MORPHOLOGY -PRESERVING CHEMICAL CONVERSION OF
BIOORGANIC AND INORGANIC TEMPLATES

A Dissertation
Presented to
The Academic Faculty

by

Jonathan Paul Vernon

In Partial Fulfillment
Of the Requirements for the Degree
Doctor of Philosophy in Mterials Science and Engineering

Georgia Institute of Technology

May, 2012



MORPHOLOGY-PRESERVING CHEMICAL CONVERSION OF
BIOORGANIC TEMPLATES

Approved by:

Dr. Kenneth H. Sandhage, Advisor
School of Material$Science

and Engineering

Georgia Institute of Technology

Dr. Meilin Liu

School of Materials Science
andEngineering

Georgia Institute of Technology

Dr. Valeria Milam

School of Materials Science
and Engineering

Georgia Institute of Technology

Date Approveddanuary 162012

Dr. Peter Vukusic
School of Physics
University of Exeter

Dr. Joseph Perry
School of Chemistry & Biochemistry
Georgia Institute of Témology



Acknowledgements

As | wrap up the 2% grade, thankfully my final school yeartHink it would
be impossible to name all of those who have guided me to this point in my life.
However, | will do my best to acknowledge all of those responsible for making this
document possible.

You were right Prof. Sandhage. A dissertation withsearch topic that works
from the start is not worth as much to the development of a student as a graduate
career that requires overcoming significant obstacles. | am most thankful for your
passion for research, your consistency, your patience, and ths. eProf. Liu, Prof.
Milam, Prof. Perry, and Prof. Vukusic thank you for serving on my dissertation
readingcommitte® your time spent, your guidance, and your approval will not be
forgotten.

The hard and soft laboratory skills imparted to me by noygssional mentors
Dr. Tim Bunning, Dr. Rajesh NaikSharon JonesAngela Petroski Prof. Ken
Sandhage and Prof. Rod Tricehave been invaluable. Thank you to all of the
phenomenal collaborators with whom | have had the pleasure to work with including:
Dr. Ye Cai, Craig Cameron,Dr. Dimitri Deheyn, Dr. Yunnan FangBrandon
Goodwin, Dr. Mathias Kolle Alfie Lethbridge,Andrew ShawDr. Milana Vasudev,

Dr. Pete Vukusic, and Dr. Yunshu Zhang. Dr. Cai, without your contributions this
dissertation would notdve been possible. Vicki Cline and Susan Bowdngou are
the heart and soul of the MSE departments from whichve graduateil | cannot

give enough thanks to either of you



Thank you to all of my past and present peers in the Sandhage group-and co
workers in the Naik group for providing helpful conversations, patient instruction, and
such enjoyable work environments. | would especially like to thank Eric Ernst, Dr.
Mike Weatherspoon, Dan Berrigan, Phil Graham, Dr. Matt Dickerson, and Dr. Dave
Lipke for their friendship, problem solving skills, and guidandéick Haase and Dr.
Vonda ShepardSmith thanks for making me laugh and giving me perspective.
Nicholas Hobbs, it was a pleasure to be your mentor and | thank you for all that you
have taught me.

Steven Ludwig and Prof. Kevin Trumblehank youfor your instruction,
mentorship and teaching stylesll of which sparked my interesh ichemistry and
molded my decisionto become a lifdong student of Materials Science and
Engineering. Writing this tis#s would have &en impossible without thEnglish
teacher who taught me everything | know about writing in a singledyBath
Chaddon, you are truly one of a kind.

From Hilltop to Willowbrook to 123 Andr
you Stroh, JanikUhler, Brichouse, Greg, and Nathan for putting up with me as a
roommate throughout my college years and constituting a group of the most
trustworthy men | know. In addition to my roommates, Anna, Fleck, Glenda, Petorak,
Graham, Chase, Mitchell, Ambem&rves, Lindsey, KyleRolando, Kim, Seth, Reggie,
and Jackie, your friendships have provided me much needed work/life balance and
have created some of my fondest and most memorable experiences.

Most importantly, 1 acknowledge my Mom and Dad. The two af have

inspired me, taught me, and supported me in ways | still cannot appreciate. | know, as



| grow older, my understanding of what you have done for me will only continue to
grow. Andrea, thank you for your support, love and being an older sistercocat

ond at least since you stopped asking Mom and Dad to take me back to the hospital to

be exchanged for a sister.



Table of Contents

Acknowledgements iii
List of Tables Vil
List of Figures IX
List of Symbols and Abbreviations XX
Summary XXi

CHAPTER 1 : MorphologyPreserving Chemical Conversion of a 3D
Bioorganic TemplateMorpho helenobutterfly scales) into a Muttomponent
Oxide Compound (BaTi¢) 1
1.1. Summary 1
1.2. Introduction 2
1.3. Experimental Procedures 9
1.3.1. Hydrolysis of TiQ powder for MWHT Treatment 10
1.3.2. Hydrolysis of mixed alkoxid and stoichiometric precursors 11
1.3.3. SSG coating of butterfly scales 12
1.3.4. Organic pyrolysis and MWHT conversion 12
1.3.5. Morphology, Phase, and Chemical Analyses 13
1.4. Results & Discussion 15
1.4.1. Converting SSG coatings on complex biotemplate into BaTiO 15

1.4.2. Dimensional change analyses and SSG/cuticle interaction 25
1.4.3. Evaluating other potential combinations of SSG and MWHT 29
1.5. Concluding Remarks 37
1.6. References 39

CHAPTER 2 : Conversion of Complex Bioorganic Morphologka(lio
blumeibutterfly scales) into Lanthanceitbped BaTiQ Inorganic Phosphor

Particles 43
2.1. Summary 43
2.2. Introduction 44

2.2.1. Motivation for Transforming 3D Bioorganic Templatesoin
Inorganic Phosphor Replicas 44
2.2.2. Choice of Inorganic Material and Bioorganic Template 45
2.3. Experimental Procedures 48
2.3.1. ConversiorP. blumeiScales into Exdloped and Pure BaTiO 48
2.3.2. Incorporation of Er into SSG coatings 51
2.3.3. Morphology, Phase, Chemical, and Optical Analyses 52
2.4. Results & Discussion 55
2.4.1. Chemical conversion d?. blumeiscales into Exdoped BaTiQ 55
2.4.2. Chemical conversion d?. blumeiscales into Edoped BaTiQ 69
2.5. Concluding Remarks 75
2.6. References 76

CHAPTER 3 : Determination of Microwave Hydrothermalki&on

Mechanism(s) in Converting Titanium Dioxide into Barium Titanate Through

Inert Marker Experiments 79
3.1. Summary 79

Vi



3.2. Introduction
3.3. Experimental Procedures
3.3.1. Preparation of Single Crystal Rutile Ti@r MWHT Au-Marker
Experiment
3.3.2. MWHT Treatment
3.3.3. Morphology, Phase, and Chemical Characterization
3.3.4. Measuring Transformation and Nucleation Rate
3.4. Results & Discussion
3.5. Concluding Remiks
3.6. References
CHAPTER 4 : Layety-Layer Conformal Coating and Replication of
Structurally Colored Hierarchical 8logical Structures with and into Higher
Index Materials
4.1. Summary
4.2. Introduction
4.3. Experimental Procedures
4.3.1. Dendritic Amplification of Surface Hydroxy Groups
4.3.2. Determination of Tin Dopant Concentration
4.3.3. SSG Coating of Butterfly Scales
4.3.4. Organic Pyrolysis
4.3.5. Qualitative Optical Interrogation
4.3.6. Quantitative Optical Interrogation
4.3.7. Characterization of the Morphology, Chemistry, and Phase
Content
4.4. Results & Discussion
4.5. Concluding Remarks
4.6. References
APPENDIX A : Sndoped Titania Index of Refraction
A.1l. References
Vita

vii

79
87

87
89
90
90
92
114
115

118
118
119
122
122
123
126
127
127
128

131
133
157
159
161
162
163



List of Tables

Tabe 1: Dimensional Measurements at Each Stage of Convétsion 26

Table 2: Average Corrosion Rates of Rutile Titania Single Crystals at 220°C in
NaOH Solutions 107

Table 3: Surface Area of (110) oriented Rutile 7@vered by BaTi@as a
Function of Reaction Time 110

Table 4: Expected Concentration vs. Actual Conegioin of Srdoped TiQ
solutions 135

Table 5: Inorganic Shell Wall Thickness as a Function of Number of SSG Cycles
Applied 152

Table 6: Estimated Effective Refractive Index From Weight Averaging of Pure
Rutile TiO, and Pure Sn® 162

viii



List of Figures

Figure 1: A schematic representation o€ thurface seel process utilizing
titanium(lV) isopropoxide as model metal alkoxide. 5

Figure 2: Photographs of both the dorsal and ventral sidesviafrigho helenor
butterfly, SE images ofhe corresponding microstructures within single cover
scales from both the dorsal and ventral sides of the butterfly wing, and a
schematic of chitin, one of the prominent biopolymers present in butterfly cuticte.

Figure 3: Aschematic representation of the perovskite unit cell of barium titanate
upon cooling (right to left) through its Curie transition temperature, which is
accompanied by the spontaneous polarization of dipoles leadingroeléstric
behavior (left). 8

Figure 4: A schematic illustration of the morpholgyeserving chemical
conversion process which separates template formation and chemical tailoring
processing.Once a template is formed the chemical tailoring process entails three
steps: (i) applying thin conformal oxide coating, (ii) organic pyrolysis and
crystallization of oxide coating, and (iii) hydrothermal conversion of resulting
inorganic material into enulticomponent oxide compound. 9

Figure 5: Xray diffraction patterns of TiOpowder (0.635 mM) precipitated via
hydrolysis of Titanium(IV) isopropoxide after MWHT treatments at 140, 170, and
220 °C in solution containing 0.125 M barium acetate and 1M sodium hydroxide
for 10 hr (left). Close inspection of the peaks near 45 degreethata (right)
revealed peakplitting indicative of the tetragonal phase is evident in the 220 °C
specimen. 16

Figure 6: SE images of (a) tiled ventral scales of a ferivedepho helenor
butterfly labeled with cover and ground scales, (b,c) microstructure of individual
scales with ridges, struts, aridg indicated, and (d) FIB crosgction cut through
thickness of scale showing vertical struts supporting horizontal struts and riddes.

Figure 7: SE images of ventral fem&fmrpho helenowing scales (a) in native
state, (b) after 51 SSG deposition cycles, (c) after organic pyrolysis of coated
scales, and (d) a SSG coated and pyrolyzed scale after MWHT conversion into
BaTiOs. Insets are lower magnification images of the same scalese saa
represent 1 um in primary images and 20 um in insets. 18

Figure 8: EDS of (a) a native scale, ( b) a native scale after 51 S6®&aring
coating cycles, (c) a SSGated scale afteorganic pyrolysis, and (d) an
inorganic scale replica after MWHT conversion into BagliONote: all samples
sputtered with Au for 60 sec. 19



Figure 9: Bright field TEM micrographs (left coluthand corresponding SAED
patterns (right column) showing (a,b) amorphous chitin coated with 51 layers of
amorphous FO containing SSG layers, (c,d) nanocrystalline anatase titania after
organic pyrolysis, and (e,f) larger nanocrystalline BaTi@fter MWHT
conversion of coated and pyrolyzed replica. All micrograph scale bars represent
50 nm. 21

Figure 10: (a) A SE image of milled section (b) a SE image of sample Pt welded
to micromanipulatomeedle on way to TEM grid, (c) low magnification TEM
image after Pt deposition, mounting to micromanipulator needle and placing on
TEM grid, (d) higher magnification TEM image, and corresponding SAED
diffraction pattern (inset) from a T SSG coating. 22

Figure 11: High resolution TEM images of FiBilled crosssections of (a)
nanocrystalline anatase titania after coating with 51 SSG deposition cycles and
being pyrolyzed at 450°C for 4 hr @r, and (b) BaTi@ grains after MWHT
conversion of anatase titania scale replicas. 22

Figure 12: Raman spectra obtained at each step in chemical conversion process of
female Morpho helenorwing scales (i.e., spectrum from a native scale, after
coating scales with 51 T SSG deposition cycles, after organic pyrolysis of
coated scales, and a S8Gated and pyrolyzed scale after MWHT conversion
into BaTiG;. The wavenumber value labeling eadkalp was determined by
measured local maximum peak intensity. 23

Figure 13: High magnification SE images of horizontal struts witt\h bBelenor
butterfly scale after: (a) the conversion im@anocrystalline TiQvia exposure to

51 SSG deposition cycles and organic pyrolysis, and (b) after conversion via
MWHT reaction of the Ti@converted scales into BaTiO Both scale bars
represent 100 nm. 23

Figure 14: SE images of cressctions ofM. helenorventral cover scales, after

FIB milling of trenches, at various stages of conversion: a) a chitinous native
scale, b) a native scale after 52:AiSSG deposition cycles, c) a SSG coated
scale after organic pyrolysis, and d) a SSG coated and pyrolyzed scale after
MWHT conversion into BaTi@ All scale bars represent 1 pm. 24

Figure 15: SE images of sequential FIB cuts athesiep in the chemical
conversion process from native scale (top row) to BaBi€ale replica (bottom
row). All scale bars represent 1 um. 25

Figure 16: High magnification SE images of fraetgections of ridges and struts

at various stages of the conversion process including: (a) a vertical strut and (b) a
ridge after 51 cycles of SSG coating and then removal of the chitin by oxygen
plasma treatment, (c) a nanocrystalline anatase Védtical strut after SSG
coating and organic pyrolysis. and (d) a nanocrystalline Bave@ical strut after



SSG coating, organic pyrolysis, and MWHT treatment. All scale bars represent
200 nm. 28

Figure 17:X-ray diffraction patterns of powder precipitated via hydrolysis of
stoichiometric mixture of barium and titanium isopropoxide (top) and molecular
precursor for BaTig barium titanium ethylhexano isopropoxide (bottom) after
having undergone (aMWHT treatments at 140°C for 2 hrs with 0.100 M
phosphate/citrate buffer and (b) MWHT treatment at 240°C for 10 hrs with 0.5 M
barium acetate. Silicon peaks in (b) are due to the use of internal NIST SRM
640c standard. 31

Figure 18: Xray diffraction patterns of powder precipitated via hydrolysis of
stoichiometric mixture of barium and titanium isopropoxide after having
undergone MWHT treatment at 220°C for 8 hrs in 20 mL of 1 M barium
hydroxde. The inset reveals the emergence of peak splitting at the (200)/(002)
peak, which is indicative of the tetragonal polymorph of BT. 32

Figure 19:HTXRD data obtained at room temperatuiies{fscan) and then 70 °C
(rest of scans), after increasing heat treatments temperatures (2 hrs at each 100 °C
increment) of stoichiometric mixture precipitates. 33

Figure 20: A schematic ohé mixed alkoxidesSG deposition technique used to
apply BaTi-O- bearing coatings. 34

Figure 21:SEM micrographs (left) oM. helenorventral cover scales coated with

50 layers of 10 mM stohiometric mixture of barium and titanium isopropoxides
showing conformal coating and acicular barium carbonate before (top) and
conformal coating after acetic acid washing (bottom). XRD (right) confirms the
removal of barium carbonate (stick plot overlaig acetic acid wash. 34

Figure 22:SE images oM. helenorventral cover scales butterfly scales coated
with 50 layers of 10 mM barium titanium isopropoxide and fired at 900°C for 1 hr
(A,B,C) and 450°C for 4 hr (D). Direct comparison of B and D demonstrates the
Ostwald ripening that occurs upon exposure to higher temperature. 35

Figure 23: A schematic of kyered alkoxide appeach to SSG deposition in
which the stoichiometry is controlled by the number ofOTand BaO bearing
layers. 37

Figure 24: (a) A photograph of R blumeibutterfly composed of colemixing
scales shown in (b) a bright field optical micrograph and SE images of (c) an
entire single scale and (d) the intrascale microstructure. 48

Figure 25: SE images of individual concavities amtire scale morphologies
(insets) ofP. blumeicolor-mixing scales (a) after 50 SSG cycles, (b) after organic
pyrolysis, c) after MWHT treatment to form BaTQl) after MWHT to form Eu
doped BaTiQ. Inset scale bars all represent 40 um. 57

Xi



Figure 26: EDS spectra &f blumeiscales after (a) coating with 50 SSG cycles of
Ti-O, (b) after coating and organic pyrolysis, and after coating, organic pyrolysis,
and MWHT conversion into (c¢) BaTgand(d) Eudoped BaTiQ. Note that the

Eu and Ba peaks overlap thereby making quantitative EDS impossible without a
standard. 58

Figure 27: Confocal fluorescence (488 nm excitation, long f@&sdilfer) images

(left) and transmission (543 nm) micrographs (right) of native (top row), SSG
coated and pyrolyzed scales (second row), coated and pyrolyzed scales after
hydrothermal conversion into BaTiQthird row), and Etdoped BaTiQ (bottom

row). All images were taken under identical conditions. All scale bars represent
50 micrometers. 60

Figure 28: Low (top left) and high (bottom left) magnification SE images of
Eu(OH)-bearing powdeafter 220°C, 10 hr MWHT treatment of anatase titania
P. blumeiscales in Ba/ Eu bearing caustic solution. Peak positions were
matched to Powder Diffraction File Card No-083-2305, which has the highest

guality mark (Indexed) in the Internationaé@er for Diffraction Data database

for (P6 [) Eu(OH). SE images and XRD pattern were obtained from powder
drawn off the top of the MWHT product pellet with a pipette after two thirty
minute 1 M acetic acid washes rather than a 24 hr 5 M acetic acid wash. 63

Figure 29: Xray diffraction patterns of both BT and #Hoped BT scale replicas
after MWHT treatment and 24 hr 5 M acetic acid wash revealing diffraction peaks
consistent with cubic BaT§) The difference in peato-backgroundratio
resulted from differences in sample volumes. 64

Figure 30: SE images of (a,c) BT and (b,d}deyed BT replica specimens. Top
row images were obtained from dorsal cover (i.e., emling) scales, and the
bottom row images were obtained from dorsal ground scales. All scale bars
represent 100 nm. 64

Figure 31: Incorporation of photoluminescentdaped BaTiQ scales into paer
(primary images a,b,c) and on glass slides (inset images a,b,c.) imaged with (a)
bright field, (b) dark field, and (c) fluorescence microscopy. Primary image scale
bars all represent 100 micrometers; inset scale bars represent 50 pum. 66

Figure 32: A topographical color map generated through fine depth composition
of 50 dark field images with inset of corresponding top view fine depth
composition dark field micrograph. Inset scale barasgnts 50 um. 67

Figure 33: Photoluminescence spectra collected with 434 nm excitation of a
single BaTiQ scale replica (left) and a single HHoped BaTiQ scale replica via
PARISS hypersperl imaging system. Spectra courtesy of Dimitri Deheyn,
Scripps Institution of Oceanography, UCSD, and Jeremy Lerner, Lightform, 16G.

Xii



Figure 34: SE images of FBiilled crosssections witin a single concavity dP.
blumeidorsal cover scales after (a,b) coating with 50 SSG cycles of, Tep
organic pyrolysis of coated scales, and (d) MWHT conversion of
coated/pyrolyzed scales into BaiO 68

Figure 35: The mixed alkoxide SSG deposition technique used to applyd&r
bearing coatings. 69

Figure 36: The layered alkoxide approach to SSG deposition in which the
stoichiometry is potentially controlled by the number ofCFi and EFO- bearing
layers. 70

Figure 37: SE images &. blumeicover scales in (a) the native state, (b) after
coating with 50 SSGayers of T+O, (c) after coating with 50 SSG layers of 20

mol% Er / 80 mol% Ti mixed alkoxide solution, and (d) after coating with SSG
using individual Er (5 cycles) and Ti (45 cycles) alkoxide solutions. All scale
bars represent 1 um. 71

Figure 38: SE images &1. blumeicover scales after coating with 50 layers of
SSG deposition using (a) 25 mM and (b) 50 mM Ti(lIV) isopropoxide. 71

Figure 39: SE images of (a) an entlPe blumeinative ground scale, and the
microstructure within the ground scale in (b) a native state, (c) after coating with
Er-Ti-O via the mixed alkoxide SSG process followed by organic pyrolysis, and
(d) afterhydrothermal conversion into Hioped BT. 73

Figure 40: EDS spectra after (a) SSG coating with use of a 25mM solution of 20
mol% Er(lll) isopropoxide / 80 mol% Ti(IV) isopropoxide, (b) afterating and
organic pyrolysis, and after coating, organic pyrolysis, and MWHT conversion
into (c) BaTiQ and d) Erdoped BaTiQ. 73

Figure 41: Confocal fluorescence (488 nm excitation, long pas filter) (left)

and transmission (488 nm) micrographs of native (top row), SSG coated and
pyrolyzed scales (second row), coated and pyrolyzed pure titania scales after
hydrothermal conversion into BaTiQhird row) , and Exdoped BaTiQ (bottom

row). All scale bars represent 50 micrometers. 74

Figure 42: SE images of Hii-O mixed alkoxide SSG coated and pyrolyzed
scales (a) before, and (b) after MWHT conversion into nanocrystalliieged
BaTiOs;. Both scale bars represent 100 nm. 75

Figure 43: SE images of complex, 3D anatase titania microparticles derived from
(a) Morpho helenoroutterfly wing scales and (®apilio blurrei butterfly wing
scales, that were chemically transformed into barium titanate (b, and d
respectively) via a morphologyeserving microwave hydrothermal reaction
(220°C, 10 hr with 1 M NaOH and 0.125 M barium acetate). Insets are simply
lower magnificaibn SE images of each microstructure. 81

Xiii



Figure 44: Schematic representation of DissoluRoecipitation mechanisms
showing the precipitation of the product Ba%iOccurring homogeneously in
solution or heterogeneously on a Ti€drface. 82

Figure 45: Schematic representation ofsitu Transformation mechanism in
which the product BaTi®@forms on the titania surface and reactmnceeds via
solid-state diffusion through the product layer to form BagliO 82

Figure 46: Schematic representations of possible -s@stton morphologies
resulting from MWHT treatment of sgle crystal rutile templates decorated with
Au nanoparticle inert markers. Note: Au particles may be lost upon dissolution of
TiO; (case 3b, case 4b). 87

Figure 47: SE electron micrograph (@10) oriented rutile titania single crystal
after MWHT reaction with 0.12 5M barium acetate and 1 M NaOH for 2 hr at
220°C. Blue grid overlay used to determine average surface area fraction
transformed into BaTi@after a given reaction time. Such muigraphs also used

to count the number of nuclei formed as a function of time. 91

Figure 48: XRD patterns obtained from (100), (001), and (110) oriented single
crystal rutile plates. A photogph of a (100) rutile titania plate is shown in the
inset and is representative of the taide polished 10 mm x 10 mm x 0.5 mm
samples of each orientation as received from MTI corporation. 93

Figure 49: Top view SE images of (100) oriented single crystal rutile gli&des

(a) as received, (b) after sputter coating with gold for 20 sec, (c) after 2 hr of
450°C heat treatment of a sputter coated specimen to create Au nanoparticle
markers, andd) after Au marker formation and 10 hr of MWHT treatment at 220
°C with 1M NaOH and 0.125 M barium acetate. 94

Figure 50: Top view SE images of Amarked single crystal specimens {(001)

top, (100ymiddle, (110)bottom row} after 220°C MWHT treatment with 1 M
NaOH and 0.125 M barium acetate for 1, 10, and 100 hr (increasing reaction time
from left column to right column). All scale bars represent 200 nm. Au particles
are brightest, followedybBaTiO; films/particles, and then T¥D 95

Figure 51: Schematic illustration as to how anmeoiled crosssection location
may affect the perceived location of particles within a TEM primeactiew. 96

Figure 52: Bright field TEM crossectional micrograph (top) and SE micrograph

of fracture section mounted vertically and stage tilted 15° (bottom) of (110) rutile
titania singlecrystal after 100 hr 220°C MWHT treatment with 0.125 M barium
acetate and 1 M NaOH solution. The magnifications of the images are nearly
identical. 97

Figure 53: (a) Low magnification and (b)gh magnification bright field TEM
micrographs of crossection from Au sputtered and heat treated (110) rutile
titania with no MWHT reaction. 97

Xiv



Figure 54: (a) Bright field TEM micrograpmd (b) HRTEM lattice fringe image
from crosssection of surface of (001) oriented single crystal titania with Au inert
markers after MWHT reaction for 10 hrs at 220°C with 0.125 M barium acetate
and 1 M NaOH solution. HRTEM image revealed a clean BgTiO; interface

with no product phases other than BafiO 98

Figure 55: SE top view image of surface of (001) single crystal titania with Au
inert markers after MWHT reaction for (a) 10 hrs abfi 00 hrs at 220°C with
0.125 M barium acetate and 1 M NaOH solution. Corresponding bright field
TEM images of Aumarked surface crossection showing location of Au markers

at TiO,/BaTiO; interface both after (c,e) 10 hr and (d,f) 100 hr. 100

Figure 56: Nucleation and growth of BaTEi@articles on single crystal (110)
oriented TiQ specimens as a function of MWHT reaction time. All experiments
were conducted at 220°C with 1 M NaOH and 0.02barium acetate. All scale
bars represent 1 um. 102

Figure 57: (a) A bright field TEM micrograph and (b) a HRTEM lattice fringe
image obtained from crosections of (110) oriented singleystal rutile titania
specimens with Au inert markers after MWHT reaction for 10 hrs at 220°C with
0.125 M barium acetate and 1 M NaOH solution. 102

Figure 58: SE top view images of surfacé$1d0) oriented single crystal titania
specimens with Au 103

Figure 59: Bright field TEM micrographs of (a, c) (001) oriented and (b, d) (110)
oriented single crystal rutile titania specimeafter 100 hr MWHT reaction at
220°C with 20 mL of 0.125 M barium acetate and 1 M NaOH solution. 104

Figure 60: (001) oriented (top row), (100) oriented (middle row), and (110)
oriented (botto row) rutile titania single crystals with (right column) and without
(left column) Au markers after MWHT treatment with 1 M NaOH solution for 10

hr at 220°C. All scale bars represent 200 nm. 106
Figure 61: Top view SE i mages taken
(110) single crystal titania after MWHT treatment in 20 mL of 5 M NaOH at
220°C for 10 hr. 107

Figure 62: Top vew SE images of (110) oriented single crystal titania after 4 hr
MWHT treatment at 220°C in (a) 1 M NaOH solution, (b) 1 M NaOH, 0.125 M
barium acetate solution, (c) 1 M NaOH, 0.625 M barium acetate solution, and (d)
5 M NaOH, 0.125 M barium acetate soturi 109

Figure 63: Surface area of (110) oriented rutile titania covered by Bafaduct

as a function of MWHT reaction time (220°C, 0.125 M barium acetate, 1 M
sodium hydroxide). MWHT redéions were also examined after 4 hr reaction time
with quintuple the sodium hydroxide concentration and with quintuple the barium
acetate concentration. 109

XV

wi t h



Figure 64: Average number of nuicfgesent in a 124 square micrometer area of
SE micrographs taken of (110) oriented rutile titania after 1, 2, 4, 6, and 8 hr of
MWHT reaction with 0.125 M barium acetate and 1 M sodium hydroxide. 111

Figure 65: Avrami equation plotted witin(1-x) vs. (a) t and (b)  with Xsa
values corresponding to 2, 4, 6, 8, and 10 hr MWHT reaction times. Each set of
data points has a linear fit whosé\Rilue and equation are displayed on the cHar2

Figure 66: Photograph (left) of the dorsal side of a nafl@edes sesostris
butterfly forewing. The green wing sections are imbricated with -skhaped
scales, as shown in the bright Ifieoptical micrograph (bottom right). A
secondary electron image (top right) of a fHiled crosssection of an
individual P. sesostrigireen scale reveals intrascale structures: ridges (composed
of tubular section covered with fins), PPC, and thin soaenbrane. Note: the
ridge structure is oriented facing up in the native wing. 121

Figure 67: A single reflection spectrum from a natRiesesostrisving section

(red line) with Gaussian fifblack line) used to determine the reflectance peak
position. For mapped specimens 3 areas had 5 such spectra taken and the average
reflectance peak wavelength of the 15 values was reported in relative peak shift
data. Representative spectrum and Gansfi courtesy of A. Lethbridge and P.
Vukusic, University of Exeter. 130

Figure 68: SE images of representative fracture eses8ons imaged for
determining (a) hexagonal pore spacing 60 SSG deposition cycles after
organic pyrolysis) and (b) inorganic shell thickness (75TB@ SSG deposition
cycles after organic pyrolysis). 133

Figure 69: XRD patterns of both pure gi@nd various Sn@TiO, stoichiometric
mixtures (concentrations marked as expected concentrations based upon
manufacturer reported values) after pyrolysis (450°C, 4 hr, air) of hydrolyzed
precursors showing the increase in rutile phase content with inge&sin
content, the presence of anatase/brookite, Without Sndoping, and cassiterite
SnG, without presence of Ti 135

Figure 70: A schematic of the SSG deposition eOTbearing SSG cosigs and
subsequent heat treatment resulting in hollow anatase titania replicas. 136

Figure 71: A schematic of the SSG deposition ofT&0- bearing SSG coatings
and subsequent heat treatmesulting in hollow rutile titania replicas. 136

Figure 72: SE images off PPC structure witRinsesostrigjreen scales showing
hollow nature of (a) 150 SSG deposition cycles ofOTiand (b)100 SSG
deposition cycles of Smi-O coatings after organic pyrolysis (450°C, 4 hr, in air)
of chitinous template. Both scale bars represent 100 nm. 137

Figure 73: Photograph ofRa sesosis wing section (left) with numbered mapped
regions showing intrabutterfly variations in reflectance spectra peak wavelength

XVi



(standard deviation calculated from five 1mm spot size measurements within
indicated mapped region). Bright field micrographs takeith identical
conditions (lower right) of green scales from two differ@nsesostridbutterflies
demonstrating interbutterfly color variation. 138

Figure 74: Bright field optical imaged &. sesostrigreen dorsal wing sections
with and without amplification of surface hydroxy groups, with 25, 50, 75, 100,
and 125 layers of SSG deposition of bothCFior SnTi-O- bearing precursor
solutions. All images taken with identical white balaacel conditions but not
on same day (lamp brightness may be different). All scale bars indicate 50 {19

Figure 75: Bifurcated probe spectrophotometer data from average of five
measurementBom each of three mapped spots within a wing section (each data
point represents an average of 15 reflectance peak values and variance is shown
with error bars representing calculated standard deviations from 15 peak
wavelength values) as a function efmber of SSG deposition cycles. Specimens
were evaluated with and without hydroxy group amplification and coated either
with SnTi-O- or Ti-O- bearing SSG deposition. All data was normalized to
initial reflectance spectra of corresponding native or decally amplified wing
sections mapped before application of SSG coatings. Spectra and data analysis
provided by A. Lethbridge and P. Vukusic, University of Exeter. Solid lines
meant to guide the eye. 140

Figure 76: Plot of the relative shift in the wavelength of the mean reflectance peak
maximum with increasing number of -0 or SATi-O SSG deposition cycles
applied to native greerP. sesostrisbutterfly wing sections. Bright field
micrographs of corresponding native scales, and scales coated with 50 or 125
layers of T+O and SrTi-O, are also shown. The data points represent mean
reflectance peak wavelength with + 1 standard deviation error bars (calculated
from 15 individual measuremeits Spectra and data analysis provided by A.
Lethbridge and P. Vukusic, University of Exeter. 141

Figure 77: Single scales PPC side up imaged under identical conditions (i.e., on
the same dayyith the same gain, the same shutter speed and with the same white
balance) showing the color change with increasing number of layers@fand
SnTi-O SSG coatings. All scale bars indicate 50 pum. 142

Figure 78: The MSP relative peak reflectance wavelength shift as a function of
number of SSG cycles of -1, and SATi-O- bearing SSG coatings. Spectra

taken from individual scales oriented with PPC side up or ridge side up. The data
points represent mean reflectance peak wavelength with £ 1 standard deviation
error bars (calculated from a minimum of 8 individual measurements). Spectra
and data analysis provided by A. Lethbridge and P. Vukusic, University of Exé&er.

Figure 79: A coate®. sesostrisving section with 10 layers of T0- bearing SSG

deposition (a) before and (b) after organic pyrolysis (450°C, 4 hr, in air) along
with SE images of (c) native PPC (courtesy P. ¥&i&, University of Exeter) and
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(d) PPC of inorganic replica after 10 layers of SSG deposition and organic
pyrolysis. 144

Figure 80: Photograph of (a) a coateédsesostrisving section with 8 layers of
Ti-O-bearing SSG and (b) the same coated wing section after organic pyrolysis
(450°C, 4 hr, in air). 144

Figure 81: Secondary electron images of th®%ioated PPCs with (a) 10yiers,

(b) 25 layers, (c) 100 layers and (d) 150 layers of SSG deposition after organic
pyrolysis (450°C, 4 hr, air) showing the retention of the periodic nanostructure.
All scale bars indicate 100 nm. 146

Figure 82: Secondary electron images ofT$1O-coated PPC with (a) 25 layers,

(b) 50 layers, (c) 75 layers, and (d) 100 layers of SSG deposition after organic
pyrolysis (450°C, 4 hr, in air) showing the retention of the periodic nanostuctur
All scale bars indicate 100 nm. 146

Figure 83: The average hexagonal pore spacing of nBtivaesostrisPPC vs.
inorganic replica pore spacings measured after organic pyrolysis (458fCqid)

of P. sesostri®?PC coated with 10, 25, 50, 75, 100, and 150 BSG deposition
cycles(TiQ Replicas), and replica pore spacings measured after organic pyrolysis
(450°C, 4 hr, air) oP. sesostri¥PC coated with 25, 50, 75, 100, and 150T&n

O SSG deposition cycles (Stoped TiQ Replicas). The data points represent
mean hexagonal pore spacing + 1 standard deviation error bars (calculated from at
least 40 individual measurements). Dashed lines provided simply to guide the
eye. 147

Figure 84: Raman spectra showing the rutile polymorph formed upon organic
pyrolysis (450°C, 4 hr, air) of the Si-O SSG coating, and the anatase
polymorph of TiQ formed after organic pyrolysis (450°@,hr, air) of the THO

SSG coating. 148

Figure 85: (a) A bright field TEM micrograph and (b) corresponding SAED
pattern of FIBmilled crosssection of PPC portion ¢f. sesostrigreen scalafter
150 SnTi-O SSG deposition cycles. 149

Figure 86: EDS spectra of (a) SitO coated and (b) 7O coatedP sesostris
wing scales after organic pyrolysis (450°C, 4 hr, in air). 149

Figure 87: Bright field optical micrographs of inorganic replicas formed after
organic pyrolysis of scales with 100 SSG layers cti§ped TiQ showing color
emanating through gap in ridges (a) arahf PPC side up (b). Scale bars indicate
10 pm. 150

Figure 88: Bright field optical micrographs (top row) and SE images (bottom row)
of a (left column) FIBexposed photonic solid region (vé) from a 50 SSG cycle
SnTi-O coated and pyrolyzed inorganic replica scale, (middle column) a FIB
exposed photonic solid region (blue/violet) from a 100 SSG cycl€i-®hcoated
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and pyrolyzed inorganic replica, and (right column) a-E¥posed photonicoéid

region (largely green) of a 150 SSG cycle-B+0D coated and pyrolyzed

i norganic replica. Al unmar ked scale bars
by C.G. Cameron, Georgia Institute of technology. 152

Figure 89: (a) A Bright field image of a nati?e sesostriscale after FIB milling
removal of the ridge structure along with (b) a representative MSP spectrum from
the sample, (c) an intensity map of 480 nm light, and (d) a color rhépeo
specimen with each 1.0 x 1.0 um pixel cetmded to its peak reflection
wavelength. All data courtesy A. Lethbridge and P. Vukusic, University of
Exeter and M. Kolle, Harvard University. 154

Figure 90: (Top row) Bright field images Bf sesostriSndoped TiQ inorganic
scale replicas after FIB milling removal of the ridge structure along with (bottom
row) a representative MSP spectrum from a single £ pixel area within the
sample,and (middle row) an intensity map of the peak reflectance wavelength
from the representative spectrum for each specimen. All data courtesy A.
Lethbridge and P. Vukusic, University of Exeter and M. Kolle, Harvard
University. 155

Figure 91: : MSP color maps from (a) a FéBposed photonic solid region
(violet) from a 50 SSG cycle Sh-O coated and pyrolyzed inorganic replica
scale, (b) a FIBexposed photonic solid region (blue/violet) from & B5G cycle
SnTi-O coated and pyrolyzed inorganic replica scale, and (c) aekpBsed
photonic solid region (largely green) of a 150 SSG cycleliSd coated and
pyrolyzed inorganic replica scale. Color maps courtesy A. Lethbridge and P.
Vukusic, Univergty of Exeter and M. Kolle, Harvard University. 156

Figure 92: (a,c) SE images and (b,d,e) bright field optical images ofmHi&d
inorganic replica oP. sesostriscale formed via 150 degition cycles of STi-

O coating after organic pyrolysis at 450°C for 4 hr. Both the PPC (i.e.
membrane) side up (a,b) and ridge side up (c,d) orientations are shown in
addition to an edge on view of the PPC. All scale bars represent 20 um. All
imagescourtesy C. G. Cameron, Georgia Institute of Technology. 157
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Summary

The gemrration of nanostructured assemblies with complex (ttir@ensional,
3D) selfassembled morphologies and with complex (multicompon&lprable
inorganic compositions is of considerable technological scientific interest. This
dissertation demonstes selfassembled B organc templates of biogenic origican
be converted into replicas comprised of numerous other functioaabcrystalline
inorganic materials. Nature provides a spectacular variety of biologasggmbled
3D organic structures Wi intricate, hierarchical (macto-micro-to-nanoscale)
morphologies. Such processingon readilyavailablestructurally complexemplates
provides a framework forchemical conversion of synthetic organic templates, and
potentially production oforganicinorganic composites.

Four specific research thrustsre detailed in this document. Firshemical
conversion of ananostructuredbioorganic template intoa multicomponent oxide
compund (tetragonal B&iO3;) via SSG coating and subsequent morphology
preserving microwave hydrothermal processing demonstrated Second,
morphologypreservig chemical conversioof bioorganic templates into hierarchical
photoluminescent microparticles is demonstrated to réaahlthe dramatic change in
propeties such prcessing can provigdeand the potential ulity of chemically
transformed templatesn anticounterfeiting /authentication applications Third,
determiration of the reaction mechanigs) for morphologypreserving microwave
hydrothermal conversion of TgOto BaTiOs, through Au inert markers on single
crystal rutile titaniais detailed Finally, utilization of constructivecoating techniques

(SSG) and moderatiemperaturg< 500°C) heattreatmentso modify and replicate
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structural color iscoupled with @constructive focused ion beam microsurggry
prepare samples for microscad&uctureinterrogation. Specifically, the #ects of
coating thickness and composition on reflection spectra of staligt colored
templatesareexamined. Also, the effecbf the replacement of natural material with
higher index of refretion inorganic materials ooptical properties ee discussed The
three processingesearchthrustsconstitutingchaptes 1, 2 and 4take advantage of
moderatetemperaturgrocessing to emse nanocrystalline materialsither for shape
preservation or to prevent scattering inicgt applications. The researchruast
detailed inchapter 3axamines hydrothermal conversionTa®,to BaTiGs, not only to
identify the reaction mechanis(®) involved in hydrothermal conversion under
morphologypreserving condions, but also to introducenert marker experiments to

the field of microwave hydrothermal processing.
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CHAPTER 1: Morphology-PreservingChemical Conversionof a 3D
Bioorganic Template (Morpho helenorbutterfly scales) into a
Multicomponent Oxide Compound (BaTiOs)

Discussions in thishapterare distinct from andxpand upon the research presented in:
J.P. VernonY. Fang Y. Cai, and K.H. SandhagéMorphologyPreserving Gnversion
of a 3D Bimrganic Templaténto a Multicomponent Oxide @npound #ngew. Chem.
Int. Ed, vol. 49, pp. 77657768 2010

1.1. Summary

This work reveals, for the first time, how a 3D organic template may be converted
into a positive replicaf a nanocrystalline multicongment oxide compound through a
three step proceggenerallyconsisting of the following stepgt) application of athin
continuous anaonformal 3Dinorganiccoating through a wethemical surfacéimited
reaction proces®n an organic template with a hgdylated surfaceii) organic
pyrolysis of the underlying template material and crystallization of the applied oxide
coating, and(iii) low-temperature hydrothermal conversion of resulting inorganic
material into a nanocrystalline multicomponent oxidenpound replica. This process
was demonstrated by cegrting 3D chitinousMorpho helenorbutterfly scales into
BaTiO; replicas. Determinationof the processingsteps and the correspondicgnditions
within each stepof the morphologypreserving chemical omversion processare
discussed. Evaluation ahe chemistry, phaseontenf and dimensional changes
throughout thechemicalconversion processaswell as the interaction betweewating
precursor and templataredetailed. Such an approach may be ridadpplied to organic
templates produced through biological, or synthetic, means in order to prepare inorganic

replicas with a wide variety of compositions, complex structures, and properties.



1.2. Introduction

Research focusing on the formation of oxmnostructures in botplanar and
threedimensional (B) geometries is spurred by anticipated importance for a number of
emerging apptiations including fuel celts batterie§ photocatalysts solar arrays,
sensory photonic bandgap materiflsultra@pacitors, and highfrequency imaging
transducefs For example, when reduced to the micrometer and nanometer scale,
piezoelectric energy harvesting devices may eliminate the need for replaceable power
supplies and expensive battery recharging proceduedsicing the waste generated by
batteries used in small portable electronic devices (e.g., cell phones and music players),
implantable medical devices, and remote structural health monitomsgrsen aircrafts
and ship& Additionally, ultrasonic imging transducers with submicron piezoelectric
elements would increase the imaging frequency, providing increased lateral resolution f
small penetration deptts Also, nanostructured photonic crystals could readily form
photonic band gaps at desired Wawgths in the visible spectrum by tailoring periodic
repeat distance of the structure, the refractiveenaf the material, or both
Unfortunately, thee areconsiderablescientific and engineering challenges/olved in
creatingdevices with nanoscaleontrol of composition and structureThe proposed
work aims to expand the currently limited processing repertoire (whiclomesc
increasingly deficientat the nanometer length scale) for the manufacturing of, and
tailoring composition within, compleghaped ceramics.

Obtaining clemically diverse, functional, (3 structures on the nanoscale
comprised of multicomponent oxides proves difficult becallehigh temperatures

(generally > 800°C) required to efficiently sekthte react, and/or sinter suchrassic



compoundstypically accompany significant microstructural changes (e.g., grain growth,
shrinkage). In addition to structural limitations, the ability to carefully control the local
stoichiometry of such ceramics (i.e., composition gradients, layexi the nanoscale)
remains a noitrivial challenge. Both the length scale of controlled chemistry and
temperature required for crystallization have been reduced by the advent ebyayer
layer (LbL) deposition methods, such as those involvingoketncal based systems.
However, wetchemical techniques have largely focused on simple geometries (e.g., spin
coating dip coating, spray coating, amdecipitating powdeds>*®, Recently, conformal
nanostructured coatings on compiewrganic and inorgani8D geometries have been
demonstratedising a readily-scalable, wétchemical LbL coating method referred to as

surface sobel deposition**

. To address the limited material systems and processing
methods forgeneratingnanostructured multicomponent idgs the proposed research
aims to develop brodly applicable processes fdow temperature synthesis of such
materials through the combination of SSG deposition and moderate ther®@D(<)
processing. SSGapplied coatings were evaluated through oxideodijon on 3D
nanostructured bioorganic templatelslicrowave hydrothermal (MWHT) pieessing of
such coatingswas examined for chemical conversion / phase transformation /
crystallization of complex multicomponeoxide structures

SSG deposition mape used to coat a variety of natural or synthetic templates
(e.g., any surface inherently, or functionalized to be, hydroxgarboxy rich), via LbL
hydrolysis of alkoxidebased precursors retaining feature sizes of ~1°f Microwave

hydrothermal proessing and its analogs (i.e., conventional hydrothermal and

solvothermal processing) can produce multicomponent functional ceramic powders and



films at low temperatures (i.e., < 240 °C) into desired polymorphs in reaction times
unequalled by convemthal @ramic processing®'®. Combining SSG with MWHT
reactions allowsfor (i) any surface rich with hydroxyl/carboxyl groups to have
monolithic or multicompoent oxide coatings appliednd (i) subsequent morphology
preserving chemical reaction / crystallioati/ phase transformation @batings. The
novelty of this work is the integration of the precise chemical anctaral control
offered by surfacdimited reactionSSG coatings with low temperature morphology
preserving processing to yield nanocrystedlfunctional materials.

Wetchemical techniques are commonly used tepxipitate stoichiometric
oxide powders, or form films. The advantage of such processing isfitheg
temperaturesequired toprovidecrystalline product formatioare considebly lessthan
typical temperatures used feolid-state reaction pcessing. SSG, a wetchemical
analog to atomic layer depositionas introducedby Ichinoseet al.in 1996°. The SSG
process involveshydrolysis of chemisorbed metal alkoxide precursors on surface
hydroxyl or carboxyl groups. Once an alkoxide layer is formed, the surface is rinsed with
anhydrousorganic solvent to removenbound alkoxide molecules. h& chemisorbed
surface is then hydrgted by incubating with wat to regenerate hydroxgroupson the
surface®. A schematic ofhe surfice solgel process comprisésgure 1.

Through the use of aofp-coated quartz crystal microbalan@@CM) resonator
(modified with 2mercaptoethanol to functionalize the surface with hydroxyl gnotips
film thicknes®s of different metal alkoxidesleposited via SSG wemetermined as a
function of incubation timeand number of cyclé$'’. A consistent, and stablge.,

frequency shift of QCM does not change aft@r min of metal alkoxide incubation)



deposition of~8 A per layer of alkoxide formed upon exposofethe functionalized
QCM crystalto titanium tetrabutoxidé. Such expementation confirmed the linear
frequency shift (i.e., repeatable layer thicknesk)metal alkoxides on hydroxylated
surfaces. Because the SS@rocess is surfae@mited, the total film thickness can be
controlled by the number of SSG cycles applied.

OH/COOH-rich )\ )

template surface

OH OH OH OH

After designated

Incubate Incubate

w/ Titanium (IV) ) w/ w?ter,
Isopropoxide and rinse rinse with IPA,
prop and dry

Repeat
Figure 1. A schematic representation of the surface solgd process utilizing titanium(lV)
isopropoxide asmodel metal alkoxide.

Bioorganic templates with hydroxylated surfaces were chasanodel templates
to avoidcumbersomeop-down and bottorup praessing methods faybtairing micro-
to-naro scale featurewithin a large number o$ynthetically produce®D templates.
Morpho helenorbutterfly wing scalesvere he initial templates chosen to evaluate the
influences 6 various processing conditiormn nanostructural retention. Thdorpho
helenorbutterfly wing template has a regular and wellaracterized nrphologyandis
comprised of a robust natural polysaccharide, chitiat containsan abundance of
surface hydroxygroup$®?t.  An intrinsically hydroxylated template surface may
eliminatethe need for s@imce modification before SS@eposition to ensure continuous
and conformalcoatings Photographs ofhie two sides of aMorpho helenorbutterfly
wing, SE images of theorresponding microstructwsavithin individual butterfly scales
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tiled on the wing surf@e, anda schematic of thenolecular building block (i.e., chitirf

butterfly cuticleare shown irFigure 2.

Ventral

Chitin ”

Figure 2: Photographs of both the @rsal and ventral sides ofa Morpho helenorbutterfly , SEimages
of the correspondng microstructures within single cover scale from both the dorsal and ventral
sides of the butterfly wing,and a schematic ofchitin, one of the prominent biopolymers present in
butterfly cuticle.

Hydrothermal synthesis to geosatists is a procesaking place in the presence
of superditical water (above 374°C3®. Hydrothermal synthesis is now often used,
although less accurately, to describe aqudrased synthesis above 100 °C and at a
pressure grater than 1 atfi A sealed vessel is used to contain the vapor of the solvent,
which is aqueous in hydrothermgrocessing or noraqueous in solvothermal
processing. Though hydrothermal processinglasired product may be formed directly
from precursorsolutiors at low temperatures. Other advantages inchirgecontrol of
particle morpholoy and agglomeratiof®.  In 1993, Komarneniet al. used
hydrothermal synthesis in combination with a microwave field to produce single, binary
and multicomponent oxid& In their work with electroceramics, Komarnegti al.

demonstrated that microwave hydrothermal processing increeaetibn kinetics by one



to two orders of magnitude over conventbhydrothermal processitfy Some propose
microwave radiation couplewith, and is absorbed by, a material and the absorbed
radiation § converted into thermal energyh&advantage of such internal heating, rather
than conventional heatinghrough convection or conductipnis believed to be a
contributing mechanism for ¢hreduction in reaction tinl& Others propose kinetic
enhancement results from the increased transport of ions due to the decresseasity
of water undetydrothermal conditiof§. With conventional ydrothermal reactions,
tetragonal BTiOs has bee formed at 240°C in 24 Hfs Microwave hydrothermal
syntheses conducted at the same temperdtune with the same reactanisoduced
tetragonal BT in 10 s with a tetragonal character equivalent to BT produced by
conventonal hydrothermal in 48 his

Barium titanate (BaTiQor BT) was selected as the representative ceramic
material because it is widelysed ina number of engineering applications (e.g.,
multilayer ceramic capacitors (MLCCs), electptic devices, @ad pyroelectric
elementy'1922:2224 |n the aforementioned applications, the ferroelectric properties of
BT are exploited. BT is a perovskite (ABg) material which transforms from
centrosymmetric to noncentrosymmetric crystal symmetries at thie @mperature.
The change in the perovskibased structure at the Curie temperature for BT is illustrated
in Figure 3. In the case of BT, displacement of the centrdl Ton causes a dipole
moment in the cryal. Above the Curie temperatuaeferroelectric material willdse its
polarizability because the thermal energy is great enough to restore the random
orientation of domaimolarization vectofS. Perovskites are referred tofagy ar bage c an

ceramics forthe ability to host a broad range of cations on the A and/or B.sildss



chemcal flexibility is attractive,especially when processing methods provide precise
stoichiometric control, because various properties such as photoluminescence and
dielectricresponse can be tuneth chemical composition For examplea redemitting
phosphorEu®* can be doped up to 8 mol% in a BaZifbst lattice without exhibiting
concentration quenchify Also, S***is often incorporated within BaTi(.e., as a solid
sdution through substitution at Basites) to produce tunable dielectrics, (e.g., reducing

the Curie temperature from ~120°C for BT to ~6.3 °C foj 8@ .4TiO3 (BSTY".

T< Crie Point <T

o@o " JOM

o—4@)—o

Tetragonal Cubic
(non-centrosymmetric) {centrosymmetric)
Ferroelectric Paraelectric

O Bg 2+ @ T4+ .02-
Figure 3: A schematic epresentation of the perovskite unitcell of barium titanate upon cooling
(right to left) through its Cur ie transition temperature, whichis accompanied by the spontaneous
polarization of dipoles leading to ferroelectric behavior (left).

The proposednorphologypreservingchemical conversn process for converting
chitinous butterfly scales into nanocrystalline multicomponent oxide compound replicas
is illustrated inFigure 4. Indeed this is a robust procefss generatinghierarchical
asserlies which posses 3D morphologies withboth microscale andnanoscale

patterns/features he strategy for such a conversion proaedi®supon decoupling the



template formation andhemical tailoring processes.yBising biological templatesith
micro-to-nanogale patterns, onmay optimize the conversion processes for application
to synthetic templatesThe variety of commercially available metal alkoxides available
for surfacesolgel depositionin combination withhydrothermalreaction processing
provides pomise thatthis methodology may be used to convert synthetic or biogenic
organic templates intouhctional ceramic material&ith numerous3D morphologies,

compositions, and properties.

Chemical Tailoring
Chemical transformation of

Template Formation template into titania and
Hydroxyl/carboxyl rich surface subsequently into BaTiO,
of 3D template produced 1
biologically or synthetically I !

A
, \ e
e After

HQ, H
'”'"'/7 450°C heat
H OH designated l
EE e— —_— numberof T el

Incubate Incubate cycles \ :
w/ Titanium (IV) w/ water, :
Isopropoxide rinse with IPA, 1220 C MWHT
and rinse and dry treatment
\ BaTiO,

Figure 4: A schematic illustration of the morphology-preserving chemical conversion process vith
sepaates template formation and chemical tailoring processing. Onca template is formed the
chemical tailoring process entails three steps:)(applying thin conformal oxide coating, (i) organic
pyrolysis and crystalization of oxide coating, and (ii) hydrothermal conversion of resulting
inorganic material into a multicomponent oxide compound.

1.3. ExperimentalProcedures

Morpho helenorbuttefly scales (purchasededeased and dehydratdbm
insectsale.com, Cia-yi City, Taiwan) were chemically transformed inB®T replicas via

a threestep process: i) application of a thin@ibearing coating through a laybky-layer



surface sebel (SSG) process, ii) pyrolysis of the underlying clitis template ah
crystallization of the FO coatinginto anatase Tig) and iii) conversion of the resulting
titania structure into barium titanate by microwave hydrothermal reaction withuarbar
acetate and NaOH bearing solution. Determination of pracsor and processing
conditions were studied through the use of hydrolyzed powders of monolithic, mixed

alkoxide, and molecular precursors.

1.3.1. Hydrolysis of TiO, powder for MWHT Treatment

The generation of TO precipitates entailed adding 6 mL of wai@20 mL of a
0.635mM solution of Titanium(1V) isopropoxid€99.999% metals basis, Sigma Aldrich,
MO, USA) in anhydrous isopropanol (IPA) (AsgoOrganics, Geel, Belgium) After
washing (i.e., with 20 mL of water and then 20 mL IPAJ ainying (i.e. 30 min 1hr at
80 °C in air) the precipitate wakaded into aleflonE -lined microwave hydrothermal
vessel(XP1500 PlusCEM Corp., Matthews, NC, USA)n a nitrogen atmospheggove
box (to prevent barium carbonate (Bag@rmation) with 20 mLsolutionof 1M NaOH
(diluted from50% w/w ag. eln., Alfa Aesar, MA, USA)and 25 mM barium acetate
(99% Alfa Aesar, MA, $A) in previouslyboiled DI water. Samples were treated at
140°C, 170°C, ad 220°C for 10 hin a microwave reaction systen2.45 GH MARS
230/60,CEM, NC, USA) After reaction, the poders were washewvice with 25 mL of
1 M acetic acid(diluted from glacial acetic acid, 17.4N, 99.9%, FisBerentific, PA,
USA) in 50 mL centrifuge tubes rotated at 30 rpm on a RKVSD rotator (Appropriate
Technical Resources, MD, USA9r 30 minto remove any potential BaG@hat may
have formed upon opening the vessels in ambient atmospherespdtimens were then

washedtwice with 20 mL ofpreviously boiled Diwater, and then twice with 20 mL of
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IPA, followed by drying in air at@C for 1 . Each wash, or ringsetep was caied out

via 5 min centrifugation of solutions in 50 mL centrifuge tubéSorning, MA, USA) at
4500 rpm in acentrifuge equipped with a swinging bucket rote48R centrifugewith
#A-4-44 rotor, Eppendorf, Hamburg, Germany). Following centrifugation the
supernatantvas removed by pipetteefore adding subsequent solution or dryiAfier

drying ssmples were theready for XRD analyse

1.3.2. Hydrolysis of mixed alkoxide and stoichiometric precursors

Precipitation(i.e., via hydrolysispf Ba and Tii bearing pwdersrequired 6 mL
of water to be added to 20 mL of a 0.635 mM barium titanate alkoxide precursor solution.
Alkoxide solutions were either a stoichiometric mixture of bafli)msopropoxideg(20%
(w/v) in isopropanol, Alfa Aesar, MA, USAand titaniunflV) isopropoxide, or a
molecular precursor, barium titanium ethylhexano isopropofidet% BaTiQ, 99% by
metals basis, Chemat, CA, USAAfter washingtwice with 20 mL of DI water and then
twice with 20 mL of IPA, the precipitates werdried for 30 minuts in a vacuum
centrifuge and theroaded (in a nitrogn atmosphere glove box) into naicrowave
hydrothermal vessel with 20 mL of a boiled DI walteised solution containing either 0.5
M barium acetate or 100 mM phosphate/citratéfdsu(pH 7). Note: someof the
precipitate specimens wesaved for HTXRD analys. Precipitate specimenwere
treatedat 240°C and 140 °C for 10 hasd 2 hrs respectivein the microwaveeaction
system. Thehydrothermally treated powdengere washed witl25 mL of 1 M acetc acid
for 30 minutes two timeso remove any possible BaG@at may have formedpon

exposure to the ambient atmosphefiéhe MWHT reaction products were then wegh
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twice with water, washed twiogith IPA, andthendried at ®° C for 1 hr before XRD

andysis.

1.3.3. SSG coating of butterfly scales

Each automatedcycle (in a N, atmosphere glovebox)f the SSG process was
conducted by (i) immersingving sections clipped to a 1.5 x 1.5 csilicon wafer
substratein a 0.0 M titanium (IV) isopropoxide solution in IPA for 10 min, (ii)
washing threeitnes with 4 mL of IPA(iii) immersingin 4 mL of 40 vol% IPA in DI
water for 3min, (iv) washing again three times witid mL of IPA, and therfv) drying
with a stream of flowing air for 5 min at RT. This prosegasrepeated for a total of 51
cycles. The coateding sections were then plackdtween twolished (2.54 x 2.54 x
0.159 cm) fused quartz plates (Technical Glass Pted@H, USA) by wetting with

ethanol and were allowed to dry fatrleast Hr.

1.3.4. Organic pyrolysis and MWHT conversion

The SSGecoated butterfly wing sectisnwere sandwiched betweetwo quartz
platesthenheated in a MgO crucible inatube furnace (Lindberg / Blue M, NC, USA,)
at 0.5°C/min to 450°C (AutoFire® Controller, Orton Ceramic Fotioda OH, USA
outfitted with a ktype thermocouple, OMEGA Engineering, Inc., CT, USA) and held at
this temperature for 4rhin air to allow for pyrolysis of the chitin and crystallization of
the titania. The specimens were then furremeled to RT. The yolyzed speitnens
were sealed withifMWHT vesse$ containing a 20 mL solution of 0.%2M barium
acetate and 1 M NaOBbbthdissolvedwithin previouslyboiled DI water. Thespeimens

were then heated within 7 min to @Z in microwave reaction system atmaximum
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power output of 160 W and held at this temperature for 10tb allow for complete
microwave hydrothermal (MWHTgonversion into BTAfter removal from theMWHT

vessels, the reted scales were washed twice for 30 min with 25 mL bf &cetic acid

in 50 mL centrifuge tubes tated at 30 rpm on @tator to remove any potential BagO

that may have formed upon opening the vessels in ambient atmosphere. The specimens
were then rinsed twice with 20 mL of water, and then twice with 20 mL of iélkwed

by drying in air at 8°C for 1 r.

1.3.5. Morphology, Phase, and Chemical Analyses

The morphologies of theative M. helenor butterfly scales, the SSGated
scalesthe pyrolyzedscalesandthe hydrothermallyreactedscales werevaluated with a
field emission scanning electron microscope (1%¥G SEM, LEO / Zeiss Electron
MicroscopyThornwood, NY) equipped witenergy dispersive Xay spectrometer (EDS)
(INCA Model 7426 Oxford Instruments, Bucks, UKcapability. If indicated that
samples were sputted with gold,a Quorum Q150T E$Energy Beam Sciences, INC.,
CT, USA) sputter coater had beeilized to sputter Au fo60 seconds at 20 mA. The
phase identificationof the MWHT converted powders were evaluated at room
temperature using -xay diffraction (XRD) analyses XRD analysesvere conducted on
an XoPer t-1 dffracdomeétdr (PANalytical B.V., ALMELO, Netherlands) with
monochromatic Guy(1.5405980 A) rdiation emanating from &.8 kW ceramic %ray
tube with a copper anod@¢45 kV, 40 mA) through a symmetrical Johannson
monochromator and det ect eidfraciop spachmenX @vefee | e r at
dispersed on quartz cut 6° from (AQ®w background specimen support (GEM dugout,

PA, USA) via pipetting an aliquot of IPA/powder slurry onto specimen support

13



allowing the IPA to evaporateSome powder diffraction specimens were mounted from
IPA/powder slurries with powder that had iaternal 10 wt%NIST SRM 640c standard
incorporated in order to confirm the line position of the scafiigh temperature Xay
diffraction (HTXRD) analyses werperformed onan X 0 p e r t Pro néteD di ff
(PANalytical Corp., ALMELO,Netherlands) equippewith an Anton-Parr HTK 1200
furnace withno gas flow. For HTXRD, specimenwerealso loaded vigipetting of
precipitate/isopropyl alcohol slurnbut this time the specimen supports wsnegle
crystalMgO plates (100) oriented sgle crystal MgO,10 mm x 10mm x 1 mm with
two-sided polishMTI corporation, CA USA). After the IPAevaporatedthe first scan
was performed at 2&, ard all subsequent scans# °C. Between the scans afCGhe
following procedure was used for heat treatment tempesatanging from 100°C to
700°C in 100°Cincrements: heated furnaca 60°C/minto desired heat treatment
temperaturgheld at temperatarfor 2 hr then cooled at 60°C/ min to 70°C for scan to be
taken below @rie temperature.

All transmission electron ioroscopy(TEM) bright field imaging and selected
area electron diffraction (SAEDand high resolution TEM imaging (HRTEMyas
performed by Dr. Ye Cai (Georgia Institute of Technology). The analyses were
conducted using a JEOL 4000 EX instrument (Japaectiin Optics Laboratory,
Tachikawa, Tokyo).Crosssectionalimagesof specimens weralsoobtainedby Dr. Ye
Cai via focused ion beam (FIB) milling (Nova Nanolab 200 FIB/SEM, FEI, Hillsboro,
OR, USA). Crosssectioral SE imagesof the internal structuref M. helenorbutterfly
wingswere generated by cutticiga FIB milling) an initial trench ~2 um x 1pm and then

milling sequential 200im thick slices( i ¢ | e a n-sectigns) awayp fsomthe face of
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the trench being imagedFIB crosssectiors for TEM interrogationwere cut from a
ridge, bonded to micromanipulator needle viadeposition and thenthinned viaFIB
milling before being placed on a TE§fpecimen suppodrid. Oxygen plasma treatment

for removal of the asoated chitin template was conduct@dodel PDG001 Plasma
Cleaner, Harrick, Inc., Ossining, NY) with ultra high purity oxygen at a pressure of 300
millitorr for 18 h at a power setting of 29.6 W.Raman spectra were obtained at RT
using a confocal Raman microscope (Alpha 300R, WITec, Glenmany) with a 1 mW

Ar” ion laser $=514.5 nm) as the excitation source. A 20x objective lens was used to

focus the laser onto each specimen

1.4. Results& Discussion

1.4.1. Converting SSG coatings on complekiotemplateinto BaTiO3

In an effort to obtain 3Dhanarystalline structws of tetragonal BTMorpho
helenorbutterfly wing scales wereonformally coated with FO via SSG, pyrolyzedt
450°C, and converted into BaTj@vith a 220°C MWHT treatmentReaction conditions
were determined by performing MWHT reé@ans on powders generated by hydrolyzing
titanium(1V) isopropoxide precurs@s outlined inSection 1.3.1 Figure 5 contains the
XRD data generated from T¥Powders dter being converted via MWHTinder caustic
conditionsin the presence of barium acetatevarious temperaturesThe key result
illustrated in Figure 5 is the significant peak splitting of002 from (200/(020)
interplanarspacingo f t he uni t)afteeteatment a 220°€, 4vbich indicdted

a significant amounf tetragonal polymorph was formed.
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The chemical conversion process utilized to conkotpho helenorbutterfly
scales into tetragonal BaTi@eplicas is depied inFigure 1. Lepidopteran wings are
imbricated with chitinous scaledd. helenorbutterfly wings havéooth cover and ground
scales as defined iRigure 6a. Each indivdual ventral cover scale (~2@&50 pm long
by ~100 um wide) of the femalgl. helenoris rectangular in shapéurcated(typically
into 3-5 points) on the exposed end, and tapered to a single stem that attaches the scale to
the wing membrane. Such scalalso contain ridges running parallel to the long
dimension of the scale spaced ~ 2 um aparshown inFigure 6b,c. Each ridge is
striated with ~60 nm thick parallel ribs spaced ~150 nm apart as shadwguire 6b,c.
The ridges are connected by horizontal struts as showigime 6b,c, and supported by
vertical struts (or trabeculae). The vertical struts connect the ridge/miadizstrut
structure to the base of the scale as depicted in a SE image ofnaillelB crosssection

of a native ventral cover scaleigure 6d).

v BaTiO, d 200/020
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Figure 5: X-ray diffraction patterns of TiO, powder (0.635 mM) precipitated via hydrolysis of
Titanium(IV) isopropoxide after MWHT treatments at 140, 170, and 220 °C in solution containing
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0.125 M barium acetate and 1M sodium hydroxide for 10 hr (left). Close inspection of the peaks near
45 degrees twotheta (right) revealed peak-splitting indicative of the tetragonal phase is evident in the
220 °C specimen

Thin, conformal and continuous titars@aring coatings were applied to these
nanostructured biotemplates through a compoatrolledSSG process for a total of 51
cycles. Coated scales then underwent organic pyrolysis (450°C, 4hr, in air) to remove the
chitinous template. The resulting oxide structures were hydrothermally treated at 220°C
for 10 hours in a 0.125 M barium acetate M1NaOH solution. Each step of the
transformation process from chitins butterfly scales to nanocrystalline BaEiO
structurs is illustrated through towiew SE micrographs shown iRigure 7, which
demonstrate thBaTiOs; inorganic replicas retained the overall scale morphology, parallel

ridges and perpendicular struts

S Horizontal Vertical
Strut Strut 1

Figure 6: SE images of (a) tiled ventral scales of a femal&orpho helenorbutterfly labeled with cover
and ground scdes, (hc) microstructure of individual scaleswith ridges, struts, and ribs indicated,
and (d) FIB crosssectioncut through thickness of scale showing vertical struts supportingorizontal
struts andridges.
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Figure 7: SE images of ventral femaleMorpho helenorwing scaleqa) in native state,(b) after 51 SSG
deposition cycles,(c) after organic pyrolysis of coated scalesand (d) a SSG coated and pyrolyzed
scale after MWHT conversion into BaTiO;. Insets are lower magnificaion imagesof the same scales.
Scale bars represeni pm in primary images and20 pm in insets

In order to identify theelements present at each step of the chemical conversion
process, EDS spectraFigure 8) were taken on native, coated, pyrolyzed, and
hydrothermally converted scales revealing a Ti peak after coating, a decreased N peak
after pyrolysis (loss 02-(acetylaminoj2-deoxyD-glucose the building block of chitin),
and the presence of Ba and Ti aMWHT. It should be noted C, O, Au were present in
all scans. Gold peaks were detected due to sputter coating with gold before determining
conditions for SEM able to image uncoated samples. Samples were mounted on carbon
tape and may have contained carl§e.g., native scales). All samples were expected to

contain oxygen.
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Figure 8: EDS of (a) a native scale,( b) a native scale after 51SSG TiO bearing coatingcycles,(c) a
SSGecoated scale #er organic pyrolysis, and (d) an inorganic scalereplica after MWHT conversion
into BaTiO5. Note: all samples sputtered with Au for 60 sec.

After coating scales with 51 SSG deposition cycles TEM/SAED of FIB <ross
sections Figure 9a,b) revealed the coating and underlying chitinous material was
amorphous. All TEM analyses were conducted d® Efosssections cut from a single
ridge of a butterfly scale. Trenches were milled on either side of a ridge and sputtered
platinum was used to attaehmicromanipulator to thexposedidge crosssection which
was then thinned via ion milling andtransported toa TEM grid with the
micromanipulator SE images of a representativiB-milled trench and resultingross
sectionare shown irFigure 10a,b. Thecorrespondindoright field TEM image ofand
SAED pattern fronthe coated scalare shown irFigure 10c,d. The SAED diffraction
pattern Figure 9d) of a FIB crosssection cut from a coated ampgrolyzedscale was
consistent with anatase titaffla A bright field TEM image(Figure 9c) and HRTEM

lattice fringe imageKigure 11a) indicatedthe pyrolyzed material was nanocrystalline
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with atomic plane spacings of 0.352 nm and 0.243 nm consistent with the (101) and (103)
interplanar spacings of anatase titania, respectiveiyter organic pyrolysis th&aman
spectrum peakshown inFigure 12 were also consistent with that of anatase titania.
After MWHT reaction, high resolution SEM imagind-igure 13b), TEM/SAED
analysegqFigure 9e,f) as well as lattice fringe images obtairfeain FIB crosssections
of an individual ridge Figure 11b) indicated the titania had been converted into
nanocrysalline BaTiQ. The bright feld TEM image shown irFigure 9e revealed
crystallite sizes between 30m and DO nm which are similar to the particle sizes
obsered in SEM imagesHigure 7d, Figure 13b). SAED diffraction patterns were
consistent with BaTi@(Figure 9f) and HRTEM Figure 11b) revealedan interplanar
spacingof 0.283 nm consistent with the (110) spacing of BaT/l peaks in Raman
spectrum of BaTi@ butterfly scales Rigure 12) are consistent with BaT#y. The
tetragonal nature of the BaT{@ identified by the presce of two Rman active modes,
i.e., peaks centered at about 304 @Bfl cm' (Figure 12) that have beereported to be
lost upon heating above the Bagi€urie temperaturd.€., trangorm from tetragonal to
cubic BaTiQ)%.

To interrogate the internal structure of the specimens at each stage in the
conversion process, FIB milling was used to cut trenches withinichdivscales. The
3D maphologiesof native, coated, pyrolyzed, and hydrothermalbnverted scales are
shownin Figure 14. Each stage in the chemical conversion process reveals similar
internal morphologies with vertical struts suppagtridge and horizontal strut structure.
To ensure such 3D replication was uniform, sequential FIB cuts were ririglee 15

contains SE images of sequential FIB cuts after each step in the chemical conversion.
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Each row is a distinct conversion step and each column represents a sequential cut into
the structure. Such sequential c(Fgyure 15) revealed a relatively consisteinternal

3D morphology throughout each seal Another goal of such cuts was to determine the
internal structure within a single strut or ridge. Determination of the internal structure
within a particular strut or ridge was not possible either due to spedigan

interactions or the resolution @nable with samples not sputtered with Au or carbon.
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Figure 9: Bright field TEM micrographs (left column) and corresponding SAED patterns (right
column) showing (a,b) amorphous chitin coated with 51 layerof amorphous Ti-O containing SSG
layers, (c,d) nanocrystalline anatase titania after organic pyrolysisand (e,f) larger nanocrystalline
BaTiO; after MWHT conversion of coated and pyrolyzed replica. All micrograph scale bars
represent50 nm.

21



Figure 10: (a) A SE image of milled sectior(b) a SE image of sample Pt welded to micromanipulator
needle on way to TEM grid, (c) low magnification TEM image after Pt deposition, mounting to
micromanipulator needle and placing on TEM grid, (d) higher magnification TEM image, and

corresponding SAED diffraction pattern (inset) from a Ti-O SSG coating.

Figure 11: High resolution TEM images of FIB-milled crosssections of(a) nanocrystalline anatase
titania after coating with 51 SSG depaition cycles and being pyrolyzedat 450°C for 4 hr in air, and
(b) BaTiO3 grains after MWHT conversion of anatase titania scale replicas.
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Figure 122 Raman spectra obtained at each step in chemical conversion process of femillerpho
helenor wing scales (i.e., spectrum from a native scalafter coating scales with51 Ti-O SSG
deposition cyclesafter organic pyrolysis of coated scalesnd a SSGcoated and pyrolyzed scale after
MWHT conversion into BaTiO;. The wavenumber value labeling each peak was determined by

measured local maximum peak intensity.

Figure 13: High magnification SE images of horizontal struts within aM. helenor butterfly scale
after: (a) the conversion into nanocrystalline TiG via exposure to 51 SSG deposition cycles and
organic pyrolysis, and (b) after conversion via MWHT reaction of the TiO ,-converted scalesnto

BaTiO;. Both scale bars represent100 nm.
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Figure 14: SE images of crossections of M. helenor ventral cover scales, after FIB milling of
trenches, at various stags of conversion: a) a chitinous native scale, b native scale after 51Ti-O

SSG deposition cycles, ¢) a SSG coated scale after organic pyrolysis, and d) a SSG coated and
pyrolyzed scale after MWHT conversion into BaTiQ. All scale bars representl pm.

24



| <—-da'1$ Su!sséomd

Chitinous |
Scale E

Coated
Scale

Pyrolyzed |
Scale

Pyrolyzed B
Scale
after

Figure 15: SE images of sequential FIB cuts at each step in the chemical conversion process from
native scale(top row) to BaTiOz scalereplica (bottom row). All scale bars representl um.

1.4.2. Dimensional change analyses and SSG/cuticle interaction

Despite the remarkable morphology retention throughout the chemical conversion
process, certainihensional changes seemed apparent at various stages whichded
guantitative investigation of the dimensional changego dimensions were evaluated
through measurements on SE imagses pgerforming 5 directmeasurements on 15
different micrographdor a total of 75 independent valuéisat were assumed to be

normaly distributed The dimensions measured wenaistvidth and ridge spacing and
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aredefined inFigure 6b. Thecalculatedmean andhe calculatedtandard deviation of

each dimension throughout the conversion pe@ee tabulated ifiable 1.

Table 1: Dimensional Measurements at Each Stage ofd@versior®

Process St - After After After
. Chitinous SSG organic MWHT
Feature Z Scales ) :
Coating pyrolysis Treatment
. , ] 2230 2240 1690 1880
Ridge Spacing (nnf} . . . .
140 120 120 200
: I 205 270 180 360
Strut Width (nm? . . . ;
30 50 30 60

[a] Mean and standard deviation reported is based upon average of 75 independent measurements
[b] SeeFigure 6b for illustration of ridge spacing and strut width.

While the ridge spacing remained essentially unchanged upon application of SSG
deposited coatings the average strut width increasé&® loyn. Such a thickngsncrease
is indicative of a sulmanometer per layer coating process (i.e.,32.5 5intycles or
~0.6nm/cycle). To determine whether or not the chitimoagerial was infiltrated like a
porous materialor if it acted as an impermeable solithe chitinos template was
removedthrough oxygen plasma etchirafter application of ta 51 SSG cycles SE
images of fracture sections afridge and a vertical strut are showrigure 16a,b. The
coated, chitiffree ridges and strts exhibited hollow cores. A hollow structurelicated
the titanium(1V) isopopoxide did not penetrate considerainlio the bidemplate during
the coatng process. Organic pyrolysis svased in the chemical conversion process to
remove the citinous template and crystallize the inorganic coatirigjgure 16¢ also
revealedhollow cores in the pyrolyzed state. The retention of the 3D scale morphology

in template free inorganic structurese., after renoval of chitinous material through
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thermal pyrolysis oroxygen plasma treatmenindicated the thin SSG coatings are
continuaus, highly interconnected, and rigid. After pyrolysisthe coated scaldbere
was anoticeable decrease in the total scalekihess Figure 14c vs. b and Figure 15
row 2 vs.row 3). Dimensional measuremsn(Table 1) indicated asignificant decrease
in strut width and ridge spacing depicted kingure 7c vs. b. However the shrinkage did
not result in complete collapse of the hollow cores to form inorgamsttive replicas
after organic pyrolysis(Figure 16¢). After MWHT conversion of hollow titania
structures there was noticeable increase in ridge spatate(1; Figure 7d vs. c) and
strut width (Table 1; Figure 7d vs. c; Figure 13b vs. a; Figure 14d vs. c; Figure 15
row 4 vs.row 3 ). Most interestingly, the hollow cores of the titania struts becam
largely filled in by BaTiQ (Figure 16d vs.c).

In hindsight compensation for porositynéreasedspacing and increased width
dimensionsupon conversion of anatase structures into BaBi@uld not be surprising
after consideration of the molar volumes of the two phases. The molar volume of anatase
titania and barium titanate are 20.5 and338r/mol respectively as calculatedilizing
International Center on Diffraction Data datab&sevderDiffraction File Card No. 00
021-1272 for anatase TigOand Card No. 0@050626 for tetragonal BaTi@Q Thus,
titania coatings swelled when converted BaTiO;, which led to an increase in the
minimum feature size retained throughe MWHT conversion method. However,
encouragingly, such expansion may reduce porosity of resulting perovskiiés
retainmen of such complex morphologies svalealy aidedby the fluid reaction medium
and wa consistent with barium titanate formation largely on the surfaces of thia tita

reactant through either ainin-situ Transformation or Adissoluton-heterogeneous
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precipitatio® hydrothermal reaction mechanism reportbyl several authot32

Further investigatiomto the identificatiorof the reaction mechanigs) will be reported

in Chapter 3 of this document.

Figure 16: High magnification SE images of fracture sectionsf ridges andstruts at various gages of
the conversion process including(a) a vertical strut and (b) a ridge after 51 cycles of SSG coating
and then removal of the chitin by oxygen plasma treatment(c) a nanocrystalline anatase TiO,
vertical strut after SSG coatingand organic pyrolysis and (d) a nanocrystalline BaTiO; vertical strut
after SSG coating, organic pyrolysis, and MWHT treatmentAll scale bars represen200 nm.

As expected from macroscopic observatioh coated and pyrolyzed wing
sections micrograph measurements indicade statistically significant dimensional
changes throughout the chemical conversion pro¢iessshrinkage occurred upon firing

due to densification of the amorphous coatings and loss of the chitin teraplhte
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swelling attributed tonolar volume expansion and particle groywtifwo-sample {tests
with unknown variancewvere used to compare the average strut widths. Although
calculated degrees of freedoms ) al ways 3e&6Cvae used@dias@&Stest
against calculating statistll differences) A 99% confidence levelvas used, which
required a test statistic ofy; » ¢ = 2.606%. With a 9% confidence level it may be
reportedthe coated strut width was least 451m larger tharthe native strut widt. The
pyrolyzed stiut width wasat least 70nm narrower than in the coatedstate and after
MWHT processingthe strut width wa atleast 160hm larger than after pyrolysiPhase

ID through Raman spectroscopy and TEM analysdsng with @ergy dispersie
spectroscopy, coitmed the identity, purity, and chemical compositioof the phasesn

the micro and nanoscalelt should be noted without acetic acid washing of reacted
barium titanate aciculabarium carbonateBaCQ; paticles were present. Barium
carbonatewas formed pon exposure of the excess baribearing hydrothermal
solution to ambient atmosphere. Although, s$milar MWHT conditions were used
previously to convert titania powders into tetragonal bartitemate powder$, such
processing in combination with SSG hasw produced nanocrystallineD3structural
retainment with precise understanding of the dimensional changes associated with the

chemical conversion process.

1.4.3. Evaluating other potential combinations of SSG and MWHT

In order to eliminate or reduce molar vma expansionn converting titania
replicas to BaTi@, two solutions were explored. The first solution was the application of
coatings containing both barium and titanium oxides. The second solution was the

application of fewer layers of titania. Forlgion one, microwave and conventional
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heating was applied to powders formed by hydrolyzing either a stoichiometric mixture of
barium/titanium isopropoxide or a molecular precursor, barium titanium ethylhexano
isopropoxide. Within the MWHT crystallizatigghase transformation experiments,
reaction solutions containing combinations of passivating ag@nts, oxalic acid,
phosphee, citrate), buffer (phosphatitrate pH 7), and excess concentrations of Ba
were utilized to formulate alternative cryisization conditionstargetingthe formation of
tetragonal BT. Solution design was baseganthe desire for a moderate pH range (i.e.,
6-11) where a chitin template would not be damaged higgirothermal synthesis
conditions

XRD patterns(Figure 17a) generated from both a stoichiometric mixture of
isopropoxides (upper pattern) and a molecular precursor (lower pattern) after MWHT
treatment at near neutral pkblgtion conditionswere used to evaluate the alkoxide
precursors XRD analyse revealed mixed isopropoxide precipitates crystallized into
cubic barium titanate readily whereas the molecular precutisonot. XRD data in
Figure 17b revealed neaneutral treament at 20°C, a temperature greater than what is
required for tetragonal polymorph formation in caustic solutions, did not crystallize
significant BT from the molecular precursor (lower pattern), and did not form tetragonal
BT from a stoichiometric isopropoxide xtire (upper pattern). Upon hydrolysis of the
molecular precursor, the watgsoluble alkanechain may also be incorporated into the
precipitate The alkanechain could then serve as ansitu carbonsource for the
formation of BaCQ. This expanationappeareglausible based upon dataRigure 17b
which showedan increase in BaGOcontent in theunwashedmolecular precursor

MWHT product(lower pattern) ovethat ofthe stoichiometrianixture MWHT product
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(uppe pattern). Such high levels of contaminaticemd lack of BaTi@ formation led to
elimination of the molecular precursor as a potential cadaie for use in the SSG

deposition oBa-Ti-O- containing coatigs.
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Figure 17: X-ray diffraction patterns of powder precipitated via hydrolysis of stoichiometric mixture
of barium and titanium isopropoxide (top) and molecular precursor for BaTiOs, barium titanium
ethylhexanoisopropoxide (bottom) after having undergone (3 MWHT treatments at 140°C for 2 hrs
with 0.100 M phosphate/citrat buffer and (b) MWHT treatment at 240°C for 10 hrs with 0.5 M
barium acetate. Silicon peaks in () are due to theuse of internalNIST SRM 640cstandard.

Although neameutral conditions for the MWHT crydlization of cubic BaTiQ
were found, even a treatment at 240°C for 10 hrs was unable to produce angnific
tetragonality. However220°C MWHT synthesis of Bdi-O- containing precipitates
with 1 M NaOH produced tetragonal Bagi@om both molecular andtoichiometric
precursors within 8 hr. Figure 18 contains XRD data from the caustically treated
stoichiometric mixture precipitates, including an inset showing the significant peak
splitting indicative of tetragal BaTiOs;. Precipitates from stoichiometric mixture
precursors were also subjected to HTXRD to examine conventional heat treatment

temperatures required to form the tetragonal polymorph. The resulting HTXRD data
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(shownFigure 19) revealed a considerable amount of cubic barium titanate was formed
at room temperature. Additiolhg heating to 700C for 2 hrdid not poduce significant
(detectable by XRDjetragonal content in the BaTJO Alternatively, the tetragality

may not detectable by XRD duthe peak broadening inhetein nanocrystalline

powders.

__Tetragonal
BaTiO,

.........................

Figure 18: X-ray diffraction patterns of powder precipitated via hydrolysis of stoichiometric mixture
of barium and titanium isopropoxide after having undergone MWHT treatment at 220°C for 8 hrs in
20 mL of 1 M barium hydroxide. The inset reveals the emergence of peak splitting at tk200)/(002
peak, which is indicative of the tetragonal polymorph of BT.
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Figure 19: HTXRD data obtained at room temperature (first scan) and then 70 °C (rest of scans),
after increasing heat treatmentstemperatures (2 hrs at each 100 °C increment) of stoichiometric
mixture precipitates.

The first attempt to applgoatings containg both Ba and Ti was performed by
applying 50 SSG layers of a stoichiometric migtualkoxide solution containing
barium(ll) isopropoxide and titaniu(V) isopropoxide rather than just Ti(IV)
isopropoxide (se&ection 1.33). Coatings were applied tmutterfly ales as illustrated
schematicallyn Figure 20. Initial XRD ard SEM characterizatio(Figure 21) revealed
significant barium carbonaterfimationfrom one of tke following sourcescarbon dioxide
in the watesed to hydrolyze the coatingsirbon dioxide in the glove box atmosphere,
or exposure t@ambientatmosphere befe characterization.Figure 21 also shows the
effectiveness of acetic acid washings in removing barium catiep and confirms BaGO
adopts amacicular morphology. However, use of acetic acid washes before firing or
MWHT processing would require excess?Bin MWHT solution as a result of the
depletion & barium in the coating caused by removal of barioarbonate. Heat

treatment ofthe BaTi-O- coated scales without acetic acid washing was expected to
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form BaTiO; because typical synthesis of Batgi@ntails comminution of barium
carbonate and titania polers followedby solid-state reaction aboved8°C. Treatment
at 900°C for 1 hr (after typical slow ramp (03min) and hold for 4 hr at 450°C for
template removal) resulted in little overall structural retention and grain growth in the

few areas exhibitig structuraletainment as shown Figure 22..

OH/COQOH-rich
template surface
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Figure 20: A schematic of the mixed alkoxide SSG depositiontechnique used to applyBa-Ti-O-
bearing coatings.

As coated

01-071-2394> Witherite - BaCO;

Figure 21: SEM micrographs (left) of M. helenorventral cover scales coated with 50 layers of 10 mM
stoichiometric mixture of barium and titanium isopropoxides showing conformal coating and
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acicular barium carbonate before (top) and conformal coating aftr acetic acid washing (bottom).
XRD (right) confirms the removal of barium carbonate (stick plot overlay) via acetic acid wash.

Figure 22 SE imagesof M. helenor ventral cover scalesbutterfly scales coated with 50 layers of @
mM barium titanium isopropoxide and fired at 900°C for 1 hr (A,B,C) and 450°C for 4 hr (D).
Direct comparison of B and D demonstrates the Ostwald ripening that occurs upon exposure to
higher temperature.

XRD analyss of the resulting structures afteir at 900°C did not reveal phase
pure barium titanate. XRD also revealed no barium carbonabararm sulfate phases
were presenEDS analyses confirmed the presence of Ba, Sr, Ti, O, C, and &t d¥
the peaks not associated with BaJi@ppearedo correspod to one of two different
titanium rich, bariumtitanium oxide stoichiometrieBa;Ti13039 or BaTigOz. Thus

either thecoating composition wanot the same ake solution composition, or the
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intermediate formation of barium carbonate cduseeparable composition damage. In
addition to BaC@ complications, only fired samples showed any hint of microstructural
retainment after MWHT treatment, meaning that preloading the coatings with barium to
decreasehe effects of molavolume expansiomay also decreasbe overall robustness
during and after MWHT processing. A decrease in final replica wall thickness is the
most likely cause for the yield of replicas to be substantially reduced from that of
converting titania coatings. Clearly somegessing adjustments need to be made to
avoid formation of barium carbonate, and thicker coatings need to be applied if coatings
contain allof the elements required to synthedize desired product.

To fully capitalize on the benefits of SSG, anothvry to control stoichiometry
would bethrough application of individual oxideayers as illustrated ifrigure 23.
Controlling stoichiometry through stoidmetric layering wouldalso allow the use an
outer TiIQ layer to potentially protect barium layers from the atmospirepgeparation
for firing or transporting for characterizationRemoving any potential COin the
glovebox could be achievday adding CQ getters on the source;ldnd at the exhaust of
the autonated surface sa@el pump systeras well as boiling water used in the hydrolysis
solution Although other piezoelectric aterials have constituents thdd not have the
difficulties associated with barium, understanding the best way to appticonybonet
oxides (i.e., layeby-layer of individual alkoxides, or through mixed alkoxidrecursors)

through SSG is an interesting future avenue of research
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Figure 23. A schematic ofa layered alkoxide approach to SSGdepositionin which the stoichiometry
is controlled by the number of TFO and BaO bearing layers.
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To addressthe second solution for redugreffects of volume expansion in
conversion of titania coatings, 25 layers of SSG titania were appligtboho helenor
butterty scales. The procedure was identical to that of the SSG procedure used for 51
layers of titania detailed iBection 1.3.3 Although successful in coating with titania,
and retaining structure after firinthesethin coatings produced r®aTiO; scalereplicas
after microwave hyawthermal treatment. It appeared that 25 SSG layessbetw the
lower limit of the possible coating thickness produce selsupportingreplicas after

undergoing MWHT processing

1.5. Concluding Remarks

Multicomponent oxideompound (tetragonal BaTi§) structureormed from3D
bioorganictemplates were produced through theambined use of @onformal coating

(SSG) process and modesttemperature microwave Hyothermal reaction process.
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Such an approacmay be appli¢ to otherbioorganic templateor to synthetic organic
templatesprovided such templates possess (or cafubetionalized to possesa) high
surface coverage of hydroxy groups for SSG processBgjf-supporting replicasifter
oxygen plasma treatment aafter aganic pyrolysisdemonstratedhighly-interconnected
inorganiccoatings were appliedlso, the interaction of SS@rocessg with a chitinous
biotemplate was investigated whiakvealed the cuticle of Lepidoptesagererally
(confirmed with mulfple specis, seeChapter 4) acts as a solid template rather than a
permeable solid. Additionally, dimensional changes throughout the chemical conversion
process were quantifiedevealing shrinkageoccurred upon organic pyrolysis and
swelling occurredduring MWHT reaction. Titania coatings swelled when converted to
BaTiO,, which led to an increase in the minimum feature size retained through the
MWHT conversion methad Although the dimensional changes magt be surprising,

the ability to preserv8D morphology tlhoughout theentire process was remarkahte

the author.

Alternative coating methodologies were explored to enhance structural retainment
anddirectly apply multicomponent coatingsThe wo proposed solutions for minimizing
retained feature size wer@atuated,and revealed that)(ionly reaction systems where
templates can be retained have a more mechanically robust structwuld readily
allow for thinner coatings to be applied and cote@ and (j paraelectric BT may
readily be obtained fromt@chiometric alkoxide mixtures at room temperature, which
will transition into ferroelectric BT under similar MWHT conditions used for conversion
of titania to ferroelecic barium titanate, and (iiijnitial attempts to utilizemixed

alkoxide and molecar precursor SSG coating methodologi@sgure 20) were
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ineffective forapplying stoichiometri®aTiO; coatings. Future research should focus on
individual oxide layering through SSG deposition of coatings for forenation of
multicomponent oxide coatings. Material systenke IPZT, which only require near
neutral pH MWHT processing conditions for transformation/crystallizitioshould
become the focus for forming inorganic/angc composites. Given thebiquitous
number of elements available in commaralkoxides thatmay be usedor soli gel
processingand the capability for lowempeature hydrothermal reaction to transform
monolithic and multicomponent coatingsinto numerous crystalline ceramic
compound¥, this morphologypreservingprocess may be used to convarvariety of
(bio)organic templatemto functional multicomponent ceramic materigdsdpotentialy
inorganic/organic composites)ith a wide varietyof 3D morphologies, compositions,

and properties.
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CHAPTER 2: Conversion of Gomplex Bioorganic Morphologies
(Papilio dumei butterfly scales)into Lanthanoid-doped BaTiO;
I norganic Phosphor Particles

2.1.Summary

For the first time, morphologgreserving vetchemical hydrothermaleactions
have been combinedith SSG coatings ta@ompletely convert complexshaped3D
bioorganic templates into freestanding, photoluminescent multicomponent oxide
microparticlereplicas. The conversion process consistddhreegeneral steps: (i) wet
chemical layetby-layer surface sedel (SSG) deposition (to apply a thin, continuous,
conformalsingle componenbxide coating), (ii) organic pyrolysis (to selectively remove
the bioorganic template), and (iii) hydrothermal reactito generate the desd
nanocrystalline functionalmulticomponent oxidecompound.  This process vw&a
demonstrated by converting 3D macro/micro/nanostructured chitiRapdio blumei
butterfly scales int@ redemitting phosphorguropiumdoped bariumitanate (Eudoped
BT), by incorporatinga lanthanoid element withirthe hydrothermal reactiostep
Chitinous templates weralso convertedinto ebium-dopedbarium titanate (Edoped
BaTiO;), a green emittingphosphoy by incorporating erbiumn the SSGdeposition
process. The hydrothermal reaction process suailar to that described @hapter 1,
but the hydrothermal reactiomemperature wa lower, as there was noeed to create
tetragonal BaTi@ Larthanoid elements we included to impart photolumescent
propertieqi.e.,emission in the visible portion of the electromagnetic spectrum)

Development of coating methodologiesaction conditionsanddemonstration of

anti-counterfeiting capabilityare detailed. The phaseontentand chemical comgsition
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at each stage in the conversion process wracked via XRD andjualitative energy
dispersiveelemental analyse respectively.The idelity of morphology conversion was
evaliated through SE imaging tdp viewand FIBmilled crosssections. The qualitative
fluorescent intensity afteeach stp of the conversion process pex the lanthanoid
modified replicas exhibited angficantly enhanced photoluminescent intensiyth
respect tanative, coatedgoated angbyrolyzed, andBaTiO; scales. Incomration of the
resulting phosphor microparticlasto/onto paper and subsequehtight field optical,
dark field optical and confoch fluorescent microscopylemonstrateca vert anti

counterfeiting capability

2.2. Introduction

2.2.1. Motivation for Transforming 3D Bioorganic Templatesinto Inorganic

PhosphorReplicas

The generation of nanasttured assemblies wiilh complex 3Dselfassembled
morphologies mad ii) tailorable multicompnent inorganic compositions iof
considerable technological and scientifinterest.  SeHassembled 3D inorganic
templatesof biogenic originhave been convertedto replicas comprised of nunoeis
other functionalmuticomponent oxidenaterials (e.g., BaTi§) Eudoped BaTiQ, Mn-
doped ZmSiO,) by shapereserving reactichased and/or coatingbased
approache¥§3"%, Biologically-assembled 3D organic structures with intricate,
hierarchical (macrdo-micro-to-nanoscale) morphologies are ubiquitous in naferg.,
butterfly scales, beetle scaldish scalespird wings plants, ad pollen®**%*! Thus a

shapepreservingLbL conformal coating and lostemperature (energy efficient) reaction
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process for transforming bioorganic templates into freestanding 3D doped functional
multicomponent oxide structures cowddpand theange of chmistries and structures for
potential new functions and applications. Sgpecbcessingvould also be attractive for
the chemicakonversion ofsynthetic organic templatedn this work incorporation of
the resulting3D inorganicphosphor microparticle picasinto/onto paper has revealed
how such particles coulde used to combat counterfeitingthich is a problem estimated
to bring aboutosses of as much as $575 billiper year (tangible goods odlydoes not
include digitally pirated goods unprotectey proposed technoloyyo global businesses
in 20082 With proper attention to each step, this shpmserving coathenreact
process may besed to generate maecto-micro-to-nanoscalestructured inorganic
assemblies with a wide range of compl8D norphologies and multicomponent

functional oxide chemistries from both synthetic and na(stadtainable)emplates.

2.2.2. Choice of Inorganic Material and Bioorganic Template

BaTiOs; (BT) is a peovskite (ABO3), which isa class of materials with numerous
functionalities BT can alschost/contain a wide variety/concentration of dopants or
substitutional elements that affefcinctional properti€§** BT has a band gap of 3.2 eV,
allowing for dopaninduced emission ofisible light greater than ~400 rifh The
incorporation of rare earth cation dopants has been shown to generate photoluminescent
properties in BT*. It should be notedhat the cationic radii ofall trivalent rare earth
cations are smaller thak-site B&" andlarger tharB-site Ti"*. EU* cations have been
reported to occupy the -8ite of BaTiQ*. Instability of europium cations has made
identification of EG" site occupancy difficult>. Some rare earth cations (e.g.>'Er

have been shown to be amphoteric (i.e., cations can occupy bahdABsites), and
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some rare earth cations, if small enough (e.g®)Linave been shown to exclusively
occupy Bsited”.

BT has been reported to mrporate up to 8 mol% Eu as a solid solution dopant
before exhiiting concentration quenchifiy The low temperature processing of BaJiO
(< 500°C) via a LbL coating methodology organic pyrolysis,and microwave
hydrothermal(MWHT) processing allows for the retentioaf the EJ* valence state,
meaningthat narow red emission transitte canbe seen rather than the grdsuoe
emission (~440 nmyharacteristic of the Etivalence staté*®. Once a morphology
preserving reaction process for corireg bioorganicmaterials to BT was established
(Chapter 1),*® the posdiility of incorporating rare earth dopartts make phosphors via
morphologypreserving reactions wasought to bdeasible.

The natural abundance of surface hydroxy groopschitnous butterfly scales
eliminatedthe need for surface functionalizan/functional group amigication for the
SSG proceds*®. The enire scale, as well as subscdfeadily resolvable in optical
microscopg morphology, ofP. blumeimade it an attractiveandidate for potential anti
countefeiting applications. Figure 24 shows(a) a photograph of @&. blumeibutterfly,
(b) a finedepth compositiorbright field optical micrographand secondary electron
images of(c) an individualcolor-mixing native scaleand () the microstructureof an
individual scale. Elongated teardrephaped individual scalegapproximately 100
micrometers in width (athe widest portion ofthe scale) and approximately 200
micrometers in legth) as shown irFigure 24b,c imbricate he green stripesn the dorsal
side of the forerings and hindavings of theP. blumeibutterfly. Each individubscale is

composed ofridges (Figure 24d) running parallel to the length of the scale. Lying
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between and perpndicular to the ridges areshallow partitions forming concavities
(Figure 24d) 5-10 micrometers widewhich have been sk to result ina ungue
property termedolor-mixing 4%°%°%,

Like many Lepidopterans P. blumei possesses scales with different
morphologies. To demonstrate ttasale diversityas well as the ability othe SSG
deposition process to coat subsurfacaes the gound scales beneath the celoixing
scales orthe dorsal side of the wing weiraagedfor Er-doped specimens.

An estimated10® - 10° scales may imbricate the wings afgiven butterfly.
Assumingthat both the dorsal and ventral sides o @ blumeiwing are covered by a
single cover and ground scale layee., 4 total layers of scalegnd the exposearea of
a singleP. blumeicover scalg1.8 x 10*cn/ scale)is representative of the area per each
type of scalethenthere would b ~2.2x 10" scales/crhof butterfly wing. Thetotal wing
area of analeP. blumeibutterflywasestimated to be50 cn” andapproximately 1&ny
of the wing areawas tiled wih a cover scale layer of colamixing sales.
Approximately 9 x 1H(16 cnf *1 color mixing scale/1.8 x 10cn?) of the 1.1 x 10(50

cn’ * 2.2 x 10" total scales/crf) scales on this ptcular P. blumeibutterfly were

determined to beolor-mixing scales.
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Figure 24: (a) A photograph of a P. blumeibutterfly composed of colormixing scalesshown in(b) a
bright field optical micrograph and SE imagesof (c) an entire single scée and (d) the intrascale
microstructure .

2.3.ExperimentalProcedures

2.3.1. ConversionP. Humei Scales into Eudoped and Pure BaTiQ

Papilio blumei butterfly scales (inseale.com, Cia-yi City, Taiwan) were
chemically transformed into barium titanate (Baj,i®T) and Eudoped BaTiQ (Eu
doped BT) replicas via a threstep process: i) application of a thin@ibearing coating
througha layerby-layer surface sefjel (SSG) process, ii) pyrolysis of the underlying
chitinous template and crystallization of the titania coating, and iii) conversion of the
resulting titania structure into barium titanate by microwave hydrothermal reactioa wi

barium acetate (or barium and europium acetag¢@)ing solution.

48



Each cycle of the SSG pra=was conducted by (inmersion wing sections
clipped to a B x 1.5 cm silicon wafer substratea 0.025 M titanium(lV) isopropoxide
(99.999% metals basi Sigma Aldrich, MO, USA) solution in anhydrous isopropanol
(IPA) (99% purity, Acros Organics, Geel, Belgium) for 2 mifi) washing three times
with 4 mL of IPA, (iii) immersingin 4 mL of 40 vol% IPA in DI water for 2 mir(jv)
washing again three tirmewith 4 mL of IPA, and therfv) drying with a stream of
flowing air for 5 min at RT. This process was repeated for a total of 50 cycles. The
coated wing sections were then clipped (Staples® black metal mini binder clips, MA,
USA) between two ground andlshed (2.54 x 2.54 x 0.159 cm) fused quartz plates
(Technical Glass Products, OH, USA) and then heated in a tube furnace (Lindberg / Blue
M, NC, USA,) at 0.5°C/min to 450°C (AutoFire® Controller, Orton Ceramic Foumua
OH, USA outfitted with a Ktype thermocouple, OMEGA Engineering, Inc., CT, USA)
and held atthis temperature for 4 rhin air to allow for pyrolysis of the chitin and
crystallization of the titania. The specimens were then furnaoked to RT. The
pyrolyzed specimens were sealed with®0 mL Teflod" vessels XP1500 PlusCEM
Corp., Matthews, NC, USA) containing a 20 mL $mn of 0.125 M barium acetater 5
mol% europium(lll) acetate hydrate (99.9%, Sigma Aldrich, MO, USA) / 95 mol%
barium acetat€99% Alfa Aesar, MA, USA)and 1 M NaOH (50% w/w ag. Soln., Alfa
Aesar, MA, USA) dissolved in previoushoiled water. The sealed specimens were then
heated within 5 min to 140°C in a microwave reaction system (MARS 230/60, 2.45 GHz,
CEM Corp., Matthews, NC, USA) a maximum power outputf @00W and held at this
temperature for 10rtio allow for microwave hydrothermal (MWHT) conversion into BT

/ Endoped BT. After removal from the TeflBhvesselsthe reacted scales were washed
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for 24 r with 25 mL of 5 M acetic acid (Hited from glaciakcetic acid 17.4N, 99.9%,
FisherScientific, PA, USA) in 50 mL centrifuge tubes rotated at 30 rpm on a RKVSD
rotator (Appropriate Technical Resources, MD, USA) to remove any potential 8aCO
that may have formed upon opening the vessels in ambient dtetesgnd any Eu(Ohl)
formed during the hydrothermal reaction. The specimens were then rinsed twice with 20
mL of water, and then twice with 20 mL of IPA, followed by drying in air at 70°C for 1
hr. Eachwashfinse step was carried out via 5 min cengétion of solutions in 50 mL
centrifuge tubeg¢Corning, MA, USA) at 4500 rpm in a 5408R centrifuge equipped with a
swinging bucket rotor (#Al-44, Eppendorf, Hamburg, Germany), followed by removal
of supernatant before adding subsequent solution or dryMgte: relatively phase pure
Eu(OH) was separated for SEM and XRD analyses from the top of a pellet of reaction
product formed after centrifugation (4500 rpm, 5 min) following the same MWHT
treatment and subsequent wash methodology described aboveveétpim this case, the
acetic acid wash step consisted of two 30 min 1M acetic acid washes rather than the 24 hr
5 M acetic acid wash.)

Incorporation of photoluminescent scales into paperafoanti-counterfeiting
proof-of-conceptdemonstration was oductedby placing 0.1 mL of Ing/mL butterfly
scaleddispersedn anIPA solution into a 2.0 mL Spir® centrifuge tube filter (Corning,

Inc., NY, USA) lined with filter paperQualitative P5 medium porosity, slow flow rate
filter paper,Fisher Scientific PA, USA). The solution was filtered viaentrifugation
(Centrifuge 5415D, Eppendorf, Hamburg, Germaaty)L3,200 pm for 1 min and then

dried at ®°C for 1 h.
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2.3.2. Incorporation of Er into SSG coatings

The chemical conversioprocess was identical to thidr the BaTiQ butterfly
scales outlined isection 2.3.1except thaerbium(ll ) isopropoxidg99.9% metals basis,
Alfa Aesar MD, USA) was incorporated in the SSG process.25 mM erbium (Er)
solution was made by dissolvingrbiun(ll1) isopropoxideinto 50 mL of anhydroud-
methoxy2-propanol (M.IPA 99%, Sigma Aldrich, MO, USAin a sealedjlassbottle on
a hot plate for 12 hr at 100°The M.IPAwas consideredanhydrousafter incubating
with molecular sieves. Molecular sievesn heated at 300°C f@B hrin air to eliminate
moisture and thememoved fromthe furnace at 200°C andooled in aPyrex® #3140
glass desiccator (Corning Incorporated, NY, USA) containing 200 g of 80 wt%
DRIERITE (W.A. Hammond DRIERITE Co. LTD, OH, USA) / 20 wt% indicating
DRIERITE (i.e., impregnated with cobalt chloride to indicate moisture by turning from
blue when dry to pink when hydrateftyr 2 hr.  Such cooling was utilizetb prevent
moisture from returning to the sievésfty grams of molecular sieves were added to 1
of M.IPA in a nitrogen atmosphere glove bokXhe solutioncontainingmolecular sieves
wasincubated for 12 hr to allow for complete moisture sequestrafitve. incorporation
of Er was attempted through a mixed alkoxide meffilbstrated inFigure 35) as well
as a ayered alkoxide approactgpicted inFigure 36). In the mixed alkoxide approach
40 mL of a25 mM erbium(lll) isopropoxidesolution was mixed witd60 mL of a 25
mM titanium(1V) isopropoxide in IPA to produca 20 mol% Er / 80 mol% TR5 mM
alkoxide solution In the layered approagctihe 25 mM erbiun(lIl) isoprgpoxidesolution
was usedseparatelyfor alkoxide incubation idayers 4 13, 22, 31, and 42 with the rest

of the50 total SSG depositicBSGcycles using 25 mMi(lV) isopropoxideas the metal
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alkoxide. Hence 0% of the SSGcycles were EO- bearing and @% were TiO-

bearing.

2.3.3. Morphology, Phase, Chemical, and®ptical Analyses

Photograph®f a naive butterfly (a dead inseicspecimen placed on leayesere
taken with a 7.1 mega pixel PowerShot A710 IS digital camera (Canon U.S.A., Inc., NY,
USA) with the macro featureenabledand using the image stabilizevith no flash. The
morphologies of the attingP. blumeiwing scales, the SSG coated scalesptrelyzed
scales, and the hydrothermaligacted scales were evaluated with a field emission
scanning electron microscope (15B&8G-SEM, LEO/Zeiss Electron Microscopy NY,
USA) after mountinghe scatsdirectly on aluminum stubs (Ted Pella, CA, USADS
spectra were ctidcted on the LEO 1530utfitted with an INCA EDS system (Model
7426, Oxford Instruments, Bucks, UKrosssectionalimagesof specimens weralso
obtainedby Dr. Ye Caj Georgia Istitute of Technologyyia focused ion beam (FIB)
milling (Nova Nanolab 200 FIB/SEM, FEI, Hillsboro, OR, USABE images of FIB
crosssectionswere generatedfter cutting an initial trenclf~8 um long x 5um wide x 5
pum deep and then cleaning the facé the trenchto be imaged witha final FIB cut (8
pm long x 200 nm wide x 5 um deep)Transmission and fluoseence optical images
were obtained with 4SM 510 UV confocal microscope (Carl Zeiss Microlmaging,
LLC., NY, USA). Scaleonly specimenslispergd in IPA were deposited with a 1 mL
pipetteon precleaned (2.54 x 7.62 x 0.1 cm) misoopeslides (GoldSeal® Products,
N.H, USA). Filter paper specimens were simply placed on glass slBeth scaleonly
and died filter paperspecimens on micszoe slides werecovered with a squar2 x

22 mm) No. 1.5 cover glagslip) (VWR International, LLC., PA, USA). The cover slips
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were secured to the gla slides with the aid omail polish (Continuous Treatment
Strength, Sally Hansen®, NY, USA). Transais imageof Eu-doped specimens and
corresponding controlsvere generated using 343 M (1 mW heliumneon) laser
focused through a 10X objective (Piaaofluor, NA=0.3) Huorescence imagey these
specimens were taken usingt@8 nm (30 mW Argon longxcitation laser and a long
pass 585 nm emissidilter. Er-doped BT scale trsmission images were taken usang
488 nm (30 mW Argon lon)lase. Fluorescence imagesf these specimens were
generated using488 nm excitatiomaserand a long pass 50%filter. Images taken for
gualitative brightnessomparisonsvere generated in the sammécroscopysession using
t he-UsRe function i n t boeas td EnSurezadenti®al dpticad o f t wa
path and imaging settinge.g., same user input setga for laser intensity, brightness,
contrast, gain, pinholgndscan speed) Bright field and dark field images were taken
with a Keyence VHX600 digital microscope (Keyence Corporation, KdsaJapan)
outfitted with a 250x 2,500xobjective. Before takg imagegshewhite-balance was set
using a TefloA" block in bright field modeat 1000xmagnification All images were
generated witha fine depth composition usirgg least 5 frames taken at increasing
heights(i.e., the bottom to top focal plarssof object are sequentiallyroughtinto focus
imaged,and then stacked gbat theentire image ws in focus despite different focal
depths) Diffraction specimens were dispersed aguartz (cut 6° from (0001) low
background specimen support (GEM dugodef, USA) via pipetting an aliquot of
IPA/powder slurry ontdhe holder and allowinghe IPA to evaporate.XRD analyses
were conduct ed o nlddmactoxe@iRANalyticRl BY., MMELO,a

Netherlands) with monochromatic Cul.5405980 A) rdiation emanating from a 1.8
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kW ceramic diffraction X-ray tube with copper anod@5 kV, 40 mA) through a
symmetrical Johanson monochromatorThe incident beam optics weoitfitted with
0.04 rad soller slits, a 1° fixed aisitatter slit, a ¥2° programipli@ divergence slit, and a
10 mm mask. The diffracted beam optics were outfitted with a 5.5 mrscaiter slit
and 0.04 rad soller slitplacedbef or e t he Xo6Cel erator det e
produced with a summation of 4eidtical 30 minute scans anducted with Bragg
Brentanogeomegr and a st ep sngngfrom20°t@0R1@H1A 2d
Prof. John Olesik of the Trace Element Research Lab at The Ohio State
University conducted LACP-MS analyses on single scale specimeds193 nm ArF
excimer laser (UP193HE, New Wave Research, CA, USA) with beam homogenizing
optics was used to ablate each sample using a single laser pulse (20 ns, 100 um diameter
beam at the sample, approximately 0.3 mJ laser pulse energy). The samples were
mounted on carbotape. A 1.0 L/min He gas flow through the ablation caliried the
ablation products out of the cell. After mixing with 1.0 L/min Ar the product(s) were
introduced into the 1300 W inductively coupled plasma. Infdluctively Coupled Plasma
Sector FieldMass Spectrometer (ThermoFinnigan Element 2, Bremen, Germany) was
usal to measure signals fao *'Ti, ***Ba and*®*Eu with a mass spectral resolution
(m/ gom) of appr o-M$ sigadsaevery inty@t@d. over the@pproximately
10 s that signal wasbserved folloing a single laser pulse.The ***Ba’/*'Ti* and
133U Ti* ICP-MS signal ratio were calculated from the time integraf@d’, ***Ba’*
and™Eu’ signals. NIST 61@vas used as a standard (ablated using a line scan while the
laser was firedat 10 Hz) to determine the correlatidretween the ratio of**8a+/'Ti+

ICP-MS signals and th ratio of Ba/Ti concentration, as well as the correlaltietween
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the ratio of>*Eu’/*"Ti* ICP-MS signals and theatio of Eu/Ti concentratioA. TheNIST

610 standardglass was comprised 0f434 ppm Ti, 424 ppm Baand 461 ppm H.
Photoluminescencepectra for BT and Edoped BT scas were collected by

Jeremy Lerner of Lightform, Inc.Photoluminescence spectra were collected with a

Hyperspectral Imaging stmm (PARISS PHSIModel, LightForm, Inc., NC, USA,

www.lightforminc.con). The systenincorporated a prisrhased spectrograph using a

monochrome Retiga 2000R, CCD camera (Qlmaging, BC, Canada) tot cpksdral

information along rows of pixels. The system was mounted on a Nikon E800 microscope

(Nikon Instruments Inc., NY, USA)Wavelength calibration was performed with a

MIDL Hg*/Ar* emission lamp (LightForm, Inc, NC, USANavelength accuracy was

recorded and verified to be better than 0.3 nm. The speawvasnmmersed in IPA

between a glass slide and esglass.Each spectrunpresenteds representativeof the

major class of spectra presethia 200 acquisitions across a singfgecimenEach ofthe

200 acquisitions was background subtracted, and each acquisition lasted 2 seconds, with

no signal averaging.For example the Edoped BTspecimen was characterized by 200,

2 second acquisitions that delivered a total of 48<p@etra. The individud reported

spectrumwas an averagef the 12,314 spectemanatingrom thespecimen.

2.4. Results& Discussion

2.4.1. Chemical conversion ofP. blumeiscales into Eudoped BaTiO;

The generatio of Erdoped BT buttrfly scales begawith the coatingof a green
sedion (i.e., containing colemixing cover scalespf the dorsal side of ®. blumei

forewing with 50 SSG layers of FO. After 50 SSG deposition cyclesving sections
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were pyrolyzedat 450°C for 4 hin air to remove the organic material. The resulting
hollow-core, crystallizedanatase titania structures weteen subjected to microwave
hydrothermal treatment in a 1 M NaOH solution with either a 125 mM barium acetate
solutionor a 125 mM 5 mol% europium acetate hydrate / 95 mol% barium acetate
solution. EachMWHT reaction was conductdd a sealed TeflolY-lined vessel for 10

hr at 140C in a microwave assisted reaction syste@EM MARS 230/6Q. The
converted scales were separated from the ioracolution via centrifugation. After
removal of supernatd the samples wereashedwith 25 mL of 5 M acetic acid for 24rh

to remove any potential BaGQ{formed die to exposure tacCO, in the ambient
atmosphereas well asEu(OH); (formed during the reactipn Both the washing and
separation via centrifugatiowere repeatedwice with waterand thentwice with IPA.
Single scalespecimens generategfter each step in thehemical caversion process
(including the BaTiO; control replicg are shown irFigure 25. Single sale specimens
shown inFigure 25 include the following(a) a chitinous scale coated with 50 cycles of
SSG, b) a scaleafter 50 SSG coatingcyclesand organic pyrolysigc) a scaleafter 50

SSG coating cyclegyrolysis, and MWHT conversion to BT ¢d) Euxdoped BT. Such

i mages show the remarkable fidelity of the
lengthscale(with entire scales shown in tiveses clearly intac}, as well as on theinge
micron lengh scale(with the parallel ridges and concavities retajne@®ne should note
thatconsiderable shrinkage occurs during the firing.st#®p in-depth examination of the
chitin/solgel precursor interaction and dimensional analyses as a function of jprgcess
step is available elsewheire Chapter 1. In addition to structural retentipifrigure 26

reveals EDS spectra exhibiting peaks frtme expected elements at each step in the
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procesq(i.e., peaks forTi after SSG depositionand after pyrolysispeaks forBa and Ti

after conversion to BaTi§) and peaks foBa, Ti and Eu after conversion to 4Hoped

I BT A ¥ ek

Figure 25: SE images of individual concavities and entire scale morphologieginsets)of P. blumei
color-mixing scales (a) after 50 SSG cyclegb) after organic pyrolysis, c)after MWHT treatment to
form BaTiO 3, d) after MWHT to form Eu -doped BaTiO;. Inset scale barsll represent40 pm.
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Figure 26. EDS spetra of P. blumeiscalesafter (a) coating with 50 SSG cycles of HO, (b) after
coating and organic pyrolysis, and after coating, organic pyrolysis, and MWHT conversiomto (c)
BaTiO; and (d) Eu-doped BaTiO;. Note that the Eu and Ba peaksoverlap thereby making
guantitative EDS impossiblewithout a standard.

The focus of this chapters the formation of structures with uniqueD
morphology on diffeent length scales coupledith a uniqueand tailorableoptical
signature to potentially provide (i) simple pointof-purchase antcounterfeiting
capability, (i) ini depth authenticatiowith the aid othigh-powered optical micrscopes
andor (ii) automated detection ethodsto evaluatethe emission spetra of the
photoluminescer®D structure

To evalate the effectiveness of imparting photoluminescent propertid. to

blumei scdes, confocal fluorescent migoopywas utiized. Figure 27 qualitatively
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reveals the considerabtsfference in red fluorescent ertsity (long pass 585 nm tBr

with 488 nm excitation) exhibited by the Eloped BT scales over that of thative
scales pyrolyzed scales, and pure Ba%is§tales Adjacent to sucliluorescence images
aretransmission opticahicrographs created utilizg 543 nm ligh. Both fluorescent and
transmision image®f each specimewere taken with identicaettings within the same
microscopy sessioto ensurdhat the relative intensities weecomparable. It should be
notedthat, while broad greerphotolumnescence has been reported for hydrothermally
prepared BT particléd the relative intasity of fluorescence under the presextitation

and emissiomnterrogation conditiong/as considerably legsr the BT specimethanfor

the EudopedBT specimer(Figure 27 row 3 of column 1 vs. row 4 of column 1) Also

of interest was the relative translucency of the titania replicas with respect to the BT and
Eu-doped BT scale replica&ifure 27 row 2 of column 2vs. rows 3 and 4of column

2). Enhanced photoluminescent intensity (488 nm excitation, >r8%emission) of
scales undergoing MWHT reactions with Eu present corroborated chemical analysis.
That is, EDS Figure 26) of the photoluminescent Edoped BT scale replicas revealed

the presence of Eu, Ba, and Ti. Due to peak overlaps and the relatively smaltcsignal
noise ratio of the Eonly peak in EDS spectra, another technique vegsled to quantify

the Eu concentration in Edoped BT scale replicas.
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Figure 27: Confocal fluorescence (488 nm excitation, long pass 585 filteiinages (left) and
transmission (543 nm) micrographs(right) of native (top row), SSG coated and pyrolyzed scales
(second row), coated and pyrolyzed scales after hydrothermal conversion into BaTj@hird row) ,
and Eu-doped BaTiO; (bottom row). All images were taken under identical conditions All scale
bars represent50 micrometers.



LA-ICP-MS analysis, conducted by ablation of individual inorganic scale replicas
with a single laser pulse, yielded a europium dopant concentration on the order of 1
mol%. (Note: an SRM 610 NIST glass standard was used for quantitative analysis.)
Consicerablevariation(20%) was obtaineoh the Ba:Ti ratio fromablating particlesvith
a single laser pulse. Such variation was not detected within the standarBa: Thetio
was .55:1 rather than 1:1 for commercial Baggowder that had been determirtecbe
phase purevia XRD analysiy Including the entire range of measurememigh( each
type of sample analyzedn quadruplicée) and with/without correction of Ba
concentrationusing commercial BaTi©powder the (Eu/ (Eu + Ba)) doping mol%
varied fom 0.53.7 mol%. The europium acetate concentration relative to the barium
acetatdn the MWHT reaction solution was 5 mol%. The formation of Eu(etakes
the reported valugls< 5 mol%) seem reasonable as some of the europium was consumed
in the formdaon of Eu(OH} in the hydrothermal reaction Although apparentlynot
quantitativeor reproducible LA-ICP-MS confirmed the presence of Eu in only the Eu
doped specimenat a concentration level commomgportedfor photoluminescenca
Eu-doped BaTi@ (0.1- 8 mol%)**>*

One concern was theossiblepresence of residual Eu(Offter acid washing,
which ould be undetectable by XRD eluto the low concentration of this phase
However, trace amounts of Eu(@Hnay be @tected by SEM due to the distinct nanorod
morphology ofEu(OH) observedafter MWHT aging SE images anan XRD pattern of
Eu(OH) nanorods formed during MWHT treatment at 220°C for 10 hrs are shown in
Figure 28. Nitric acid wasinitially used to remove this phaskut such washing

drastically reduced the yield &aTiO; scales. A24 hr- 48 hr RT treatment in 5 M
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acetic acidwasfound to be capable of removing all of the(OH); nanorodswithout a
noticeable reduction in thgeld of BaTiO; scales Higher MWHT reaction temperatige
and longe reaction times requirel longer Eu(OH) etch times. All morphology,
chemical, phasecontent, and optical characterizatisnwere conductedon samples
washed with6 M acetic acidwhichrevealed no Eu(OHpy XRD analysegFigure 29)
or SE analyseg.e.,no detection of nanorod morpholog{igure 30b,d).

Due to a low Eu dopant conentration andhe nanocrystalline naturef the
coatings,both Eudoped and pure BT replicas exhibitebadened peaks f@hase pure
cubic BaTiQ in X-ray diffraction patternssashown inFigure 29. Peak positios and
intensities were matched to Powder Diffraction File Card No.-047-6869 which has
the highest quality mark (Indexed) in the International Center for Diftrachata
database for cubic (Rem) BaTiO;. BoththepureBT andEu-dopedBT specimensvere
narocrystalline Scherrer analyse(of FWHM of the (111) and (110) peaks) yielded
avaage crystdite sizes for BT and Eudoped BT of34 - 38 nm and 38 42 nm
respectively. A geometric ¢or of 0.9 wasu s ed I n SmulaebecasEH s
images(Figure 30) revealedthat the smallest particles were roughly sphericahe T
crystallite size wasorroboratel by direct particle observation vimgh magnification SE
micrographs of cover scaleBi§ure 30a,b) and ground scale&igure 30c,d) from green
dorsal regionof the P. blumeibutterfly.  PRarticles ranging from~10 i 100 nm in
diameterwere observed in both pufT (Figure 30a,0) and Eudoped BT (Figure
30b,d) replicas

Despite nanoscale crystallite sizes and a temperature of formation, the Eu

doped BT scales exhibited photoluminescend&lithough there should be a loss in
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mechanical robustness going from biopolymetemplateto ceramicreplicas the thin-
walled inorganic scales survideorganic pyrolysis,hydrothermal reactignmultiple

centrifugation steps, washing in a rotator, pigetting.

01-083-2305> Eu(OH)3 - Europium Hydroxide

Intériéi;ty

20 30 40 50 60

Figure 28: Low (top left) and high (bottom left) magnification SE images of Eu(OH}-bearing powder
after 220°C, 10 hr MWHT treatment of anatase titaniaP. blumeiscales in Ba/ Eu- bearing caustic
solution. Peak positions were matched to Powder Diffraction File Card No.01-0832305 which has
the highest quality mark (Indexed) in the International Center for Diffraction Data database for
(P6-) Eu(OH)s. SE images and XRD patternwere obtained from powder drawn off the top of the
MWHT product pellet with a pipette after two thirty minute 1 M acetic acid waskesrather than a 24
hr 5 M acetic acid wash.
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Figure 29: X-ray diffraction patterns of both BT and Eu-doped BT scale replicasafter MWHT
treatment and 24 hr 5 M acetic acid waslrevealing diffraction peaks consistent with cubic BaTiOs.
The difference in peak-to-background ratio resulted from differences insample volumes.

Figure 30: SE images of () BT and (b,d) Eu-doped BT replica specimens.Top row imageswere
obtained from dorsal cover (i.e., colormixing) scalesand the bottom row imageswere obtainedfrom
dorsal ground scales. All scale barsrepresent100 nm.
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The ability of such materials to be used for aounterfeiting purposewas
tested by incorporating theu-doped BT scale replicas int®llulose filter paper A 1
mg/mL slurry of the scale replicas in IPA wpassed througfilter paper lining a 2 mL
spinx® centrifuge tube via centrifugation. Such particles coindprinciple, also be
applied to surfacedy several other meang.g., electrostaticallyif of significant
tetragonalBaTiO; content andwith poling) or incorporated into polymer filmsamts,
and adhesives. The ®vert nature of the scalewas apparentwhen viewedafter
incorporation intopaper viabright field optical microscopyFigure 31a). Higher
maqnification characterization(Figure 31a inset) revealedthe whiteness of an
individual scale when viewed upon a glass slide. While the utility for incorporating,
manipulating, or replicating the native structuklor is an interesting avenue to
explore>! the covert nature of the particles is an assethis particular applicatian
However, the location aduch scales can be identified dark field optical microsopy
as shown irFigure 31b. With low magnification (< 100xglark field imagingone can
readily detecthe morphology of individuascalesor groups of scales. With a higher
power( O 5 d@bjectie(Figure 31 insets, one can distinguish the parallel ridges and
cavities withn each scale. Fluoresnt confocal microscopglearly revealedhe location
of the scales witin paper(Figure 31c). Findly, the conformality and spatidécation of
the scalesvith respect to cellulose fibers when incorporated into/onto cellulose paper
revealed inFigure 32, (a topographical color mgp Each individual scale conformed to
the surface of the cellulose paperdicating themechanical robustness of tthen-walled
photoluminescent inorganieplicas. Phobluminescence spectnaere generatedrom

pure BT and Eu-doped BT scales Kigure 33). The BT spectrunrevealedbroad
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greenyellow luminescence as reported elsewPiere The Eudoped BT spectrum
revealed6 peaksthat wereconsisent with the positios of Eu-doped BT°DA 7F,-
transitions reported elsewhdf&.  Although there wee sharp and distinct
photoluminescenpeaks in the Egloped B sample the *DoA ‘F, transition vas of
considerably higheintensity relative to the °DoA ’F, transitionthan has been reported

)?7,44,54.

previousl Eachsped¢rum was generatedith 436 nm excitation and a 510 nm

long pasemissiorfilter with a PARISS hyperspectral imaging system.

Figure 31: Incorporation of photoluminescent Eu-doped BaTiO; scales into paper(primary images

a,b,c) and on glass slides (inset images a,b,mmjaged with (a) bright field, (b) dark field, and (c)

fluorescence microscopy Primary image scale barsall represent 100 micromeers; inset scale bars
represent50 pm
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Figure 32 A topographical color map generated through fine depth composition of 50 dark field
images with inset of corresponding top view fine depth composition dark field micrograph. Inset

scale barrepresents50 pum.
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Figure 33: Photoluminescencespectra collected with 434 nm excitation ofa single BaTiO; scale

replica (left) and a single Eu-doped BaTiO; scalereplica via PARISS hyperspectral imaging system.

Spectra courtesy of Dimitri Deheyn, Scripps Institution of Oeanography, UCSD and Jeremy

Lerner, Lightform, Inc.
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The conversion oP. blumeiscales into BT or Edoped BT resulted in a loss of
structural color. The crystallite size tbie pure and dopeBaTiO; (~30 nm- 40 nm) may
have resulted in significant dtaring. Additionally, the organic pyrolysis step caused
considerableshrinkage. Thdack of structuralcolor in the inorganic replica saalso
likely to have been affected by the lack of precise structural retention of the multilayer
structurewithin each scale. Figure 34 contairs SE images ofFIB-milled crosssectiors
of coatedP. Humeiscales, coatkand pyrolyzed scales, and coated/pyrolyzeales after
MWHT conversion to BaTi@ Thestartinginternalscak structure wacomprised ofan
interconnected cuticle/air multilayéFfigure 34a,b), which wa only partially reproduced
after organt pyrolysis(Figure 34c). After MWHT treatmentthe intern&structure had
been convertednto BarliOs; with a noticeably largepartide size (Figure 34d). The
inability of the SSG process to penetrate and completely coat the internal multilayer
strudure was not surprising as ALD deposition of titania on the same species of butterfly

also failed to penetrataeinternal multilayer structure of tHe. blumeiscales>.

Figure 34: SE images of FIBmilled crosssections vithin a single concavity ofP. blumeidorsal cover
scales after (a,b) coating with 50 SSGcycles of TiO,, (¢) organic pyrolysis of coated scalgsand (d)
MWHT con version of coatedpyrolyzed scales into BaTiQ.
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2.4.2. Chemical conversion ofP. blumeiscales into Erdoped BaTiOs

The productionof Eundoped BT butterfly scale replicas via incorporationaof
lanthanoid in the SSG procesas also examinedWhen the europium alkoxide solution
was mixed withDI water,little to no hydrolysis occurredpaking layeredalkoxide (i.e.,
separate B and T+O SSG deposition cycledepsition impossible. Alsaaddition of
dissolved aropiun(lll) alkoxide b titanium(lV) isopropoxide stabilized the entire
alkoxidesolution suchthat the mixedolutionwould not hydrolyze upon éhaddition of
DI water, thereby renderingnixed alkoxide SSG deposition impossible. Thiifferent
lanthanoid elements were consideref(lll) isopropoxide was found to ks®oluble in
M.IPA andcould bereadily hydrolyzed A 25 mM solution of erbiurgill) isopropoxide
allowed couldbe mixed witha 25 mMtitanium(IV) isopropoxide for mixed alkoxide
SSGdeposition(the mixed alkoxide solution also readily hydrolyzedy kept pue for
layered(Er then Ti)alkoxide SSQeposition. SSG deposition processaredepicted in
Figure 35 and Figure 36 for the mixed alkoxide method drthe layered alkoxide
depositionmethod respectively

OH/COOH-rich J\O\ }\{/ C)\ HQ\ /OH o
E

template surface H
p u = | /0

oo \
—_— =

Incubat
Incubate cubate

After designated
number of cycles Er+0+Ti

e
——

w/ Erbium (Ill) isopropoxide/ w/ w§ter,
rinse with IPA,
Titanium (IV)Isopropoxide
¢ and dry
mixture .
y Repea

r/

Figure 35: The mixed alkoxide SSG deposition technige used to apply E¢Ti-O- bearing coatings.
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Figure 36. The layeredalkoxide approach to SSG deposition in whichihe stoichiometry is
potentially controlled by the number of Ti-O- and Er-O- bearing layers

Er-Ti-O- containing coatingsvere applied tdP. blumeiwing sections vidifty
layers ofSSGdeposition either bythe mixed alkoxide or thiayered alkoxidenethod It
was foundthat the mixed &oxide method providedhe best surfacemorphology
retenton in the ascoated stateand thuswas used for the chemicebnversion process.
Figure 37 shows the morphology @ingle concavities within native. blumeiscalesTi-

O- coatedscales and EfTi-O- coatedscales (with botHayered and imed alkoxide
coating methods) Clearly the conventional TO SSG deposition and the mixed
alkoxide method for SSG deposition of-ErO 1 bearing coatinggrovided the best
surfacemorphology retentionThe open atmosphere coating conditiomsay havecaused
some hydrolysis othe pure EII) isopropoxide solutionwhich in turn causedelris to
be depos#d on the butterflgoverscale surfacesAmbient atmosphere hydrolysis may
also explain why25 mM Ti(lV) isopropoxide solutions provideteter surface

morphology coatings of THO bearing SSGhan those applied with 50 mMi(IV)
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isopropoxideconcentratioa (Figure 38). It should be noted that tHayeredalkoxide
depaition of EFTi-O coatings may provide excellent morphologiention if applied in
a dry ntrogen atmosphere gloveboxor with lower concentrations of Er(lll)

isopropoxide.

Figure 37: SE images ofP. blumeicover scales in (a}he native state,(b) after coating with 50 SSG
layers of Ti-O, (c) after coating with 50 SSG layers of 20 mol% Er / 8@nol% Ti mixed alkoxide
solution, and (d) after coaing with SSG usingindividual Er (5 cycles) and Ti(45 cydes) alkoxide
solutions. Al scale bars representl pm.

Figure 38 SE images ofP. blumeicover scalesafter coating with 50 layers of SSG deposition using
(a) 25 mM and (b) 50 mM Ti(IV) isopropoxide.
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Samples of. blumeigroundscales located beneatthe colormixing scales on
the dorsal side of the wingvere examined for Edoped BT experimentationFigure
3% shows an entird®. blumeiground scale andrigure 3% reveds the intrascale
microstructure. Like Morpho helenorbutterflies, the ground scales d?. blumeiare
generally rectangular in shape and are furcated on the end opposite th@vitelm
attaches the scale to the wing membjan&uch ground scales alsmntain ridges
runningparallel to the long dimension of the scHiatare separated kgn intricate web
like structurerather than perpendicular struts. ThedBped titania, and Edoped BT
microstructures of such scales are revealeignre 39c and Figure 39d, respectively.
Figure 40 reveals the elemeatcontent of the scales at various stagethefchemical
conversion proess. Er and Ti are present after coatiRggyre 40a), after organic
pyrolysis Figure 40b), and afterMWHT conversion intoEr-doped BaTiO; (Figure
40d). Therewas no Er peakn the EDS spectra obtained froifi-O-only coated scales
after orgaic pyrolysis and MWHT conversion into BaTiQFigure 40c).

Much like the Ewdoped scales, the Hioped BT scales exhibited considerably
more fluorescence than the native, titania, or pure BT counterpagisré 41). To
generateFigure 41, a 488 nm excitation sourceaw used for both fluorescence
microscopy images (using long pass 505 filter) and transmission images. Also of interest
was the relative translucency of the-damped titania replicas with respect to the
multicomponent scaled-igure 41 (row 2, column 2)). The decrease in transparency
upon MWHT treatment was likely caused by an increase in particle size. The particle
size change from sub 10 nm to-200 nm was readily apparent in SE images shown in

Figure 42.
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| s NG, ey
Figure 39: SE images of(a) an entire P. blumeinative ground scale, andthe microstructure within

the ground scale in (b)a native state, (c) after coatingwith Er-Ti-O via the mixed alkoxide SSG
processfollowed by organic pyrolysis, and(d) after hydrothermal conversion into Er-doped BT.
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Figure 40: EDS spectraafter (a) SSG coating with use of a 25mM solution 0f20 mol% Er(lll)
isopropoxide / 80 mol% Ti(lIV) isopropoxide, (b) after coating and organic pyrolysis, and after
coating, organic pyrolysis, and MWHT conversioninto (c) BaTiOs; and d) Er-doped BaTiOs.
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Figure 41: Confocal fluorescence (488 nm excitation, long pass 505 filter) (le&ind transmission (488
nm) micrographs of native (top row), SSG coated and pyrolyzed scales (second row), coated and
pyrolyzed pure titania scales after hydrothermal conversion into BaTiQ (third row) , and Er -doped
BaTiO3 (bottom row). All scale bars rgoresent50 micrometers.
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Figure 42: SE images of EfTi-O mixed alkoxide SSG coated and pyrolyzed scales (a) before, and (b)
after MWHT conversion into nanocrystalline Er-doped BaTiO;. Both scale bars represenf00 nm.

2.5. Concluding Remarks

Bioorganic templates were choseo demonstrate the feasibilitpf creating
functional inorganic materials with uniqgue morphologies on multiple length scéies.
fact, the length scalespanned by a single. blumeicolor-mixing scales spared over 4
orders of magnitude (0. 100 um). Eu-doped BT was chosen #se initial product
material for the followinghreereasons (ifor the utility of lowf temperature syntheses
with respect to preserving tHeu®* valence state(ii) for imparting photolumnescent
properties to demonstrate theiformity of the chemical conversion procesand (iii) for
demonstration of the anticounterfeiting capability of hierarchical phosphor
microparticles Both the incorporation of Eu in the MWHT procesmsd E in the SSG
process revealedhe adaptability ofthe chenrtal conversion process developed in
Chapter 1. Both methodssuccessfullyproduced photolumirsgent inorganic 3D
butterfly scalereplicas. Suchprocessingversatility is crucial for scalability ash cost

effective processing not simplyproof-of-conceptexperimentation Future work should
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entail (i) reductionof the Er dopant concentration and subsequent optical interrogation
and (ii) the appliation of phosphor materials along witbtention ofa structurally
colorad template to investigate the effect of emitting materials on tiectahce peaks of

templates that exhibgtructural color.
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CHAPTER 3: Determination of Microwave Hydrothermal Reaction
Mechanism(s) in Converting Titanium Dioxide into Barium Titanate
Through Inert Marker Experiments

3.1.Summary

The reaction mechanism for the formation B&TiO; through hydrothermal
reaction oftitanium dioxide solidvith a B&* -bearing fluidhas beemrimarily presented
with two modelsjustified with indirect kinetic analysis An inert marker approachas
developed to evaluate the hydrothermal reaction mechamisitine surface of (100),
(001), and (110)oriented single crystal rutile titaniumdioxide plates. Such
experimentation proviesthe first demonstration of the use ah inertmarker experiment
to aid in the determination athe mechanism of anicrowave hydrotherméb reaction
process. TEM imagingvas used to evaluate the positiontbé inert markers with
respect to the product phafsemed after egosure to a sodium hydroxidand barium
acetate bearing solution in a microwave hydrothermal reaction at 220 (known
morphologypreserving reaction conditions for 3D anatase titania hierarchical
microparticles) HRTEM imaging was used to ahacterizethe phases present at the
reactant/product interfaceThrough such experimentatioa better understanding of the
kinetic mechanism controlling the microwave/drothermal conversiorof titanium

dioxide to BaTiQ was obtaind.

3.2.Introduction

Prior work on the morphologpreserving reaction of nanocrystalline anatase 3D

hierarchical assembligato BaTiO; replicas Figure 43) clearly demonstratetthe ahlity

79



for hydrothermal reaction® preserve morphoby>®. Suchhydrothermal reactionssel
barium acetate to avoid incorporation of unwargsthll anions(e.g.,Cl’) into the lattice
of the product phasé Thereaction conditions also utilizadmperaturegrovento form
barium titanate o$ignificant tetagonality(i.e., can be evaluated via peak splitting within
XRD patternj®,

Although the morphologyreservation of complex 3D templates is clear, the
exact kinetic mechanism by which ugh a reaction occurs is not For a r¢her
comprehensive discussiaf the experimental methods and indirect analyses used to
evaluate hydrothermal reaction mechanisms one shoultereace the review by
Gerster’. In short, two mechanisms have been proposed for structural evolution during
hydrothermal reaction of solid ©p with a fluid reactant to from solid BaTiOi)
DissolutionPrecipitation Figure 44) and ii) Insitu Transformation Rigure 45)%.
DissolutionPrecipitation involves, nsi generally, the dissolution of an anhydrous oxide
(e.g., titania) ina highly alkaline (pH >11) bariurbearing solvent and subsequent
precipitation of ABQ (e.g., BaTiQ). In-situ Transformation involves the reaction of the
anhydrous oxide with the s@uat at the oxide/solvent interface and subsequent diffusion

of cations through thsolid reaction laye?.
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Figure 43. SE images of complex, 3D anatase titania microparticles deriddrom (a) Morpho helenor
butterfly wing scalesand (c) Papilio blumeibutterfly wing scales that were chemically transformed
into barium titanate (b, and d respectively via a morphology-preserving microwave hydrothermal
reaction (220°C, 10 hr with 1 M NaOH and 0.125M barium acetate). Insets are simplylower
magnification SE images of eachmicrostructure.

The rate controlling process(es) within the Dissoluftwacipitation mechanism
coud be chemical reactioat the TiQ/liquid interface(e.g.,via hydrolytic attack to form
titanium hydroxide species (TiQf"), liquid phasediffusion of the barium species to the
titania specieschemical reaction of barium species with solubilized t&#aspecies to
form the product BaTig) andbr diffusion of baium/titanium cations through theolid
product layer (if heterogeneous nucleatwnTiO,). Diffusion of reactant cations to the
surface, diffusion of reactant cations through the product layethanchemical reaction
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between solid and aqueous reattaare possible rate controlling processes fesitin
Transformatiof’. Note that there are two product interfaces either of which could be rate
limiting (TiO,/BaTiO; and BaTiQ/liquid). Because the DissolutidPrecipitation method
involves precipitationa f t e r Adi ssol vingo a r ewduttant
nucleation events can be homogeneous or heterogeneous. As a result,-dtath In
Transformation and Dissolutierecipitation with heterogeneous nucleation could result

in conformal BaTiQ product formation on TiQ.

Homogeneous Precipitation
(Ba?) [(TBaTiO,

Ti(OH),**

(BaOH‘h "\
| 0
@aOH) 2
X Zﬁ
Ti(OH),* B BaTio, o2

‘:*-\_,__»;;' . (BaUi
— HR
BaTiO; BaTiO,

Heterogeneous Precipitation
Figure 44: Schematic representation of Dissolution-Precipitation mechanisms showing the

precipitation of the product BaTiO3; occuring homogeneously in solution or heterogeneously oa
TiO, surface.

H,0
(Ba*) .
&om (8 @D
p S

Diffusion and Reaction @3

Figure 45 Schematic representation of In-situ Transformation mechanism in whichthe product
BaTiO3; forms on the titania surface and reaction proceeds via #id-state diffusion through the
product layer to form BaTiO .
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Experimental obervations used to identify reaction mechanis{a) include
microstructural analyse For instace, if the product has the expectagne averagsize
(allowing for molarvolume expansion upon conversion arfatase titania to cubic or
tetragonal BaTi@) andbr shape as the reaat solid then typically the igitu
Transformation mechanism is citéd If a considerablydifferent particle size distribution
than expected(accounting formolar volume changeor different morphology is
observed then a Dissaltion-Precipitation mechanisnis most often identified.
Unfortunately such evidence is not definitivédne example is wheheterogeneous
nucleation occurs in the BsolutionPrecipitation process arttie product conforms to
the surface of the reacting substfata

In order to optimizeshapepreservation, reaction mechanisms may need to be
understood and perhapsntrolled. Hydrothermal gnthesis conditions carebvaried to
affect the rats of nucleation and growth Some of the variables likely to affect
nucleation and growth mechanisms inclutlee concentratioa of reacting species,
heating ate,reaction temperature and reaction fifneOne canot ignore the effects of
the reactingitania polymorph, min@lizer concentration, mineraée type, barium salt
source, barium concentration, mineralizer/Ji@tio, or Ba/Ti ratic’®.

Experimental data demonstrating the eféemtt mineralizer concentration (KOH)
and hydrothermal treatment temperature on the morphologyadfO; formed from
anodized titaniahas been reportéd The nineralizer concentration withinthe
hydrotrermal solution andthe temperature of transformation weused as ordinate and
abscissarespectively, fomappingthe resulting BaTiQ productmorphology. Drastic

morphological changewere effectedby simply changing one variable (temperature or
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pH) uncer thermodynamically favorableonditions for BT formatioff. Wei, et al
propose that by increasing mineralizer (KOH) concentratjdhe nucleation rate could
be reduced, produci ng han aftdnformal shageeserved uct ur
product® However, McCormick and Slamovigitoduced results that disagree with the
conclusions ofWei, et al regarding mineratier concentratidd. McCormick and
Slamovichhydrothermally tread an amorphous titanialfn and foundthat increasing
temperature, barium ion concentration, and increasing pHefadizer concentration) all
led to a reducbn in BaTiO; productgrain size which indicatedan ircrease inthe
nucleation ra¥. The discrepancy regarding hydroxyl concentration betwen
findings in the aforementionedtudiescan be explained. Weet al. used barium
hydroxide as the barium cation source. By increasing mineralizer (KOH)
concentration, the sdbility of barium hydroxide maybe reducedi.e., according to
LeChatl i er 6 s . p rAddiiandlyy the Yissolution rate of the titania may be
increased in solutions with increased alkalini®yreduction of barium cations in solution
could be a caustr the reduction in nucleation ratélso, the enhanced rate @ifania
dissolution may lead to morphological chang8sased uporthe findings of McCormick
and Slamovichwho independently analyzée effects of thédarium concentratiofi.e.,
BaCk) and mineralizer (NaOH) concentratin , the #Afl ower 0 bynor pho!
Wei, et al. may bedue to a slowr nucleation rate caused by a reduBedTi reactant
ratio rather thamue to an increase in thn@neralizer concentration.

To the aut heptie sre threeorepbres éhgvhich single cry3i,

68,69,70

substrates underwent hydrothermmahction to érm BaTiO; films The current

reseach differsfrom such prior work for the following reason¥in this casenicrowave
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hydrothermal processing waitilized, ii) the temperature afonversion wagreater than
200°C, iii) such experimentsndependently vaed the Ba and OH concentratigniv) in
this work crosssections of more than one crystallograpbitentation of TiQ were
interrogated via SEMind TEM, andv) inert markers weraetilized for identification of
the interface at which BaTipredominantly formed

Inert marker experimesit(like that used by Smigelskas and Kirkentfalio
discover the Kirkendall Effecf)aveofteninvolved the use foradicactive particlesinert
oxides, noble metals or refractory metaldo mark the initial interface between two
reactants irsolid-solid and gasolid reactions For examplePt nanoparticles were used
as an inert marker for the reaction betw€gd0), (001), (101), ang110) oriented rutile
titania single crystaland iBaGd v a p o wapor denerated hy decomposition of
BaCGQ; through electron beam evaporation under higbuumand exposed to titania
substratein 1x10" Pa oxygen atmospheyeat tempratures ranging from 700°C to
95(°C’2. In the Pt nanoparticle inert marker studiietmorphologiesf the single crystal
surfaceschangedwith temperature, andhe apparent diffusing species changed with
temperatur€. Interestingly the phase formation also depended upon temperature with
BaTiOs; being the sole product phase at 706 800°C andTi-rich phass (with respect to
BaTiO;, e.g.,BasTi13030) formed betweerthe BaTiO; productlayer and reactanTiO..
Such experimentation reveal#uht the location of the inert markers with respect to the
final BaTiOs/TiO; interface cold be used tadentify thelocation of the formation of
product material anthereby suggestatelimiting diffusing species. One shiounote
that the 800°C treatment of single crystal titania wiiBaOo vapaur andelectrochemical

hydrothermaltreatment ofa Ti metal substratevith a radioactive tracerhave both
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indicated barium cations as theratelimiting diffusing species through ¢hBaTiQ
product layet*"®

Even with the initial titaniatdution interface marked with inert particlethe
reaction mechanism maymnbe readily identified.Possible crossectionsafter MWHT
treatment 6single crystal rutile titania temgks with inert markers arneentified and
depicted schematicallyn Figure 46. Because oxygen is prevalent in the reaction
solution andin the titania reactantases where ggen anions act as the rate limiting
diffusing species have not been consideredt should also be noted Irsitu
Transformatios in which there are several rate limitisgecies(e.g., barium cations
inward and titanium cations outwardje not shown. Insuch a casehe inert paricles
would be suspended withithe BaTiQ product layer closer tthe source of the faster
diffusing specs ordirectly in the centeof the product layer if competing diffusion rates
are commensurate-or a dissolutiosprecpitation mechanismcése 3or 4 in Figure 46),
Au particles are either lost upon dissolution of F{Bigure 46. case 3bandcase 4 or
will mark the TiO/liquid interface(Figure 46. case 3aandcase 4a Additionally, the

microstructurabppearance afase landcase 4anay beindistinguishable
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Precipitation
Case 1 Case 3:
se 1: i i
Dissolution-
Outward Ti*t diffusion Homogeneous
through BaTiO, Precipitation
. Case 3a
Au nanoparticles
OR
MWHT
Case 4:
Case 2: Dissolution-
Inward Ba?* diffusion Heterogeneous
through BaTiO, Precipitation

Case 4a

Case 4b

OR

Figure 46. Schematc representations ofpossible crosssection morphologies resulting fromMWHT
treatment of single crystal rutile templatesdecoratedwith Au nanoparticle inert markers. Note: Au
particles may belost upon dissolution of TiG; (case 3b, ase 4b)

3.3. ExperimentalProcedures

3.3.1. Preparation of Single Crystal Rutile TiO, for MWHT Au -Marker
Experiment

Two-side polished(EPI polished to 0.51.0 nm roughness with 1/10 wave
flatness)single crystal plates (10 mm x 10 mm x 0.5mm) of rutidenia [100), (00},
and (110)rientation$ were purchased fro a commercial sourc€>99.99% purityMTI
Corporation,CA, USA). Such plates werscribed and fractured into fobrmm x 5 mm

x 0.5 mm specimens. The resultisgctions were interrogated with grazing incidence
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angle XRD and SEMalyses Some sectionsvere sputter coatedith Au for 20 sec at
20 mA. After SEM imaging sputter coated samples were placedooa glass slide and
then heatedn air on a levelCimarec SP131325tir plate (Banstead International, 1A,
USA) to 450°C (emperature confirmed withandheld infrared digital thermometer
(MiniTEMP MT6, RaytekCorporation,CA, USA). Thesamples were held at 450°C for
2 hr, afterwhich time the heat was turned off and the samples were moved to the edge
of the hot plate to air coohu nanoparticle ing markers were formed by deetting of
the thin sputtecoated Au films on single crystal rutile titaniaAn extremely short
sputter timeand a heat treatment temperature less than 500°C was chosen to create sub
50 nm Au nanoparticles decorated on singigstal rutile titaniaspecimen surfacé%’>,
The samples were theweighed with aranalytical balancéAE240, MettlerToledo Inc.,
OH, USA) interrogated wit SEM, and then subjected to MWHT treatmentor
corrosion rate data the single crystal specinveightsbefore MWHT and after MWHT
treatment \fith no Au markers were reported fronaverage of 3measurementslhe
uncertainty of the weight measurements was represented by sample roalenlated
standard uncertainty i.€¢., represented byestimate standard deviation from3
independent weighheasurements)The difference lieveen the before and after MWHT
treatment mean weights were takeand the totaluncertainty was calculated Yo
propagatiorof error (i.e., taking the positive square root of daekd variances) It was
assumed that thestimated mean values of the weight loss were approximaely
normally distributed. For this reason the mean weighiss (my) +* combined
uncertainties () revealsthat he unknowntrue value of the wight loss fa each single

crystal titania specimeis bdieved to lie in the interval m = u, with a68% confidence
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level’®,

3.3.2. MWHT Treatment

The single crystalrutile titania specimens were sealed within 100 mL Tétfon
XP1500 Plus vessels (CEM Corp., Matthews, NISA) containing a 20 mL solution of
0.125 M barium aceta (99%purity, Alfa Aesar, MA, USA) /1 M NaOH ¢iluted from
50% w/w aqg. eln., Alfa Aesar, MA, USA) in previouslyboiled water. The sealed
specimens were then heated within 7 min to 220°C in aoma&ve reaction system
(MARS 230/60, 2.45 GHz, CEM Corp., Matthews, NC, USA) witmaximum power
settingof 1600W and held at this temperature for 10 Hlthough theramp timesand
treatment temperatures were kept constant, sspreimengwith and witiout Au inert
markers)were treated with various concentrations of sodium hydroxide and barium
acetateand were treatefbr various times ranging from100hr.

After removal from the TeflolY vesselsthe rutile titania single crystal sections
were placd in 20 mL of 1 M acetic aci(diluted from glacial acetic acid, 17.4N, 99.9%
purity, FisherScientific, PA, USA)n apetridish for 20 min. Reacted sectionsre then
moved into aPetridish containin20 mL of boiled DI waterfor 5 min.  Afterrinsing
with water,the single crystal sectionvgere placed in 20 mL of IPA99% purity,Acros
Organics, Geel, Belgiumh aPetridishfor 5 min Each single crystal was rinsed wih
mL of flowing IPA (applied via 1 mL pipettggnd the dried with warm flowingair for 1

min. Dried single crystal specimens were then weighed antinalytical balance.
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3.3.3. Morphology, Phase,and Chemical Characterization

The surfaces and some fracture sectionghef single crystalspecimengafter
each step in the marking andreersion procegswere imagedwith a field emission
scanning electron microscope (1530 SEM, LEO/Zeiss Electron Microscopy NY, USA)
after mounting directly on aluminum stubsefl Pella, CA, USA) with doublisided
carban tape ((Ted Pella, CA, USA)XRD analyes were conducted on single crystal
sections mountedwith clay on a sample holder using n X6Pert -1Pro A
diffractomder (PANalytical B.V., ALMELO, Neherlands) with monochromatic
Clka1(1.5405980A) radiation emanating from 4.8 kW ceramic X-ray tube witha
copper aode (45 kV, 40 mA) through a symmetrical Johannson monochromatbe
source was outfitted with a 1° fixed astatter slit, a ¥2° programmable divergence slit,
and a 5 mm mask. E€hdiffracted beam optics were outfitted with a 5.5 mm-sciter
slit before the XO0Cel esrp@duced witd @ durancatioa of 16 Eac
identical 40minute scans conducted widetfixed incident angle of 2° and a step size of
0. 0 16 7 AlAtrarrdission electron microscopy (TEMample preparatiorright
field imaging, selected area electron diffraction (SAED) and high resolution TEM
imaging (HRTBV) were performed by Dr. Ye Cai (Georgia Institute of Technology).
The TEM analyses wereonducted using a JEOL 4000 EX instrument (Japan Electron

Optics Laboratory, Tehikawa, Tokyo).

3.3.4. Measuring Transformation and Nucleation Rate

SE micrographs of (110) oriented rutile titania after 1, 2, 4, 6, 8, 10, 40, and 100
hr of MWHT reation (220C, 0125 M larium acetate, 1 M sodium hydroxide) taken at

25,000x magnification were used to measure surface area fraction transfiomed
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BaTiOs (Xsa) and number of nuclei as a function of reaction timAn example
micrograph is shown irFigure 47. The numberof nuclei were counted ofive
independenmicrographs and thealculatedmean valuef nuclei at each reaon timez+
calculated standard uncertainty (i.e., represented by estimated standard defiation
numbe of nuclei counted on Bidependent micrographsNote: any nuclei truncated by
an edge of the micrograph were counted as %2 and the total was always rounded up to the
nearest integral valueFor Xsa, a 15x 9 grid with 1 micrometeline spacing(i.e., 135
total intersectionsas shown inFigure 47) was overlaid on SE micrographand the
number of intersectionsoveringBaTiO; were counted.The number of intersectiomm
BaTiO; divided by thetotal number of intesections provided the surface area fraction
transformed into BaTi@for a particular micrograph.Once again five independent
micrographs werenterrogatedfor each eaction time and condition considered.heT
mean Xa * calculated standard uncertaintye(j. represented by estimated standard
deviation of X%a measured from 5 independent micrographB)e Xsa for 4 hr reaction
times were also evaluatedtiw MWHT reaction solutions that contained i) quintuple the

sodium hydroxide concentration and ii) quugle thebarium @etate concentration.

Figure 47. SE electron micrograph of (110) oriented rutile titania single crgtal after MWHT
reaction with 0.12 5M barium acetate and 1 M NaOH for 2 hr at 220C. Blue grid overlay used to
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determine average surface area fraction transformed into BaTi@after a given reaction time. Such
micrographs also used to count the number of nuclei formed as a function of time.

3.4. Results& Discussion

In orderto analyze¢he morphologypreserving redmn of TiO; into BaTiG; rutile
titania single crystalsof three different orientation$§(100), (001) and (11D)were
purchased These 10 mm x 10 mm x 0.5 mm plates (representative image shdolen in
inset of Figure 48) were confirmed to be single crystal rutile }jGand of the
manufacturer 6s |viedXRR antlgsidshown in Eigure &8 i Soiah
samples were sectioned into 5 mm x 5 mm x 0.5 mm specimens ansptliter coated
with Au for 20 sec. Sputtezoated sections were then h&atated for 2 hr at 450°C in
order to form a surfacdecorated with Au nanoparticlésrough dewetting of the thin
Au film. Once Au nanoparticle inert markers were formed, MWirElatmentwas
conducted using similar conditions as for the morphologgerving reaction of anatase
titania butterfly scale replicas into barium titanate. Viggv SE images of (10®@riented
rutile TiO; single crystad are shown inFigure 49 in the starting stateafter sputter
coating after Au nanoparticle formation, anafter MWHT reaction of Au decorated
titania with 1M NaOH and 0.125 Marium acetatsolution for 10 hr at 220°C Such
images reveald the ceation of Au nanopé#cles (bright particles on single cystal
titania and the retentionf such particles after MWHT reactionBecause the inert
markers remained adhered to the substrate BINMEHT processg, it appearedhatthis
inert marker methodof interogating the reaction of Tikxo BaTiO; wasfeasible. The
morphologiesof all three crystallographic planes marked with Au nanoparticleghto
particleg after MWHT treatment with 1 M NaOH and 0.125 M barium acetate at 220 °C

after 1, 10and 1@ hr are shown irFigure 50. Note: some of the inert markers westll
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visible after all reaction times in the (100) and (001) singletaky&O, specimens.
Additionally, the (100) and (001) oriented Ti@pecmens exhibitedhe samesurface
morphologywith no exposed Ti@for reaction times of 3100hr. In contrast, the (110)
surface morphologgppeaedto noticeablychange withanincrease in reaction timeOn

the (110) oriented surface thecleation and @wth of isolatedparticlesthat eventually
impinged upon one another (after-100 hr) was evident. No Au nanoparticles were
apparent in the top view micrograph of the (110) oriented specimen after 100 hr of

MWHT (Figure 50 row 3, column 3.

(200)

(100) Rutile TiO,
Single Crystal

(002)

(001) Rutile TiO,
Single Crystal

Relative Intensity (a.u.)

(110)

(220)

(110) Rutile TiO,
Single Crystal

20 30 40 50 60 70

20

Figure 48. XRD patterns obtained from (100), (001), and (110priented single crystal rutile plates. A
photograph of a (100) rutile titania plate is shown in theinset andis representative of thetwo-side
polished 10mm x 10 mm x 0.5 mm samplesf each orientation as received from MTI corporation.
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b)

Figure 49: Top view SE images of (100priented single crystal rutile TiO, plates (a) as received(b)
after sputter coating with gold for 20 sec,(c) after 2 hr of 450°C heat treatment ofa sputter coated
specimen to create Au nanoparticle markers, and(d) after Au marker formation and 10 hr of
MWHT treatment at 220 °C with 1M NaOH and 0.125 M barium acetate.

Elemental analyss of the (110) specimen after 10 hr of MWHT reaction
(Representative SE micrograph showrrigure 50 bottom row, middle column), using
EDS point analyses, confirmed the presence of Au in the bagbarticles Ba, Ti, and
O in thegray regins, and Ti and O in the dark graegions. To confirm the phases
present, as well as the location of the inert markers, TEM-sag®ns were prepared.
TEM images are projections of a cressctioed (iormilled to a thickess often < 20
nm) sample which may prove difficult to analyze. As an example, consider a case where
Au patrticlesarein contact with the titania surfaeedareencased in BaTi§ Depending
on where the Atparticle/TiG, point of contact is located wittespect to the ion milled

crosssection one may, or may not, see a gap between the titania and theFiglde 51
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schematicallyillustrates differences ImMEM micrographsdue solely to location of ion
milled crosssection Low magnification TEM shots, taking a number of images,
simply increasing samplinggnd viewing a reaction layer much thicker than the size of

the inert markers can be usediore confidentlyevaluate the position of inert markers

Figure 50: Top view SE imagesof Au-marked single crystal specimens{(001)top, (100)}middle,
(110)bottom row} after 220°C MWHT treatment with 1 M NaOH and 0.125 M barium acetate for 1,
10, and 100 hr {ncreasing reaction timefrom left column to right column). All scale barsrepresent
200 nm. Au particles are brightest, followed by BaTiG; films/particles, and then TiO,
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Figure 51: Schematic llustration as to how anion-milled crosssection location may affect the
perceived bcation of particles within aTEM projection view.

TiO,

The need for TEM crossections was elucidated after evaluating SE images taken
of a fracture section from a (110) oriented single crystal treated for 1dtgurd 52
(bottom)). The BaTiQ and TiQ phases show contrast differences in the SEM image
and the uneven TiDsurface after reaction is indicated, but the location of the Au
nanoparticles cannot be identified. An ion milledM Erosssection taken at similar
magnification clearly revealed the location of the inert marker laygu(e 52 (top)).
Such correlation between SE imaging of fracture section and TEM imaging of ion milled
crosssection also revealed there were no adverse affects to the surface in the mounting,
polishing, and ion milling used for TEM sample preparation (e.g., the Bafli®
thickness is equivalent in both characterization methods). The manufaepoeled
subnanometer surface roughness of the single crystal templates before MWHT reaction
is shown locally with bright field TEM images of (110) oriented single crystak TiO

crosssections after Au sputtering and heat treatmiéigiuge 53).
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(110)

Figure 52: Bright field TEM cross-sectional micrograph (top) and SEmicrograph of fracture section
mounted vertically and stage tilted 15° (bottom) of (110) rutile titania single crystal after 100 hr
220°C MWHT treatment with 0.125 M barium acetate and 1 M NaOH solution. The magnifications
of the images are nearly identical.

Figure 53: (a) Low magnification and (b) high magnification bright field TEM micrographs of cross
section fom Au sputtered and heat treated (110) rutile titania with no MWHT reaction.
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A brightfield TEM micrograph of a crossection from the (001) oriented
specimen after MWHT reaction for 10 hFigure 54a) indicated he location of Au
particles (dark particles within a light BaTi@roduct phase) near the Ti®urface. In
Figure 54b a HRTEM lattice fringe image shows that the interface between Ban®
TiO, is free of otherproduct phases. Withifigure 54b, the identity of the phases
present are marked adjacent to the corresponding interplanar spacings of (111) Au, (111)

BaTiOs, and (101) rutile Ti@

a)

Figure 54: (a) Bright field TEM micrograph and (b) HRTEM lattice fringe image from cross-section
of surface of (001)oriented single crystal titania with Au inert markers after MWHT reactio n for 10
hrs at 220°C with 0.125M barium acetate and 1M NaOH solution. HRTEM image revealeda clean
BaTiO/TiO, interface with no product phases other than BaTiQ.

Varied MWHT reaction times weratilized to potentially measuranincrease in
the BaTiQ product layer thickness with reaction tim&op view SE micrographand
TEM crosssections of (001)isgle crystal titania specimens after 10 hr and 100 hr
reaction timesre showrnn Figure 55. Both bright Au particlesand BaTiQ are apparent
in the top view SEM images. Low mafication TEM shows a continuous BaTi#@u

layer over the single crystal titania.Arrows mark the Au markers withitower
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magnification TEM images Figure 55c,d) that would be visible itop view SE images
(like those shown irFigure 55a,b). Although the majority of the Amarkers arenear
the BaTiO;s interface(Figure 55e,f) the inert marker experiments on #@91) oriented
single crystal titania specimengre inconclusive because the inert markers raove
considerably smaller than tlemtire BaTiOs product layer. In fact some of the particles
span the entire BaTiOproduct layer as shown iRigure 55c,d. Interestingly, he
product layer dichot appar to change ithickness aftean order of magnituglincrease
in reaction time. Top view SEimagesof (001) and (100) oriented titania single/stals
revealed Au particlesimilar reactio ratesandsimilar surface morphologie@-igure 50
middle vs. top row),. Based upon such SE imageshas been hypothesized the inert
marker/ product layer thickness problexiso exists with (100) oriented sifeg crystal
titania specimens. Difficulty in preparinfEM crosssections from (100) oriented
specimens due tthe especially fragile nature of this particulanentation ofsingle
crystalrutile titania has prevented TEM, HRTEM, and SAED analyses

The evwlution of the BaTiQ particle density and size for MWHreacted (110)
orientedTiO, specimens is demonstrated with top view SE imagé&sgure 56. Figure
57ais a brightfield TEM micrograph taken at the (110) oriented FgDrface aften 10
hr MWHT treatment Gold particles (dark particles within a light Bagigroduct phase)
were observed near the TiQlarkest material) surfaceFigure 57b is a HRTEM lattice
fringe image marked with the identities of the reactant and product phases next to the
indicated interplanar spacings of (110) Baj;i@nd (110) rutile TiQ Figure 57b also
revealeda BaTiOs/TiO; interface formed upon MWHT reaction of (110) oriented 2[iO

that is, BaGTiO, compounds other than BaTiQvere not detected. Top view SE
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micrographs and TEM bright field micrographs of cresstions from (110) oriented
single crystatitania specimens after 10 hr and 100 hr reaction times are shdwgune

58. The patrticle size of BaT#dncreased with increased reaction time. As with the
(100) oriented single crystal specimens, the (1t@nted specimens appear to have the

Au particles retained at the TiBaTiO; interface.

(001) 100hr
BaTiO,

(001) 10 hr 9)
BaTiO,
&

Figure 55: SE top view image of surface of §01) single crystal titania with Au inert markers after
MWHT reaction for (a) 10 hrs and (b) 100hrs at 220°C with 0.125M barium acetate and 1M NaOH
solution. Corresponding bright field TEM images of Au-marked surface crosssection showing
location of Au markers at TiO,/BaTiO; interface both after (c,e) 10 hr and (df) 100 hr.
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Low and moderatenagnification images of the (001) and (110) specimens after
100 hrof MWHT treatment are shown ifigure 59. The BaTiOs/TiO; interfaces
(coincide with the Au/TiQ interfaces) aremarked with a dashed yellow lineThe
formation of BaTiQ outsideof this line indicated a reaction mechanism involving either
titanium cation diffusion outwardcése J} through a barium titanate product layer or
dissolution of titania followed by heterogeneous precipitation of Ba{ld&se 43. The
presence of an uneven titanium interface showing hillo€kgufe 57a) and valleys
(Figure 57a, Figure 5%, andFigure 52), not seen irbright field TEM micrographs of
single crystal templates that were decorated with Au nanopari€igare 52), also
indicated dissolution of the Ty®r diffusion of TifO from TiO, through BaTiQ product
layer. However, a discontinuous product layer (discrete particles) formed on (110)
oriented single crystal titania specimens after MWHT reactionldss than 100 hr
(Figure 56, Figure 57a, Figure 58a,0). Such product particles grew lger with
increased MWHT treatmenime. The fact that a continuous BaTi@ayer appeared to
form on (100) and (001) crydtagraphic planes after only 10r of MWHT treatment
(Figure 50c) andthe product layer of BaTi©did notappear tancreasewith reaction
time (Figure 50d) indicated the produdBaTiO; layer may essentially passivate she

surface againsfurther dissolution.
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Figure 56: Nucleation and growth of BaTiO; particles on single crgtal (110)oriented TiO, specimens
as a furction of MWHT reaction time. All experiments were conducted at 228C with 1 M NaOH
and 0.125 M karium acetate. All scale bars represent 1 um.

Figure 57: (a) A bright field TEM micrograph and (b) a HRTEM lattice fringe image obtained from
crosssectiors of (110) oriented single crystal rutile titania specimenswith Au inert markers after
MWHT reaction for 10 hrs at 220°C with 0.125M barium acetate and 1M NaOH solution.
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Figure 58: SE top view images of surfaces of (110) oriented single crystal titania specimens with Au
inert markers after MWHT reaction for (a) 10 hr and (b) 100 hr at 220°C with 0.125 M barium
acetate and 1 M NaOH solution. Corresponding bright field TEM images of crossections &
surfaces showing the location of Au markers at Ti@BaTiO; interfaces both after ¢) 10 hr and d) 100

hr.
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20 nm 20 nm

Figure 59: Bright field TEM micrographs of (a, ¢) 001) oriented and (b, d) (110)oriented single
crystal rutile titani a specimensafter 100 hr MWHT reaction at 220°C with 20 mL of 0.125M barium
acetate and IM NaOH solution.

Single crystal titania specimensvith and without the presence of Au markers
were treated with NaOH onlyFigure 60 shows thatonly the (001) plane revealed a
significant change in surface morphology with MWHKEatmentfor 10 hr ina 1 M
NaOH solution. The presence of the Au markers also did not seem to isigniy affect
the surface morphology of tlengle crystal titanigspecimensfter treatment with NaOH
alone Figure 60a vs. b, ¢ vs. d and e vs).fAs seenafter MWHT treatmentin the

bariumcontaining solutions the Au particles remained on the surfattesiinderlying
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titania had not been dissolved away. Weight measurenwdmésnedbefore and after
MWHT treatmentprovidedaverage (total weight loss after 10 hr of reactioorosion
rate data foithe single crystal rutile titania specimemgthout Au makers in Table 2.
The average corrosiomate (i.e., after 10 hr of MWHTtreatmentat 220°Cwith 1 M
NaOH) for (001) rutile titaniawas the fastest0(0041 + .0016g-cni?-s™), followed by
(100) rutile titania (0.0032 + .0015g-cmi%-s?), and (110)rutile titaniawas the slowest
(0.0022 + 0.0011g-cni®-s?). The rates are commensurate witle calculated relative
surface energiesf the individual planes of rutile titania the presence of vacuum and
water"’®. In fact, the relative surface energietpartially andfully hydrogenatedutile
TiO, crystallographic plané$ have been reported to be consistent with cléae., in
vacuum)surface energiegio) = 0.89Jm* < @) = 1.12 J/Inf < 9goy) = 1.65 J/nT)"".
Based uporaveragecorrosion rate measurements and reported rutile crystallographic
plane surface energiethis work has used csgallographic planes of titaaspanning the
slowest to fastest dissolution rat@gswest to highest surface energiesg)single crystal
titania. The faster dissolution rates of the (001) and (100) planesm#ye reason such
planespresent similar BaTi@product surface morphologg top view SE images taken
after 1 hr, 10 hr and 100 hr of MWHT reactidtigure 50).

Although there ws a molarexcess of NaOH in theIWHT solutionwith respect
to TiO,, it was hypothesized that furthigrcreasng the NaOH concentrationould result
in faster dissolutin rategNote: TiG, is an acidic oxide) This hypothesis was confirmed
with (110) rutile titania sections. The (110) specimens demonstrateg little
morphology change after 10 MWHT treatmat at 220°C in1 M NaOH Figure 60e).

After 10 hr MWHT treatment at 220°C i& M NaOH, however,the (110) surface
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appearedheavily pittedin SE images(Figure 61). The aparent enhancement of
dissolution was quantifiedTable 2) by determiningaveragecorrosion rate through
weight lossafter 10 hr MWHT treatment at 220°C for 10 inr5 M NaOH With a
quintupling of the NaOH concéation the corrosion rate of (110) single cristutile

titania was enhance®5 fold (0.057 + 0.00065 gm-s™).

Figure 60: (001) oriented (top row), (100) oriented (middle row), and (110)oriented (bottom row)
rutile ti tania single crystals with(right column) and without (left column) Au markers after MWHT
treatment with 1 M NaOH solution for 10 hr at 220°C. All scale bars represen200 nm.

106



Figure 61 Top view SE imagestaken with increasih g magni f i caf (110) sirgle(ceyystatl )
titania after MWH T treatment in 20 mL of 5 M NaOH at 220°C for 10 hr.

Table 2: Average Corrosion Rates of Rutile Titania Single Crystalsat 220°C in NaOH Solutions

Average Corrosion

Rutile Single MWHT Rate
Crystal Orientation Condition 2
(g / an“*seqQ
(001) 1M NaOH, 10 hr 4.1 x 10 + 1.6 x 10°
(100 1M NaOH, 10 hr  3.2x10°+1.5x 10°
(110) 1M NaOH, 10 hr  2.2x10°+1.1x 10?
(110) 5M NaOH, 10 hr 5.7 x 10°+ 6.5x 10*

An increase irthe sodium hydroxideoncentration increasetle dissolution rate
of the(110) orientedutile titania single crystalandbecause there walreadyan excess
of Ba (with respect to mol Tig) in the MWHT solutionsit was hypotheged thatthe
BaTiOs; formation ratewould increase with increas&hOH concentration Similarly, it
was hypothesizedchcreased &rium concentrationvould result inlittle or no changen

the BaTiQ formation rate The effect of bur differentMWHT reaction solutiors on
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BaTiOs; formation ratewere comparedall reactions were conducted at 220°C fonrjt

with top view SE images irFigure 62. Figure 62d qualitatively shows tle dramatic
increase in BaTi@ product phaseexhibited by increasing concentratimf sodium
hydroxide from IM to 5 M. The modestffect onformation of producBaTiOs resulting

from an increase irbarium acetate concentratiaover that of the typicaMWHT
solutions usedtan be seequaltatively by comparingrigure 62b and Figure 62c. The
surface area fractiomf (110) oriented rutile titanidransformedinto BaTiG; after
different reaction times/solution coantrations was measured byerlaying a grid ord
independent micrographs for eadaction time /conditionand counting the fraction of
intersections lying upon BaTiand TiQ (seeSection 3.3.4and Figure 47 for more
details). The resulting BaTiOsurface area fractiongXsa) transformed for each
time/condition areshown in Figure 63 and tabulated inTable 3. The effect of
quintupling sodium hydroxide concentration clearly enhanced the product surface area
coverage t94% BaTiQ) over both normal reaction conditions~{6% BaTiQ) and
MWHT reactionsolutionwith quintuged barium acetate coastration(~17% BaTiQ).
However the faster reaction ratef (110) oriented rutile Ti@with quintupled sodium
hydroxide concentratiodid not result ina BaTiQ surfacemorphologysimilar to that

seen withthe faster dissolving (10@nd (001)orientedrutile TiO, specimengFigure

50). Such differences in surface morphology indicated the effect of orientation was more
significant than the effect of dissolution rate on Balp@duct morphology Higure 50

vs. Figure 62).
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O 0625 Ba(C,H;05); 0.125 M Ba(C,H;0,),
— 1MWNaOH *~ ™ | > M NaOH

- 4

Figure 62: Top view SE images of (1109riented single crystal titania after 4 hr MWHT treatment at
220°C in(a) 1 M NaOH solution, (b) 1 M NaOH, 0.125 M barium acetate solution{c) 1 M NaOH,
0.625 M barium acetate solution, andd) 5 M NaOH, 0.125 M barium acetate solution.
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Figure 63 Surface area of (110) oriented rutile titania covered by BaTi@product as a function of
MWHT reaction time (220°C, 0.125 M barium acetate,1 M sodium hydroxide). MWHT reactions
were also examined after 4 reaction time with quintuple the sodium hydroxide concentration and
with quintuple the barium acetate concentration.
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Table 3: Surface Area of (110) oriented Rutile TO, Covered by BaTiO; as a Function of Reaction

Time
Time (hr) Surface Area BaTiO; (%) *
0 0.0£ 0.0
1 0.15 +0.3
2 6.1+1.9
4 16.1x14
6 23.9+4.9
8 29.3+3.2
10 47.1+45
40 69.9 £4.5
100 97.6 £4.5
47 Sodium HydroxideQuintupled 93.8 +3.7
4 - Barium Acetate Quintupled 17.3+1.3

* 0% Represented by calculated mean and variance representetl dgiculated standard deviation

By counting the number of parted after 1,2, 4, 6, and 8 hr of reaction time
under identical MWHT reaction conditions was determined there is approximately a
hour incubation(or induction)time for stablenucleation to occur and theumber of
particles (observablaucle) appeard to increasdinearly with time (Figure 64). Such
an increase in numbeaf particles with time was inconsistent with rapid, siéturated
(burst) nucleatior’’. Avrami developedhe concepof extended volume téactor out
nucleation events whicbtherwise would be thought tcur in volums (or area in this
casé in which product nuclei have already fomner growri®. The JohnsorMehl-
Avrami-Kolmogorov (JMAK) equaion for nucleation angrowth phase transformations
can be generally given &quation 1 whereXsa is surface am@transformed (typically
volume fraction transformed) is time, m is the Asrami exponentfor the time
dependence of geometry, growdmd nuteation andk is a constant affected by the

nucleation rate, geometry, and partigjeowth raté’.
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Figure 64: Average number of nuclei present in a 124 square micrometer area of SE micrographs

taken of (110) oriented rutile itania after 1, 2,4, 6, and 8 hr of MWHT reaction with 0.125 M barium
acetate and 1 M sodium hydroxide.

Equation 1: Xsa= 17 exp(-kt™)

The Avrami time exponent(m) can be broken up into two componeatand b
(Equation 2) in which a is a nucleation ratdased constanfa = 1 for constant
nucleation,a = 0 for site saturated nucleatiort) describesthe time dependence of
particle growth(b = 1 for interfacial reaction control ajrowth andb = 0.5 for diffusion
control of growth), and D representghe dimensioality of growth/transpoft. When
-In(1-Xsp) is plotted againgt™ with fixed values ofn, one can evaluate tlyality of the
fit for suchm exponeng via linear regression.

Equation2: m=a+ Db

Equation 3: -In(1-Xsa)] = kt™

Data points for evaluatingh were chosen to avoithe incubationperiod (very

low extent of transformation) arichpingementhigher extent of reactiorffect$’. The
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measuredsurface area fraction transformddta (2, 4, 6, 8,and 10 hdatapoints) were
used for generating plois the form of-In(1-Xsa) vs. t? (Figure 65a) andt® (Figure
65b). The quality of fit for IMAK equations with thege/rami exponentvalues were
then evaluatedia linear regression For castant nucleation witldiffusion controled
growth in two dimersions (M = 2), the linear regression fit was considerably better
(R?=0.93 thanfor constant nucleation wittwo dimensionainterfacial reactioncontrol

(m = 3,R?=0.80) Constant nucleation witBD diffusion controled growthis consistent
with anincrease in product format after increasing sodium hydroxide concentration as
the solubility of thetitania reactant speciegs apparentlgnhanced (as demonstrated by
increased average corrosion rate dat@able 2). Such an increasa concentration of
soluble Ti speciest the tiainia/solution interface may createlarger activitygradient
from the titania/solution interface to BaTyZolution interface becausBrmation of

BaTiOs is expected to lodly decreasehe concentration sable Ti species.
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Figure 65: Avrami equation plotted with -In(1-x) vs. (a) t?> and (b) £ with Xsa values corresponding
to 2, 4, 6, 8, and 1&r MWHT reaction times. Each set of data points has a linear fit whose Ralue
and equation aredisplayed on the chart.
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In short,inert marker experiments reveal titae BaTiQ formed on the (110)
oriented TiQ, under knowrmorphologypreservimg reaction processingponditions via a
dissolution heterogeneouseaction (case 4a or an InSitu transformation mechanism
(case ). The presence of Au at the newhprmed(110) TiO,/BaTiO; interface(Figure
52a, Figure 58c,d, Figure 59%,d) indicated the BaTi@formed eithewia titanium cation
diffusion outwardwith new BaTiQ formation occurring at BaTigsolution interfacgor
through dissolution of the titania followed by heterogeneous nucleation and gadfwth
BaTiOs;. With an order of magnitude increase in reaction titme BaTiQ product layer
formedon the 001) single crystal titania didot appear tancrease in thicknegigure
55c,d). The norphology of the (110) sale crystal rutile titania changefiom a
relatively smooth surface before MWHT treatmeérig(re 53) to a rough surfacafter
MWHT treatment Figure 52), which indicateddissolution(i.e. removal)of titaniafrom
the surfaceor surfacediffusiorn/rearrangement An increased NaOH concentration has
been shown to increase the average dissolution rate of rutile tiigiard 60e,f vs.
Figure 61, Table 2). Also, the BaTiO; formation rate wa increased with increased
NaOH concentratior{Figure 62, Figure 63). The combined evidence supports that,
under morphologypreserving MWHT reaction conditions, the mechanism of (110)
oriented single crystal rutile TiOinto BaTiO; was consistent with dissolution
heterogeneous precigtton (i.e.,case 4a Analysis of IMAK equatioswith measured
surface area fraction transformed values and fixed valuetheofAvrami exponent
revealeda significantly better fit fom = 2than form = 3. An Avrami exponent om = 2
indicated the surfze transformatiomate wasconsistent witlconstant nucleatiowith 2D

diffusion controled growth
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3.5.Concluding Remarks

For the first time inert markes have been useth hydrothermal readion
processing to evaluateaction interface The identificabn of themarker location at the
TiO,/BaTiO; interface helped identify the reaction mechanism for morphelogy
preserving reaction of titania intoarium titanateat 220C with 1M sodium hydroxide
and 0.125 M barium acetatd he combinectvidencewas constent with a dissolution
heterogeneouseaction mechanism thatxhibiteda transformation rate controlled by
constant nucleation and 2D diffusiomtil effectively stopped upon the formation of a
dense continuougroduct layer oBaTiOs;. Although other athors have shown that the
morphologypreservatiorof such reactiomcan be changed by varying the concentration
of reaction solutions and the temperature of reafditime conditionsstudied in this work
have yielded tetragonal BaTi®@ replicas of anatase titank@earing ® hierarchical
structure?’.

Future experimentsare suggested to intevgate the onset of a&olid-state
diffusion-limited reactionprocessthroudh conventional hydrothermal reacti@t higher
temperatures. Upon the onset ofsalid-state diffusion-limited process theBaTiO;
product layer thickr&s should increase with tim@t a parabolic rate for planar
specimens). The kinetics of BaTi@ formation could be determined at various
temperatures to provide an activation enaaggt the diffging species could be identified
with similar inert marker experiments Further understading for the nucleation
differences between (100)/(001) and (110) coulélbeidated.

Morphologypreservinghydrothermalreaction processingand the use of inert

markers for identification of reaction mechanisrase applicable to a vast number of
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possible combinations of monolithic or multicomponent templates undergoinvgsion
into new multicomponent ceramic compound$lorphologypreservinghydrothermal
reaction processing of macrdo-micro-to-nancscale 3Dceramics or inorganic/organic
compositescould be attractive in a variety of potential applications thatild benefi

from low-temperature processing 8D microstructures.
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CHAPTER 4: Layer-by-Layer Conformal Coating and Replication of
Structurally Colored Hierarchical Biological Structures with and into
Higher Index Materials

4.1. Summary

In this Chapter, SSG LbL deptien was used to apply metal oxide coatirufs
varied thicknes®nto Parides sesostributterfly scales to understand (i) how conformal
coating of highindex inorganic materialsaffect the reflected color dfoth the overall
scales and ofindividual constuent scale structures and (i) how both materials
chemistry (i.e., doping the T-bearing coating with Sn) and processing conditions (i.e.,
heat treatment ahok hydroxyl amplification) affect the reflected color of coated and
replicated structuresQuantitative mapping of the reflection spectra from various regions
of a singleP. sesostrisving section were conducted to eliminafeectral differences due
to inter and intra butterfly color variationsWing sections were optically interrogated
afterincremental application of 25 SSG deposition cy¢ies, 25, 50, 7300, 125, and
150 total depositioncycles) within identical regions. hE reflection spectraf coated
specimens became wddfted withanincrease in the deposited layer thicknes®llow
inorganic replicas exhibiting structural colorwere obtained after organic pyrolysis
(450°C, 4 In, in air) of the coated bioorganic templatEocused lon Beam (FIB) milling
was used to isolatehe polycrystaline photonic crystal (PPC) component withi
inorganic scale replicafor quantitative microspectrophotometric (MSP) investigation,
which confirmed qualitative observations made via bright field optical microscopy.
Dimensional changes within the chemical conversion process were evaluated as a

function of coating thickness (i.e., number of SSG cycles) and coating composition. The
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PPC (also referred to aa gyroid structure)attice dimensions were hypothesized to be
the determining factorin both the ability to achievstructural color in the inoanic
replicas andn theresultantreflection peak position. Such dimensions were controlled by
the thickness of the coating applied. §hwork shows the firstharacterization othe
following: (i) the effect ofwetchemicalLbL constructive modificatioron bioorganic
templates exhibiting structural colavrhile taking into account the naal variation of the
template (ii) the use of a multicomponent oxideating to tune structural colaand (iii)

the interrogation of intiscale features with MSP aftEIB micro/nano milling.

4.2.Introduction

Researchingbiological structures that manipulatthe visible portion of the
electromagnetic spectrumas led a number of applications including: surface enhanced
Raman sattering (SERS) templates, highly seleet& sensitive chemical sensors, low
energy display technology, and iridescent paint / cosnfieli®4%°. Coating antbr
replication of butterfly scaleso as to modify the scale chemistry and/or strucha®
been attempted with impressiarolding, soakig/sonication in metal sajteydrothermal
reactions, chemical vapor deposition, atomic layer deposition, and®&&>90°,
However, only LbL techniques such as SSG and ALD have provided the ability to
precisely adjust (i.e., with subnanometercontrol of layer thickness)the coating
thicknes€2®*, To date, there are no reports describéitper the tuning of optical
response througlow-cost,chemically versake, andreadily scalable wethemical LbL
constructive modification (i.e., throughe application of coatings) @rganic templates
or interrogation of constructive modification which the natural variation of templates

has beeraken into account, odiminated. Furthermoreonly monolithic coatings have
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been applied when structural color has been reported fromammergeplicasof wing
section®’. However, the report utilized ALD, a gakase reaction nigodology
requiring expensive specialized equipment, to apply a monolithic coating material.
Moreover, interrogation of such replicas involved an entire wing section, thereby
providing no information with respect to the effect of the natural variationnatisingle
butterfly or between butterflies. Such prior characterization was unable to deconvolute
the effects of tiling of scales or thin film effects from theg membrae to which the
scales araattached. To address the aforementionddficiencies,the effects of metal
oxide coating compositiorapplied via SSEe.g., TtO- and Shdoped TiO- bearing
coatings) andcoatingthickness on the reflection spectra from both the n&iv&esostris
wing, which consists of multiple scales tiled on thang surface, and single scales
removed fron the wing itself were studied. Also, single scale, or subscale, optical
spectroscopy was performed in combination with FIB milling. Precisiommitimg of

the scales allows for interrogation the optical responsef individual structural
componerg within a singlescale.

The complex structure ¢1. sesostriss revealed irFigure 66. The green dorsal
secton of the butterfly forewings arled with ovular scalegappioximately 40 pum in
width and 120 um in lengjh Within each scale is a complex ridge structure composed
of tubes and fins, a 3[photonic polycrystal (PPC), and a thin membrane. These
intrascale components can be removed through the use of FIB millingalicate the
spectral contribution of each component within a single sdaétailed methodology for
FIB milling of individual butterfly scalesand nterrogation ofP. sesostrisnative

intrascalestructureghrough FIB milling will bereported byCraig Caneron.
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Figure 66: Photograph (left) of the dorsal side of a nativdarides sesostributterfly forewing. The
green wing sections are imbricated with ovathaped scales, as shown in the bright field optical
micrograph (bottom right). A secondary electron image (ip right) of a FIB-milled crosssection of
an individual P. sesostrisgreen scale revealsintrascale structures: ridges (composed of tubular
section covered with fins), PPC, and thin scale membraneNote: the ridge structure is oriented
facing up in the native wing.

Becausethe chitinous butterfly cutie provides a richly hydroxylated surface
dendritic amplificatior® of the surfacénydroxy groupsad not previouslybeenevaluated
with respetto the native surfaceln the present workTi-O and SrdopedTi-O coatings
were appliedo P. sesostrisving sectios both with and without dendritic amplification
in order to (i) evaluate the effect of dendritic amplification of hydroxy groopshe
coating thickness and onethresultingreflection spectra, and (itp showthe capability
for applying multicomponent coatingsthrough the SSG coating methodlogy.
Specifically, theSn dopantvasintroducedto reducethe grain size upon crystallizatidn
the replica®® and form the rutile polymorph after lowtemperature(<500°C) heat
treatment-. Such studieprovided evidence as thow the 3DPPCstructure withinP.
sesostrisbutterfly scales can be modified b$SG coating toeffect clanges inthe

reflectionspectra. This work denonstrates that the3D structure carndeedbe replicated
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to provide structural colpidespite the tortuous pathr solutionsthrough sub 300 nm

diametempores”.

4.3. ExperimentalProcedures

4.3.1. Dendritic Amplificati on of Surface Hydroxy Groups

Dorsal green sections @. sesostrisoutterfly wings (insectsale.com, Cia-yi
City, Taiwan) were rinsed twicavith IPA and then incubated (all incubaticolutions
within 50 mL graduated centrifuge tubg€orning, MA, USA)) with a 10 wt%
aminosilane N*-(3-trimethoxysilylpropyl)diethylenetramine, Tech. grade, Aldrich, MO,
USA) / IPA (Anhydrous Isopropyl Alcohol, ACROS Organics, Geel, Belgium) solution
for 18 hr in an incubation shakéaxQ5000 heated digital shaker, Barasté.abline,
PA, USA (37°C, 50 rpm)to introduce amine groups to tlarface. After three rinses
with 15 mL of IPA, each wing seatn was incubated with 1@t% dipentaerythritol
penta/hexaacrylate (DPEPHA Aldrich, MO, USA / IPA solution for 1 hr in an
incubation shaker (3C, 50 rpm). After polyacrylate incubatioeach wing section was
rinsed 3x in 15mL of IPA and then incubated with5 mL of 10wt% of Tris(2-
aminoethyl)amine (TAEA, 96%, Aldrich, MO, USAor 1 hr in an incbation shaker
(837°C, 50 pm) followed bythree rinses with 15 mL IPA. The comhbtion of one
polyacrylate anane polyamine step constitdtene dendritic amplificon cycle. After
5 suchcyclesa final exposure of the sample to &% DPEPHA in IPA for 1 hr was
conducted follaved by 3 rinses with IPA. The sample was then incubatedsfor fvith
0.05 M Tris(hydroxymethyl)aminometh&n (99%, Alfa Aesar, Lanc., UKin IPA

(previously dissolved overniglatt 5CC) in an incubation shaker (80, 50 rpm) for 1 hr
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to introduce surfachydroxy groups. Samples were rinsed 3x with IPA and then stored
in an IPA solution prior t&8SG processingFurtherdescription and characterization of
the dendritic amplification as well agliscussion of theeactionchemistry are presented

in a paer by Wang,et al®>. The same surface group amplificatiprocesswas also
applied to Si wafers amgblished (2.54 x 2.54 x 0.159 cm) fused quartz plates (Technical
Glass Products, OH, USAxfter oxygen plasa etching for 15 min, soaking in M
NaOH (diluted from 50% w/w aq.dn., Alfa Aesar, MA, USA)for 30 min and rinsing
with 200 proof ethanol. All planar substrates were storedigh purity @00 prod)

ethanol(Ultra Pure LLG MD, USA) until neededor SSG coating.

4.3.2. Determination of Tin Dopant Concentration

In a ritrogen atmosphere glovebox, known quantities of alkexrecursors were
hydrolyzedfor themal assaysn triplicate to determinethe actualnumber of moles of
titaniumadded for a known vame of commercial precursor. One milliliter of IPA was
added toa pre-fired (850°C, 2hr, airremoved from the furnace at 2@ and cooled to
room temperature in Byrex® #314Qglassdesiccato(Corning Incorporated, NY, USA
containing 200 g of 80 wt% DERITE / 20 wt% indicating DRIERITE (i.e.,
impregnated with cobalt chlate) (W.A. Hammond DRIERITE Co. LTD, OH, USA
and preweighed (AE240 analytical balance, Mettldoledo Inc., OH, USA)MgO
crucible followed by the addition of 0.5 mL Ti(lV) isopropoxde (99.995%,
LOT#H19WO013 Alfa Aesar MA, USA) and ther8 mL DI H,O. For Sn thermal assays
two milliliters of Sn(lV) isopropoxidesolution (10%w/v in Toluene and IPAsolution
LOT# C29WO021,Alfa Aesar, MA, USA)were added to 3 mL of DI BD. The

hydrolyzed alkoxide solutions were dried on a hot plat@a fume hood (i.e Qutside of

123



N, atmosphere glovebdxat 95C for 1 hr. All three crucibles containing particular
alkoxide werecovered with a MgO boat.

Covered crucibles were fired intabe furnacel(indberg / Blue M, NC, USA))
using the following thermal treatmer{tontrolled by AutoFire® Controller, Orton
Ceramic Foundation, OH, USA outfitted with atype thermocouple, OMEGA
Engineering, Inc., CT, USA)120°Chr ramp to 858C, 4 hr holdin air, and cooled at
3°C/min to less than 100°Gn air before removal from the furnaceAfter thermal
treatment the oxide powders within preighed crucibles were wghed again to
determine theemaining oxidanassand thecorrespondingiumber of masof TiO; or
SnQ generated from a known volunfend corresponding med) of Ti or Sn precursor
added to the crucibleThe experiment was designed to produce 0.136 g and 0.132 g of
TiO, and SnQ, respectively Such quantities required less than a 5 mL volume of
precusor and provided reasonabldi.e. > 100 mg)product weightfor weighing with
analytical balance The precursors utilized for thermal assays were the only bottles
utilized for all experimentation in this chapter and weealed withelectricaltape and
stored in N atmosphere glovebox for the duratiof the research. There was no
indication of hydrolysis within thestock precursorsolutions throughout the
experimentation, which would indicate a change in the concentrations from those
determined via tivenal assays.

Stoichiometric mixtures of Sn/Ti alkoxide precursmiutions of 0, 5, 10, 12.5,

15, 17.520, and 100mol % Tin(1V) isopropoxidewere hydrolyzed overnighm a 50mL
centrifuge tube After overnight hydrolysis precipitates were centrifdggown in an

centrifuge equipped with a swinging bucket roto®4(8R centrifuge with#A-4-44 rotor,
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Eppendorf, Hamburg, Germany) at 4,500 rpm for 10 minthed2 mL of DI water were
added tahe supernatantot ensure complete hydrolysis (i.e., no addigwecipitation was
observed in supernatant after 30 miAfter hydrolysis, precipated powders were rinsed
3x with DI water and 3x with IPA. Each rinse required 25 mL of DI watenr IPA,
followed by centrifugation(4500 rpm, 10 min)and removal ofthe rinsesupernatant
before adding subsequent solution or dryidgter rinsing, mwders were dried for 1 hr
at 70°C in air. Each type of powder was then heaitedir in a tube furnace at 30°C/hr to
450°C in a MgO crucibleheld at 40°C for 4 hr, and #n furnacecooled(~ 0.75°C/min)
to below 100°C before removal from the furnace

After firing, samples were ground by mortar and pestle between two sheets of
weighing paper, distributed to 1 mLpgendorf centrifuge tubeand suspended in 0.5
mL of high purity ethanol. Powder diffraction samplesvere dispersed om low
backgroundquartz(cut 6° fromthe (0001) specimen support (GEM dugout, PA, USA)
via pipetting0.1 mL of ethanalpowder slurry ontdhe holder and allowinthe ethanolto
evaporate. XRDanal yses were conduct 4diffactomrettan X 0o P
(PANalytical B.V., ALMELO, Netherlands) with monochromatic G1§1.5405980 A)
radiation emanating from a 1.8 k\WeramicX-ray tube with copper anodd5 kV, 40
mA) through a symmetrical Johason monochromatorThe incident beam optics were
outfitted with 0.04 rad soller slits, a 1° fixed astiatter slit, a ¥2° programmable
divergence slit, and a@mm mask. The diffracted beam optics were outfitted with a 5.5
mm antiscatter slitand 0.04rd sol | er sl its before the Xo6C
was produced with a summation of 4mdical 30minute scans conducted with Bragg

Brentano geomegranda st ep si ze of 0. 01667AAXNAaBpver t I
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standardSRM 660, NIST, MD, USA)was runalone andvith 17.5 mol%Sn powdeito
generate both amternal peak pason calibrationandan external calibration curver

instrumental broadeng.

4.3.3. SSG Coating of Butterfly Sales

Each cycle of the SSG process involved immersibwing sections clipped to a
1.5 x 1.5 cmsilicon wafer substratén either a pure 0.025M Ti(lV) isopropaie, or
0.05 M 80 mol%titanium(1V) isopropoxide 20 mol%Tin(IV) isopropoxidesolution in
anhydrous isopropanol (IPA) for ghin, washing threeirhes with 4 mL of IPA,
hydrolyzingin 4 mL of 40 vol% IPA in DI water for 2nin, washing again three times
with approximatelyd mL of IPA, and then drying with a straaof warm flowing air for
5 min. This proces was repeated to reach the desired number ofcy8€s. (Note the
solution molarity wa based upoithe v e n d mepodes valueshat hadnot yet been
correctedby thermal assaysf each precursor. P. sesosis dorsal green wing sections
were sentto the A. Lethbridge and P. Vukusic at théniversity of Exeterfor initial
reflection spectrgmapping of reflection spectra within a particular wing sectiam)
werethen returnedo the Georgia Institute of Tectologyfor 25 layers of SSG deposition
After SSG deposition of coatings, mapped wing sections were returned to Exeter for
optical interrogation of coated wing sectionSuch iterativeptical interrogation an®5
SSG deposition cyclewere continued throgh 125 layersof SnTi-O or T+O only
coatings After 150 layersoptical probe measurements were not continued as shipping
the scales a distance equivalent to twice the equatorial distance around théaglobe
resulted in damag® the surface of the wgs. Howeverindividual scales weranalyzed

via MSP.
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4.3.4. Organic Pyrolysis

To create inorganic scalespated individual scales dncoated butterfly wing
section samples were clipped (Staples® black metal mini binder clipgdA, USA)
between twopolished (54 x 2.54 x 0.159 cm) fused quartz plates (Technical Glass
Products, OH, USAandthenheated in a MgO crucible inatube furnaceat 30°C/hr to
450°C and held at temperature for 4 im air to allow for pyrolysis of the chitin and
crystallization of theitania. The specimens were then furnaceled(~ 0.75°C/min) to
below 100°C before removal from the furnadeired specimensould then bemaged
with a scanning electron microscop@&d/oran optical microscopandbr mounted onto

micromanipulator needéefor FIB milling.

4.3.5. Qualitative Optical Interrogation

Photograph®f nativeand coatedutterfly wing sectiongdeadinsect specimen
were taken with a 7.1 mega pixel PowerShot A710 IS digital camera (Canon U.S.A., Inc.,
NY, USA) with themacro feature etded andusing the image stabilizer functievith no
flash. Typically individual scaleswere imaged with a Keyence VH®&D0 digital
microscope (Keyence Corporation, Osaka, Japan) outfitgd a 250x - 2,500x
objective. The Keyence digital microscopess also used to generate wiagga images
as well as images of single scales that vekspersed on preleaned (2.54 x 7.62 x 0.1
cm) Gold Seal ® micro slides (Gold Seal® Products,,NUBA). Before taking images
the white balance was set using a Teflnblock in bright field mode at 1000x
magnification. Some images were generated with fine depth composition of at least 5
frames taken at incregng zheights (i.e.the bottomfocal planeto top focal planef an

object wee sequentiayl imaged and thestacked to generanentire image in focys
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4.3.6. Quantitative Optical Interrogation

All quantitative optical interrogation was performed by A. Lethbridge under the
guidance of P. Vukusic, both of University of Exet&he macroscopic reflection spectra
measurementge.g., mapped wing section measuremewis)e taken using a QR600
SR-125F standard reflection probe (Ocean Optics, FL, USA). The illumination was
provided by an HPX higipoweredcontinuous waveXenon light sourc€Ocean Optics,

FL, USA). The spectral analysis was performedings an HR 2000+ USB
spectrophotometerThe spectrophotometevas used in conjunction with Spectra Suite
Software Ocean Optig®©cean Optics, FL, USA).The probe was held normally incident
to the sample ~ 2 mm away wighl mm spot size. Five measurements for each of three
mapped spots per sample type were taken. pdmtion of eachreflection peak
maximum for each spectrunwas determined through a Gaussian (fie., peak of
Gaussian fiindicated wavelength of refton peak positionjutilizing IGOR pro 612A
data analysis software, WaveMetrics Inc., OR, U8&emonstrated frigure 67. The
averageaeflection peak wavelength frothese 15 measurements were normalizethe¢o
uncoated mean reflection peakmaximum position to report therelative shift in
reflectance peak position

The imaging and thenicrospectroscopic spatial reflectivity mapping of single,
needlemounted scales were conducted within a Leica DMRX opticataacope (Leica
Microsystems Inc., IL, USA) using a 50x (or 100x) objective lens and the microscope
halogen lamp as illumination source. Through an additional microscope port, a fraction of
the reflected light wasollected and guided by a fiber (50 um &fD pum fibersfrom

Thorlabs, Inc., NJ, USA) to the spectrometer (Maya 2000 Pro spectrometer, Ocean
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Optics, FL, USA). The detection spot size depends on the diameter of the fiber and the
magnification of the objective lens. The combination of a 50x obgend 50 um core
diameter fiber resulted in a detection area of approximately 1?2 Iprorder to acquire
spatially and spectrally resolved intensity distributions of a single scale the sample was
translated in the focal plane of the microscope in stépk um, scanning an area of
typically 60 um x 60 pmusing an automated, remetentrolled stage (ES110 stage with
OPTISCAN controller, Prior Scientific, NY, USA). A spectrum was taken after each
step resulting in a complete map of the spectrallylvesgointensity distribution of the
whole scale (typical integration times for each spectrum depend on the reffextithe
individual sample but we generally of the order of 168D0 ms, each of the acquired
spectra results from arverage of & speata to minimiz noise in the data). Using
appropriate evaluation algorithms the spatial distribution of peak reflectance intensity and
wavelength could be extracted from this data. Equipment driven and analysis whdata
processed utilizingode writtenm Igor Pro 6.12 by Mathias Kolle, Harvard University
(advised by Joanna Aizenberg)To obtain an average reflectivity single surface
modified butterflyscales that were coated with-@iand SaTi-O in a layerby-layer
surface sebel process, spectreere acquired from at leastdfferent scalesnounted on

a glass slide For the cokction of the spectra 350 um core diametefiber and a 20x
objective were used in tHeeicamicroscopdi.e., setup used for needle mounted scales

to allow for the cdlection ofdata froma sufficiently lar@, representative area (j.e30

pm in diameter on each scale. As with the mapped reflectance spectra from wing
sectionsthe reflection peak maximum for each single scale measurevasrdetermined

through a Gawsan fit of the reflectance peak. Thesition of thepeak of the Gaussian

129



fit was reported as the reflection peak wavelengtisition for eachspectrum The
Gaussian fit was conducted in veength space rather than frequency space which may
artificially compress the left tail of the curve away from a truly normal distribution.
However such errors resulting from the reciprocal relationship between frequency and
wavelength were present in all Gaussian fits &rgthould be noted similar trends were
obseved in plotting peak positions identified with wavelength of maximum peak
reflectance valueThe position and uncertainty of the peak reflectance wavelength for a
given sample was represented by sample mean + calculated standard uncertainty (i.e.,
represated by estimated standard deviation from at least 8 independent measurements).
It was assumed that thestimated mean values of the peak position wavelength a
approximaely normally distributedFor t hi s reason t hegeauean pe
* uncertainties Uneasurey indicates thathe unknown true peak position values should lie

in t he mdashedt BriasMeavith a68% confidence levél.
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Figure 67: A single reflection spectrum from a native P. sesostriswing section (red line) with
Gaussian fit (black line) used to determine the reflectance peak position. For mapped specimens 3
areas had 5such spectra taken and the averageeflectance peak wavelengthof the 15 values was
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reported in relative peak shift data. Representative pectrum and Gaussian fit courtesy of A.
Lethbridge and P. Vukusic, University of Exeter.

4.3.7. Characterization of the Morphology, Chemistry, and PhaseContent

The morphologies of thetaating Parides sesostrisving scales, the SS@oated
scalesandthe coated angbyrolyzedscalesvere evaluated with a field emission scanning
electron microscope (1530 SEM, LEO/Zeiss Electron Microscopy NY, USA) after
mounting directly on aluminum stulfSed Pella, CA, USA)with doublesided carbon
tape(Ted Pella, CA, USA) EDS spectra we collected on the LEO 153futfitted with
an INCA EDS system (Model 7426, Oxford Instruments, Bucks, WMigrosurgeriesof
individual P. sesostridutterfly scalesand subsequent secondary electiroaging were
performedby CraigG. CameronGeorgia Institute of Technology, vise of a dual beam
focused ion beam (FIB) instrumefiiova Nanolab 200 FIB/SEM, FEI, Hillsboro, OR,
USA). For FIB milling, singlescales wee mountednto a micromanipulator needle with
epoxy. Typically, mounted scalesvere imaged with a Keyence VHB00 digital
microscope before and after FIB milling to correlate optical and SE imdgi@milled
specimens were then shippedth® Universiy of Exeterfor MSP analyses by Alfie
Lethbridge and Prof. Petéukusic.

High magnification (50,000 kx) SEimages were takeonf a carefully chosen
orientation(i.e., normal tohexagonal pore arrayvithin gyroid structure ohative and
inorganic replicaP. sesostriggreenscales Eightindividual measurements were taken on
a minimum of 5 dferent scales for a total of0dmeasurements of the hexagonal pore
spacing within a single type of specimen. The measurements were taken otaenter
center distancesf the solid(i.e., cuticle or hollow inorganic material) surrounding each

hexagonal poreas shown inFigure 68a. The center of the solid wasone readily
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determined and suchmeasurements were equivalent to thenterto-center distance
between poresAlfie Lethbridgeof the University of Exeterscaledthe hexagonal array
dimensions of aSolidWorks 3D CAD (SolidWorks Corporation, MA, USAyyroid
modelto those measured via SE imagdsnative scalegAverage poe spacing = 235
nm). The3D model was then reoriented in three dimensional space without changing the
zoom to measure the lattice parameter=264 nm) and compadewith previously
reported valuesa(=261 nm§*. Additionally, thereported variation of the hexagonal pore
spacings for &lspecimens was calculated from the average lattice spacing from each
micrograph (5 mean values each calculated with8 independent measuremtiéniisg a
sample size of 5 ther than a sample size of 40 ensured the deviation was not artificially
reduced by large number of measurements

High magniication SE images (taken at 260,000x magnification) of
coatedpyrolyzed inorganic shell crosections were utilized to measute tshell wall
thicknessas shown inFigure 68b. Reported average wall thickness and standard
deviation valuesverecalculated from 40 independent measurements. All measurements
taken were on samples without amyger coatings to ensure the dimensions were only a
function of the inorganic replicaThe uncertainty of the hexagonal pore spacing and
inorganic shell thickness measurements was represented by sample mean + calculated
standard uncertainty (i.e., repeesed by estimated standard deviation from 40
independent measurements). It was assumed thagstimated mean values of the
dimensional measurementseaapproximeely normally distributed. For this reason the

mean hexagonal spacing / inorganic sheattkiness(Mmeasure} £ UNCertaintieUmeasure
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indicates that e unknown true spacing/thickness values should lie in the interval

Mmeasuredt UmeasuredVith 268% confidence level.,

Figure 68: SE images of representative fracturecrosssections imagedor determining (a) hexagonal
pore spacing (10 TiO SSG deposition cycles after organic pyrolysis) ang@) inorganic shell thickness
(75 SnTi-O SSG deposition cycles after organic pylysis).

4.4. Results& Discussion

Prior to the application of Sdoped TiO-bearing coatings, it was necessary to
interrogate the relationship between tin dopemtcentrationin the precursor solution
and the formation ofutile titania at 45€C for 4 hr inair, soan appreriate precursor
composition could behosen for SSG deposition. In this experimestgichiometric
mixtures of tin(IV) and titanium(lV) isopropoxidesere hydrolyzed and pyrolyzed
(45C°C, 4 hr, in air). The resultingKRD patterns fronhydrolyzed and heat treatéq 10,
12.5, 15, 17.5, 20 and 100 mol%-8oped precursasolutions are shown iRigure 69.
Peak positionsand intensities werenatched toPowder Diffraction File Card Numbers
98-000-0081 98000-0128,98-000-0375, and 98-000-0151 in the International Center
for Diffraction Data databasfr anatase TiQ, brookite TiO, rutile TiO,, and SnG

(cassiterite)respectively. After hydrolysis and pyrolysis of puren(lV) isopropoxide,
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nanocrysalline cassierite (SnG) was formed. Hydrolysis and pyrolysis titanium(lV)
isopropoxide resulted in primarily anatase titania with a minority brookite phase. It
should be noted the 20 mol% Sn solution led to nearly pure rutile titania after hyslrolysi
and organic pyrolysis. The crystallite size was determinadscherrer analysis from

five peaks and revealed s@b nm crystallite sizes (i.e., =& nm) for all powder
specimens. Suchrystallite size were consistent with particle sizebservedin high
magnification SEimages and arewell below dimensionsthought to contribute
considerable elastic scatterind-he true composition of the Sn and Ti precursors was
determined by thermal assays completed in triplicate as describ8eéction 4.3.2

Thermal assays revealed the Sn precursor was actually ~10.5% less concentrated than
reported by the manufacturesind Ti precursor concentration was ~1.04% less
concentrated than reported by the manufacturance, the 20 mol% Sn / 80 mol% TiO
mixture was deirmined to have 18.4 mol% Srlable 4 reveals the expected values

from the manufactureis reported conceration and the corresponding calculasedliion
concentrations obtained using data fritmarmal assays gfrecursors.Reported variance

is = one standard deviation calculated from thermal analysis measurements each done in
triplicate. For quick referencehis particular lotof Ti(IV) isopropoxide produce.265

g TiO,, or 3.32x10° mol TiO,, per mililiter of solution. This particular lot oBn(IV)
isopropoxide solution produced 0.0383 g Sn@ 2.54x10" mol SnQ, per milliliter of

solution.
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Figure 691 XRD patterns of both pure TiO, and various SnQ/TiO, stoichiometric mixtures
(concentrations marked as expected concentrations based upon manufaa@ureported values) after
pyrolysis (450°C, 4 hr, air) of hydrolyzed precursors showing the increase in rutile phase content
with increasing Sn content, the presence of anatase/brot&iTiO, without Sn-doping, and cassiterite
SnO, without presence of TiQ.

Table 4: ExpectedConcentration vs. ActualConcentration of Sndoped TiO, solutions

Expected Sn Mol%| Actual Sn Mol%
7.5 6.82 + 0.07
10 9.12 + 0.09
12.5 11.4+0.11
15 13.7+0.14
17.5 16.1 + 0.16
20 18.4+0.18

Based upon Xay analysis and thermal assay reswdtsninimum of 18.4mol%
Sn dopant warequired to producaearlyphasepure wtile polymorph after pyrolysis at
450°C for 4 hr in air. Butterfly wings were coated with either Ti(IV) isopropoxide or

18.4 mol% Sn(IV) isopropoxide/ 81.6 mol% Ti(IV) isopropoxide to form anatase and
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rutile polymorphs replicas after organic pyrolysiSSG coatings wereapplied to both

native P. sesostrissurfacesand to wing surfaces that had undergone dendritic
amplification of hydroxy groups. The SSG process for forming constructively modified
(i.e., SSGcoated)templatesas well as anatase and rutile inorganic replieas shown
schematically inFigure 70 and Figure 71, respectively The inorganic scales are
referred to as hollow replicas as the SSG coating does not penetrate deeply into the
template and forms a shell arounghse chitin once occupied as demonstratedSE

images of coated and pyrolyzegecimensn Figure 72.

= i” S ,/jH —) Chitin
After o e
OH OH designated Constru.:hvel;,rtl\nodlﬁed
- - number of émplate
Incubate :}fﬁi‘: cycles Organic Pyrolysis

w/ Titanium (IV)
Isopropoxide {or Ti/Sn alkoxide
mixture) and rinse

rinse with IPA,
and dry

Hollow Replica

Repeat

Figure 70: A schematic ofthe SSG deosition of Ti-O- bearing SSG coatings andsubsequent heat
treatment resulting in hollow anatasetitania replicas.
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with 18.4 mol% Tin(IV) isopropoxide/ w/ water,

81.6 mol % Titanium(IV) Isopropoxide  rinse with IPA,
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Figure 71: A schematic ofthe SSG deposition of SfTi-O- bearing SSGcoatings and subsequent heat
treatment resulting in hollow rutile titania replicas.
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Figure 72: SE images off PPC structure withinP. sesostrigreen scales showing hollow nature of (a)
150 SSGdepositioncyclesof Ti-O and (b) 100 SSGdepositioncycles ofSn-Ti-O coatings after
organic pyrolysis (450°C, 4 hr, inair) of chitinous template. Both scale barsrepresent100 nm.

To isolate the effect of SSG coatingsflection spectra fronindividual wing
sectims were mapped. Such mappireduced the role ointrabutterfly variatios.
Utilizing sections from an ndividual butterfly eliminated interbutterfly variatios.
Tabulating thevavelength maxima as a function of location within agkrgreen dorsal
region of P. sesostriswing (shown inFigure 73) indicatedintrasca¢ reflection peak
variatiors. Bright field optical micrographsf two differentP. sesostridbutterflies(note:
images taken on the same day with identical white balance, shutter speed, gain, and
magnification) shownin Figure 73 reveakd considerableinterbutterfly variatios.
Mapped specimens weoededin incremens of 25 SSG cycleéi.e., 25 cycles followed
by optical interrogation, then 25 more cycles followed by optical interrogation, etc.)
Bright field microscopy revealethe color change of representative areas from mapped
P. sesostrisving sections with and without dendritic amplification after 25, ), 100,
and 125SSG layers of Ti-O- or SndopedTi-O- coatings(Figure 74). Both optical

microscopy Figure 74) and quantitative optical spectroscogsigure 75) reveaéd no
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consistentenhancementn the redhift through thedenditic surface hydroxy group
amplification processbefore coating via SS@eposition Thus further interrogation of
coated and inorganic replica scales focused upon native scales with no amplification of

surface hydroxy groups.

17

Peak Standard

Wavelength Deviation
: (nm) (nm)

' 1

(3) 2 553 4
B 3 546 3
2. ' 4 536 3
T B 5 546 6
: 6 551 1

MR

Figure 73: Photograph of aP. sesostrisving section (left) with numbered mapped regions showing
intrabutterfly variations in reflectance spectra peak wavelength (standard deviation calculated from
five Imm spot size measurements within indicated mappeagion). Bright field micrographs taken
with identical conditions (lower right) of green scales from two differentP. sesostrisbutterflies
demonstrating interbutterfly color variation.
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Figure 74: Bright field optical i magesof P. sesostrigreen dorsal wing sections with and without
amplification of surface hydroxy groups,with 25, 50, 75, 100, ath 125 layersof SSG deposition of
both Ti-O- or Sn-Ti-O- bearing precursor solutions. All images taken with identical white balane
and conditions but not on same day (lamp brightness may be different)All scale barsindicate 50
pm.
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Figure 75: Bifurcated probe spectrophotometerdata from average of five neasurements from each
of three mappedspots within a wing section(each data pointrepresents anaverage of15 reflectance
peak valuesand variance is shown with error bars representing calculated standard deviatiorfsom
15 peak wavelength valuésas a function of number of SSG deposition cycles Speimens were
evaluatedwith and without hydroxy group amplification and coated either with SnTi-O- or Ti-O-
bearing SSG deposition All data was normalized to initial reflectance spectra ofcorresponding
native or dendritically amplified wing sections maged before application of SSG coatingsSpectra
and data analysis provided by A. Lethbridge and P. Vukusic, University of ExeterSolid lines meant
to guide the eye

Native wing sections with TO and SrTi-O coatings both exhibited a redshift in
the pek reflectance. Linear fits of the peak reflectance shift (mapped area
measurements) from normalized native scales revealed an average 0.6 nm/layer shift for
SnTi-O coatings and a 0.2 nm/layer shift for@icoatings. Coatings on quartz plates
and silion wafers revealed no color imparted by eitheOTor SnTi-O SSG coatings.
Although using a section from a single butterfly reduced variation from the native

template, and the section was mapped and iteratively coated and characterized,;
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