) mixture containing
0.4 g of NaOHsimilar to previously reported proceduré8® The synthesis was conducted

at constant voltage (60 V) for 4 h using an AgifeBC Power SupplyE3612A). During

the synthesithe solution changed from clear to yellow to orange and finally to dark brown
Note, the measurecturrent varied from 20@ 400 mA throughout the synthesighe
resultant samples wereither functionalized prior to purification or directly purified
following the procedures outlined in thesspective fiFluorescent Carbon Dot

Functionalizatiorof GQD% or fiFluorescent Carbon Dot Purificatidsectiors below.

Fluorescent Carbomot Functionalizationof GQDs

The electrochemicallysynthesized FCDs weréunctionalized with two commonly
employed passivating agentemely bis(3aminopropyl) terminated polyethylene glycol
(PEGN; 1.5 kDa) and branched polyethylenimine (bPER kDa)*%%° To functionalize
the FCDs, 5 mL of the asynth material (after centrifugatiorsee fiFluorescent Carbon
Dot Purificatiord sectior) wascombinedwith 5 mL of a 20 mM solution of either PEIS

or bPEI in a 23 mL Teflofined stainlessteel autoclave andhe mixtures were
hydrothermally treated at 180 °C for 1drha programmable overfter treatment the
products were diluted with 10 mL of waté&or each passivating agent, functionalization

was conductedon four additionalaliquots of the asynth, electrochemically erived
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sample, thoroughly homogenizitige five samples of each type of passivated FCD prior
to purification following the procedures outlined in th@luorescent Carbon Dot

Purificatiord section below

Fluorescent Carbomot Purification

All assynth FCD samples (excluding the functionalized FCDs) were centrifugeld at 5
rpm for 30 min decanting the supernatant and discarding any sediment. The samples were
then dialyzed using 1, 3.5, 8, 15, or 50 kDa MWCO cellulose membranes. Initially, the
samples were dialyzed for 24 h against 0.5 or 1.0 L of exchange solvent to obtain a more
concentrated diafractionfor further studies. After this, the samples were dialyzed for an
additionalthree to fivedays against 1.5 L of solvengplenishingthe exchange solvent

every 24 h. The duration of dialysis varied with the synthetic approach but all samples were
dialyzed until theexchange solvewasvisually clear to the eye and did not display any
observable fluorescence using blue (405 nm) and greenni®3 laser pointers. For the
microwave and hydrothermallysynthesized FCDs, the samples were dialyzed against
ultrapure water while the electrochemically synthesized and functionalized FCDs were
dialyzed against 100 and 5050 voPb ethanoiwatersolutions respectivelyNote,for the
Arg-derived FCDsaliquotsof the retentand dial fractionswere pulled off 6 h into the

initial 24 h dialysis for further analysis. Additionally, more concentrated samples were used
to acquire the pictures of thétme-dependentdialyses to clearly illustrate the rapid
mobilization of by-products Select asynth samples were also subjected to
(ultra)filtration using FisherbrandE syrin
Millipore® 5121Amicon® ultrafiltr ation systemrfiodel 8010) employing 1, 10, or 100 kDa

MW(CO filter membranes. The filtrates were retained for further analysis.
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Gold Nanopatrticle Syntheses

Benchmark dialysis and ultrafiltration experiments were conductegblohnanoparticles
(Au NP9 of two different size regimes (126 nm and 57 nm) to clarify nanoscale
membrane permeability. To generate the largeNRs,asodium citrate reduction known

as the Turkevichmethod®’* was employed. Specifically, 1 mL of 5 mM HAuGkas
diluted in 18 mL of wger and the solution was brought to a boil in a round bottom flask
placed in a water batAemperature control was achieved to within 2 °C using a digital
stirring hotplate (Supeu o v a E ; Thermo Scient i ftypec E)
thermocouple immersed the water bathOnce boiling, 1 mL of a 0.5% sodium citrate
solution was added under stigiprovided by @ TFEcoated magnetic stir baspinning

at 300 rpm. he solution was heated until a color change was obsegtypitally,
clear/light yellow to purple)after which the round bottom flask was removed and allowed
to cool to ambient temperatu During this cooling period, the solution color changed from
dark purple to dark red. Water was added to théNRusolution to bring the volume back
to 20 mL, accounting for any solvent losses during boiling. To generate the smaller size
regime of AUNPs, reduction of At was accomplishedith sodium borohydride (NaBH

in the absence of a conventional cappiagprotocolrecently reported by the Astruc
group’® Specifically, 1 mL of freshly prepared 50 mA¢ueousNaBH; was added to 19
mL of 0.25 mM HAuUC} (1 mL of 5 mM HAuCkin 18 mL of water) at ambient temperature
and under magnetic stirrin@ TFEcoated magnetic stir baspinningat 300 rpm) Upon
NaBH; addtion, the solution rapidly changed from faint yellow to orange and over a few
hours the solution coldransitioned tadark orange/red The NaBH-generated AINPs

were allowed to ripen for 24 h prior to use. BothM® solutions were subjected to dialysis
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(against 0.5 L water) or ultrafiltration using 50 kDa or 100 kDa MWCO membranes,

respectively.

CharacterizationTechniques

Absorbance and steadyate fluorescencgpectrawere collected on a Hitachi-BO0O or
VarianCary® Bio 50 UV-vis spectrophotometer and atibaJobin Yvon Fluorolo§-3 or

Varian Cary Eclipse spectrofluorometer, respectively. All measurements were conducted
at ambient temperature using 1 cm (1.4 mL or 4 mL) fluorescence quartz cuvettes and all
samples were diluted nabsorbance at 350 naf 0.1 or lowerto minimize inner filter
effects.All spectroscopicatawereblank subtractedAdditionally, when applicablehe
fluorescencespectrawere corrected fordilution and inner filter effects with the latter

accounted fothrough the approximate correction factor below:

0 0 pi

whereFcor is the corrected fluorescence valuessis the observed (blank subtracted and
dilution corrected) fluorescencéex is the absorbance ohe sample at the excitation
wavelengthi(e., 375 nm), andfemis the absorbance at each wavelength over the emission
range collectedi.e., 385 650 nm).Excitation wavelengtiiependent wantum yield( G )
values were calculated using fleowing equation

O 00 ¢
O 00 ¢

where R and S stand for reference and sample respectivElystands for integrated
fluorescence intensity (calculated over the wavelength range of intéd&gtands for
optical density (at the excitation wavelengthused in the fluorescent measurements), and

n stands for refractive indegpecifically, quinine sulfate, coumarin 153, fluoresceamd
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rhodamine Bwere employedas reference fluorophoresith all relevantfluorophore
parameters utilized for the quantum yield determinatpyosided inTable 4.1 below.

Table 4.1 Reference fluorophores used to determine quantum yigldalues.

Fluorophore | Excitation a(nm) Solvent n U Rr (%) | Reference
Quinine sulfate 350 0.1MHSQ; | 1.343| 58 t
Coumarin 153 421 Ethanol 1.366| 38 I
Fluorescein 470 0.1 MNaOH | 1.336| 91 8
Rhodamine B 514 Water 1.334| 31 79

Transmission electron microscopy (TEM) studies were conducted on carbon coated copper
grids (Ted Pella, Inc01814F, support films, carbon typB, 400 mesh copper grid) using
aFEI® T e ¢ n éFBOEG2, Twin) microscope operated at a 300 kéd¢tronacceleratin

voltage.

Cell Viability by Sulforhodamine B Assay

The cell viabilities were evaluated based on shdorhodamine B (SRB) colorimetric
assay, as described in the literaft#&. For the assay, solutions of freshly isolated mice
embryonic fibroblasts (MEFhumanmammary glanépithelial cellderived fromaductal
carcinoma,metastatic pleural effusiosite (T-47D; ATCC® HTB-13 3 E and human
epithelial cells derived from eervicaladenocarcinoméHelLa ATCC® CCL-2E ) were
seeded into each well of a-9&ll plate (538 x 1Fc e | | s i Mulde€cds Modified f
EagleMediun/Newborn Calf Serursulture media) and allowed to adhere to the wells for
24hat37°Cinal0% C@t mosphere. The cell s were then
FCD concentrations (0.002 mg mL'! in saline solution, previously prepared by
dissoling 9 g NaCl in 1 L water) for 24 h at 37 °C in a 10%:@®nosphere. After FCD
treatment, the media was removed, the cells were washed twideB@tsolutionand the

surviving or adherent cells were fi»Xed in
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cold trichlaoacetic acid followed by an incubation periofdl hat 4 °C. Lastly, the cells

were washed with iceold waterfive times, dried, and then stained according to the SRB
colorimetric assay protocol. The protocol
SRB (in 1 vol% acetic acid solution) for 8 min at room temperature. Any unbound dye was
removed by washing the celfiive times with cold 1% acetic acid and the stained cells were
then dried. The absorbance of the dried stained cells was measured at 560 nm using a

microplate reader. Each FCD concentration was tested in triplicate (at minimum).

Metal lon Quenching Stuel

Stock solutions of the various metal salts with concentrations of at least 5 mM were
generated, which were then diluted to 3.1 mM. Theyash samples and their diadnd

retent fractions were diluted to an absorbance of approximately 0.1 at 37&where all
absorbance values were 0.09 + 0.03. For the metal screening tests, 100 pL of the 3.1 mM
metal salt solutions was added to a cuvette containing 3 mL of the above diluted solutions.
For the quenching titrations, the emission of the rife¢&l FCD slution (3 mL) wadirst
collected then a 10 pL addition of a 31 pMuagussolution of Hg* was added to give a

Hg?* concentration of ~100 nM and the emission wasaléected. This process was
repeatedhine additional times resulting in a final Figconentration of 1 uM. Next, nine
separate 10.5 pL additions of a 310 pMiaqussolution of Hg* were added to give Hg
concentrations of-2i 10 uM, after whichnine separate 11 pL additions of a 3.1 mM
aqueoussolution of Hg* were added to give HY concentrations of ~2A00 uM.
Emission spectra were collected after each aliquot &fWas addedAgain, spectroscopic

data for all quenching studies were blank subtracted Hrfth@escencespectrawere

dilution corrected, however, the spedn@m the quenching titrationserenot inner filter
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corrected as the metal (Hfyused for these studies showed no measurable absorbance over
375800 nm even at concentrations much higher (1 mM) than those used in the titrations

(maximum concentration of 100 uM)

Approximate GQD Molecular Weight Calculation

The approximate molecular weighif GQDs ranging in size fromtb 20 nm (presented

in Figure4.1C) were calculated from the equation below using the density of carbon atoms
in grapheneife., 3.21 x 18° C atomscm'2).82 For simplicity, the calcul&n was based on

completely spherical GQDs absent any heteroatom doping or functional groups.
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Results and Discussion

Literature Survey of FCD Purification Methods

Since the srendipitous discovery of nanoscale fluorescent carbons st Xuin 2004%

the number of articles published has grown exponentially (Figums), with the total
number of publications exceeding 3,500 by the end of 2016. lordentce with the
recommendationty Cayuelaet al, the publications have besagregatetto three FCD
subclassesi.€., CQDs, GQDs, CNDs) and are categorized according to their published
classification, with the exception that the CND subclass encoempdiss terms carbon
nanodots, carbon dots;ddts, and carbogenic dots. Figdt&B shows a random sampling

of more than 556 CD publications which aresorted according tthe reportegburification
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Figure 4.1(A) Trend showing the exponential rise in publications dealing with fluorescent

carbon dots (FCDs) over the past decade. (B) A sampling of over 550 FCD publications

categorized by their mode of purification. (C) An approximate molecular wiaegize

correlation suggesting that the use of <5 kDa molecular weightfEuMWCO)

membranes is inadequate for purifying these materials. The pink and blue lines demarcate

1 kDa and 5 kDa MWCOs, respectively, while the purple area represents the average FCD
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size aml ideal MWCOs that should be employed for membilaaeed FCD purification.

yThis is an approximation; there i s no uni\
size and a 3D mol ecul ar weight. The abbrev
filt. 0 = centrifugation and f exlttrraactti.oon =( i sno

extractioumk. OMWCOMWCO for dialysis not rep
separation; and AChromatogr. o0 = chromatog

specific MWCOs denote either dialysis or ultrafiltration as a means of purification.

and furthercategorized byhe synthetic camp (tepownvsbottomup). The experimental
details for over 300 of these publications are summarizéeisupporting information of

our publishedChem. Materarticle®* Note,many of the reported dialysis oltrafiltration
purification protocols also include centrifugation and/or filtrasteps prior to membrane
separationFigure4.1B illustrates a wide range of purification methods used in published
FCD reports. As demonstrat&erein more than half of these reports employ purification
procedures that are assuredly inadequatéadh ~12% of these representative examples
perform no purification whatsoever. To make matters worse, some go so far as to make the
false claim that avoiding purification is an advantage in some misguided belief that FCDs
are the sole product generatednSidering that bottorap approaches utilize molecular or
ill-defined €.g, food waste) carbon sources, the chemical transformations taking place
during synthesis may parallel those that transpire in the roasting of 8dtfamalting of
grain®9%2 or the boiling of sugaprotein solutions €.g, wort) where norenzymatic
browning .9, Maillard reaction, caramelization) occurs, for example. These
carbonization reactions are exceedingly complex and can produce thousands of identifiable
compounds, including melanoidins and other oligomeric or polymeric products, making
sideproduct formation during FCD synthesis a certainty. Indeed, recent reports have

shown that mild thermal treatment of common FCD precursors can yield highly fluorescent
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materials that @ molecular in naturee(g, polymers, soft gels) and display fluoresce
quantum vyields >609%>°" These observations are in accord with recent reports that
attribute observed fluorescence to organic fluorophore-miogucts***® making the
notion of exclusive formation of FCDs by bottamp approaches extremely improbable. In
fact, earlier reports suggested the low temperature production of highly fluorescent
polymeric productsvhile significantly higher temperaturesere requiredto generate a
Acarbogenic coreo, a feature associated wi
yield.}2 3 We note that while togown approachesiight be deduced to result in more
well-defined products and fewer impurities (most are derived from graphite, after all), this
does not exempt them from the need for purificatihich becomes even more critical
when postsynthetic functionalization steeinvolved.

Given the above discussianfull 20% of the surveyed literature (Figdt&B) employs
only centrifugation or bulk filtrationif. excluding membrane ultrafiltration using a
defined molecular weight cutff, MWCO) yielding insufficiently purified FCDsTo
efficiently remove starting materials and putative moleculapioglucts, a purification
approach involving either chromatograptseparation or dialysis with an appropriate
MWCO membrane is required. Unfortunately, nearly 30% of the surveyed literature
performed dialysis with a membrane MWCO of 5 kDa or below (Figure 1B), with 1 kDa
and 3.5 kDa MWCOs being the most popular choilceseality, larger MWCOs should be
employed to ensure efficient removal of large oligomeric or polymermrogucts. Figure
4.1C presents a highly approximate correlation between molecular weight and colloid size
for FCDs. The upper limit of the shadeelgion in Figure4.1C was adapted from a

Repliger? (formerly Spectrum Lal5§ technical not® and the lower limit is based on
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calculations for an unfunctionalized GQD using the density of carbon atoms found in
graphend? as described in th@&Approximate GQD Moledar Weight Calculatioa
subsection of th@Experimentab section aboveGiven that the average FCD size culled
from the references compiled in Figu4elB falls in the 838 nm range, with recent
estimates suggesting that the approximate molecular vs&fyBit10 nm GQDs fall in the
1530 kDa rangé&®'® purification with larger MWCO membranes isesired to
comprehensively remove organimolecular (especially, polymeric, supramolecular, or
aggregated) impurities and 4pyoducts, while retaining the desired nanoscale FCD
fraction. Indeed, notable examples exist in which 20 kDa+ MWCO membranes were
employed for purification without losing the target FCH%'%?

At this point, it must be stadehat nanoscale imaging (TEM or AFM analysis) of a
colloidal dispersion coupled with a steastate fluorescence study of the same sample is
incapable of determining the origin of the emissian,(moleculavsnanoscale). Consider,
for example, the folwing hypothetical scenariddnbeknownst to an investigator, a
colleague spikes a low concentration of an organic laser dye into their dispersion of well
defined but noffluorescent nanoparticles. Absent any possible quenching or excessive
scattering, thesample will emit brightly, as for a solution of the fluorescent dye itself.
Meanwhile, TEM imaging will reveal the presence of widfined nanoparticles. Being
organic in nature (low £ontrast), dilute, and small (typical laser dyes have molecular
weights from 300to 500 Da), the TEM will provide no indication that the laser dye is
present at all. Our hypothetical investigator can hardly be blamed for believing they have
evidently generated fluorescent nanoparticles. Of course, we know she or he hée been

unwitting victim of a laboratory prank. This contrived scenario, in fact, provides a
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surprisingly apt cautionary tale when interpreting the origin of luminescence fr6@2
containing sample. Thus, without adequate purification, one can neithetartthyficlaim

that FCDs are the primary product ribatthe origin of the observed photoluminescence
derives primarily from FCDs. In fact, to date, there is little direct evidence that the dots
themselves fluorescé et alone proof they are the sole or even principal photoluminescent
species present. Further complicating the matter, it was recently shown that, upon drying,
small organic compounds can form nanocrystals whose properties are disconcertingly

reminiscenof FCDs!% calling into question many published results on FCDs.

LuminescenCharacterizations of the GQAJ-derived Fractions
To further elucidate possible shortcomings and misconceptions arising from previous
literature reports on FCD synthesis, representative microWat¢;/>! hydrothermap?>8
and electrochemict® synthetic routesvere evaluated, with particular emphgslisced
on the microwavaenerated samples. Detailed experimental procedures for these
representative routes are providedffuorescent Carbon Dot Synthesamder the
AExperimentab sectionabove Themicrowavegenerated samples, synthesized from citric
acid (CA) and urea (U) in a 1:3 CA:U molar ratio (denote@€AsU), were subjectetb
dialysis (1, 3.5, 8, 15, or 50 kDa MWCO membranes) or (ultra)filtration purification
protocols (1, 10, or 100 kDa MW membranes; or 0.20 or 0.45 um pore size syringe
filters), after which the retentdial., and filtratefractions were characterized by their
steadystate fluorescence (Figur€sl andC.2) and wavelengtdependant quantum yields
(Figure4.2).

All the microwavegeneratedCAi U samplesi(e., retent, dial,, filtrates) displayed the

commonly reported excitation wavelengtBpendant emission with tdel. (FigureC.2B,
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Figure 4.2 Assessedluorescence quantum yields G/ U-derived samplesfollowing
fractionation via(A) dialysisor (B) (ultra)filtration. The retentresults are represented by
closedcirclesand dialffiltrate quantum yields are denoted by opacles These sets of
studiesreveal that the smaller species permeating the membranes are associated with the
majority of the fluorescence observed in thesysth samples while the reterfractions

show much weaker fluorescence

D, F, H, J) and filtrate (Figur€.1Bi F) fractionsdisplaying similar spectral features to the
assynth., nopurified sample (Figure C.1A) while the retent. fractiong={gureC.2A, C,

E, G, I) produced drastically weaker emission for samples of relatively comparable
absorptivity In generalall samples universally showed diminishing fluorescence emission

with increasing excitation wavelength. To better elucidate this behavior, multiexcitation
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wavelength fluorescencquantum yield determinations were made using excitation
wavelengths of 350, 42470, and 514 nm. The results, summarized in Figizeare
consistent with our previousbservations that as the excitation wavelength incretises
calculated quantum yieldenerally decreases marked@ly> 3 Figure 4.2A shows that
regardless of the membrane MWCO chosen for dialysis, the measured quantum yields of
the retent fractions (closedcircleg were drastically lower than those of thesysith
samples as well as those of ttial. fractions(opencircleg, which gave similar quantum
yields. From these results, we can infer that in popular microgemerated FCD samples
there exist at least two distinct populations of fluorophores: a population of molecular (<1
kDa) species responsible for the majority of the alesgfluorescence and a population of

l ow quantum yield emitters much | arger in
agueous dispersions of graphene oxide has been proposed to arise fremaje@dar
fluorophores, akin to polycyclic aromatic compols coupled to the graphitic surfa€é.

1051t is currently notpossible to rule out a similar quasblecular involvement in FCD
emission arising from organic fluorophore coupling at the carbon surface. The exact origin
and nature of FCD emission remains elusive, although histgritee observed FCD
fluorescence has been variously attributed to adeépendent quantum confinement effect

and surface functionalities/defedtédowever, there is mounting evidence that certain
FCDs are not in fact gquant udmnarefinsieads and
sugamolecular clusters comprising an assembly of individual monomeric organic
fluorophores contributing the bulk of the observed fluoresc&ht® %6In this light, the

two distinct populations of fluorophores each likely consist of a range of fluorophores that

combine to produce the observed bulk fluorescence. Similar conclusions carwbe dra
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Figure 4.3 Sequence ophotograpk showing the progress of dialysis for microwave
generatedCAi U (1:3) samples using a 1 kDa MWCO membrane. The rapid passage of

colored material through the membrane vividly illustrates the fact that large quantities of
small molecular (nomanoscale) byroducts result from bottomp microwave routes to
FCDs.

from the (ultra)filtration studies of the microwaygoducedCAi U samples, where the

guantum yields measured for the filtrates (FigugB) were comparable to or higher than

those of asynth material. This clearly demonstrates that the common practice of
purifying with a syringe filterd.g, 0. 20 e m) i s wholly inadequ:

purification whatsoever. Figures3 andC.3 further highlight the rapid mobilization of
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small molecular weight species through a 1 kDa membrane during dialysisabaave
producedCAi U (1:3) sample. It is noteworthy that when the retémm this 1 kDa
dialysis was subjected to further dialysis with a 50 kDa MWCO membrane (Figlire

no colored species were observed permgdhe membrane after 24 turther supporting
the notion that two distinct, sizisparate populations are generated for microwave

treatment of molecular species suclCas U.

Dialysis Membrane Nanoscale Permeability Tracking witiN&Rs

To clarify nanosc@ membrane permeability for a given MWCO, we performed
benchmark experiments involving the dialysis (50 kDa MWCO) and ultrafiltration (100
kDa MWCO) of weltdefined ~14 nm citratstabilized®’* Au nanoparticles (AINPS)
compared with ~6 nm borohydriggabilized AUNPS®. TEM micrographsof these Au

NPs are provided in Figu@.5. Conveniently, the localized surface plasmon resonance of
the AuNPs allowed us to track permeation through the membrane. Comparisonvig UV
spectra collected orhe dial. and filtrate fractions (Figure C.6) with spectra for
norfractionated parentAu NP samples reveals that neither 6 nm nor 14 nniNRa pass
through the 50 kDa dialysis membramehereas small amounts of both AP sizes
pemeate the 100 kDa ultrafiltration membrane, with the larger cistatalized AuUNPs
mobilizing to a lesser extent. This outcome suggests that nanoparticles inLthard
regime will not traverse a 50 kba MWCO membrane but may begin to pass a 100 kDa
MWCO membrane. Given a mean reported sizei®& B8m for FCDs, dialyses with a
membrane MWCO below 20 kDa is not recommended because there is potential for

retention of molecular bproducts in addition to the FCD fraction.
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Retentate Dialsate _

200m 200 nm : s
Figure 4.4 Representativd EM micrographdor the (AandC) retentatgretent.)and (B

andD) dialysate(dial.) fractions resulting from (AB) 1 kDa and (€D) 50 kDa dialysis

of samples produced by microwave treatmenCaf U (1:3). Some apparent FCDs are
visible inthe 1 kDa retent(marked bycyansquaresn panel A but proved difficult to
image due to the large quantity of-pyoduct residues. While the 50 kDa retgmbved

easier to image and the FCDs were more visually prominent, a significant amount of non
FCD material remained after purification. Some FCDs were visible in the 50 kDa dial
samples indicating that dialysis may not be capable of fully separating FCDs from organic

molecular byproducs.

Electron Microscopic Imaging Analyses of idAderived Fractims

Figure4 .4 presents representatiV&M micrographof the retent(A and C) and dial(B

and D) fractions resulting from 1 kDa and 50 kDa MWCO membrane dialysis of
microwavegeneratedCAI U material. Both retentfractions appear to contain FCDs,
however, the dots are often sequestered within amorphous deposits of undesired organic

materia) particularly for dialysis using a 1 kDa MWCO membrane (FighsA),
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demonstrating that 1 kDa is completely insufficient for removing organic residues.
Unfortunately, even when employing a 50 kDa MWCO membrane (F§d(®), non

FCD impurities still apparedon the TEM grid for the reterdample, suggesting that even

this high a MWCO membrane may not provide adequate purification. Botlird@ilons
appear to contain primarily organic -pyoducts that produced thin films on the grid,
especially when dialyzing against a 1 kDa membrane (Fig#B). No FCDs were
observedinthe 1 kDadial al t houghl it heo fpma tyimesgurettein | d s u
observation, were they present. FGk® structures were occasionally observed in3@e

kDa dial (Figure4.4D), although they were rare. Overall, these TEM studies demonstrate
that dialysis against membranes having a MWC&D «Da is most assedly insufficient,
although dialysis, in general, may be less than ideal due to the difficulty of separating the
target FCDs from molecular (oligor polymeric) byproducts, a situation exacerbated by
the possibility for supramolecular association ofamorganic fluorophore®: 46 106
Additional representativEEM micrograph®f theretent and dial fractions resulting from

the 1 kDa and 50 kbDa MWCO membrane dialysis of the microwaneratedCAI U

materialare provided in Figur€.7.

Fractionation and Spectroscopic Properties of Aagd CA EDA-derived Samples

To ascertain the prevalence of fluorescent organic impuritieprmucts) using other
synthetic routes, the fluorescence properties of products resulting from a hydrothermal
synthesis using-arginine (Arg¥?>®2 or citric acid and ethylenediamin€Ai EDA)>*%®
plusan electrochemical preparation from graptfittwere explord next. The details for
these synthetic routes can be foundiiuorescent Carbon Dot Synthedemder the

AExperimentad section All samples were subjected to dialysis as per the microwave
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synthesized FCDs, with the omission of the 3.5 kDa and 8 kDa MWCO membranes earlier
shown to be inadequate for FCD purification. In general, as was the case @hitbe
microwave FCDs, all samples displayed excitation waveledgtendant emission
(Figures C.8 andC.14) and fluorescence quantum yields (Figze® andC.17A), again
indicating a distribution of fluorophores, with the smaller species being the most
photoluminescent. Contrastingly, the hydrothermdéyivedCAT EDA samples displayed
excitaton wavelengthindependent emission (Figu€&11), a knowrbut rarer feature of
FCD photoluminescenée® %thought to arise from a more homogeneous fluorophore
composition. In spite of this key difference, the results for hydrothermaEOA-derived
products reinforce the conclusion thehall organic molecular bgroducts produce a
majority of the observed fluorescence and not nanoscale caffbignse C.12) Further
evidence that two spectroscopicatlistinct species are generated is provided in Figure
C.13, where the UWis spectra fothe retentfractions from 1 kDa or 50 kDa MWCO
membrane dialysis of QAJ- (panel A) and CA EDA-derived (panel B) FCDs are
markedly different from the parent samples and toeresponding dial. fractions
Specifically, for the CAU retent fractions the shoulders at 250 nm and 275 nm are no
longer evidentwhereas for the CREDA retent fractions the peak wavelength blueshifts

by approximately 10 nm.

We note that in prior reports employing dialysis for FCD purification, the duration or
conditions of difysis are frequently inadequate. Although a number of factors influence
the dialysis rate, standard protocols call for #2¥6h period of dialysis with multiple
change®f the exchange solvetiiroughout® Many reports involving FCD dialysis fail

to meet these standards, halting the dialysis, prematurely, for example. To shed light on
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this questionable practice, fractions of the .chald retentfrom Arg-derived hydrothermal
samples were collected afterabjisis for 6, 24, or 72 h (in the latter case, the exchange
solvent was changed every 24 h) and fluorescence quantum yields were measured (Figure
C.10). During the early stages of dialysis, the quantum yields of the .retahtdial
fractionswere relatiely similar. Over time, however, the quantum yield associated with
the retentbegan to drop off, regardless of the chosen MWCO membrane. These results are
further corroborated by timapse photos of the Arderived FCDs undergoing dialysis

with a 1 kDa MWCO membrane (Figur€.9). Clearly, these results demonstrate that 6 h

of dialysis is inadequate, regardless of the membrane MWCO employed, urging
researchers to not only employ an adequately large MWCO but also to allow dialysis to
proceed for at least 24 preferably with frequent changeithe exchangeolvent Indeed,
time-lapse photos of C&U FCD dialysis (Figureg¢.3 andC.3) reinforce this notion as

well.

Effects of Fractionation on the Luminescent Properties of Bare and Functionalized GQDs
Graphitized CQDs/GQDs are often functionalized with an afogrgaining passivating
agent, such adis(3aminopropyl) terminated polyethylene glycdPEGN)®® ©° or
branched polyethylenimine bPEI™% to improve their fluorescence features.
Problematically, howevethe majority of these reports perform no purification following
functionalization, suggesting that the observed fluorescence enhancemet¢naay at

least in part, from organic fluorescent impurities generated in situ. In fact, to date, there is
little irrefutable evidence that the observed fluorescence from FCD samples actually
originates from the CQD/GQD core or surface functionalityhendot and not from side

reactions or degradation of the passivating agent used for surface functionalization. To
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highlight this uncertainty, electrochemicallynthesized FCDs were hydrothermally

treated with PEGN (1.5 kDa) or bPEI (12 kDa) to functiondize the nanodots and the

resulting sampleswere subjected to dialysis and ultrafiltration purification. The
fluorescence emission spectra CdfandCH® Af unc
showed similar excitaticwavelength dependence as fherent materia{Figure C.14)

However, in general, the diabnd filtrate fractions displayed considerably higher
fluorescence quantum yields (Figued.7Bi C andC.18) than the corresponding retent

fractions (or norpurified functionalized samples), itrating that highlyfluorescent,

molecular byproducts do indeed form during surface functionalization of FCDs with

amine passivating agents. Thus, even-down syntheses of FCDs require careful

purification, particularly postfunctionalization with moldar capping agents.

Effectsof Purificationon Quenchometric Applications and Cell Viability Studies

The lack of proven and widelgdopted purification protocols to isolate FCDs free of
fluorescent contaminants leads to misconceptions aboupti@ivphysical properties and

will undoubtedly propagate errors and misinterpretations during their use in applications
that rely on their fluorescent natueed, sensors, bioimaging agents). As a first step toward
examining such a possibility, the queability of assynth.and dialyzed fractions.€.,

retent, dial.) of CATU (Figure 4.5) andCAT EDA (Figure C.19) derived samples were
evaluated using the transition metal ion€'CEe”*, and Hg*. To provide a basis for direct
headto-headcomparison, samples were diluted to an absorbance of 0.9 + 0.3 at 375 nm,
the excitation wavelength employed in the fluorescence quenching studies. For the three
metal ions tested, the reterftactionsproved to be more strongly quenched than the

norpurified samples or theorrespondinglial. fractions which were quenched to similar
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Figure 4.5 (A) Metal ion quenching studies conducted on tierowavetreatedCAi U

assynth sample and the corresponding retanddial. fractions. For the metal ions tested

(Cw*, Fe€*, or HgY), the retentfractionswer e quenched more ?strong
than thé& assynth or dial. counterparts whi | e t he quenching in t
CU** or FEé* was essentially identicadff all threefractions. (B) SterWolmer plots of HG"

titrations of CAI U-derived FCDs. These results reveal that improper purification can

clearly impact the performance of the investigated material, in this case masking the
analytical responsivity of thECDs (the limit of detection for Hgis 2 3 times better for

the retent fraction compared with the dial For all metal ion quenching studies, the
concentration of the FCD fractions was finc
(~0.1) at the excitaan wavelength (375 nm) employed in the fluorescence spectra

acquisitions
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extents. Although the differensén quenching behavior between the retemtd dial
fractionswere marginal for C4* and Fé*, the retentfraction was conspicuously more
responsive to Hg comparedo the dial fraction To further explore this behavior, Hg
guenching titrations were conducted on arsyash CAi U sample alongside the retent
and dial fractionsresulting from dialysis usg a 1 kDa MWCO membrane. Figu&B
provides representative Stékfolmer plots of H§* quenching of th€Ai U fluorescence
whereF, andF represent the fluorescence intensities in the absence and presenég of Hg
respectively. The limits of detection@D) wer e esti mated from
convention. For similar absorbances, the estimated LODs feyrdR, retent, anddial.

CAi U fractions were 607 nM, 229 nMand 1.53 pM, respectively. This outcome
demonstrates that the presence of moleculgrbguctscanmask the true responeéthe
FCDs, restricting their analytical potential. A larger implication of this result is that many
previous works may need to bevisited with more meticulous purification to validate or
refute the original findings.

Recently, Vinciet al demonstrated thatreorpurified FCD sample generated from the
oxidation of graphite nanofibers was substantially more toxic thaindhedual fractions
obtained from dialysis and HPLC fractionatit¥d an indication that sample complexity
can influence functional properties. In this light, thaotoxicities of asynth CAi U-
derived FCDs and their dialysis fractiong( retent, dial.) were evaluated using three
different cell lines: mice embryonic fibroblasts (MEFs; FigGt20), human breast cancer
cells(T-47D; FigureC.21), and HelLa cells (Figur€.22). Contrary to the results reported
by Vinci et al, regardless of the cell line studied or the membrane M\WW@@loyedfor

dialysis, no clear trends emerged when comparing the toxicities-éynés material with
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that of theretent and dial fractions. At this point, the relative cytotoxicities of nanocarbons
compared with those of the organic-pyoducts resulting from various synthetic routes
remains an open question.-depth cellular toxicity studies on chromatographycal
fractionated FCD samples are needed to truly understand the origin of any observed

cytotoxicity and to show cellular compatibility.

Improperinterpretation of Luminescent Characteristics due to Inner Filter Effects

Another fallacy cultivated in the literature entails the improper collection and interpretation
of FCD fluorescence emission. In some instances, FCDshwarelaimed to display red
emission due to the appearance of the sample under illumination. Inandrgse cases,

the red color is in fact a visual artifact arising from illumination of a concentrated solution
already brickred in color. This is illustrated in Figur€23 andC.24 for CAi U- and Arg
derived FCD samples. Comparing the emission spemtthd assynth Arg-derived FCDs

with results for 10 and 106fold diluted samples (FigureC.24), the emission is more
redshifted for the undiluted dispersion. This phenomenon, which arises from-the re
absorption of blueedge photons in highlgbsorbing slutions is well-known. In this case,

we note that although this secondary inner filter effect causes redshifted emission due to
attenuation of the blue edge, the emission color remains in the blue under UV excitation.
Clearly, the ruddy appearance of tinediluted Argderived FCD sample belies the true
emission color. FigureC.24D provides a comparison of the emission maxinmesn
excitation wavelength for the various dilutions of Atgrived FCDs, further highlighting

this distortion, revealing thapparent insensitivity to excitation wavelength from 3©0

500 nm, an artifact of sefbsorption. Although this distortion at high optical densities has

been documented in the literatdtéjt has escaped the attention of many researchers.
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Conclusions

The primary conclusion drawn from this syud that adequate purification of fluorescent
carbon dots, while frequently neglected, is absolutely critical to acquiring meaningful
results, especially for bottommp chemical synthesis involving molecular precurserg,(

citric acid, food wastes). liact, rigorous purification and fractionation is not needed solely
to properly characterize the performance of carbon dots but also to answer questions on the
hotly debated origin of their luminescence. Currently, purification practices have been
frequently inadequate, witthe majority of studies utilizing insufficient methodsey,
centrifugation, filtration), performing dialysis with inappropriageg( too low)molecular
weight cutoffs, or performing no separation step of any kind. Consequently, numerous
previous findings may be called into question and require careful revisitation. Certainly,
fluorescencébased applicationse(g, heavy metal detection, cellulamaging) will be
heavily impacted by the unaccounted presence of organic molecular fluorophores.

While some researchers have employed memHrased fractionation as a means for
successfully size separating carbon détst!*the majority ofthese examples involve the
fractionation of graphitic dots generated from-tiggvn approacbs(e.g, electrochemical
etching of graphite electrodes). This is noteworthy becauséaap formation of carbon
dots appears to be associated with fewer moledygproducts. In contrast, we provide
clear and abundant evidence thatampurified samples produced by bottamp synthess,
carbon dot emission is dominated by fluorescence from small molecular weight organic
fluorophores. Worse, even when performinglybkis with a membrane molecular weight
cutoff of 50 kDa, the complete removal of fluorescent organipimgucts putatively

formed alongside the carbon dots is not guaranteed. As pointed out byeGalng? as
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synthesized carbon dots are complex, multicomponent systems, suggesting that dialysis,
despite its convenience, may not be a satisfactory mode of purification in some instances.
Chromatographic techniques likely represémeé most analytically sound means for
fractionating these complex mixtie®: 199 11223 jjjystrated by the extensive HPLC
fractionation studies conducted by the Cafn'*411>and Chot!? 118122 groups, although
thesecurrently constitute less than 10% of the reported purification protocols for carbon
dots. One hallmark of such fractionation is, intuitively, a reduction in sample complexity.
Indeed, individual fractions genelsalpossess optical properties distinct fréme starting
mixture, such as excitation wavelengidependent emissiofl® 1*?What is needed now

is a scalable, analyticallpound, and vetted separation method that can arrive at high
purity, singlecomponent carbon dot samples in practical quantities (beyond latyorato
scale). This remains an unmet challertymvever, if the field of carbon dot research is to

continue unabatedt is a challenge that must be answered.
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Chapter 5: Reaction By-products Strike Again: Effects of
Membrane Dialysis on the Performance of CarborNanodot-

Sensitized MesoporousTiO >-based Photovoltaic Devices

A Teamaterial contained within thishapter(e.g, figures, data, analysi& derived from ananuscript tde
submitted to a yeto-be-determined, peereviewed journal Upon acceptancehe information contained

hereinshould be appropriately cited with theoper copyright holder.
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Scheme 5.1 Graphical abstract highlighting the impact that moleculaspimgducts

generated in FCD syntheses have on photosensitizer applications, particularly when
employed in photovoltaics
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Abstract

Fluorescent carbon dots have attracted widespread interest owitigeitounique
properties particularly their superlative optical characteristics, however, in recent years,
evidence has emergesliggesting some of these fluorescent features originate from
molecular byproducts, not the nanocarbons. In this work, a series of batpocarbon dot
syntheses were conducted and thesyaghesized samples were fractionated with
membranedialysis to yield two additional fractions; the dialysate fraction contgnin
reaction byproducts and the retentate fraction containing the desired nanocarbons. These
fractions were then employed pisotsensitizers in mesoporods$O,-based photovoltaic
devices to explore the effects purification hadigint-harvestingapplicatons. Our results
unequivocallyshow that reaction bgroducts ubiquitously generated photocurrent and,
thus, contributed to the observed performance for devices employingrperified, as
synthesized fraction. Furthermore, in one precursor system, akecutar byproducts

were responsible for the majority of the photocurrent and device performance, while in
another system, the performance of the nanocacbataining retentate fraction was
markedly higher than the performance of its parergyashesizd sample. These results
draw further attention to and clearly highlight the dire need for a uniformly implemented
tactical change in carbon dot syntheses from purificéties to rigorous fractionation

protocols.

Introduction
Fluorescent carbon dots (FODsvhich constitute the newest addition to the nanoscale
carbon family, have been the focus of intensive research in recent years due to their

purportedly unique and useful optical featdnesas well as preferential properties over
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other quantum dot (QD) systems.d, CdS)*® This subclass of the nanoscale carbon
family encompasses many classifications fluorescent nanocarbons.g, carbon
(nano)dots, carbon QDs, graphene QDs), with the literature suggesting that these materials
can be produced through a myriad of-ttgwn or bottoraup approaches, where the
appropriate thermal treatment wiftually any carborcontaining precursor professedly
results in FCDs. For example, FCDs have been reported to originate from ditfates,
saccharidesy(g, glucose, chitosarff;*® biomass, ! and even human urirfé Due to their
facile preparation and putatively promising characteristics, research on FCDensaw
exponential explosion in published works, however, the unbridled zeal and precipitous
publication rate organically produced several uncritical, unsubstantiated, and detrimental
claims and misconceptions entering the literature record. As has beerupheypointed
out, in many instances, revisiting prior work with more scientific rigor is warranted, in
particular, employing proper characterization, consistent nomenclature, and, most of all,
meticulous purificatiof>?* however, such practices have yet s$ee widespread
implemenation

While FCDs are reported to possess intriguing photophysical properties, the exact
origin of these materialsd fluorescence re
lack of consistent and methodical purification, where ineffective and uncoatedaneans
are frequently employed, or worse, missing altogether. Historically, the emission
characteristics observed from these materiale haen attributed to variations in physical
and chemical properties such as nanocarbon core esitent of conjugtion, surface
functionality/defects, or heteroatora.g, O, N, S) doping>?® although, in recent years

several researchers have alluded to the need for the reduction of sample complexity via
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efficient and casistent separation procedures to illuminate the true origin of FCD
fluorescencé¥3* Exacerbating the issue is the mounting evidence that the fluorescence
associated with FCDs originates significantly from molecular/oligomeHgrbglucts that
aregenerated alongside the nanoscale carBoAs*° where the properties of molecular
by-productaggregatesesemble the reportatharacteristics of FCD¥;*?> making a unified
purification approach all the more pressffi¢ndeed, a variety of citric acid (CA) derived
molecularemitters*® 4**°such as 2pyridone derivatives, have been identified;drpducts
originating from the direct thermal degradation of€ér from CA reacted with a range
of N- or S-containing, heteroatom dopartts***° Furthermore, works not attempting FCD
formation synthesized these exact (or structurally related) molecular fluorophores through
the reaction of CA with similar Nor S-containing precursors:>

Although FCDs are commonly employed in fluorescelbased applications, their
other reported photophysical and electronic properties such as high molar absorptivity and
tunable visible [jht absorption (typically via MS-doping), as well as redox,
donor/acceptor, and charge transfer capabilities, have resulted in significant interest in
exploiting these properties in energy applicatiths) particular, in a wide range of
photovoltaic (PV) architecturé$> Specifically, these materials are of keen interest as the
sole or cdlight harvester in sensitized (typicaliypetatoxide-based) PV cells due to their
intriguing optical properties, appropriate band alignments, and ability to inject charges into
the semiconductore(g, TiOy).14 2021 5877 Since this area was last comprehensively
reviewed>® "®additional works have emerged employing FCDs as the sole sedsifizer
1819, 7984 or in tandem with a dy¥;*® 8% &where the highest report@dwer conversion

efficiendes(d) employng FCDs as the sole sensitizer were betweenari8.9%°5" 8384
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Specifically, Wanget al reported a maximung of 0.79% employing Nloped CDs
(thermally derived from citric acid and ammonis the sensitizer in devices with an
architecture of FT@nhesoporous TigTiO2 scattering layer/gel electrolyte/Pt, where the
observed performance was dependemtthe precursor mass rafib.Carolan and co
workers reported a comparalgeof 0.80% employing Nloped CQDs generated \tiae
application of a direct curreritmospherigpressure microplasma to an aqueous solution
of citric acid and ethylenediamine, where the CQDs werizetilas the photoactive layer
in solid-state devices with an architecture of ITO/compactlQDs/Au® Zhanget al.
further pushed thg to 0.87% by hydrothermigl treating citric acid and ethylenediamine
in the presence of a Tidlm andemployirg the CQDsensitized photoanodes in devices
with an architecture of FTO/mesoporous Fi0QDs/S' :S# /Cu,S/brass$? Unfortunately,
many of the FCD works focused on enelmsed applications, particularly sensitizer
centered PV explorations, fell victim to the unsubstantiated but perpetuated notion that
filtration and centrifugation are sufficient modes of fication, begging the question, are
the FCDs themselves or their reactmpproductsresponsible for the PV action observed
in photesensitizerdrivenapplication®

As an extension to our previous work, in which we unequivocally demonstrated the
importane of adequate purification to generate meaningful, dreerresults, particularly
with regard to luminescent characterizations of FCD&gerein, we present our findings
on the effects that extensive purification with dialysis membranesrhthe performance
metrics of PV devices employing molecularlerived FCD fractions as the sole
semiconductor sensitizer. The results disseminated dveng further attention to this

detrimental purification issue, demonstrating that reactieprbgucts impact the observed
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performance i n PV dsensilizedensesopniss elidanoparticléd F C D 0
films. Four representative FCD synthetic protocaisre exploredwhere two of the
employed protocols have been reported to result in FCDs that function as
photosensitizers ¢” while the otherwo protocols derive from a common microwave
approachk® 22and a solvothermal synthesis reported to generate duabinideedemitting

FCDs® Specifically, the sample precursors consisted of citric acid angONHL-

arginine, citric acid and urea, and glutathione in formamide, which are abbrevi@&tad as

NH4OH, Arg, CAT U, andGSH F, respetively, throughout the remainder of the text.

Experimental

Materials and Reagents

Anhydrous <citric acid (791725, 099.5%), u
(221228, 28.030.0% NHbasis),,.-gl ut at hi one reduced (G4251,
(F9037, 099.5%), and titanium tetrachl ori d:
Aldrich (St. Louis, MO).L.-ar gi ni ne (BP2505500, 09 9 %, frei
099.5%), isopr op andrdchlorc/did 31442029 96.538%0%), hy
sulfuric acid (A30&-212 95.0 98.0 w/w%), anthracite coal (S26610), and syringe filters
(09-719C, 0.20 um porsizg were acquired from Fisher Scientific (Pittsburg, PA). Ethanol

(2716, 200 proof) was procured froBecon Labs Inc, (King of Prussia, PA) and
regenerated cellulose dialysis membranes with molecular weigbffs(MWCOSs) of 15

and 50 kDa (Spectra/Por7, 132124 and 132130, respectively) were acquired from
Repliger® (formerly Spectrum Lal§§ Rancho Dominguez, CA). Ahemicals were used

as received. Ultrapure Millipore water po

employed for all aqueous solutions and substrate rinsing. The specific materials used for
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the fabrication of PV devices and their sources are providide iV Device Preparation

and Assembly sulsection below.

Fluorescent Carbon Dot Synthaesand Purification

Thermal Treatment of Citric Acith Ammonium Hydroxide

N-doped FCD samples were generated following a reported protocol in which the obtained
materialhad beeremployed as a photosensitizer in mesoporous-baded devicey.
Specifically, 4 g of citric acid (CA) and 1 g of ammonium hydroxide {8H) wee
dissolved in 10 mL of wateiThe mixture was transferred to a porcelain crucible and then
thermally treated at 200 °C for 3 h in a programmable oven. Upon natural cooling, the
resultant carbogenjroduct was dispersed withiZZb mL of acetonandthe crucible was
rinsedconsecutivelywith 10- and 5mL aliquots of acetone to collect as much product as
possible the three fractiongere combined, totalingpproximately 40 mL of sample. The
synthesiswas replicated 1911 times to give a total of 1Q2 individual syntheses per
sample batch, which were all homogenized before proceeding. Note, substantial
sedimentation was observed in the samples shortly after redispersion, therefore, once the
samples war homogenized, the entire volurf@®0' 480 mL)wasleft undisturbed for 16

30 min. The acetondispersed supernatant was carefully decanted into 50 mL falcon tubes
and centrifuged at 9k rpm for 15 min, after which the supernatant was again carefully
decantd and all sediment stemming from the reaction was discarded. Although the
sediment did not disperse well in acetone and, thuspataxplored in this work, we note

that it appeared to disperse fairly well in water so the sediment material may not consist
solely of large carbon structures. After centrifugation, typically 50 mL of the supernatant,

with an average concentration of 35 mg'fkvas retained for studies of thesygithesized
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(assynth.) fraction while the remaining solution volume was conceuraia rotary
evaporation (25 °C, <100 mbar) to a volume of 50 mL for purification with dialysis.
Initially, samples were dialyzed against water, however, as our studies progressed,
substantial irreproducibility in performance was observed, which arose dpparent
waterinduced irreversible aggregation, as directed studitesconfirmed FigureD.17).
Attempts were made to dialyze the samples against acetone, however, the solvent proved
too harsh on the cellulose membranes, leading to severe meméaiagd and even
complete membrane failured., catastrophic rupturing). We found that a mixed solvent
system of 50:50 vol% acetone:etha(lelOH) worked wellasthe acetone content kept the
material dispersed while the presenc&t®H alleviated the issues previously encountered
with 100% acetone. Therefore, the concentrated supernatant fractidsO (4.) was
dialyzed against 2 L of a 50:50 vol% acet@i®@H mixture with a 50 kDa MWCO
membrane and thexchange solvenivas refreshed daily for one week. The material
permeating the membrane into #hehange solvemtver the first 23 days of dialysis was
collected, concentrated, and, eventually, dried via roteapa@ration (50 °C, <100 mbar).
Once all the solvent was visibly removed, the sample was rotovaped under the same
conditions for 3 h to ensure adequate removal oE#lIH and the dried material was
redispersed in 50 mL of acetone to yield the dialysatd.Jdraction. Upon completion of
dialysis, the material retained within the membrane was collected and treated in a similar
fashion to the dialfraction to yield the retentate (retent.) fractibnactionconcentrations

were assessed by adding 1 mL diuson to premassed scintillation vials, driving off the
solvent at ~65 °C, drying the material at ~80 °C far48th, and ranassing the vials to

determine theanaterial quantitydelivered in 1 mL. All concentration assessments were
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conducted in triplicatand vials were massed multiple times throughout the drying period,
stopping the drying once the mass values were consistent with the previous assessment.
The parent solutions of the three fractions were diluted to 5, 10, or 30 Aignnil00%

acetone or &:50 vol% aceton&tOH for sensitization of Ti@films. Due to the poor yield

of this reaction (~1% or less), the highest concentration of retentate that could be obtained
that still yielded a workable volume was 5 mg'miNote, irreversible sedimentatiovas
observed in asynth. solutions of concentrations higher than 30 mgtpas well as the 5

mg mL'!retent. solutions.

Solvothermal Treatments of Arginine and Glutathibioemamide

Two reported solvothermal approaches using distmetursors were explored: (i}

arginine (Arg) and (iiL-glutathione (GSH) in formamide (F). The product resulting from

the former approach has been reported as a photosensitizer in mesoporshaséiD

devices® while the product from the latter approach is reported to exhibit strong

absorbancand fluorescencen the visible region, particularly two distinct peaks at red

wavelengthg® features that were verifidgd-house(Figure D.1).

() The Argderived samples were prepared by dispersing 013&amginine in 10 mLof
EtOH via brief (<5 min) bath sonication and transferring the dispersion to a 23 mL
Teflonrlined stainlessteel autoclave foa 6 hsolvothermal treatment at 200 € a
programmable oven. After treatment, a vibrant orange solution was obtained, which
was carefully poured out atloe Teflon sleeve was rinsed with-afh aliquot ofEtOH,
combining the rinse with the orange solution. The synthesis was replicated at least nine
additional times and the resulting orange solutions were homogenized to generate one

sample batch. The homegized products were placed in 50 mL Falcon tubes and
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centrifuged at 9k rpm for 15 min, although, in all syntheses conducted, little to no
sediment was obtained upon centrifugation. Regardless, the solutions were carefully
decanted out to leave arpotental sediment behind. The solutions were then
homogenized again and, typically, 50 mL of this homogenized solution, with an
average concentration of ~18 mg rhLwas retained for studies of the-ggth.
fraction, with approximately half of this volume beipgssed through aZ ¢ npore
sizesyringe filter to generate a filtered-agnth. fraction (denoted dassynth. filt.0).

The remaining solution volume was concentrated via rotary evaporation (50 °C, <100
mbar) to a volume of 40 mL for purification withalysis. Similar to th&€ AT NH4OH
samples, initial studies showed thiaé tArgderived samples may also be negatively
impacted by water (data not shown) as only a few mg of retentate were obtained even
when dialyzing with a 15 kDa MWCO membrane, thereftiie samples explored in

this work were dialyzed against absolE©H. Specifically, the concentrated samples
(40i 50 mL) were dialyzed against 2 L BfOH with a 50 kDa MWCO membrane and
theexchange solventas refreshed daily for one week. Due to the low concentrations
this precursor system yields, the material permeating the membrane istaltizege
solventwas collected and concentrated via rotary evaporation (50 °C, <100 mbar) for
the entire dialysis griod, although by thdourth to fifth day, very little material
appeared to still be permeating the membrane. Upon completion of dialysis, the final
round of solvent was combined with the previously concentrated fractions and again
concentrated via rotargvaporation (50 °C, <100 mbar) to 50 mL to yield the dial.
fraction. The parent solutions of the@mth., assynth. filt., and dial. fractions were

diluted to 10 mg mLtin EtOHfor sensitization of Ti@films. Additionally, the original
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40 mL of samplglaced on dialysis was collected from the membrane and concentrated
via rotary evaporation (50 °C, <100 mbar) té 15 mL to yield the 10 mg miLretent.
fraction employed for sensitization of Tidilms. Solution concentrations were
assessed in a similafashion to the CAiNH4sOH samples. Note, irreversible
sedimentation, in the form of a light orange to tan powder, was observed in all fractions
days after synthesis with some electroless deposition occurring when stored in plastic
Falcon tubes.

Furthermorethe generation of a disor bearshaped, dark red to brown solid was
consistently observed in the bottom of the Teflon sledier solvothermal treatment.
The formation of this insoluble materialvas attributed to the significant quantity of
sedimented, solid Argn the sleeve prior to synthesis, as they concentration
employed in the synthes{85 mg mL'Y) is well beyondthe solubility limit of Arg in
EtOH. The solid product was only sparinglglgble to insoluble in most conventional
solvents, specifically, water, methand@tOH, isopropanol, acetone, acetonitrile,
dichloromethane, dimethylformamide, dimethylsulfoxid@MSO), tetrahydrofuran,
chloroform, toluene, and hexane, with higher appasattbilities in more polar
solvents. The solid pellets appeared most solub2MiISO, yielding a concentration
of ~8 mg mL'%. TiO; films were sensitized in this solution and PV characterizations
were conducted, however, the performance was comparalhattoftthe asynth.
fraction (TableD.1), therefore, the solid pellets were not explored any furtlzstly,
although different concentrations of the Arg fractions were not extensively explored, a
30 mg ml'! assynth. solution was tested and the incréaseoncentration led tora

increase iNVocto over 0.6 V (Tabld®.1), therefore, based on the observed re$oits
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the 10mg mL' * fractions a purified retent. fraction of higher concentration may yield
further improvements iperformance, if the photocurrent also increases.

(i) TheGSH F-derived samples were prepared by dissolving approximately 100 img of
glutathionein 10 mL of formamide and solvothermally treating this solutamm hat
180 °C in a 23 mL Teflofined stainlessteel autoclave placed in a programmable
oven. After treament and natural cooling, the viscous, greehisttk samples were
collected and the sleeves were rinsed with twol5aliquots of water, combining the
rinses with the parent sample. The synthesis was replicated at least nine additional
times and the re#ting solutions were homogenized to generate one sample batch. The
homogenized products were placed in 50 mL Falcon tubes and centrifuged at 9k rpm
for 15 min and the supernatants were decanted into a single flask to homogenize again.
Then 4050 mL of thishomogenized solution was placed on dialysis again$21.5
of water with a 50 kDa MWCO membrane and #&xehange solvenwvas refreshed
daily for one week. The remaining solution volume was set aside-gymds. studies.
The material permeating the merabe into theexchange solveraver the first 23
days of dialysis was collected and concentrated via rotary evaporation (50 °C, <100
mbar). Upon completion of dialysis, the material retained within the membrane was
collected and the solution was lyophdd:to obtain a solid powder. Due to the diffieult
to-remove formamide content in thesmth. and dial. fractions of this sample system,
solid powders could not be obtained for these fractitveseforethe solutions were
rotovaped (50 °C, <100 mbar)fe3h so that the samples weatspersedn essentially
100% formamide and then the solutions were dil@&éold with water. These 50:50

vol% formamide:water solutions of the-sgnth. and dial. fractions were used as is for
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sensitization of Ti@while a10 mg ml'! aqueous solution of the retent. fraction was
preparedor sensitizationNote, irreversible sedimentation, in the form of a green to
black powder, was observed in all fractions days after synthesis and extensive
electroless deposition of green to black colored thin films occurred regardless if the

solutions were stored in [@c Falcon tubes or glass scintillation vials.

Domestic Microwave Treatment of Citric Acid and Urea

Following a common and widely reported prototof?? FCDs were synthesized from

citric acid (CA) and urea (U) in a 1:3 CA:U molar ratio using a 900 W Frigidaire domestic
microwave oven. Specifically, 6 g of CA and 6 g of U were dissolved in 20 mL of water in

a round bottom flask stabilized in a beaker #resolution was treated in the microwave

on the default power setting (100% power) for 5 min, forming a charred, porous product.
The resultant carbonaceous material was dissolved in 50 mL of water and the round bottom
flask was rinsed with two addition&0 mL aliquots of water to ensure adequate removal

of all the product, homogenizing these three fractions. The homogenized solution was
placed in 50 mL Falcon tubes, centrifuged at 9k rpm for 15 min, and the supernatants were
decanted into a single flas& homogenize again. Theni&D mL of this homogenized
solution was placed on dialysis against 2.5 of water with a 50 kDa MWCO membrane

and theexchange solventas refreshed daily for one week. The remaining solution volume
was set aside for aynth. studies or additional dialysis. The material permeating the
membrane into thexchange solvenmbver the first 24 h of dialysis was collected and
concentrated viaotary evaporation (50 °C, <100 mbar) to yield the dial. fraction. Upon
completion of dialysis, the material retained within the membrane was collected and this

solution, as well as the &ynth. and dial. fractions, were lyophilized to obtain solid
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powders Then 10 mg mi! aqueous solutions of these fractions were prepared for
sensitization of Ti@ Note, minor irreversible sedimentation was observed in all fractions

1i 2 weeks after synthesis.

Acid Oxidation of Coal to GQDs

Coalderived graphene quantum dot(GQD9 were generated following a reported
protocol®® Specifically, anthracite coal wéisst coarsely crushed with a hamniellowed

by fine pulverizatorowi t h a pl asti c, h a ® ohdhod thedpulverzed| | mi |
coal was suspended in a mixture of concentrated sulfuric (60 mL) and nitric (2id&)

The suspension was bath sonicated for 2 h and then lieathat 100 °C under reflux

and stirring inan improvised sand bath consisting of an anodized alumiraund cake

pan (Fat Daddio®§ filled with coppercoated airgun BBs (0.177 calibe€rosmaff
Copperhead). Temperature control was achieved to within 2 °C using a digital stirring
hotplate (SupeNuov aE; Ther mo Sci ent-iyfeithermycoumeo nne c't
immersed in the BBw/hile girring (250 rpm)was providedy a PTFEcoated magetic

stir barplaced within the rountdottom flask After the 24 h refluxing periodhe solution

was allowed taaturallycool and the product wasowly poured over ~12 large ice cubes

(~200 mL of solid ice). The reaction flask was rinsed multiple tiva#is water and the

rinses (totaling 100 mL) were combined with the above solution. NaOH pellets were slowly

and carefullyadded to the product solution until the pH was near 7. The neutralized solution

was gravimetricallfiltered (Fisherbrangl filter pager, 09801C, P5, medium porosity),

however, due to the high salt concentration, salt crystallization occurred immediately upon
pouring into the filter paper. Therefore, multiple pieces of filter paper were used and

copious amounts of water was passed thinailne filter paper to ensure that nearly all the
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sample had beeiiltered, whichresulted in over 1.5 L of solutiofhus, the sample was
concentrated via rotary evaporation (50 °C, <100 mbar) to decrease the voludglto <

and then 4050 mL fractions of the sample were dialyZeda weekagainst 1.5 L of water

using a 50 kDa MWCO membrane, refreshingakehange solvertaily. Due to the large
volume, dialysisof the entire samplevas conducted over a period of weekhtain a
workable volume of a reasonably concentrated solution. Once a few hundred mL of the
retent. fraction were collected, the solution was concentrated via rotary evaporation (50 °C,
<100 mbar) to <40 mL and the sample was lyophilized to obtain@moider. Then 10

mg mL'! agqueoussolutions of the purified GQDs were prepared for 24 h sensitization of

TiOo.

PhotovoltaicDevice Preparation and Assembly

TECE 7 fdopedadtin dxidee(FTO) coated glass was sourced from Pilkington Glass
(Toledo,OH). he | arge gl ass sheets (120 x 120) w
0.6700 or ~25 mm x 17 mm) with a | aborator)
MSE Supplies (Tucson, AZ). The cut glass was then cleaned by sequentially sonicating the
substrags for 60 min in a dilute solution of Alcor®dxetergent (0.5 wt%), an ethanolic

solution of 0.1 M HCI, isopropanol, and acetone. After cleaning with detergent and
ethanolic HCI, the glass was thoroughly rinsed with whtfore proceedingnd after

sonication in acetone the substrates were dried uprightt @D5C. The substrates were

then placed in a 40 mM aqousTiCls solution for 40 min at 70 °C (FTO side up), after

which the treated substrates were rinsed with watdrEtOH and dried upright ati5D

°C. Transparent titania (TKD paste, sourced fror@reatCellEnergy’ (MS002010) or

SigmaAldrich (791547), was applied to the FTO side of the glass via a Doctor blade
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approach using precut definethé filmasea. Kie adhesite0 0 € m
backed, removable maskswerefcut om a 120 x 4 8®rrreomllumo Vi mlyad d
-Removabl e using OrGricutMakefEmaphinesviteeaoh indivisual

mask possessimjut er di mensions of 10 x O0.6%2000 (or
cm x 1 cm) centered window. After carefully removing the masks, the filmsaileveed

to relaxat room temperature in the dark for 24 h aretethen driel in a programmable

oven at 125 °C and 200 °C for 24 and 4 h, respectively. Lastly, the dried films were sintered

in a muffle furnace at 525 °C for 1 h using a ramp rate of 1 °C'nAifter the 1 h sintering

period, the furnace was shut off and alloweadol naturally with the films inside. The

TiO2 films were then sensitized foi 24 h in the FCD fractions depending on the exact

sample and study being conducted. Specifically, thed€dved fractionsi(e. CAI

NH4OH, CAi U) were sensitized for 2 h, the Arg fractions for 12 h, andGis& F

fractions for 24 h. These sensitization times were chosen based on reported times in the
literaturd® ¢ as well as the results of 24 h uptake studies (FigDrgisD.5). Pt counter

electrodes were prepared on precleaned-Ed&ed glass by masking off a trough with 2

|l ayers of ScotchE br an d1, 008216Great@etEnaagfprl yi n g
791512, SigmaAldrich) via the Doctor blade technique. After cargfuemoving the tape,

the films were dried at 7000 °C for 24 h and then fired at 450 °C for 1 h in a muffle
furnace. Devices were then assembled by sandwiching-metied DuPotE Surlyr® 60

em spacer (-80edourcedfrom SolarbnixAubonriyitzerland) between a
FCD-sensitized Ti@ photoanode and a Pt counter electrode. Prior to clamping the device
shut with 10 binder cl'/idpexox corpleglodolytoANOt e ¢ on

from Solaroniy was injected in between the electrodes. The external areas of the devices
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were carefully wiped down with an EtGHfo aked Ki mwi peE to r emov

electrolyte and potential light scattering contaminants.

Sensitized'iO Film Characterizations

Absorkance spectra of bare and sensitized. Tils were collected onreAligent® Cary®

60 UV-vis spectrophotometer from 200 to 1100 nm prior to device assembly gPdquie

of all sensitized films were also collected. For the tempogal 2, 4, 6, 8, 12, 24 h) uptake
studies, films were placed in the sensitizer solutions for 2 h and, upon removal, rinsed with
the appropriate solven€A1 NH4sOH: acetone; ArgetOH; CAi U andGSH F: water) and

dried under ambient conditions. UXs spectra were then collected and the films were
placed back in the sensitizer solutions for another 2 h to yield 4 h of total sensitization time.
This process was repeated for additional 2, 2, 4,1&htl intervals such that the total
sensitization time was 6, 8, 12, and 24 h, respectively. The temporal uptake studies for each
fraction were conducted in triplicate and the absorbance spectra for each time interval were
averaged prior to further analgsiSince many of the fractions for the different precursor
systems did not display distinct absorbance peaks and, within each precursor system, the
fractions often had markedly different absorbance spectra, single peak (or wavelength)
tracking was not po#sle for a proper comparison of the uptake .rateerefore, the area

of the absorbance spectra was calculated (typically betweemard®®0 nm) and the
natural logarithm of the ratio of the sensitized film absorbance area at tifkg,to (its
respectie bare TiQ absorbance aread) was calculated and plotted asAmo) vs

sensitization time.

142



PhotovoltaicDevice Characterizations

Solar irradiation (1 sun or 100 mW twas simulated with a Newp8rOriel® LCS-

100E solar smulator (94011AES) equipped with &lewporf AM1.5G air mass filter
(81088ALCS) and calibrated with a certified Newgb@riel® silicon reference cell and

meter (91150V).Current 0l t age data were coll ected with
andOriel® I-V Test Station software under revetsias fromi 0.20 to 0.75 V at 0.08 V' s

Lwith a 0.5 s presweep delay and 30 ms dwell time per voltage increment. Select metrics,
specifically, efficiency ), shortcircuit current densityJsc), opencircuit voltage YVoc),

and fill factor (FF), for all characterized devices are provided in TaileMonochromatic

light for external quantum efficiency (EQE) measurements was generated with a 300 W

Xe arc lamp whose collimated irradiation was directed througho2&50 nm longpass

filters prior to wavelength selection with a New§o@S 130 dual grating monochromator

using only Aigrating 2 (blaze: 500, grating lines: 1200). The power density at each
wavelengthi(e., 300'800 nm every 10 nm) was measured with avplert® power meter

(1936 R) equipped with a UV silicon detector (91-&D/-OD3R). For the collection of the

power density readings, the monochromator and power meter were simultaneously
controll ed wiQEhBadicesaftwaner TtheévsmvelEnmgtemendendsc values

were measured with the Keithl eOref2-¥Te8t Sour c
Stationsoftware collecting 180 Jsc values at each wavelength while holding the voltage

at 0 V with a 0.5 s premeasurent delay and 1 s dwell tinperdata point. The collected

Jsc values for each wavelength were averaged and the resulting photocurrent was used in
the foll owing equation to cal g wheeRnesthe he EQI

measured powetensity at each of these wavelengths.
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CAI NH4OH Dialysatespiked Retentate Studies

For theCAi NH4OH dial. spiking of retent. solutions, 1 or 5 mg 'hcetonedispersed

CAI NH4OH retent. solutions were prepared and the solution volume was reduced by half
via rotary evaporation (25 °C, <100 mbar). An appropriate volume of 10 rhatétone
dispersedCAi NH4OH dial. solution was then added such that thal filial. concentration

would be 1 mg mL! upon diluting the sample back to its starting volume with acetone.
TiOz2 films were sensitized in this solution for 2 h and characterized in a similar fashion to
all other films described herein. This process wapeated to vyield final dial.
concentrations of 2.5, 5, 10, or 30 mg 'tin the 1 or 5 mg mi! retent. solutions. Note,

to yield spiked dial. concentrations of 10 and 30 md*mndial. stock solutions of 60 mg
mL"?or higher were employed. Ethanolic sotuis of the 30 mg mit dial.-spiked 1 or 5

mg mL'! retent. samples were also prepared and studied. These solutions were generated
by reducing the volume of the aforementioned solutions by half via rotary evaporation (25

°C, <100 mbar) and replacing the rerad acetone witlEtOH to yield samples dispersed

in 50:50 vol% acetonEtOH.

Mass Spectrometric Analyses

For the mass spectrometric analyses, 5 m§tratjueousstocks of theCAi NH4OH and
CAiI U assynth. fractionsand their precursors (note, théAi NH4sOH precursor only
contained neat CAyere prepared and the solutions were appropriately diluted for analysis.
Mass spectrometry (MS) was performed using an Applied Biosystems Marine

orthogonal timeof-flight (TOF) instrument operated under positive ion mode, employing
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an electrospray iamation (ESl)source for sample introduction. Spectra were typically
acquired and averaged over a 30 s interval having a constant total ion ceunstitiment
was mass calibrated externally using a series of Csl adducts between 126 andz1166

MS data was processed using the AB Sciex Data Exflecétware.

Results and Discussion

Spectroscopic Studies of FCD Fraction Uptake by.TiO

For all precursor systems, the-agnthesized, unfractionated samples (denoted as as
synth.) were subjected to extensive purification via membrane dialysis using a 50 kDa
MWCO cellulose membrane (seéhe fiFluorescent Carbon Dot SyntheSesubsection

under thefiExperimentab sectionabovefor specific details) to obtain a purified FED
containing fraction i(e., retentate or retent.) and a fraction consisting of readtien
productg(i.e., dialysate or dial.). The three fractiomg( assynth., retent., dial.) werthen
employed as sensitizers in LiBased photoelectrochemical solar cells to assess the impact
of reactionby-productson device performanc&ensitized films were characterized with
UV-vis spectroscopy, and hie the goal of this work was not é&xplore the optimization

of thoroughly purified FCD samples, the temporal sensitization (2, 4, 6, &d24 h) of

the TiO2 films with all sampléractions was monitored to assess the optimal sensitization
times and probe for any fracti@ependent rageof sensitizer uptak@-iguresD.2i D.5).

While the apparent uptake rates varied between certain fractions within each respective
system, these absorption differences between the adsorbed sensitizers likely arose from
markedly different extinction coeffients for the variougonstituents. Regardlesthe
fractions within a single system appeared to reach maximal sensitizattomparable

time framestherefore, hsed on this data, as well as reported sensitization ti¥é$jO-
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films were sensitized with th€ Ai NH4OH, Arg, CAi U, andGSH F fractions for 2,12,
2, ard 24 h, respectivelyDevices with the architecture FTO/TGCD fractions/l:13' /Pt
were then assembled and characterized wihcurve and external quantum efficiency
(EQE) measurements (selee fiPhotovoltaic Device Preparatiorand Assembly and
fiPhotovoltaicDevice Characterizationsubsectionsn the iExperimentab sectionabove

for details).

PV Characterizations ofiOz Films Sensitized i€A NH4OH Fractions

Of the four precursor systems studied in this work, particular emphasis was placed on
thoroughly exploring the fractions generated from the thermal treatment of citric acid
dissolved in a dite aqgieousammonia solutionife., CAi NHsOH) due to preliminary,
screening studies indicating that the reactiosptpducts contributed significantly to the
observed photocurrent (>50%) and, therefore, the overall device performance of the
norpurified, assynth. fraction; however, the samplestfogse initial studies were dialyzed
against water, which, as we will show, negatively impacted the observed results for the
dial. fraction, leading t@rroneousonclusionsabout the photocurrent origin. Indeed; in
depth studies of FCD sensitizer solug@d mg ml.tin acetone), where the dial. and retent.
fractions were obtained from dialysis against a 50:50 vol% mixture of acetone:ethanol,
show that the byproduct species that permeate the membriamedial. fraction) are the
undeniable origin of thebserved performance for the unfractionated, parent sample, while
the FCDcontaining fraction i(e., retent.) produced substantially lower PV action,
marginally increasing the performance above that of unsensitized, baré-igare5.1).
Specifically, avices containing films sensitized with the-sgmith., dial., and retent.

fractions presented with sharircuit current densitiesléc), opencircuit voltages Yoc),
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Figure 5.1(A) Averagel-V curvegwith corresponding standard deviatiposilluminated

devices employing Ti®films sensitized in5 mg mL'* CAi NH4OH-derived fractions

di spersed in 100% acetone or 50: 50 vol %
Average device metrics. *Note, efficienay) (s reported in percent and FF is a unitless
parameter but both values are on the same scale as the left andagist yespectively.

(C) Average EQE and UVis absorbance (inset) spectra. ([Photographsof
representative films used in the devicese Prerformance of bare Ti@black curves) is

provided in all plots for comparison.
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and fill factors (FF) of 0.827 + 0.043 mA tM0.512 + 0.007 V, and 67.05 + 3.50%, 0.828
+0.058 mA cr?, 0.516 + 0.007 V, and 67.50 + 4.19%, and 0.317 + 0.037 niA om74

+ 0.011 V, and 66.44 + 3.54%, respectively, whysblded average power conversion
efficiencies () of 0.28 + 0.02%, 0.28 £ 0.03%, and 0.10+ 0.0%% (Figure5.1B). Note,
bare TiQ produced values of 0.184 + 0.027 mA'énd.463 + 0.042 V, and 54.75 + 4.73%,
leading toand of 0.04 + 0.01:%.

While the assynth. and dial. fractions produced comparaideeases iphotovoltages
relative to bare Ti@ an improvement not observed tbe retent. fraction, the main source
of the prominent performance deviation between the dial. and retent. fractions is the stark
difference in photocurrent, tharigin of which waselucidated withEQE measurements
(Figure 5.1C). All three fractions displed increased photdno-electron conversion
(relative to bare Tig) from 360to 600 nm however, the asynth. and dial. fractions,
showing comparable EQE to one another, as expected, preshkstiadt EQE peaks
ranging from9 to 12% at 430 nm, whereas the retent. fraction produced disesgnable
peak, presenting more like a psetgtmulder, with a statisticallgignificant drop in EQE
to 11 3.5% and a shift in the peak maximum to 410 higyre D.6A). Additionally, all
three factions negatively impactdde photorito-electron conversioariginatingfrom the
TiO2f 1 | m (i &5 rmm)aBdQod average, the extent of the EQE reduction increased as
such: assynth. < dial. < retentinterestingly, U\vis spectra (and phagoaph$ of the
sensitized filmgevealed that the agy/nth. anddial. fractions possesed nearly identical
optical absootion while theretent fraction was markedly darker and had stronger
absorbancdéFigures 5.1Ci D and D.6B), presumablydue to the presence ohnoscale

carbons which are reported to possess high absorption coeffidtettsThe striking
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similarity between films sensitized with the-amth. and dial. fractions and the
pronounced difference between these fractions and films sensitized with the retent. fraction
undoubtedly originates from the predominance oplgduct production wer nanoscale
carbon generation within this reaction system. Indeed, crude calculations of retent. yield
for this synthetic approach revedithat nanocarbon productiavasnear or less than 1%
meaning that a 5 mg nmtassynth. fraction roughly consistl of 4.95 mg mi! dial.
species and 0.05 mg riiretent. species, hence, why the observed propertiessyhés-
and dialsensitized films and their corresponding device metrics are nearly identical. In
fact, it was this poor yield that dictated the cartcation employed for these studies since
5 mg mL'! was the highest concentration of retent. that we could reasonably obtain while
still retaining a utilizable solution volume. Although the retent. fraction displayed
potentially beneficial UWis optical poperties for PV applications, clearly the
nanocarbons stemming from this precursor system are inefficient sengitizets weak
photonto-electron conversion that couldtem from poorband alignment,weak
photcelectroninjection, or the promotion of pasitic back reactionsyhereasthe dial.
fraction consists ofby-product species thatare largely responsible for the induced
photocurrenandcan be more effectively utilized as sensitizers due to improved photon
to-electron conversion despite weakésorptivity

Interestingly, we found that when the Bifdms were sensitized in ag/nth. and dial.
solutions with a solvent composition of 50:801% acetone:ethanol (denoted figtOHO
in all relevant plots), the photoactive species appearn@ktectively sensitize, evidenced
by the comparable performance to films sensitized in 100% acetone despite having slightly

lower absorbance between 3@hd 600 nm, which was visualized in the film color
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changing from orange/light brown to yellow/orange. Note, while we state selective
sensitization, since the exact chemical compositions of teedmjuct species contained in

the assynth. and dial. fractiaare unknown, we cannot conclude that the sensitized
species producing the yellow/orange film color are all photoactive and contribute to the
generated photocurrent. Although, the more prominent shoulder observed near 450 nm in
the UV-vis spectra of filmsensitized in the presence of EtOH correlates quite well with
the EQE spectral profiles, implying that the species responsible for this absorption feature
may be the source of the photocurrent. Tisislective effect was more pronounced for
films sensitzed in 10 and 30 mg Mtsolutions of the asynth. and dial. fractions as shown

in FiguresD.7 andD.8, which clearly demonstrate that the photocurrent originates from
certain byproduct species generated in route to the desired FCDs. Additionally,
sensiization in the presence of EtOH resulted in more distinct EQE peaks due to lower
photonto-current conversion between 380d410 nm, an effect that was most prominent

at higher concentrations, particularly for the dial. fraction. Therefore, at lower
concentrations, the observed photocurrent for aced@persed fractions originates almost
solely from byproduct species due to the small nanocarbon content, whereas, at higher
concentrations, specifically, 30 mg ML the increase in EQE between 38%410 nm

can be attributed, in part, to photocurrent contributions from the nanocarbons since this
wavelength range coincides with the highest EQE values for the retent. fraction. However,
these results also clearly indicate that the dial. fraction cortfistailtiple species that
contribute to the photocurrent to varying degr@eshot at al), evidenced by the differing

film optical properties stemming from the two sensitigelvent systems and the slight

increase in EQE between 380d410 nm, relativéo the max, for films sensitized in 100%
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acetone. Direct comparisons of the results for the 5, 10, and 30 Mgssynth. and dial.
fractions are provided in Figui®2.9. Although films sensitized in 100% acetone showed
clear concentratiocdependent seitger uptake, the resulting PV performance was
essentially independent of concentration or employed solvent system, except for films
sensitizedin the ethanoliddial. fraction which showed a uniform increase in average

photocurrent as concentration inesed.

PV Characterizations of Ti@Sensitized itCA" NHsOH Dial .-spikedRetent Fractions

Further undisputable evidence that the observed PV metrics for theihs fraction,
specifically, the photocurrent, predominately arise from readipproducts, and not
nanoscale carbons, is provided through the statistically significant performance changes
observed for films sensitized with varying concentrations (0, 1, 2.5, 5, 10, or 30 g mL
of dial-spiked 5 or 1 mg ml retent. solutions (Figes 2,D.10, andD.11). The specifics

of solution preparation for these studies are detailed ifiGA& NH4sOH Dialysatespiked
Retentate Studiéssubsection under th@Experimentad sectionabove For both retent.
concentrations explored, spiking in increasing quantities of dial. fraction to yield the listed
concentrations led to continual increases in photocurrent pdnadovoltage, despite
minimal changes to film optical properties for dial. cemications lower than 30 mg mL

1 except for films sensitized in thelSmg mL' ! retent:dial. solution, which oddly led to a
slight decrease in performance relative to neat 5 m¢' mdtent. Additionally, upon
increasing the diatoncentration from 10 to 30 mg ril.the performance remained static

(5 mg mL'! retent.) or decreased (1 mg hhletent.); however, when the solvent system
was 50:50 vol% acetone:EtOHhstead of 100% acetongéhe performance of films

sensitized in the 5 df mg mL'! retent. solutions containing 30 mg hldial. increased
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Figure 5.2 (AiB) Average J-V curves (with corresponding standard deviatipnsf
illuminated devices employing Tidilms sensitized irdial -spiked (A) 5 mg mL! or (B)

Wavelength (nm)

1 mg mL'! CAiNH4OH retent. fractions dispersed in 100% acetone or 50:50 vol%

acetone:

in the retent. solutions to yield concentrations of 1, 2.5, 5, 10, or 30 MYy (GLLF)
Average EQE and absorbance spectra for the-sfighed (C and E) 5 mg mtor (D and
F) 1 mg ml'! CAT NH4OH retent. fractiorwith magnifiedversiors of the EQE spectra
provided as insstin panels C and Gi H) Photographsf representativéims sensitized
with dial-spiked (G) 5 mg mi! or (H) 1 mg ml'* CAi NH4OH retent. fractions. The

et hanol

(denoted

by

AEt OHO) .

performance of bare TgJgblack curves) is provided in all plots for comparison

Appro

markedly.In fact, the highest performances obtained acrdsstwalies performed on the

CAi NH4OH-derived samples were for films sensitized in the ethano86 thg mL'!
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retent:dial. solution. The exact origins of this noteworthy increase are unclear since films
sensitized in the ethanolic solution of neat 30 mi'! dial. yielded slightly lower
photocurrent and performance. However, gitleat the concentrations of the dial. and
retent. fractions were not optimized, as such studies were beyond the scope of this work, it
is possible that at the optimal ratio nénocarbons anghotocurrerfproducing by
products, synergistic effects arise and yield performances higher that those obtained for the
individual constituents, since FCDs have previously been employed as photoanode dopants
to enhance the performance of sgnsr-based PVS™™® Indeed, performance metric
comparisons of the 10 mg midial -spiked retent. solutions to the 10 mg 'massynth.
solution, which contains ~0.1 and nominally 10 mg' haf the retent. and dial. species,
respectively, reveal that this maydeedbe the case (FigurB.12A). Although ratie
dependent synergistieffects between these species are evident, in general, increased
concentrations of the species comprising both the dial. and retent. fractions, which
translated to increased uptake, negatively impacted the performance, partioultrly

latter fraction This is clearly seen in hedd-head comparisons of the performances for

the different dial. concentrations in the spiking studias decreasingthe retent.
concentration frons to 1 mg mL'? led to markedlyhigher performances, even for the
ethanolic sesitizer solutions. Therefore, at higher concentrations of retent. species, the
apparenfiselectivityo previously observed in the presence of EtOH may begin to fail and
marginal nanocarbon uptake occurs, which could explain why films sensitized in an
ethandic solution of 130 mg mL'?! retent:dial. yielded the highest performance (Figure
D.12Bi C); possible synergistic effects arose due to optimal uptake of nanocarbons and

photocurrenfproducing species.
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Effects of 24 h Sensitization @A NH4sOH Fractions on PV Performance

The negative impact on performance imparted by incresesesitizeruptakewasfurther
revealedoy 24 h sensitization studies (Figui@sl3i D.15); in all conditions explored, the

PV performance decreased regardless of condemtysolvent system, or fraction. Note,

due to the observed trends for thesgath. fraction 24 h uptake, extensive studies of 24 h
dial. uptake were not conducted and, due to the unchanged performance upon increasing
the neat retent. concentration frdmto 5 mg mi!, PV characterizations on 24 h retent.
uptake werenot explored. While increased uptake of species that negatively impact
performance could explain the drop in performance for longer sensitizatieg TiO»-

induced degradation of photoactive species cannot be ruled out even though films were

sensitizedunder dark conditions.

Aging and Waterexposire Effecton PV Performancef Assynth.CAI NHsOH Samples
Additionally, slight aging effects were observed for 30 md hassynth. fractions that

were 14 weeks old (Figur®.16), however, no noteworthy trends emerged after the initial
performance decrease that occurred roughly 1 week after synthesis. Although degradation
of the photoactive species as the origin of thisrese cannot be ruled out, the same
decrease wasot observed for films sensitized in ethanolic solutionsabany other
concentrations, therefore, the decrease in performance may originate from the degradation
of a nonphotoactive species of low conceatton to a compound that negatively impacts
performance. Moreover, as previously mentioned, our initial studies revealed that exposure
to water appeared to negatively impact the photoactive species, presumably through
irreversible aggregation. To verifyith studies were conducted in whichsgsth. samples

wereintentionallyexposed to wateinddried via two different mear{getails can be found
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in Appendix D) redispermg the solidin acetoneAs shown in Figurd.17, exposure to
water clearly produced negative impact on the photoactive species present in the sample
butthe negative effectsppear to depend dhnecontact time with wateaind arepotentially

exacerbated by elevated temperatures.

PV Characterizations ofiOz Films Sensitized iArg-derivedFractions

Contrary to the trends observed @A NHsOH samples, purification of Arg produced the
opposite effect. That is, instead of the photocurrent arising from species within the dial.
fraction and the retent. performance being the lowedteothree fractions, for Arg, upon
fractionating away reaction gyroducts, device performance improved markedly (Figure
5.3). Four different fractions were generated and tested for thelétiged samplesas

synth., an asynth. fraction filtered with a.20e npore sizesyringe filter lenoted afas
synth.filt. 0), dial., and retent. The performance of films sensitized with tisyrth. and
assynth. filt fractions were almost identical, indicating that syringe filtration had minimal
effects on the sample, despite material clearly being deposited in the filter, although, the
photocurrent for the filtered fraction was statistically lower so removeérin species

may have marginally impacted current production. Regardless, the photocurrent for both
fractions falls within the range generated by bare>Ei®the species within these fractions

are clearly ineffective sensitizers, however, a statisticaibnificant increase in
photovoltage was observed for both fractions. The dial. fraatiothe other hand, did not
show thissamencrease in photovoltage and also yielded the lightest colored films, lowest
average photocurrent, and lowest EQE. Convergbly retent. fraction, showing the
darkest films of all fractions and most intense absorbance, produced a massive increase in

photocurrent and slight improvement to FF while retaining the higher photovoltagk, all
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Figure 5.3(A) Averagel-V curvegwith corresponding standard deviatiposilluminated

devices employing TigXilms sensitized irt0 mg ml'* Arg-derived fractions dispersed in

EtOH. (B) Average device metrics. *Note, efficiend) (s reported in percent and FF is a
unitless parameter but both values are on the same scale as the left andaxght y
respectively. (C) Average EQE and WAs absorbance spectra withreagnifiedversion

of the EQE spectra provided as an inset. PBjtographsof representative films used in

the devices. The performance of bare J{®Black curves) is provided in all plots for

comparison.
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which led tonearlya doubling in device efficiencypecifically, devicesontaining films
sensitized with the ag/nth.,assynth. filt.,dial., and retent. fractions presented with short
circuit current densitiesl§c), opencircuit voltages Yoc), and fill factors (FF) of .90+
0.007 mA cm'?, 0.%1 + 0.08 V, and59.86 + 3.88%, 0173+ 0.005 mA cm'2, 0.%47 +
0.0®V, and57.99+ 1.80%, 0171+ 0.009mA cm'2, 0472+ 0.012V, and57.76 + 2.11%,
and 0297 + 0.016 mA cm'?, 0551+ 0.005 V, and 6636 + 2.09%, respectively, which
yielded average of 0.06, £ 0.007%, 005 + 0.003%, 0047 + 0.00s%, and 0.19+ 0.00s%
(Figure5.3B). Again, bare TiQ produced values of 0.184 + 0.027 mA'énd.463 + 0.042
V, and 54.75 + 4.73%, leading tpb= 0.04 = 0.01:%. Thus, syringe filtration, following
centrifugation, is not a sufficient purification protocol for remgvieaction byproducts,
consistent with the (fluorescence) conclusions we previously arrivédkin to theCAi
NH4OH samples,lafour fractions negatively impacted the EQE of 7{® = 1335n6)
but presented with increased EQE over 2If@m 375to 550 nm effects thatyielded
similar photocurrents for the first three fractions to thabarfe TiQ while the retent.
fraction produced a large enough EQE in this range to increadecthg approximately
0.1 mA cm?. Additionally, the EQE for the retent. fraction showedked increases on
the bathochromic side of the curve, harvesting more UV photons over the other fractions
(FigureD.18). These results clearly shahatthe photovoltage improvements stem from
the putative nanocarbons in the retent. fractions and thesespan generate appreciable
photocurrent over bare TgOhowever, when the reaction-pyoducts are not removed,
these species negatively impact the performance, possibly through parasitic charge
scavenging. Although, given the prevalence of the di&cisp in the asynth. fraction

(approximately 70:30 dial.:retent. by mass) and the fact that the optical properties of the
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assynth. sensitized films are closer to those of the diadr the retent., the poor observed
performances for the a&ynth. fracions likely arise from competitive adsorption between

the dial. and retent. species, with the former dominating uptake and adsorption sites due to
its higher concentration, severely restricting nanocarbon adsorption. We also note that,
similar to theCAi NH4OH system, dialyzing Arg against water negatively impacted the
sample but, in this case, the retent. fraction; less than 5 mg of product was obtained when
dialyzing against water with 15 or 50 kDa membranes. Therefore, regardless of the
purification modeemployed €.g, dialysis, liquid chromatography), care must be taken
when choosing the solvent systeincethe negative impacts of water, such as irreversible
aggregation, were not always immediately detectable by the naked eye and only became
apparent upon conducting careful Wis (both in solution and on film) and-V

measurements.

PV Characterizations ofiO2 Films Sensitized i€AI U- and GSH F-derivedFractions
Purification of the other two precursor systems explored in this ietk QAT U, GSH

F) did not result in such drastic performance differences between the fractions, with most
of the performances minimally deviating from that of bare Fi@lthough, the results
clearly demonstrate the role purification plays on the proper reporting of PV action arising
from nanoscale FCD sensitizers sincegpgduct species in the diddactionsimpaded the
observed performance and generated photocurrent at incident wavelengthisb&037%h
(FiguresD.19i D.20). Additionally, essentially all fractionstemming fronbothprecursor
systems severely impacted the EQE attributed te,Td@creasing and sting the EQE
maximum for TiQ from approximately 40%t340 nm to approximately 20% (on average)

at 330 nm.Furthermoreapparentging effects were observed in every fraction for both
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precursor systems, presumably due to sample degradation (Higl®ep.21). Since the
previous two systems.¢., CAi NH4sOH, Arg) were negatively impacted by water, it is
possible that these latter two systewere affected as well, however, such explorations
were beyond the scope of this work.

Interestingly, theGSH F assynth. and retent. fractions featured two minor peaks in
the UV-vis spectra centered near 645 and 690 nm that yielded stark differences in film
color (brownvs vibrant green) and distinguishable phectorelectron conversion at red
wavelengths (Figur®.20). Specifically, the asynth. fraction produced a distinct peak at
650 nm with an EQE of 0.15%, whereas, upon purification, the EQE at 650 nm for the
retent.fraction promisingly jumped up to 0.25% with the EQE betweena?l¥ 20 nm
also showing an increase relative to thessth. fraction, a trend that correlates well with
the observed changes in absorbance upon fractionation. Conversely, the dial. fraction
displayed little to no peak between 620d 720 nm with a maximum EQE of 0.05%
occurring at 650 nm. Although extremely low, the minor peak appearing at 650 nm in the
EQE spectrum of th&SH F retent. fraction is highly encouraging, as with a more
fundametal understanding of the exact origin of these absorbance featuees (
originating from FCDs or gquasnolecular species), the chemical composition and
resulting photophysics of this FCD system could be better tailored to simultaneously
increase the abdmance in the red end of the visible spectrum and improve the ptoston
electron conversion to yield more efficient FCD sensitizers. As a step towards this, samples
were generated at a higher carbonization temperature \2a80 °C) to assess the
influenae on overall PV performance and, in particular, any deviations in the photophysics

of the species giving rise to the peaks betweena®@@00 nm (via UMWvis and EQE). A
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more detailed analysis is provided Appendix D but, briefly, increasing the reaction
temperature led to a decrease in all PV metrics for all three fractions, however, only a
marginal drop in photocurrent occurred while tMec and FF experienced marked
reductions, resulting in negative deviations away from the performance of bare TiO
(FigureD.22). Most notably, the distinct UWis and EQE peaks observed for thesgsth.

and retent. fractions between 6281750 nm almost completely disappeared and a further
reduction in the EQE attributed to TiOccurred, indicating that the higher lsanization
temperature negatively affected the species responsible for the observed PV action, in
particular, the photocurrent, and especially the phtaerurrent conversion at redder
wavelengths. We postulate that the higher reaction temperature tleel degradation of
guastmolecular moieties tethered to the nanocarbons via increased carbonization, species
that are responsible for the distinct green coloration and, in part, a fraction of the
photocurrentparticularlyat redder wavelengths. Thus,tasds to reason that the increased
reaction temperature reduced the molecular arfdcbpracteristics of the materials,
resulting in higher spcontent {ie., higher degree of carbonization), a wkatlown
occurrence in FCD synthes¥s3°that apparently leads to poorer PV performance for the
device architecture employed herdiurther detailednalyses of th€Ai U andGSH F

resuls can be found iAppendix D

PV Characterization®f TiO, Films Sensitized i€oalderived GQDs

In a similar vein, all FCEcontaining retent. fractions performed poorly, producing power
conversion efficiencies of ~0.1% or lower, loosely implying that thoroughly purified
nanoscale carbons may not function as sufficient sensitizer replacements tghetre h

performing, albeit more toxic semiconductor QDs. Further evidence of this notion is
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provided via characterizations of devices sensitized with extensively purifiedeoatd
GQDs® a subset of the FCD family with more welkfined, graphitic nanostructures,

highly carbonized)n line withthe mokcularlyderived, FCBcontaining retent. fractions,

these GQD sensitizers produced adverse aftecPV performance relative to bare 3jO
however, the deleterious consequences were even more drastic, plummeting device
efficiency to essentially 0% (Figuf2.23). The origin of this negligible power conversion

was from a reduction in all PV metricgpecifically, theVoc and FF decreased byer half

and one third, respectively, while tliec dropped nearly 2fold (relative to bare Tig).

Despite the immense uptake of the GQDs, as evidenced by the deep brown color of the
films and their corresponding UWis spectraEQE measurements reveatédt the source

of the marked reduction in photocurrent was a lowering in phtdeglectron conversion

to below 10% across all wavelengtiesen at the wavelengths that the GQD sensitizers
absorb strongly such that the EQE was well below that observed Hare TiQ.
Furthermore, akin to other systems studied herein, the GQDs produced a large 20 nm shift
in the EQE attributed to Ti&dmplying modification of the semiconductor band properties
which could account for the substantially lower photovoltageie@ithese results, we
speculate that the photocurrent observed in the moleculariyed, FCDBcontaining

retent. fractions arises, at least in part, from gqoasdecular moieties tethered to the FCD
surface, while the nanocarbon core mostly functions asoreduit for delivering
photogenerated charge carriers to the semiconductor but, in some instances, negatively
impacs the semiconductascaffoldto such an extent that these adverse effects outweigh

the desired photosensitizer charge generation.
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Mass Spectrometric Analyses of-Based~CD Systems

As previously mentioned, botteop FCD syntheses are known to generate a variety of
molecular byproducts,® 23 3% egpecially those employing CA as the carbon sotfrce,
4350 therefore ESFTOF mass spectrometry was contiayin positive ion modedn select
assynth. fractions to identify potential molecular species that could be responsible for the
observed PV action, namely, the photocurrent. Specifically, thed&€#®ed assynth.
fractions as well as neat CA andAi U precursor solutionsyere analyzed since the
reactions, although differing in synthetic approach, share similar precutisatrss(CA

and ammonia; in th€AI U system the latter is generated in situ from the breakdown of U)
but yield products exhibitingdrastically different PV performances. Thus, direct
comparisons between the mass spectra were made to identify molecular species that could
be responsible for the substantially larger photocurrent observedd@iidH,OH system
overCAI U, as well as potdial speciegother than nanocarboythat negatively impacted

the performance of th€Ai U assynth. and dial. fractiondhe spectra of the precursor
solutions shownin FigureD.24, displayed numerous peaks attributable to various sodiated
adducts of CAor U, including moneor dibasic species of the former, labeled as NaCA or
NaCA, respectively Specifically, the peaks atma/zof 215, 237, 407, 429, and 643 were
assigned to [CA+NaA (or [NaCA+H*), [NaCA+Ngd* (or [NaCA+H]"), [2CA+Ng",
[2NaCA+H]*, and [3NaCA+H]", respectively, while the peak atma/z of 143 was
attributed to [2U+NHK. Upon reaction, essentially all of theaksascribed to themployed
precursorsranishedFigure D.25)indicating complete degradation of theddpants and
carbon sorce, CA, processes that are quite complex for the latter. Indeed, CA is known to

go through multistep and mujpathway degradation processes leading to a host of
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carboxylic acid byproducts through various dehydration and decarboxylation $t&ps.
Specifically, one of the primary thermal decomposition pathways for CA involves two
dehydration steps to produce tbis- andtransisomers of aconitic acid and then their
corresponding anhydride versions, followed by a decarboxylatemtstyield itaconic
acid and citraconic acid anhydrides. These anhydrides can then be hydrolyzed to form
itaconic and citraconic acids. Additionally, CA can go through an immediate
decarboxylation step yieldingI8/droxyglutaric acid® Although CA was reacted in the
presence of potential-dopants in this work, some of these decomposition products were
still observed, where the exactribaxylic acid formed was dependent on the reaction.
Specifically, the thermal reaction of CA and M¥H appeared to resulh more complete
decomposition as itaconic and citraconic aci@bbreviated ICA)were the main
decomposition species observea/d= 132) with very little aconitic acidAA) detected
(m/z = 175), whereas, foCAi U, aconitic acid was the main decomposition product
observedith little to noitaconic and citraconic acidietectedinterestingly, aconitic acid
was also observed in ti@AT U precursor solutionSinceall these species are colorless
solids in their virgin forms, it is highly improbable that they are responsible for the
observed photocurrent, however, since they all possess carboxyl groups, they could be
impacting the photadtaic performance through modification of Bi@hether they impart
positive or negative effects is unclear.

Since the CAbased precursor systems explored in this work employed potential N
dopants in the reactions, the presence -@bNtaining moleculaby-products was highly
anticipated. Indeed, the reaction of CA with ammayeaerating compounds.§,

NH4OH, U) has been reported tesult invarious 2pryidone derivatives such as citrazinic
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acid (CzAY®> ®8and 4hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6(H,5H)-trione (HPPT)*®
however the productionof these speciedid not appear to occur, an observation that could
be due to the employed reaction conditions since the reported generation of these by
products arose from lower reaction temperatred60 °Cvs 200 °C) and higher N
dopant:CAmoleratios( O 3vsQL3 - Furthermore, the reported peak absorbance of these
by-product$® does not coincide with the observed absorbance for sensitized films; that is,
the reported peak absorbari8é0 400 nm)is blueshifted relative to the sensitized species
(450 nm) Additionally, HPPT does not possess carboxyl moieties that would allow it to
strongly chemisorb to the Ti®ilm. While the photocurrent doe®tappear to arise from
CzA or HPPT the reaction of CA with hexamethylenetetramine, wlyieihds ammonia
upon decompason, has beeproposedo generate CzA deriviaes functionalized in the
threeandfive positions** Therefore, under the appropriate conditions, the generation of
3,5-derivatized CzA species in the reaction of CA with49H orU cannot be discounted.
Indeed, a peak was observedrdzof 186 in boh systems which could be attributed to an
aminated derivative of CzA, such as-#jdydroxy-3,5-diaminopyridine4-carboxylic acid
(HAPCA). Furthermore, a peak was observeahatof 142 in both precursor systeitinst
could correspond to a decarboxylatedsien of the proposed CzA derivative, HAPCA.
Since CzA absorbs UV to blue wavelengthbkis feature may beetained upon
derivaization, with apossibleredshift in peak absorbanaes long as the aromaticity is not
lost. Thus, this species could be respble for the observeghotocurrentHowever, since

a peak am/zof 186is observed in both systemas well as the precursor solutions, we
suspect that this peak arises franbutylammonium(tba), a species originating from

tetrabutylammoniunfTBA), which isan evepresent contaminant the ESI sourceused
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as an internal lock massr yielding high mass accuraciegherefore, we suspect that the
observed photocurrent in tl@ATi NH4OH assynth. andlial. fractions does not originate
from any known or proposed Czderived species. Since further functionalization of CzA
to HPPT produces redshifted absorbance peaks, namely a shift from 350 to 400 nm, it is
plausible that a more extensively derivatiZedn of CzA (possibly in the 1, 3, or 5
positions)was produced, a species that absorbs around 450 nm, possesses aromaticity, and
still containsa carboxyl headgroup, all of which would be minimum requirements to yield
the observed sensitization and PVfpanance. Indeed, CzA derivatives functionalized
with various uret speciese.q, urea, biuret) have been propoS&dcowever, these
postulated species were not observed either.

Although appreciable photocurrent production was only observed iGAhSIHsOH
assynth. and dial. fractiong, is possiblethat the species responsible for the photocurrent
is present in both the Gélerived samples, however, in the cas€Ai U, a different by
product species, distinct to this system, is negatively impacting photocurrent production.
Indeed, both systems displayed sim{lagjor)peaks am/zof 142, 184, 258307, and 413
while prominent, seeminglgystemspecific peaks were observedratzof 279, 308, 330,
336, 352,and 379 and 277, 291, 383468, and 493for CAiU and CAi NH4OH,
respectivelyNote, the listed peaks may still appear in the other system, hogvievany
shared peaks designated as sysipmetific, the peak intensities in one system are
extremely low relative to the othddespite the prominence of the above peaks within their
respective systems, essentiallyailthese peaks were also iderdifie in the spectra of the
precursor solutions, indicating that the species giving rise tothesalueswverenot from

reaction byproduct formation. Thyggiven the lack of evidence fdhe existence of a
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molecular by-product that could be responsible for tgeneratedphotocurrent the
sensitized species responsifide the observed performance in 8A1 NH4sOH assynth.

and dial. fractionscould be a large poorly carbonizegolymeric species posséss a
molecularweight between 2and50 kDa such that its presenags notobserved in the
probedm/zrange buits size {.e., hydrodynamic radius) was small enough that the species
couldstill permeate the dialysis membraidat said, the lack of current evidence thoe
formation of molecular byroductsdoes notpreclude their existence since the resultant
positive ion mass spectralo not necessarily represent every species constituting the
analyzed fractios Therefore, further analyses are warranted to elucidate the exact origin,
whether molecular or polymeric, of the produced photocurrent. Regardless, the results
clearly indicate thathte species responsible for the majority of the observed performance
in the CAi NH4OH systemspecifically, the photocurrent, is not a nanocarbon.

While the results obtained herein imply that FCDs may not hold the perpetuated
promise as greener, inexpensaansitizer replacements, further studies are necessary to
better understand the exact origin of why these purified nanocarbons negatively impact PV
performance such as poor band alignment or weak/slow photogeneratedcaraege
injection into the semiawductor. Additionally, as FCDs are reported to possess both donor
and acceptor properties, for the investigated systems, the nanoscale carbons could be
behaving as electron sinks accepting but retaining more electrons than they donate.
Furthermore, the FC® could be strong electron donors toward triiodide redugction
promoting parasitic back reactions that substantially reduce the photocurrent produced.
Regardless, before such studies exploring the exact origins of the observed effects on PV

devices, partidarly sensitizerdriven architectures, are undertaken, analytically rigorous
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purification of the FCD parent samples and subsequent systematic characterization of the
fundamental chemical, physical, and photophysical properties of the nanacarbon
containingfractionrs must be conducted to provide a better corfimxivhy these materials
behave as they do when employed in PV devices, namely, as sensitizers. Moreover, every
fraction in all four precursor systems displayed some form of instability such as water
induced irreversible aggregation or sample degradation and, in fact, every fraction
displayed solution instabilities with sedimentation or electroless deposition occurring
within days to weeks after synthesis, regardless of the storage coritainglaks, plastic)

utilized, thus, these sample instabilitregistalso beaddressed.

Conclusions

In conclusionwe haveattempted to draw further attention to the improper and insufficient
purification of FCDs, particularly those derived from moleculaacprsors, through the
exploration of membranseparated fractions to better understand how these nanocarbons,
as photosensitizers, contribute to and affect PV performance in mesoporoeusased

solar cells, a common area of FCD application that hasoy@hplement analytically
rigorous purification protocols. This detrimental isstiat is still unsettlingly commagn

has hindered the field in elucidating these nanocarbons true properties, pérfitiéar
origin of their reported photoluminescence. Tiesults disseminated herein further
illuminate how the lack of sufficient purification is impeding the field in arriving at a
fundament al understanding of , tpértedady imanoca
relation to their photophysical and photoéiec properties, revealing that scrupulous
purification is necessary to properly report the source of the observed PV action and the

devicesb6 corresponding performance metrics
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observed PV action may not origieafrom the nanocarbons themselves but from
molecular byproducts generated alongside the nanocarbons, as was appar€Afi for
NH4OH, or from quasmolecular functional groups on the FCD core, as the results for
GSH F may indicate. Conversely, in other iastes such asthe Arg system, proper
fractionation may lead to even higher PV performance than that observeahborrified
samples due to reactionpyoducts negatively impacting performance and masking the
true potential of the nanocarbon sensitizers. Additionally, in all systems except Arg,
substantial uptake of the various sensitizing species was observed gesultiark,
strongly absorbing films yet devices containing these films produced very little
photocurrentimplying that some of the chromophoric species, whether molecular or
nanocarbon, do not contribut@eaningfully to photocurrentproduction Therefore,
remedial studies employing analytically rigorous purification should be undertaken to
reassess previously reported properties, particularly those that are highly relevant to PV
applications such as band gap, band alignment, donor/acceptor capabilitieg cha

injection, and heteroatom doping.
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Chapter 6. Conclusions

In conclusion, FCDs constitute an emerging classighly intriguing carbonbased
nanomateriathat pssess a host of promising properties swthamical inertness, high
thermal stability,compositionaltunability, and, most notably, exceptional lumioest
characteristics that have been reported to be dependent on size, graphitic tuattes)t (

size and quantity of gpslands), or core/surface compositigkdditionally, these green
nanocarbons can be synthesized through several different approdehesg from a

myriad of (sustainable) carbon precursors, such asvidue wastes, including human
uring often resulting in heteroatedoped FCDs whose absorbance and luminescent
properties are bathochromically shifted relative to undoped nanocafbamisermore,

these carbonaceous nanomatedial donor / acceptor capabil it
exploitations in a variety of applications suchsasface enhanced Raman spectroscopy
and (noble) metal nanoparticle formatidRegardingthe latter, FCDs can a@s dual
reducing and capping agents in the syntheskstimono and bmetallic nanoparticles
resulting in FCD/MNP composites whose optical properties., (surface plasmon
resonance) can be experimentally tuned through systematic variation oDbheaét@land
metal:metal ratios. Due to the ability to sustainably synthesize these green nanocarbons
from heteroatortontaining carbon precursors, yielding improved optical properties, and
the ability to generate FCD/MNP composites with tunable plasmoonaasces, these
materials hold enticing prospects for exploitation in PV applications, namely, as
inexpensive, noitoxic sensitizer alternatives and plasmonic performance enhancers,

respectively. Furthermore, coupling the alluring properties of hetereddped FCDs
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with those of FCD/MNP composites could result in further improvements to PV device
performancenetrics affordingcheagrandmoreefficient solar energy harvesting
Undoubtedly the biggest hurdles in achieving these realizations tharggthe
mysterious mechanism of FCD formation and how altering the precursor chemistry
influences these formation pathways. Stemming from these issues is theraiacof
FCDg purportedly distinguishing characteristitom their nanocarbon relativethat is
their excitation wavelengttlependent emissiothe genesis of whichontinues to elude
the field. Historically, the source of these intriguing luminescent propertiesbban
attributed to carbon core siznd compositional variation. However, in recent years,
mounting evidence has surfaced demonstrating that the intense blue luminescence, and
corresponding high fluorescence quantum yields, originates not from the blt€bHom
molecular byproducts produced during the carbonization, a severe oversight emanating
from the naiveconceptthat these materials are the exclusive product generated, negating
any need for postsynthetic purification. Indeed, unequivocal evidertbe contraryhas
been provided herein, demonstrating that tlu§on is assuredly not the case; adequate
purification of these materials is absolutely necessary prior to detailed characterization and
implementation in applied technologies. The unsettindrecurring trend of insufficient
separation of reaction kyroducts from théargetnanocarboscurrently plaguing the FCD
field is undoubtedly hindering maturation of the area, particularly, with respects to
illuminating the exact origin of their purged luminescengeand, worse, has led to a
number of misconceptions entering the publication redéudthermorethis widespread
lack of mandatory purification not only influences the observed ogdroglertiesbut the

presence of molecular gyroductsdrastically affects the characteristics and performance
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of common applications for these materials, namely, quenchorhesed detection and

sensitizers in PV devices.
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Chapter 7: Future Outlooks

Looking to the futuregiven therelentlesdervor and intense velocity of research that has
led tothousands of published FGRorks in recent yeansith adisconcertingoercentage
ignorantly performinginadequate purification (basesh the representative sampling
provided in Chapter 4}he fieldneeds taemporarily restrairmndthen redirect this zeal
toward reassessg the employedfractionation practices (or lack thereof) in order to
uncover the true natur e Fofinstances snel theaexaco car b
compositions of these da@naceous cocktails are deconvoluted, the precise formation
mechani sms and origin of FCDsO®6 properties,
will continue to evade the field. To addrékis need a proposed path forward is outlined
below.

First, thecomprehensive implementation of analytically rigorousand thoroughly
scrutinizedseparatiortechniquehatyieldshigh-purity, singlecomponenECD sampless
of utmost importance since-agnthesized FCDs are complex, multicomponent systems
whoseconstituents and, therefore, chemical compositions, vary widely depending on the
precursor(s) employedhile membrandasedseparations, such as dialysis, offer an
unrivaled conveniencedor purifying FCD samplesdue toassynt hesi zed F C
multifarious ratureand the separation restrictions inherent to these membfiua¢ss
only select molecular weight coffs, and, therefore, membrane pore sizes are
commercially availablg these techniques may not be a satisfactory mode of purification
in some insdncesThus, the prime candidate for analytically sound fractionation of these
intricate mixtures is chromatographic techniques since a hallmark of these methodologies

is naturally a reduction in sample complexity, however, these approaches have only been
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championed by select groups and currently constitute less than 10% of all reported
purification protocols. Therefore, adequate purification needs to be implemented
immediately for all future FCD studies, in which, at minimum, the FCD samples are
initially fractionated with careful and thorough membraased purification to begin to
isolate and understand the properties of specific size regimes, followed by chromatographic
separations to further deconvolute the still diverse composition of these membrane
restricted size regimes. In the ideal scenario, chromatographic separations would become
the benchmark mode of purification, however, given the, often, costly nature of and lack
of easy access to these higid fractionation techniques, rigorous membranarsgipns

and characterizations of the resulting fractions would lay the foundation for groups well
equipped to undertake sophisticated chromatographic separations of these prefractionated
size regimes.

Once a purification standard is meticulously vetadlunanimouslyput into practice,
revisiting previous works concerning the inherent properties of FCDs is hecessary to verify
the authenticityof these preceding claims, particularly, the luminescent nature of these
materials. As the complexity of these sdes is deconvoluted and a new, correct
understanding of theinherentproperties is established, then (and only then) can the field
begin to truly exploit these materials. At this point, however, additional remedial studies
will be warranted to reassetf®e performance of the pure FCDs in the many applications
that they havepreviouslybeen employed in, especially thasdiant on the luminescent
properties. While the continual rampant lack of adequate purification in the FCD field is

disheartening, as future research begins to uncover the exact nature of these nanocarbons
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and their true properties, their previously hypothesieténtials may finally come to

fruition.
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Appendix A: Supporting Figures for Chapter 2
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Figure A.1 Key suspected products thfe metabolic breakdown of (ARsparagusic acid:
(B) methanethiol, (C) dimethyl sulfide, (D) dimethyl disulfide, (E) dimethyl sulfoxide, and
(F) dimethyl sulfone
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Figure A.2 (A) An extendedpyrolysis time (24 h)otir i ne col |l ected dur.i
unmodified diet phasgeneratd a redshift in peak emissigalative to the emission arising
from a 12 hthermal treatmendf the same urine (panB). Specifically, the peak emission
for the latteroccurred at 392 nm ued 325 nm excitatiowhile the peak emission shifted
to 445 under 350 nm excitaticafter an additional 12 h of pyrolysi§C) The CPDs
displayeda slight redshiftn emissionover the UPD$12 h)but dd not show as large of a
redshift as the APDs (Fige 2.2A) or the UPDs from the 24 h pyrolysisThis loosely
implies that a longer treatment time of tietary-dopedurine samples could lead to an
even further redshift in emissiofDi E) TEM imagng analysis of the UPDs (24 h)
confirmedthat small presumhbly carbonaceousianocrystalsverestill generatedvhen a
longer pyrolysis time was employedote, the abbreviatioriiF.1.0 used in the inset plots

of panels AC stands for fluorescence intensity.

185



20 pm

Figure A.3 Confocal fluorescenc miagoaphof AD—IabeIIed BF474(human mammary

gland ductalcarcinomacells adhered to a 9&ell plate.
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Figure A.4 (A) Quenching curves for UPDs (green), CPDs (magenta), and APDs (cyan)
in the presence of HY(circles) and Cti (triangles). Both metabnsshowed fluorescence
quenching with H§" displaying stronger quenching over {CuEach respective metal
guenched all three samples in a similar mannerFYBQuenching curves used ftre
determination ofuenching constants @fimit of detectionLOD) calculationsThe ®lor

and shape schemesployed in panel A were kept consistent for all pafieds Bi F).

Note, hie quenching curve used tbie LODcalculationof APD quenching in the presence

of Hg?" is providedaspanel Bof Figure 2.6
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Figure A5 PD fluoresceoe signalrecovery using EDTA to preferentially chelate?g

[4

restoring the previously quenched fluorescent $ite>90% of the original signal.
Specifically,the (A) UPDs, (B) CPDs, and (C) APDs disd@7.2%, 96.0%, and 93.6%

recovery, respectively.
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Appendix B: Supporting Figures for Chapter 3
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Figure B.1 (A) Photophysical properties ttie CA-derived FCD®mployed in this work

Akin to other reporte&CDs thesecarbon dotslisplayed excitation wavelengtlependent

emissionandquantum yieldsdanel Ainset). (B) Representative TEMicrographof the

CA-derived sample indicating that, presumatdybonaceous, nanodp8J) 60 nm (up to
100 nm)in sizewere produced. (C) FTIR spectrum of the-Gérived FCDsevealingthat
the nanocarbonspossessed alcohol, carboxyl, epoxy, ester, and esueface

functionalties, moietiesthat account for th& C D kigh aqueous solubility. The FTIR

peaks were assigned as such: stretching vibrationsi &f Odjr3 3600 3000 cm?l),

stretching

v i lz-b, 4800 1600 Mt $kelet@l=vibrations of aromatic

g r o ug@cs1800 4600 cm?), stretching vibrationsfaCiO  mo i ectoic @ s @i du®

1300 1000 cm'),a n d

aliphati ccraardgsE®00s1400,and Q15 éns

1. The outsepanelto the right of paneC is an expanded plot of trerea within theed

box shown in panel C
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Figure B.2 UV-vis spectra of the resultant Al&@D NP solutions when the concentration

of Au salt was held constant at 0.3 mM and B@D concentratiorwasincreased from
0.05t0 0.60 mgmL'*. As theFCD concentration increased up to 0.30 mg' %, the AUNP
SPR appeared and hypsochromically shifted. For the three highest concentratobs of

the AUNP SPR remained relatively constant in intensity and peak position.
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g SR .v*
Figure B.3 Representative TENhicrographsof the resultant Au@FCD NPs when the
FCD concentration was held at 0.3 mg'fméand theAu concentration was (A) 0.20 mM,

(B) 0.35 mM, (C) 0.45 mMor (D) 0.60 mM.SuchFCD:Au ratios resulted in average
guastspherical particle sizes of (A) 17.8 + 6.4, (B) 26.7 + 10.0, (C) 47.8 £ 20.7, and (D)
96.7 £ 29.9 nmrespectively For the higher Au:FCD ratios, large hexagonal and trigonal

Au plates formed with average particlees of 266.7 £ 99.3 and 528.8 + 214.3 nmAar

concentrations d3.45 and 0.6enM, respectivelyThe higher Au:FCD ratios also produced
much smaller quasipherical particles in thé 30 nm regime as evidenced by the insets of
panels Cand D but these pigcles were less concentrated than the larger egpserical

particles and platelets
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Figure B.4 (A) Time-dependent UWis spectra of the room temperature Au reduction (0.3
mgmL'! FCDs0.35 mM HAuC}) showing that the reduction was neampletionafter 3
h.B)Tmedependent f | uoek=3Cnenpat the reom eemperatare Aua-
reduction (0.3 mgnL't FCDs0.35 mM HAUCH). After the reduction, the AUBCD NPs
still retained approximately 25% of the origif&CD fluorescence. SircHAuUCL did not
show any absorbance or fluorescence features within the wavelength range of interest, the
increase in absorbance and decrease in fluorescence intensity was solely attributed to the

growth of AuNPs.
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Figure B.5 UV-vis spectra of the resultant Ag@FCD NP solutions when the concentration
of Ag salt was held constant at 1.0 mM and the FCD concentrafisincreased from
0.05to 0.60 mg ml!. In general, as the FCD concentration increased, thBIAGPR
displayed algght bathochromic shift. Interestingly, at the lowest concentration ofSCD
(0.05 mg ml'1), a broad shoulder centered at approximately 535 nm appeared in addition
to the SPRoeakat 396 nma feature thais indicative of larger Ag nanostructures with

high polydispersity
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Figure B.6 Representative TENhicrographsof the resultant quasipherical Ag@FCD
NPs when the FCD concentration was held at 0.3 mg amd the Ag concentration was
(A) 0.30 mM, (B) 1.00 mMpr (C) 3.00 mM.SuchFCD:Ag ratios resulted in average
particle sizes of (A) 11.1 £ 9.9, (B) 6.9 + 3.4, and (C) 6.0 + 4.0reapectively
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