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Direct Synthesis of Layered Intercalation Compounds and Single Layer

Nanosheets and Their Applications

Jingfang Yu, Ph.D.

University of Connecticut, 2015

Layered materials have been extensively studied and have found a wide range of
applications predominately in the form of intercalated layered hybrids, or as exfoliated single
layer nanosheets. Previous investigations in layered materials mainly focused on the preparation
of layered intercalation compounds and obtaining single layer nanosheets. The preparation of
layered intercalation compounds and exfoliation to obtain single layer nanosheets typically
consists of two steps, where a layered material is first synthesized and subsequently
intercalated/exfoliated through different approaches. However, the two step process is time
consuming and inefficient. Moreover, the desired intercalation and exfoliation may not proceed
as planned. Thus, it is highly desirable to explore new methodologies for facile synthesis of

layered intercalation compounds and single layer nanosheets.

This dissertation reports a novel approach to directly synthesize layered intercalation
compounds and single layer nanosheets via a one-step process. Two model layered compounds:
a-zirconium phosphate (a-ZrP) with negative layer charge and layered double hydroxide (LDH)
with positive layer charge were selected for the one-step direct synthesis of layered intercalation
compounds and single layer nanosheets, respectively. The introduction of a layer growth
coordinator and inhibitor was proposed to guide or inhibit the growth of layered materials in the

third dimension for the formation of layered intercalation compounds and single layer



nanosheets, respectively. Our results have proved that the proposed one-step direct synthesis
process to obtain layered intercalation compounds and single layer nanosheets is feasible.
Detailed reaction mechanisms and the factors that influence the direct synthesis of layered

intercalation compounds and single layer nanosheets were studied in detail.

Based on the aforementioned fundamental investigation, another strategy involving both
a complexing agent and a layer growth coordinator was further designed to promote the growth

of layered compounds in the Z direction to form hexagonal prisms.

Applications of the o-ZrP based intercalation compounds and LDH single layer
nanosheets prepared through the developed methods were also studied. The Biginelli reactions
catalyzed by the heterogeneous a-ZrP/BMIMCI intercalation compound were explored where the
yield was maintained at 93% even after 4 times of recycle. A dip coating method was adopted to
align LDH single layer nanosheets on polymer film substrates to enhance their barrier properties,

where both the oxygen and water vapor barrier properties were significantly improved.
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CHAPTER 1

INTRODUCTION

Layered materials, ranging from clays, silicates, metal oxides to graphite, are abundant in
nature. Applicability of layered materials has been extended to many aspects of human activities
because of their unique chemical and physical properties. Among all of the structure
modifications of layered materials, intercalation and exfoliation are the two most extensively
studied areas. Intercalation to obtain sandwiched compounds to fulfill aimed applications, such
as heavy metal absorption,* and battery,? has been achieved. Exfoliation to maximize the utility
of individual layers as well as study the emerging superb properties (e.g., the superior

mechanical, thermal, and electrical properties of graphene) has become a hot scientific topic.®

1.1 Intercalation

Intercalation chemistry has been advanced through many years of development since
intercalation compounds were first identified at ca. 600-700 A.D. in China.® Intercalation
compounds exhibit a combined property of solid host matrix and intercalated guests. For decades,
interests to study intercalation compounds lie in the following aspects: (i) develop a preparation
method for new hybrid materials not accessible through conventional synthetic methods; (ii) gain
a deep understanding of intercalation mechanisms; (iii) develop applications in a wide range of

fields including battery electrodes,’ catalysis,®® sensors'® and fuel cells.****?



1.1.1 Review of existing intercalation methods

Intercalation of layered materials has been well investigated for over a century.*® Current

15-16 and

intercalation methods are limited to direct intercalation,"* multi-step intercalation,
exfoliation-reassembly process,’” which require multiple processes and sometimes tedious
repetitions to achieve intercalation. The existing direct intercalation methods are achieved
through ion-exchange, acid-base reaction, hydrogen bonding, redox reaction, and
electrochemical reaction.” *® Mechanical intercalation through solid-solid'® and solid-liquid®
interface by grinding the reaction mixture using a mortar and pestle has been reported. Such a
mechanochemical process is very effective, possibly owing to the strong mechanical force
directly applied to the samples, which drives the reaction.

In general, it is preferred to directly intercalate guest species into layered compounds.
However, when the guest species are much larger than the interlayer distance, it is very hard to
achieve direct intercalation. In such cases, the typical strategy is to pre-intercalate layered
compounds with a relatively small guest species to increase the interlayer distance to certain
level, then intercalate the target molecules/ions into the pre-intercalated layered compounds.® %
Exfoliation and reassembly??2* method where the layered material was first exfoliated into single
layer nanosheets and then the exfoliated nanosheets were reassembled with guest species to form
an intercalation structure has also been explored.

All of the above methods are based on the pre-synthesis of layered compounds followed

by the intercalation step. Herein, we aim to achieve a one-step growth of layered intercalation

compounds without the need of the pre-formation of layered compounds.



1.1.2 Review of the existing methods to prepare a-Zirconium phosphate intercalation

compounds

a-Zirconium phosphate (a-ZrP) was an amorphous gel obtained by mixing excessive
phosphoric acid with a soluble zirconium salt. First crystalline a-ZrP was prepared by Clearfield

et al.?®

in 1964 by refluxing the gel in phosphoric acid. Owning to the exchangeable acidic
protons on layer surface, a-ZrP can be readily intercalated by a wide variety of guests such as
amines and quaternary ammonium ions. Accommodating guest species into the interlayer space
of layered materials involves electrostatic interaction, hydrogen bonding, and/or other
interactions with the matrix. Small molecules and ions can be directly intercalated into a-ZrP
through direct intercalation or ion exchange method. When the binding energy of the guest
species is greater than the interlayer interaction energy, intercalation phenomenon is
spontaneously initiated.*® However, the narrow interlayer distance of a-ZrP exerts a kinetic
barrier for the intercalation. For large guest species, direct intercalation is usually not possible.
The layered o-ZrP usually has to be pre-intercalated to increase the interlayer distance to
accommodate such large guest species. However, the multi-step intercalation method is time
consuming, and hard to be achieved. Moreover, the pre-intercalants may be an issue for future
applications.

Other methods such as exfoliation and reassembly can also accommodate large molecules
such as proteins within layers.?” In this method, a-ZrP was first exfoliated into single layer
nanosheets. The re-assembly of the exfoliated a-ZrP nanosheets with protein molecules was
achieved when mixing the protein solution and a-ZrP nanosheets dispersion at a volume ratio of

3:1. The expanded interlayer spacing of the obtained a-ZrP/protein hybrids up to 66 A as

shown in Figure 1 suggests the successful intercalation of the proteins in the galleries.
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Figure 1. Powder X-ray diffraction patterns of o-ZrP/protein intercalation compounds (Mb:

Myoglobin, Lys: lysozyme, Hb: hemoglobin, and CT: chymotrypsin).*’

1.1.3 Problems and future objectives



Although several methods have been developed to intercalate large molecules,
complicated procedures and long reaction time severely lowers the efficiency, and the resulting
intercalation compounds may need post-treatment to exclude the pre-intercalated small
molecules or exfoliation agents for further applications. Thus, new methods to prepared layered
intercalation compounds, especially for handling large guest species, are highly desirable. In this
dissertation, Chapter 2 reports a new method to directly prepare intercalation compounds through

a one-step reaction.

1.2  Exfoliation

Exfoliation of layered materials into single layer nanosheets has been a research focus for
the past two decades. Two dimensional (2D) graphene and graphene analogous materials such as
transition metal dichalcogenides with a tunable band gap have received high research attention

because they exhibit superior properties to their bulky counterparts. Applications of such 2D

29-30 31-32 33-35

nanosheets have been well developed in sensors, microelectronics, thin films, and
energy storage devices.®*° Bulky molecules are usually used to first intercalate into a layered
compound, which helps to expand the interlayer distance, facilitating the second step of sheet

delamination.
1.2.1 Review of existing exfoliation methods

A wide variety of methods have been developed to exfoliate layered materials into single
layer nanosheets. The most well-known one is the exfoliation of graphite developed by Geim and
Novolosov, which was achieved essentially by mechanical tearing graphite apart with Scotch®

tape.*® Sonication of layered materials in surfactant, exfoliation solvents, as well as in polymers



is the most general method to prepare exfoliated single layer nanosheets in most layered

47-50 3-4, 47, 51-52

materials including graphite,***® boron nitride,*”° transition metal dichalcogenides,

metal oxides,”*>* 111-VI layered semiconductor,®® layered double hydroxide (LDH),> a and y
ZrP,>*>" and clays.®® Other methods including pre-modifications, such as ion exchange, to first

enlarge the interlayer distance and weaken the interlayer interactions and then exfoliation in

different medias are also developed.” %

1.2.2 Review of the existing methods to exfoliate LDH

LDH are cationic layered materials with positively charged layers. In this entire
dissertation, LDH are abbreviated in the forms of M(I)M(II)-LDH (M(Il) denotes divalent

cations, M(I11) denotes trivalent cations), such as MgAI-LDH. Due to their high charge density,

|.59

LDH were once considered non-exfoliatable until in 1999, Adachi-Pagano et al.>” discovered that

Zn/Al-LDH pre-intercalated with dodecyl sulfate (DS, C1,H25S0,) can be exfoliated in butanol.

Delamination of LDH has since been rapidly expanded. Exfoliation driven by strong hydrogen

60-64

bonding between interlayer moleucues and dispersant such as formamide, and driven by

65-67

mechanical forces including mechanical shaking,®®" stirring,°® and ultrasonicaiton® has been

developed. The prevalent exfoliation process' is schematically shown in Figure 2. The pristine
LDH is swelled in a dispersant to lower interlayer interaction initiated by the interactions
between the intercalated/ion exchanged molecules with formamide, and then is exfoliated by
mechanical force. The discovery of LDH exfoliaiton is profound and has trigered wide

applications, including layer by layer assembly of polymer/LDH films,®® ™ flame retardant

coatings,”*"® supercapacitors,”*"" catalysts,”®® and light emitting materials.**®* However, the

exfoliation process is time consuming and evolves high temperature treatments. More



importantly, the productivity is low. Thus, developing bottom up methods to prepare LDH
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Figure 2. Typical steps to exfoliate LDH.

1.2.3 Review of the existing bottom up methods to prepare LDH nanosheets

In 2005, Hu et al.® reported a facile one step method to synthesize LDH monolayers in a
reverse micro-emulsion. The traditional method of titrating Mg(NO3), and AI(NO3)s solution at a
pH > 10 was introduced into an oil phase of isooctane with sodium dodecyl sulfate (SDS) as
surfactant and 1-butanol as co-surfactant to prepare LDH monolayers. As shown in Figure 3, the
aqueous droplets that contained basic components to grow LDH formed in the oil phase were
surrounded by SDS. These droplets limited the space and nutrients for the growth of LDH
platelets, thus providing a method to control the size of LDH nanosheets both in diameter and
thickness. The resulting LDH nanosheets were of ca. 40 nm in diameter and ca. 1.5 nm in
thickness, corresponding to single layer nanosheets with the adsorbed dodecyl sulfate ions on
their surface. Later, in order to exclude the complex purification process to remove anionic

surfactants which usually adsorbed on the surface of LDH nanosheets as counter anions,
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Bellezza et al.™ used cationic surfactants based reverse micro-emulsion to prepare LDH

nanosheets without surfactants attached on the surface.
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Figure 3. Schematic of the nucleation and growth of LDH nanosheets in isooctane.®®

Other attempts using mechanical force to prepare LDH nanosheets such as laser ablation
method®” were also reported. The authors claimed that Zn/Al-, Co/Fe-, Co/Al- and Mg/Fe-LDH
colloidal solutions containing ultrathin nanosheets can be obtained by directly shining laser beam
on the corresponding M?* and M** metal targets.

1.2.3 Problems and future objectives



Although the existing methods remain as the main source of obtaining single layer
nanosheets and have made progress, they suffer from low yield and time consuming process
which are difficult to scale up for commercial production. Thus, the development of a facile,
efficient and less time demanding method is in urgent need. In this dissertation, Chapter 2 reports
a new method to directly grow LDH single layer nanosheets through a chemical bottom up

method at a low reaction temperature, requiring a short process time, and with a high yield.

1.3 Summary

In brief, the existing methods to prepare layered intercalation compounds and single layer
nanosheets are either of low efficiency, hard to achieve, or having post-treatment issues. A facile
method to directly prepare layered intercalation hybrids and single layer nanosheets with a high
efficiency and a high yield is needed. Herein we report an effective but very facile method to
directly grow layered intercalation compounds and single layer nanosheets through a bottom up
route.

Chapter 2 reports the overall methodology for the direct growth of layered intercalation
compounds and single layer nanosheets. Chapters 3 and 4 report the detailed mechanism of the
direct growth of layered intercalation compounds and single layer nanosheets, respectively.

Chapter 5 studies the direct preparation of a-ZrP based prisms, a NH4" intercalated
compound with preferred growth in the Z direction. Chapter 6 utilizes the LDH single layer
nanosheets prepared as described in Chapter 3 to prepare LDH/polymer nanocoatings on PET
and PLA substrates. Chapter 7 gives an example of a catalytic application utilizing ionic liquid
intercalated a-ZrP prepared through the method reported in Chapter 2. Chapter 8 gives a general

summery of this dissertation and a brief outlook.



References

1. Alberti, G.; Costantino, U.; Szirtes, L., Effect of ionising radiation on intercalation compounds
and organic derivatives of zirconium phosphates |. Effect of irradiation on carboxyethylphosphonic and
phenylphosphonic acids and on the corresponding layered zirconium phosphonates. Radiation Physics
and Chemistry 1997, 50 (4), 369-376.

2. Nazri, G.-A.; Ohzuku, T.; Thackeray, M., Intercalation Compounds for Battery Materials:
Proceedings of the International Symposium. The Electrochemical Society, Inc 2000.

3. Castro Neto, A. H.; Guinea, F.; Peres, N. M. R.; Novoselov, K. S.; Geim, A. K., The electronic
properties of graphene. Reviews of Modern Physics 2009, 81 (1), 109-162.

4, Scarpa, F.; Adhikari, S.; Phani, A. S., Effective elastic mechanical properties of single layer
graphene sheets. Nanotechnology 2009, 20 (6), 065709.

5. Wang, Q.; O’Hare, D., Recent Advances in the Synthesis and Application of Layered Double
Hydroxide (LDH) Nanosheets. Chemical Reviews 2012, 112 (7), 4124-4155.

6. Mellor, J. W., The beginnings of porcelain in China. Nature (London) 1917, 100 (2501), 88-89.

7. Armstrong, A. R.; Bruce, P. G., Synthesis of layered LiMnO2 as an electrode for rechargeable
lithium batteries. Nature 1996, 381 (6582), 499-500.

8. Mehnert, C. P., Supported lonic Liquid Catalysis. Chemistry — A European Journal 2005, 11 (1),
50-56.
9. Mdler-Warmuth, W.; Schdlhorn, R., Progress in Intercalation Research. Kluwer Academic

Publisher: Dordrecht, The Netherlands, 1994.

10. Brousseau, L. C.; Mallouk, T. E., Molecular Design of Intercalation-Based Sensors. 1. Ammonia
Sensing with Quartz Crystal Microbalances Modified by Copper Biphenylbis(phosphonate) Thin Films.
Analytical Chemistry 1997, 69 (4), 679-687.

11. Al-Othman, A.; Tremblay, A. Y.; Pell, W.; Liu, Y.; Peppley, B. A.; Ternan, M., The effect of
glycerol on the conductivity of Nafion-free ZrP/PTFE composite membrane electrolytes for direct
hydrocarbon fuel cells. Journal of Power Sources 2012, 199 (0), 14-21.

10



12. Furman, B. R.; Wellinghoff, S. T.; Thompson, P. M.; Beall, G. W.; Laine, R. M.; Rawls, H. R.,
Preparation, characterization, and modeling of a-zirconium phosphonates with ether-functional surfaces.
Chemistry of materials : a publication of the American Chemical Society 2008, 20 (17), 5491-5499.

13. Fredenhagen, K.; Cadenbach, G., Combination of potassium with carbon. Zeitschrift fuer
Anorganische und Allgemeine Chemie 1926, 158, 249-263.

14. Gordijo, C. R.; Leopoldo Constantino, V. R.; de Oliveira Silva, D., Evidences for decarbonation
and exfoliation of layered double hydroxide in N,N-dimethylformamide—ethanol solvent mixture. Journal
of Solid State Chemistry 2007, 180 (7), 1967-1976.

15. Marti, A. A.; Colon, J. L., Direct lon Exchange of Tris(2,2'-bipyridine)ruthenium(ll) into an a-
Zirconium Phosphate Framework. Inorganic Chemistry 2003, 42 (9), 2830-2832.

16. Bermldez, R. A.; Coldn, Y.; Tejada, G. A.; Cold, J. L., Intercalation and Photophysical
Characterization of 1-Pyrenemethylamine in Zirconium Phosphate Layered Materials. Langmuir 2004, 21
(3), 890-895.

17. Wong, M.; Ishige, R.; White, K. L.; Li, P.; Kim, D.; Krishnamoorti, R.; Gunther, R.; Higuchi, T.;
Jinnai, H.; Takahara, A.; Nishimura, R.; Sue, H.-J., Large-scale self-assembled zirconium phosphate

smectic layers via a simple spray-coating process. Nat Commun 2014, 5.

18. O'Hare, D., Inorganic intercalation compounds. In Inorganic Materials, Bruce, D. W.; O'Hare,
D., Eds. John Wiley & Sons: West Sussex, 1992; pp 165-235.

19. Ogawa, M.; Kuroda, K.; Kato, C., Preparation of montmorillonite-organic intercalation
compounds by solid-solid reactions. Chemistry Letters 1989, (9), 1659-1662.

20. Hu, H.; Martin, J. C.; Xiao, M.; Southworth, C. S.; Meng, Y.; Sun, L., Immobilization of lonic
Liquids in Layered Compounds via Mechanochemical Intercalation. The Journal of Physical Chemistry C
2011, 115 (13), 5509-5514.

21. Clearfield, A.; Costantino, U., Layered metal phosphates and their intercalation chemistry. In
Comprehensive Supramolecular Chemistry, Alberti, G.; Bein, T., Eds. Elsevier: Oxford, UK, 1996; Vol.
7, pp 107-149.

11



22. Keller, S. W.; Kim, H.-N.; Mallouk, T. E., Layer-by-Layer Assembly of Intercalation Compounds
and Heterostructures on Surfaces: Toward Molecular "Beaker" Epitaxy. Journal of the American
Chemical Society 1994, 116 (19), 8817-8818.

23. Kumar, C. V.; Chaudhari, A., Proteins Immobilized at the Galleries of Layered a-Zirconium
Phosphate: Structure and Activity Studies. Journal of the American Chemical Society 2000, 122 (5), 830-
837.

24, Leroux, F.; Besse, J.-P., Polymer Interleaved Layered Double Hydroxide:a€%o0 A New Emerging
Class of Nanocomposites. Chemistry of Materials 2001, 13 (10), 3507-3515.

25. Clearfield, A.; Blessing, R. H.; Stynes, J. A., New crystalline phases of zirconium phosphate
possessing ion-exchange properties. Journal of Inorganic and Nuclear Chemistry 1968, 30 (8), 2249-
2258.

26. Heinz, H., Clay minerals for nanocomposites and biotechnology: surface modification, dynamics
and responses to stimuli. Clay Minerals 2012, 47 (2), 205-230.

217. Kumar, C. V.; Chaudhari, A., Proteins Immobilized at the Galleries of Layered a-Zirconium
Phosphate: Structure and Activity Studies. Journal of the American Chemical Society 2000, 122 (5), 830-
837.

28. Kumar, C. V.; McLendon, G. L., Nanoencapsulation of Cytochrome ¢ and Horseradish
Peroxidase at the Galleries of a-Zirconium Phosphate. Chemistry of Materials 1997, 9 (3), 863-870.

29. Wang, Q.; Cui, X.; Chen, J.; Zheng, X.; Liu, C.; Xue, T.; Wang, H.; Jin, Z.; Qiao, L.; Zheng, W.,
Well-dispersed palladium nanoparticles on graphene oxide as a non-enzymatic glucose sensor. RSC
Advances 2012, 2 (15), 6245-6249.

30. Zhang, S.-L.; Yang, W.-C.; Yu, J.-B.; Lim, J.-O.; Byun, H.-G.; Huh, J.-S., The Size Effect of
Exfoliated MoS2 Based Thin Film Humidity Sensor. Sensor Letters 2014, 12 (6-7), 1053-1058.

31. Schmidt, M. E.; Johari, Z.; Ismail, R.; Mizuta, H.; Chong, H. M., Focused ion beam milling of
exfoliated graphene for prototyping of electronic devices. Microelectronic Engineering 2012, 98, 313-
316.

12



32. Popov, V. P. Extra Thin Silicon Film Structures For Post Silicon Microelectronics; DTIC
Document: 2006.

33. Kovtyukhova, N. I.; Ollivier, P. J.; Martin, B. R.; Mallouk, T. E.; Chizhik, S. A.; Buzaneva, E.
V.; Gorchinskiy, A. D., Layer-by-layer assembly of ultrathin composite films from micron-sized graphite
oxide sheets and polycations. Chemistry of Materials 1999, 11 (3), 771-778.

34. Lvov, Y. M.; Lu, Z.; Schenkman, J. B.; Zu, X.; Rusling, J. F., Direct electrochemistry of
myoglobin and cytochrome P450cam in alternate layer-by-layer films with DNA and other polyions.
Journal of the American Chemical Society 1998, 120 (17), 4073-4080.

35. Sasaki, T.; Ebina, Y.; Tanaka, T.; Harada, M.; Watanabe, M.; Decher, G., Layer-by-layer
assembly of titania nanosheet/polycation composite films. Chemistry of Materials 2001, 13 (12), 4661-
4667.

36. Lv, W.; Tang, D.-M.; He, Y.-B.; You, C.-H.; Shi, Z.-Q.; Chen, X.-C.; Chen, C.-M.; Hou, P.-X,;
Liu, C.; Yang, Q.-H., Low-temperature exfoliated graphenes: vacuum-promoted exfoliation and
electrochemical energy storage. ACS Nano 2009, 3 (11), 3730-3736.

37. Zhao, X.; S&chez, B. M.; Dobson, P. J.; Grant, P. S., The role of nanomaterials in redox-based

supercapacitors for next generation energy storage devices. Nanoscale 2011, 3 (3), 839-855.

38. Pumera, M., Graphene-based nanomaterials for energy storage. Energy & Environmental Science
2011, 4 (3), 668-674.

39. Sugimoto, W.; Iwata, H.; Yasunaga, Y.; Murakami, Y.; Takasu, Y., Preparation of ruthenic acid
nanosheets and utilization of its interlayer surface for electrochemical energy storage. Angewandte
Chemie International Edition 2003, 42 (34), 4092-4096.

40. Geim, A. K., Graphene: Status and Prospects. Science 2009, 324 (5934), 1530-1534.

41, Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighe, F. M.; Sun, Z.; De, S.; McGovern, I. T.; Holland,
B.; Byrne, M.; Gun'Ko, Y. K.; Boland, J. J.; Niraj, P.; Duesberg, G.; Krishnamurthy, S.; Goodhue, R.;
Hutchison, J.; Scardaci, V.; Ferrari, A. C.; Coleman, J. N., High-yield production of graphene by liquid-
phase exfoliation of graphite. Nat Nano 2008, 3 (9), 563-568.

13



42, Lotya, M.; Hernandez, Y.; King, P. J.; Smith, R. J.; Nicolosi, V.; Karlsson, L. S.; Blighe, F. M.;
De, S.; Wang, Z.; McGovern, I. T.; Duesberg, G. S.; Coleman, J. N., Liquid Phase Production of
Graphene by Exfoliation of Graphite in Surfactant/Water Solutions. Journal of the American Chemical
Society 2009, 131 (10), 3611-3620.

43, Khan, U.; O'Neill, A.; Lotya, M.; De, S.; Coleman, J. N., High-Concentration Solvent Exfoliation
of Graphene. Small 2010, 6 (7), 864-871.

44, O’Neill, A.; Khan, U.; Nirmalraj, P. N.; Boland, J.; Coleman, J. N., Graphene Dispersion and
Exfoliation in Low Boiling Point Solvents. The Journal of Physical Chemistry C 2011, 115 (13), 5422-
5428.

45, Lotya, M.; King, P. J.; Khan, U.; De, S.; Coleman, J. N., High-Concentration, Surfactant-
Stabilized Graphene Dispersions. ACS Nano 2010, 4 (6), 3155-3162.

46. Vadukumpully, S.; Paul, J.; Valiyaveettil, S., Cationic surfactant mediated exfoliation of graphite
into graphene flakes. Carbon 2009, 47 (14), 3288-3294.

47. Smith, R. J.; King, P. J.; Lotya, M.; Wirtz, C.; Khan, U.; De, S.; O'Neill, A.; Duesberg, G. S.;
Grunlan, J. C.; Moriarty, G.; Chen, J.; Wang, J.; Minett, A. I.; Nicolosi, V.; Coleman, J. N., Large-Scale
Exfoliation of Inorganic Layered Compounds in Aqueous Surfactant Solutions. Advanced Materials
2011, 23 (34), 3944-3948.

48. Coleman, J. N.; Lotya, M.; O’Neill, A.; Bergin, S. D.; King, P. J.; Khan, U.; Young, K.; Gaucher,
A.; De, S.; Smith, R. J.; Shvets, I. V.; Arora, S. K.; Stanton, G.; Kim, H.-Y.; Lee, K.; Kim, G. T.;
Duesberg, G. S.; Hallam, T.; Boland, J. J.; Wang, J. J.; Donegan, J. F.; Grunlan, J. C.; Moriarty, G.;
Shmeliov, A.; Nicholls, R. J.; Perkins, J. M.; Grieveson, E. M.; Theuwissen, K.; McComb, D. W.; Nellist,
P. D.; Nicolosi, V., Two-Dimensional Nanosheets Produced by Liquid Exfoliation of Layered Materials.
Science 2011, 331 (6017), 568-571.

49, May, P.; Khan, U.; Hughes, J. M.; Coleman, J. N., Role of Solubility Parameters in
Understanding the Steric Stabilization of Exfoliated Two-Dimensional Nanosheets by Adsorbed
Polymers. The Journal of Physical Chemistry C 2012, 116 (20), 11393-11400.

50. Lin, Y.; Williams, T. V.; Connell, J. W., Soluble, Exfoliated Hexagonal Boron Nitride
Nanosheets. The Journal of Physical Chemistry Letters 2010, 1 (1), 277-283.

14



51. Cunningham, G.; Lotya, M.; Cucinotta, C. S.; Sanvito, S.; Bergin, S. D.; Menzel, R.; Shaffer, M.
S. P.; Coleman, J. N., Solvent Exfoliation of Transition Metal Dichalcogenides: Dispersibility of
Exfoliated Nanosheets Varies Only Weakly between Compounds. ACS Nano 2012, 6 (4), 3468-3480.

52. Yao, Y.; Lin, Z.; Li, Z.; Song, X.; Moon, K.-S.; Wong, C.-p., Large-scale production of two-
dimensional nanosheets. Journal of Materials Chemistry 2012, 22 (27), 13494-13499.

53. Chen, Y.; Yang, G.; Zhang, Z.; Yang, X.; Hou, W.; Zhu, J.-J., Polyaniline-intercalated layered
vanadium oxide nanocomposites-One-pot hydrothermal synthesis and application in lithium battery.
Nanoscale 2010, 2 (10), 2131-2138.

54. Murugan, A. V.; Viswanath, A. K.; Gopinath, C. S.; Vijayamohanan, K., Highly efficient
organic-inorganic poly(3,4-ethylenedioxythiophene)-molybdenum trioxide nanocomposite electrodes for
electrochemical supercapacitor. Journal of Applied Physics 2006, 100 (7), 0743109.

55. Mirabal, N.; Lavayen, V.; Benavente, E.; Santa Ana, M. A.; Gonzdez, G., Synthesis,
functionalization, and properties of intercalation compounds. Microelectronics Journal 2004, 35 (1), 37-
40.

56. Alberti, G.; Dionigi, C.; Giontella, E.; Murcia-Mascar&, S.; Vivani, R., Formation of Colloidal
Dispersions of Layered y-Zirconium Phosphate in Water/Acetone Mixtures. Journal of Colloid and
Interface Science 1997, 188 (1), 27-31.

57. Bhambhani, A.; Kumar, C. V., Enzyme-inorganic nanoporous materials: Stabilization of proteins
intercalated in o-zirconium(lV) phosphate by a denaturant. Microporous and Mesoporous Materials
2008, 110 (2-3), 517-527.

58. Luckham, P. F.; Rossi, S., The colloidal and rheological properties of bentonite suspensions.
Advances in Colloid and Interface Science 1999, 82 (1-3), 43-92.

59, Adachi-Pagano, M.; Forano, C.; Besse, J.-P., Delamination of layered double hydroxides by use
of surfactants. Chemical Communications 2000, 0 (1), 91-92.

60. Hibino, T.; Jones, W., New approach to the delamination of layered double hydroxides. Journal
of Materials Chemistry 2001, 11 (5), 1321-1323.

15



61. Hibino, T., Delamination of Layered Double Hydroxides Containing Amino Acids. Chemistry of
Materials 2004, 16 (25), 5482-5488.

62. Wypych, F.; Bubniak, G. A.; Halma, M.; Nakagaki, S., Exfoliation and immobilization of anionic
iron porphyrin in layered double hydroxides. Journal of Colloid and Interface Science 2003, 264 (1), 203-
207.

63. Bao-guang Li, Y. H., Zu-Yao, Hydrothermal Synthesis of exfoliateive LDH in the presence of
Glycine. Chin. J. Chem. Phys. 2006, 19, 253.

64. Ugur, U., Short-time hydrothermal synthesis and delamination of ion exchangeable Mg/Ga
layered double hydroxides. Journal of Solid State Chemistry 2007, 180 (9), 2525-2533.

65. Li, L.; Ma, R.; Ebina, Y.; lyi, N.; Sasaki, T., Positively Charged Nanosheets Derived via Total
Delamination of Layered Double Hydroxides. Chemistry of Materials 2005, 17 (17), 4386-4391.

66. Liu, Z.; Ma, R.; Osada, M.; lyi, N.; Ebina, Y.; Takada, K.; Sasaki, T., Synthesis, Anion
Exchange, and Delamination of Co-Al Layered Double Hydroxide. Assembly of the Exfoliated
Nanosheet/Polyanion Composite Films and Magneto-Optical Studies. Journal of the American Chemical
Society 2006, 128 (14), 4872-4880.

67. Liu, Z.; Ma, R.; Ebina, Y.; lyi, N.; Takada, K.; Sasaki, T., General Synthesis and Delamination of
Highly Crystalline Transition-Metal-Bearing Layered Double Hydroxides. Langmuir 2006, 23 (2), 861-
867.

68. Abellan, G.; Coronado, E.; Marti-Gastaldo, C.; Pinilla-Cienfuegos, E.; Ribera, A., Hexagonal
nanosheets from the exfoliation of Ni2+-Fe3+ LDHs: a route towards layered multifunctional materials.
Journal of Materials Chemistry 2010, 20 (35), 7451-7455.

69. Wu, Q.; Olafsen, A.; Vistad, O. B.; Roots, J.; Norby, P., Delamination and restacking of a layered
double hydroxide with nitrate as counter anion. Journal of Materials Chemistry 2005, 15 (44), 4695-
4700.

70. Contributors, M., Comprehensive Supramolecular Chemistry. Pergamon 1996, 189.

16



71. Wang, D.-Y.; Das, A.; Costa, F. R.; Leuteritz, A.; Wang, Y.-Z.; Wagenknecht, U.; Heinrich, G.,
Synthesis of Organo Cobalt—Aluminum Layered Double Hydroxide via a Novel Single-Step Self-
Assembling Method and Its Use as Flame Retardant Nanofiller in PP. Langmuir 2010, 26 (17), 14162-
14169.

72. Liu, S.; Yan, H.; Fang, Z.; Guo, Z.; Wang, H., Effect of graphene nanosheets and layered double
hydroxides on the flame retardancy and thermal degradation of epoxy resin. RSC Advances 2014, 4 (36),
18652-18659.

73. Kuila, T.; Srivastava, S. K.; Bhowmick, A. K., Rubber/LDH nanocomposites by solution
blending. Journal of Applied Polymer Science 2009, 111 (2), 635-641.

74. Altuntasoglu, O. U., Ugur;lda, Shintaro;Goto, Motonobu;Matsumoto, Yasumichi,
Characterization of self-assembled films of NiGa layered double hydroxide nanosheets and their
electrochemical properties. Journal of Solid State Chemistry 2008, 181 (2), Medium: X; Size: page(s)
3257-3263.

75. Ma, R.; Liu, X.; Liang, J.; Bando, Y.; Sasaki, T., Molecular-Scale Heteroassembly of Redoxable
Hydroxide Nanosheets and Conductive Graphene into Superlattice Composites for High-Performance
Supercapacitors. Advanced Materials 2014, 26 (24), 4173-4178.

76. Zhao, J.; Chen, J.; Xu, S.; Shao, M.; Zhang, Q.; Wei, F.; Ma, J.; Wei, M.; Evans, D. G.; Duan, X.,
Hierarchical NiMn Layered Double Hydroxide/Carbon Nanotubes Architecture with Superb Energy
Density for Flexible Supercapacitors. Advanced Functional Materials 2014, 24 (20), 2938-2946.

77. Yu, L.; Shi, N.; Liu, Q.; Wang, J.; Yang, B.; Wang, B.; Yan, H.; Sun, Y.; Jing, X., Facile
synthesis of exfoliated Co-Al LDH-carbon nanotube composites with high performance as supercapacitor

electrodes. Physical Chemistry Chemical Physics 2014.

78. Song, F.; Hu, X., Exfoliation of layered double hydroxides for enhanced oxygen evolution

catalysis. Nat Commun 2014, 5.

79. Zhao, Y.; Li, B.; Wang, Q.; Gao, W.; Wang, C. J.; Wei, M.; Evans, D. G.; Duan, X.; O'Hare, D.,
NiTi-Layered double hydroxides nanosheets as efficient photocatalysts for oxygen evolution from water
using visible light. Chemical Science 2014, 5 (3), 951-958.

17



80. Long, X.; Li, J.; Xiao, S.; Yan, K.; Wang, Z.; Chen, H.; Yang, S., A Strongly Coupled Graphene
and FeNi Double Hydroxide Hybrid as an Excellent Electrocatalyst for the Oxygen Evolution Reaction.
Angewandte Chemie International Edition 2014, 53 (29), 7584-7588.

81. Liu, S.; Jiang, X.; Zhuo, G., Heck reaction catalyzed by colloids of delaminated Pd-containing
layered double hydroxide. Journal of Molecular Catalysis A: Chemical 2008, 290 (1-2), 72-78.

82. Cho, S.; Kwag, J.; Jeong, S.; Baek, Y.; Kim, S., Highly Fluorescent and Stable Quantum Dot-
Polymer-Layered Double Hydroxide Composites. Chemistry of Materials 2013, 25 (7), 1071-1077.

83. Tian, R.; Liang, R.; Yan, D.; Shi, W.; Yu, X.; Wei, M.; Li, L. S.; Evans, D. G.; Duan, X,
Intelligent display films with tunable color emission based on a supermolecular architecture. Journal of
Materials Chemistry C 2013, 1 (36), 5654-5660.

84. Cho, S.; Hong, S. C.; Kim, S., Quantum dot-layered double hydroxide composites for near-
infrared emitting codes. Journal of Materials Chemistry C 2014, 2 (3), 450-457.

85. Hu, G.; Wang, N.; O'Hare, D.; Davis, J., One-step synthesis and AFM imaging of hydrophobic
LDH monolayers. Chemical Communications 2006, (3), 287-289.

86. Bellezza, F.; Cipiciani, A.; Costantino, U.; Nocchetti, M.; Posati, T., Hydrotalcite-Like
Nanocrystals from Water-in-Oil Microemulsions. European Journal of Inorganic Chemistry 2009, 2009
(18), 2603-2611.

87. Hur, T.-B.; Phuoc, T. X.; Chyu, M. K., New approach to the synthesis of layered double
hydroxides and associated ultrathin nanosheets in de-ionized water by laser ablation. Journal of Applied
Physics 2010, 108 (11), 114312.

18



CHAPTER 2

TAILORING THE THIRD-DIMENSION IN LAYERED MATERIALS:
DIRECT SYNTHESIS OF LAYERED INTERCALATION COMPOUNDS

AND SINGLE LAYER NANOSHEETS

2.1 Introduction

Layered structures® are ubiquitous in nature, found in clays and other minerals, as well as
in biomaterials such as nacre.’ These materials have found widespread application,
predominately in the form of intercalated layered hybrids,®* or as exfoliated nanosheets.>” For
both scenarios, layered precursor phases are typically first synthesized as a bulk product, and are
then treated by chemical intercalants or exfoliating agents (Figure 4). Since many layered phases
may not be intercalated or exfoliated, this two-step process limits the scope of application to a
small subset of possible materials. In contrast, biomineralization utilizes organic templating
agents to guide growth of the inorganic structure, resulting in strong layered composites, such as
nacre, in a single synthetic process.” Following this model it should be possible to guide the
growth of layered hybrid structures by tuning the interactions between the layer surfaces and
templating agents, thereby allowing the direct synthesis of layered intercalation compounds and
single layer nanosheets, as already achieved in some inorganic materials.®

Crystal growth of layered structures is typically anisotropic, with faster growth along the
layer planes, driven by the formation of strong covalent or coordinate bonds. Interlayer growth
involves the formation of weaker bonds that vary by structure type, such as Van der Waals
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forces,” weak electrostatic interactions,’® or hydrogen bonds.'! Layered compounds, layered
intercalation compounds, and single-layer nanosheets essentially differ only in their ordering in
the 3rd ('Z") dimension (Figure 4). If one can tailor the growth of layered materials in the Z-
direction, layered intercalation compounds and single-layer nanosheets could potentially be

directly synthesized.

Layered intercalation

compound
Zz

Direct synthesis?

Layered compound
z

. \ P
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materials %
" N\ Single-layer nanosheet
\__\ \\\
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h — (/0/7\ Q

Direct ynthesg?&

Figure 4. Routes to synthesize intercalated hybrids and single-layer nanosheets. Traditionally,
layered precursor phases are first synthesized as a bulk product, and then intercalated or
exfoliated to prepare intercalation compounds or single-layer nanosheets, respectively. Herein,
we propose to directly synthesize intercalation compounds and single-layer nanosheets by

bypassing the synthesis of layered precursors.

Herein, we report our strategies to tailor the growth of selected layered materials in the Z-
direction by applying either a layer growth coordinator or inhibitor (Figure 5). Two

representative layered compounds (Figure 6), a-zirconium phosphate (a-ZrP, Zr(HPQO,4),-H,0)
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with a negative layer charge'? and layered double hydroxide (LDH, [M*1xM*",(OH),]**[A”
wp] mH>0) with a positive layer charge,*® were selected as model systems for the direct synthesis
of layered intercalation compounds and single-layer nanosheets, respectively. The intercalation*?

14 and exfoliation chemistry™>8

of these two compounds have been well studied, and each can be
easily synthesized in the lab.***® The layer growth coordinators can guide the growth of the
layers in the Z-direction, during which the coordinators are embedded within the formed layers
to form an intercalation compound (like assembly of building blocks, Figure 5a). The layer
growth inhibitors allow the layers to grow in-plane only, but prevent the layers from stacking
(Figure 5b). In this way, single-layer nanosheets can potentially be directly synthesized. Such

novel methodologies open new routes for achieving intercalated and exfoliated morphologies,

and may result in new valuable materials.
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Figure 5. Schematic of direct growth strategies. Direct growth of (a) layered intercalation
compounds and (b) single layer nanosheets with the assistance of layer growth coordinators and
inhibitors, respectively (not drawn to scale; M** and M*" represent double and triple charged

metal cations).
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Figure 6. Structure of (a) a-zirconium phosphate and (b) layered double hydroxide.

2.2  Experimental

Materials. A series of linear polyethylene glycols (PEG) with various molecular weights:
ca. 400, 600, 1000, 1900, and 8000 (abbreviated as PEG-400, PEG-600, PEG-1000, PEG-1900,
PEG-8000) were purchased from Alfa Aesar and used as received. ZrOCl, 8H,0 (98%, Sigma-
Aldrich), phosphoric acid (85%, Sigma-Aldrich), poly(sodium 4-styrene-sulfonate) (30 wt.%
aqueous solution, Sigma-Aldrich), urea (>99.0%, J.T. Baker), formamide (99%, Alfa Aesar), N,
N-dimethyl formamide (>99.8%, Sigma-Aldrich), Mg(NOj3), 6H,O (98%, Alfa Aesar),
Co(NO3), 6H,0(>98%, Alfa Aesar ), AI(NO3); 9H,0 (99%, Acros), sodium hydroxide (98%,
Macron), polyethyleneimine (PEI) with an average molecular weight of 600 (Sigma-Aldrich),
polyvinyl alcohol (PVA, weight average molecular weight of ~27,000, 98.0-98.8% hydrolysis,
Kuraray), acrylamide (98.0%, TCU America), 1-butyl-3-methylimidazolium (BMIM™) chloride
(>98.0%, Sigma-Aldrich) were all used as received without further purification.

Characterization. X-ray diffraction (XRD) patterns were recorded on a Bruker D8
diffractometer with Bragg-Brentano 0-20 geometry (40 kV and 30 mA), using a graphite
monochromator with Cu Ka radiation with A= 1.542 A. For powder samples, they were gently
packed in a sample holder for characterization. For solution samples, they were cast as a thin
liquid film on a silicon wafer, which was covered by a Mylar® film during the characterization.
In this way, the solution can maintain a flat surface during characterization. In addition, the
synthesized LDH nanosheets were cast on a clean silicon wafer and dried at room temperature

for XRD characterization.
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Scanning electron microscopy (SEM) images were acquired on a field emission-SEM
(FE-SEM) from JEOL JSM-6335F. The samples were sputter coated with a thin layer (ca. 3 nm)
of Pt/Pd (80/20) prior to the SEM imaging.

Transmission electron microscopy (TEM) imaging was carried out using a FEI Tecnai G2
F20 with field emission gun (FEG) at a working voltage of 200 kV. Observations were made
through the holes of the carbon support film, so that no noise from the support film was
introduced.

Atomic force microscopy (AFM) characterization was performed on an Asylum Research
MFP-3d AFM. AFM images were obtained under the tapping mode using a silicon tip coated
with chromium/gold with a force constant of 40 N/m. LDH nanosheets samples were diluted into
ca. 0.01 mM and drop-coated on a clean silicon wafer for AFM imaging.

Direct synthesis of a-ZrP based layered intercalation compounds. Polyethylene
glycol (PEG)/a-ZrP layered intercalation compounds were synthesized via a hydrothermal
reaction®®, during which 4.0 g of 20.0 wt% ZrOCl, aqueous solution was mixed with a pre-
determined amount of PEG. After the PEG was dissolved, a pre-determined amount of
concentrated HsPO, was added so that the H3PO, and ZrOCl, mole ratio reached 10:1.
Additional deionized water was added to dilute the concentration of H3PO, to reach 4.0 M. The
mixture was treated at 100 <C for 24 hours in a 20 mL container that was well sealed.

In one series of reactions, PEG-600 was used. The mass ratio of PEG-600 to o-ZrP
(assuming all the Zr** cations were converted to a-ZrP) was varied from 0.25:1 to 2.00:1. In
another series of reactions, linear PEGs with various molecular weights (MWs), including PEG-

400, PEG-600, PEG-1000, PEG-1900, PEG-8000, were used. The mass ratio of each of these
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PEGs to a-ZrP (assuming all the Zr** cations were converted to o-ZrP) was maintained at 1:00 to
1.

A neat a-ZrP sample was synthesized in the absence of PEG under the same reaction
conditions as a control. In addition, this neat a-ZrP was mixed with PEG-600 (mass ratio of
PEG-600 to a-ZrP is 2:00 to 1), and the mixture was hydrothermally treated at 100 <C for 24
hours in a same container. This reaction was to check whether the pre-synthesized neat o-ZrP
can be intercalated by PEG-600 under the same reaction conditions.

The a-ZrP based intercalation compounds containing other guest species, including other
polymers (PVA, PEI), small molecules (acrylamide), and ions (1-butyl-3-methylimidazolium
BMIM®), were also synthesized via the same reaction approach and under the same reaction
conditions.

After reaction, the products were washed and collected by centrifugation three times.
After that, they were dried at 70 <C for 24 hours. The dried samples were ground with an agate
mortar and pestle into fine powders for characterizations.

Direct synthesis of MgAI-LDH based layered intercalation compounds. A 30.0 mL
solution composed of Mg(NO3), (0.20 M) and AI(NOgz); (0.05 M) was mixed with urea at a
molar ratio of (urea):(total metal ion)= 4:1 and a pre-determined amount of poly(sodium 4-
styrene-sulfonate) (PSS). The mixture was added into a Teflon lined hydrothermal reactor and
heated at 100 <C for 24 hours. The mass ratio of PSS to LDH (assuming all the metal cations
were converted to LDH) was varied from 0.25:1 to 2.00:1. A neat MgAI-LDH sample was
synthesized in the absence of PSS under the same reaction conditions as a control. After reaction,

the products were washed and collected by centrifugation three times. After that, they were dried
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at 100 <C for 24 hours. The dried samples were ground with an agate mortar and pestle into fine
powders for characterizations.

Direct synthesis of colloidal single-layer nanosheets. The traditional titration method®!
was modified slightly to directly synthesize single-layer MgAI-LDH by adding 23 vol%
formamide as inhibitors. A 10.0 mL solution composed of Mg(NO3), (0.040 M) and AlI(NO3)3
(0.010 M) was added drop by drop to a solution of 10.0 mL NaCl (0.010 M) containing 23 vol%
formamide. Simultaneously, a solution of 0.25 M NaOH was added dropwise with magnetic
stirring at 80 <C to maintain the system at a pH value of ca. 10. The reaction was completed
within 10 min. After that, the prepared sample was centrifuged and washed with water. By
repeating the process three times, single-layer LDH nanosheets dispersed in water were obtained.
A control sample of conventional layered MgAI-LDH was prepared using the same formulation
and under the same conditions but in the absence of formamide.

MgAI-LDH nanosheets were also synthesized using 23 vol% N, N-dimethyl formamide
as inhibitor through the same procedures.

Similarly, Co*/AI** layered double hydroxide (CoAl-LDH) was also prepared [using
Co(NO3); to replace Mg(NO3),] following the same method in the presence of formamide. In the
synthesis of CoAI-LDH nanosheets, 20.0 mL solution of Co(NOg3), (0.032 M) and Al(NO3)3
(0.018 M) was added drop by drop into a solution of 20.0 mL NaCl (0.018 M) containing 23
vol% formamide. Reaction was carried out at 80 <C with magnetic stirring, during which a

solution of 0.25 M NaOH was added dropwise to maintain the system at a pH value of ca. 10.

2.3 Results and discussion
We hypothesize that the direct synthesis of an intercalated layered hybrid requires the
formation of a network of interactions between the intercalant and the inorganic structure. The
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model compound a-ZrP crystallizes with hydroxyl groups projecting from the platelet surface.

This surface is ideally suited to form hydrogen bonded networks with a hydrogen bond acceptor
such as polyethylene glycol (PEG, Figure 5a).

Preliminary studies showed that it is not possible to intercalate PEG into pre-synthesized
a-ZrP using conventional methods (See Figure 7). However, when PEG is added to the
hydrothermal reaction mixture used to synthesize a-ZrP, the interlayer distance of the formed
compounds increases from the native 7.6 to 10.4 A, indicating the formation of an intercalated
phase. Different mass ratios of PEG with a molecular weight (MW) of ca. 600 g/mol (PEG-600)
were added to reaction mixtures to evaluate the effect on intercalation efficiency (Figure 8a). At
low mass ratios (less than 0.50:1 PEG-600:a-ZrP) a mixture of un-intercalated a-ZrP and
intercalated PEG/a-ZrP hybrid was observed. At higher mass ratios (> 0.5:1 PEG-600:0-ZrP),
only a very small amount of un-intercalated a-ZrP was found. Further increasing the mole ratio
did not alter the distribution of the products much, indicating that the mixture has reached an
equilibrium distribution. It is possible that the two phases are present within a single crystal, with

alternating intercalated/un-intercalated layers.
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After reacting a-ZrP with PEG600
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Figure 7. XRD patterns of pristine a-ZrP and the mixture of a-ZrP and PEG-600 (2.00:1 mass

ratio) after mixing under the hydrothermal reaction conditions (100 <C for 24 hours).
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Figure 8. XRD patterns of directly synthesized intercalation compounds. (a) Intercalation
compounds synthesized with various PEG-600/a-ZrP mass ratios (100 <C for 24 hours); (b)
intercalation compounds synthesized with PEGs with different MWs (100 <C for 24 hours,
PEG/a-ZrP=1.00:1 in mass ratio); (c) intercalation compounds synthesized with various

PSS/LDH mass ratios (100 <C for 24 hours).

The degree of intercalation efficiency was found to scale with the chain length of the
polymer coordinators (Figure 8b). When a-ZrP is synthesized in the presence of PEG with a
MW exceeding 1000 g/mol, only the intercalated product is observed. This result can be
attributed to the cooperative action of ether subunits that allow PEG to be tethered to the growing
a-ZrP framework. In order for PEG chains to be included within the growing crystal they must
be sufficiently anchored onto the surface to prevent them from being displaced as the subsequent
layer is nucleated. A long chain would statistically favor the anchoring of PEG chains, thus
facilitating the formation of an intercalation compound.

It should be noted that the synthesized PEG/a-ZrP intercalation compounds exhibit the
same interlayer distance, regardless of the PEG chain length or the PEG/a-ZrP mass ratio. This
suggests that the intercalated PEG chains are parallel to the layers. Moreover, the thickness of
linear PEG of ca. 2.8 A (based on ChemDraw Ultra 7.0) is in an excellent agreement with the
interlayer distance difference between the PEG/a-ZtP intercalation compounds (10.4 A) and a-
ZrP (7.6 A), which further suggests PEG chains are parallel to the layer surface.

While the parallel conformation of PEG chains are expected based on the aforementioned
formation hypothesis of the intercalated hybrids (Figure 5a), it should be noted that it is highly in
contrast to the dominant trend in which intercalants tilt away from the layer surface to a certain
angle, resulting in an interlayer distance proportional to chain length.?> While many conventional
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intercalants feature an interacting head group and an organic tail group, PEG forms hydrogen
bonds to a-ZrP through its backbone oxygen atoms, favoring an extended conformation.

Figure 9 shows the SEM images of pristine a-ZrP and the intercalated PEG/a-ZrP
compounds. Overall, all the intercalation compounds are similar in morphology. They are
slightly smaller than the a-ZrP grown in the absence of PEG, which indicates that the presence of
PEG only has marginal impact on the crystal growth in the lateral direction. This is consistent

with our hypothesis that PEG predominately affects interlayer growth.

200 nm 200 nm
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Figure 9. SEM images of a-ZrP based intercalation compounds. (a) a-ZrP, (b) PEG-600/0-ZrP
(1.00:1), (c) PEG-1900/a-ZrP (1.00:1), and (d) PEG-8000/a-ZrP (1.00:1).

Various other coordinators, including other polymers (e.g., polyethyleneimine (PEI),
polyvinyl alcohol (PVA)), small molecules (e.g., acrylamide), and ions (e.g., 1-butyl-3-
methylimidazolium (BMIM®)) were also evaluated for the direct synthesis of a-ZrP based
intercalation compounds because they can either form hydrogen bonds (e.g., PEl, PVA,
acrylamide) or electrostatic force (e.g., BMIM®) with a-ZrP layers. The characterization results
proved that they can similarly form intercalation compounds with a-ZrP via a single step

synthesis (see Figure 10), suggesting that the proposed methodology is general.
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Figure 10. XRD patterns of oa-ZrP based intercalation compounds. Those intercalation
compounds were synthesized with various coordinators at 100 <C for 24 hours. The labeled ratio
represents mass ratio.

Moreover, the direct synthesis of intercalation compounds based on another typical
layered compound, Mg*/AI** LDH (hereafter MgAl-LDH), was also explored. Since the layers
of MgAI-LDH is positively charged, a negatively charged polyelectrolyte, poly(sodium 4-
styrenesulfonate) (PSS), was chosen as the coordinator, with an expectation that LDH layers and
PSS can form a weak electrostatic force. The XRD characterization results are shown in Figure
8c, which shows a very similar trend as the direct synthesis of PEG/a-ZrP intercalation
compounds as shown in Figure 8a). During the synthesis, a higher concentration of PSS favored
the growth of the PSS/MgAI-LDH layered intercalation compounds. Meanwhile, the interlayer
distance of the PSS/MgAI-LDH layered intercalation compounds remained virtually the same
(20.0 A), because PSS stayed parallel to the layer planes.

Overall, the above results on the direct growth of layered intercalation compounds based
on two different layered materials using various coordinators, support that this one-step direct
synthesis approach reported here is a general method applicable to various systems, thus
promising to be adopted for widespread application.

The exfoliation of a layered phase typically requires the use of a large intercalant to
weaken the interlayer interaction. Extensive processing may be required in order to complete the
delamination process. For example, LDH may be exfoliated by first intercalating to increase the
interlayer distance and then violently agitating the product for extended periods of time (usually
24 hours or longer) in a number of solvents, including butanol, acrylates, toluene, and

formamide.'” Li et al. reported the exfoliation of LDH in formamide without the intercalation
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step, but it required ca. 2.5 days and large excess of formamide (ca. 0.05 g LDH in 100 mL
formamide).?* While the exact exfoliation mechanism of LDH has not yet been fully clarified, it
was proposed that this occurs because the carbonyl group of formamide can solvate the LDH
sheet surface, displacing the inherent interlayer water molecules.* The amine terminus of
formamide forms relatively weak interactions with the interlayer anions, thereby weakening the
overall interlayer attraction.?* Other attempts to prepare thin LDH nanosheets focused on the
control of reaction media (micelles) size. This allowed for the synthesis of LDH with
controllable overall dimension and obtained LDH with only a few layers.*? In contrast, our
method focuses on tailoring the reaction conditions to inhibit Z-direction growth.

We conducted a quick synthesis (10 min) of Mg”*/AI**-LDH (MgAl-LDH) directly in the
presence of formamide (23 vol%) (See supporting information for details) with an expectation
that formamide molecules can adhere to the LDH sheet surface, thus allowing the sheets to grow
laterally while inhibiting interlayer growth (Figure 5b) ). MgAI-LDH control sample synthesized
in water using the titration method has an interlayer spacing of 7.9 A, which is observable by X-
ray diffraction when the particles are both in power form (See Figure 11 insert) and suspended in
water (along with a broad peak at ca. 25.8°from Mylar® film? used to cover the liquid sample
during analysis), as shown in Figure 12a-1. When MgAI-LDH was synthesized in the presence of
formamide and characterized in a dispersion under the same conditions, no diffraction peaks
were visible (Figure 12a-11), indicating the lack of long range ordering. When this dispersion
sample was cast and dried onto a silicon wafer, a broad and intense diffraction peak at 11.02<
(8.0 A) was observed (Figure 12a-111). The diffraction peak is assigned to the interlayer spacing
of the re-stacked colloidal MgAI-LDH nanosheets. The slightly increased interlayer distance is

attributed to turbostratic disordering and residual water within the interlayer galleries.’” The
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virtually transparent MgAIl-LDH aqueous dispersion clearly exhibited the Tyndall effect (Figure

12a inset), which supports the existence of colloidal LDH nanosheets in the dispersion. After

centrifuge, a gel like sample was collected, which were loosely and randomly stacked LDH

nanosheets. This gel like sample did not show any peak in low-angle regions, but a (110) peak at

ca. 60°corresponding to LDH in-plane diffraction®® was observed, indicating the presence of

sheet structure in the sample (Figure 13). This further supports the formation of LDH nanosheets

with virtually no stacking. Analysis of the synthesized MgAI-LDH by transmission electron

microscopy (TEM, Figure 12b) revealed pseudohexagonal nanosheets with a size distribution of

ca. 25-50 nm in diameter.

11 11.17°,79A

8004
- / Mylar” film
. b _
600 8 1
= ]
z 1
Z _
g 400+ 15 30 45 60
S 20 (degrees)
200 ~ 11.09°, 8.0 A
0 ' | ' T y T ' |
5 10 15 20 25
20 (degrees)

35

30



Figure 11. XRD patterns of the pre-synthesized MgAI-LDH before (insert, dry solid) and after

being stirred in an aqueous dispersion containing 23 vol% formamide at 80 <C for 10 min.
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Figure 12. (a) XRD patterns of: (1) aqueous dispersion of MgAI-LDH control sample; (I1)
aqueous dispersion of directly synthesized MgAI-LDH single-layer nanosheets in the presence of
formamide; and (I11) re-stacked MgAI-LDH nanosheets on a silicon wafer after drying. Inset:
sample (I1) exhibiting Tyndall effect. (b) TEM image of MgAI-LDH single-layer nanosheets.
Inset: an individual hexagon shaped LDH nanosheet. (c) AFM image of a pseudohexagonal

MgAI-LDH nanosheet; (d) AFM image of multiple neighboring single-layer nanosheets.
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Figure 13. XRD patterns of the gel like MgAI-LDH nanosheets collected after centrifuge.
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To further confirm the formation of single-layer MgAI-LDH nanosheets, the synthesized
sample was cast on a silicon wafer and characterized by AFM. Figure 12c and d show
representative AFM images of the MgAI-LDH nanosheets. The height of the nanosheets is ca.
0.8 nm. The theoretical thickness of a single layer of metal hydroxide is ca. 0.48 nm.** %% The
adsorption of formamide and counter-anions (NOs’) layer on the sheet surface is expected to be
about 0.3 nm.?* 3! Thus, the thickness from AFM imaging agrees well with the thickness of a
single-layer MgAI-LDH nanosheet sandwiched by a layer of formamide and NOj counter-

anions, thus supporting that we indeed synthesized MgAIl-LDH single-layer nanosheets.

In order to verify that the MgAIl-LDH single-layer nanosheets were not generated through
the exfoliation of the conventional multi-layered LDH, the MgAI-LDH control sample (as
characterized in Figure 12a-1 and Figure 14) was mixed in 23 vol% formamide aqueous solution
and stirred vigorously for 10 min (the same duration used for the synthesis of MgAI-LDH in the
presence of formamide). XRD analysis of this post-treated sample (Figure 11) revealed the
presence of the characteristic (003) diffraction, demonstrating that it is not possible to delaminate
pre-formed LDH by this brief treatment (the slightly increased interlayer distance from 7.9 to 8.0
A is owing to the marginal swelling). To be noted, Figure 14 shows that the control LDH sample
was barely crystalized, which is expected because of the very short reaction time. But their

lateral dimension is close to the LDH single layer nanosheets as shown in Figure 12b.
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Figure 14. SEM image of the control MgAI-LDH sample synthesized at the absence of
formamide.

It is possible that formamide serves multiple functions during the synthesis of single-
layer nanosheets. In addition to the previously proposed interactions between the carbonyl

24 it is worth

groups of formamide with the hydroxide groups on the LDH sheet surfaces,
considering the unusually high dielectric constant of formamide (¢ = 111 at 20 °C).** Formamide
is used to prevent the precipitation of polyions, such as DNA.* The presence of formamide
weakens the electrostatic interactions between the positively charged sheets and the negatively

charged counterions,® which in turn lowers layer-layer interactions. Such an ion-ion interaction

weakening effect by high dielectric constant solvents have been simulated and modeled.*
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Likewise, Co**/AI** LDH (CoAl-LDH) single-layer nanosheets have been prepared via the
one-step synthesis using formamide as a layer growth inhibitor (See Figure 15), and MgAI-LDH
single-layer nanosheets have also been synthesized using another inhibitor, N, N-dimethyl
formamide (See Figure 16). Based on the general principle of inhibiting as illustrated in Figure
5b, it is believed that these processes can be extended to other layered structures once a suitable

inhibitor is identified.
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Figure 15. XRD patterns of CoAl-LDH single-layer nanosheets synthesized in the presence
of formamide. (1) Aqueous dispersion of CoAl-LDH control sample, (I1) aqueous dispersion of
directly synthesized CoAl-LDH single-layer nanosheets in the presence of formamide; and (I11)
re-stacked CoAl-LDH nanosheets on a silicon wafer after drying. Inset: XRD pattern of CoAl-

LDH control sample in powder form.
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Figure 16. XRD patterns of MgAI-LDH single-layer nanosheets synthesized at the presence
of another inhibitor, N, N-dimethyl formamide. (I) aqueous dispersion of MgAI-LDH control
sample, (1) aqueous dispersion of directly synthesized MgAI-LDH single-layer nanosheets at the
presence of N, N-dimethyl formamide; and (I1l) re-stacked MgAI-LDH nanosheets on a silicon

wafer after drying.

2.4  Conclusions

We have shown that by introducing either a layer growth coordinator or inhibitor during
synthesis, one can control morphology of the as-synthesized product. Such tunability is highly
desirable for the design of layered intercalation compounds or single-layer nanosheets for
various applications. The multiple examples have clearly demonstrated that the new
methodology for direct synthesis of layered intercalation compounds and single layer nanosheets
is very general. In fact, the underlying fundamental mechanism of the methodology is the control
of the weak interactions between layers. Since weak interactions, including electrostatic forces
and hydrogen bonds, widely exist, it is not surprising that this methodology can be applied to a
wide range of layered materials and can serve as a valuable tool to create new materials.

The observation of single polymer layers between inorganic sheets in the PEG/a-ZrP
intercalated hybrids also presents a unique nano-confinement environment for various molecules,
which will be investigated later as a separate topic. This methodology not only allows access to
materials that may not otherwise be synthesized, but the one step process also offers significant
savings in both cost and time. For example, the 10-minute procedure outlined here to synthesize

LDH single-layer nanosheets should be contrasted with the classical synthesis of LDH layered
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structures typically requiring multiple hours, followed by an exfoliation process that can take

multiple days.
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CHAPTER 3

IN SITU SYNTHESIS OF LAYERED DOUBLE

HYDROXIDE/POLYELECTROLYTE INTERCALATION COMPOUNDS

3.1 Introduction

Layered double hydroxide (LDH) with positively charged layers as the host layered
material and poly(sodium 4-styrene-sulfonate) (PSSNa) as the layer growth coordinator were
selected to study the one-step direct synthesis of layered intercalation compounds. PSSNa is a
strong polyelectrolyte that fully dissociates in water and forms PSS". Thus, the negatively
charged PSS™ can coordinate the growth of LDH layers due to electrostatic interactions, as
reported in Chapter 2.

However, only one type of PSSNa with a weight average molecular weight (M,,) of
70,000), and only one PSSNa/LDH weight ratio (2.2:1, where PSSNa was in excess) was
investigated.’ The detailed intercalation mechanism is to be further investigated to achieve a
deeper understanding. It is important to understand how the chain length and the concentration of
the polyelectrolytes will affect the growth of the intercalation compounds. It was revealed in our
previous work that at relatively low molecular weights, the intercalation efficiency increases
when the molecular weight is relatively higher during the direct growth of a-zirconium
phosphate/poly(ethylene glycol) (a-ZrP/PEG) layered intercalation compounds (Chapter 2). In

this chapter, we will focus to investigate the effect of high molecular weight polyelectrolytes.
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Magnesium and aluminum layered double hydroxide (MgAI-LDH, with a formula Mg/Al
molar ratio of 4) was chosen as the layer host. A series of PSSNa electrolytes with three different
M,, of 70,000, 200,000, and 500,000 were chosen as the targeted polyelectrolytes in high
molecular weights range. The growth of MgAI-LDH was achieved through a urea hydrolysis
method.2 Well crystalized LDH can be obtained because urea hydrolyzes at elevated
temperatures and allows for a slow release of OH’, which ensures a homogeneous pH
distribution throughout the reaction, leading to the formation LDH with an overall high

crystallinity.

3.2  Experimental
Materials

Poly(sodium 4-styrene-sulfonate) (M,, 70,000, 35 wt.% aqueous solution; M,, 200,000,
30 wt.% aqueous solution; M,, 500,000, powder; all from Sigma-Aldrich), urea (>99.0%, J.T.
Baker), Mg(NQO3), 6H,0 (98%, Alfa Aesar), and AI(NOs); 9H,0 (99%, Acros Organics) were
all used as received without further purification.
Direct growth of layered intercalation compounds

In a typical experiment, PSSNa/LDH intercalation compound was synthesized by mixing
a pre-determined amount of PSSNa with metal salts (Mg(NOs)2, AI(NO3);) in 30 mL of D.I.
water. The molar ratio of Mg®*:AI** was set at 4:1. The total metal ion concentration was 0.25 M.
Urea was added to the metal salts solution at a molar ratio of urea:total metal ion at 4:1. The
reaction mixture was well mixed, and then added to a Teflon lined hydrothermal reactor and
heated at 100 <C for 24 hours. After reaction, the samples were washed and centrifuged with D.I.

water for three times. The products recovered from centrifugation were dried in an oven at 80 <C
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for 24 hours. All samples were ground into powders with a mortar and pestle for
characterization.

PSSNa /LDH intercalation compounds were prepared using three PSSNa with an M,, of
500,000, 200,000, and 70,000. The mass ratio of PSSNa to LDH was varied from 0.125:1 to
1.000:1 (assume all metal salts were converted to LDH) to study the intercalation behaviors.
Characterization

Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet Magna 560 FT-IR
spectrophotometer. The samples were mixed with KBr and compressed into pellets for
characterization. Thermal properties of the samples were characterized by a thermogravimetric
analyzer (TGA, TA Instruments model Q500) in an air atmosphere (40 mL/min) at a heating rate
of 10 <C/min. X-ray diffraction (XRD) patterns were recorded on a Bruker D5 diffractometer
with Cu Ko radiation (A = 1.5406 A, 40 kV, 40 mA). Helios NanoLab 400 Dual Beam field

emission scanning electron microscope (FE-SEM) from FEI was employed for SEM imaging.

3.3 Results and discussion

After reaction, three sets of PSSNa/LDH intercalation compounds with various
PSSNa/LDH mass ratios were obtained. XRD and FT-IR were performed to characterize the
products and study the intercalation efficiency. TGA was performed to study the thermal
behavior of the products and estimate the content of organic components in the intercalation
compounds. SEM images revealed the morphology of the synthesized intercalation compounds.

XRD analysis
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XRD patterns of PSSNa/LDH intercalation compounds are shown in Figure 17 ((a)-(c)),
where the position of the first diffraction peak (corresponding to the interlayer distance) of all
intercalation compounds was shifted to lower angles compared to the LDH control sample.

All intercalation compounds exhibited an interlayer distance close to ca. 20.0 A% **
regardless of PSSNa/LDH weight ratio. This interlayer distance was the result of the strong
electrostatic interactions between the positively charged LDH layers and the negatively charged
PSS’, where the interlayer expansion of ca. 12.4 A (from ca. 7.6 to 20.0 A) was ascribed to the
incorporation of one layer of PSS'.

A one-layer PSS™ packing structure was proposed (Figure 17(d)) where the negatively
charged sulfonic groups facing the positively charged LDH layers, maximizing the electrostatic
interactions. Commercially available polystyrenes are atactic, thus, the phenyl groups are
randomly distributed on both sides of the linear polymer chain. The largest distance from an
oxygen atom on one sulfonic group to another oxygen atom at the opposite side of the polymer
backbone is ca. 13.6 A (based on ChemBioDraw Ultra 12.0). Because of the bond angles and
geometry, the thickness of PSS™ should be slightly less than 13.6 A, which explains the interlayer
expansion (12.4 A) of the PSSNa/LDH intercalation compounds.

This proposed one-layer arrangement of PSS™ in between LDH layers is supported by the
XRD results that when the mass ratio of PSSNa/LDH was increased from 0.125/1 to 0.500/1,
two phases (pristine LDH and PSSNa intercalated LDH) co-existed and the d value barely
changed (ca. 19.0 A). For PSSNa with a M, of 70,000 (Figure 17 (a)), further increasing the
PSSNa/LDH mass ratio to 0.750/1 and 1.000/1, the interlayer distance was increased to ca. 20.0
A and only the intercalated LDH phase was observed, which indicates that the proposed structure

is stable. Results of PSSNa/LDH mass ratio of 2.000/1 was also obtained (shown in Chapter 2,
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Figure 8c), the interlayer distance remained at ca. 20.0 A, which further supports the stability of

the single layer arrangement of PSS™ in between LDH layers originated from the strong

electrostatic interactions.

For PSSNa with an M,, of 200,000 (Figure 17 (b)), the same trend was observed.

However, for PSSNa with an M,, of 500,000 (Figure 17 (c)), at PSSNa/LDH mass ratios as high

as 0.750/1, there was still an observable amount of un-intercalated LDH phase present, which

suggests the poor intercalation efficiency at high PSSNa M,,.
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Figure 17. XRD patterns of PSSNa/LDH intercalation compounds with various PSSNa/LDH

weight ratios: (a) PSSNa M,, 70,000, (b) PSSNa M,, 200,000, (c) PSSNa M,, 500,000 (V¥
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indicate the pristine LDH characteristic peak) and (d) proposed one-layer packing of PSS’ in the

intercalation compounds.

XRD patterns of the intercalation compounds with the same M,, but various PSSNa/LDH
mass ratios are compared in Figure 18. At a low PSSNa loading (Figure 18(a)), three M,, of
PSSNa had virtually the same intercalation efficiency, where two phases co-existed in the
product and LDH phase was the dominant phase over the PSSNa/LDH intercalation compound
phase. This is probably because the amount of PSSNa used was so small, where only partial
LDH can be intercalated by PSSNa. And because of the small amount, PSSNa could be fully
incorporated into LDH interlayer regions regardless of the M,,. When the PSSNa/LDH mass
ratio was increased to 0.250/1, the amount of the intercalation phase increased evidently for all
three M,, (Figure 18(b)). When PSSNa/LDH mass ratio was at 0.500/1 (Figure 18(c)), the
intercalation phase became the dominant phase and the intercalation efficiency of three M,, of
PSSNa varied. The lowest M,, of 70,000 led to the highest intercalation efficiency and the
efficiency decreased with an increasing My,. Further increasing the PSSNa/LDH mass ratio to
0.750/1 (Figure 18(d)), only the intercalation phase existed for PSSNa M,, of 70,000 and 200,000.
For PSSNa M,, of 500,000, LDH and the intercalation phase co-existed, which was consistent
with the result from PSSNa/LDH =0.500/1, where the intercalation efficiency declined with an

increasing M.
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Figure 18. XRD patterns of the intercalation compounds formed with PSSNa with different M,,:

(@) PSSNa/LDH =0.125/1; (b) PSSNa/LDH=0.250/1; (c) PSSNa/LDH=0.500/1; (d) PSSNa/LDH

=0.750/1.

The intercalation efficiency of the three M,, of PSSNa was compared at PSSNa/LDH

mass ratio from 0.125/1 to 0.750/1. The intercalation peak area and the LDH peak area of all the
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samples were calculated, and are presented in Figure 19 and summarized in Table 1. The
intercalation efficiency was similar when PSSNa was not sufficient (0.125/1and 0.250/1)
regardless of M,,. When the PSSNa/LDH mass ratio was increased to 0.500/1, we found that the

intercalation efficiency decreased with an increasing M,,.
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Figure 19. Intercalation trend of different M,, of PSSNa.
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For PSSNa with relatively low M,, a larger amount of PSSNa can be incorporated into
LDH interlayer region at same mass ratio of PSSNa/LDH (0.250/1) (Figure 18(c)) compared
with the intercalation compounds of higher M,, PSSNa. The same trend was also observed at
PSSNa/LDH mass ratio of 0.500/1, the peak area ratio of intercalation phase (d=20.0 A) to LDH
phase is decreased when PSSNa M, is increased from 70,000 to 500,000. At PSSNa/LDH mass
ratio of 0.750/1, this trend is more prominent where the peak area ratio is infinite for PSSNa M,,
of 70,000 and 200,000 while the ratio is ca. 11 for PSSNa M,, of 500,000. This phenomenon
indicates that at same PSSNa/LDH weight ratio, PSSNa with low M,, has higher intercalation
efficiency.

Table 1. Summary of intercalation peak area to LDH peak area ratios.

PSSNa/LDH Ratio 70,000 200,000 500,000

0.125/1 0.27+0.020 0.31+0.010 0.37+0.025
0.250/1 1.18+0.075 1.16+0.030 0.96+0.015
0.500/1 12.97+2.000 4.27+0.080 2.00+0.035
0.750/1 0 0 10.96+2.700

In salt solution, PSSNa tends to shrink as the salt concentration is increased. Previous
study® showed that the radius of gyration (Ry) of PSSNa decreased as the salt concentration was
increased. When PSSNa M, was ca. 55,000, its Ry decreased from 8022 A to 54+2 A when salt
concentration was increased from 0.0078 M to 0.3375 M. When salt concentration was 0.25 M,
PSSNa had an Ry of 59.841.5 A It is known that the radius of gyration of a linear polyelectrolyte

obeys the classical scaling law®” in monovalent electrolyte solutions:
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Ry x M*
where M is the molecular weight and a is the Flory exponent in the range of 0.5-0.6. Thus, Ry of
PSSNa with various M,, under the same condition can be estimated. At PSSNa M, of 55,000, its
R, reached a value of ca. 60 A at salt concentration of 0.25 M,> which is much larger than the
interlayer expansion of ca. 12.4 A caused by one layer of PSS in between LDH layers as we
observed in Figure 17. Under the same salt concentration, the Ry of each PSSNa with an
increased My, (70,000, 200,000, and 500,000) will increase exponentially. Thus, one can imagine
that it will be much more difficult to align a layer of PSS™ in between LDH layers when the Ry of
PSSNa is much larger than the interlayer expansion of ca. 12.4 A. Difficulties to disentangle
polymer chains, to unfold polymer chains, and to realign polymer chains may be the causes of
the decreased intercalation efficiency when PSSNa M,, was increased.
FTIR analysis

FTIR was performed to further characterize the PSSNa/LDH intercalation compounds.
Intercalation compounds with PSSNa M,, of 70,000, 200,000, and 500,000 were compared with
LDH and PSSNa control samples (Figure 20, 21, and 22, respectively). LDH control sample
showed one strong peak at 1370 cm™, which is ascribed to the stretching of C=0 from CO3;” as
shown in the spectra.® In the FTIR spectra, when PSSNa/LDH mass ratio was increased from
0.125/1 to 1.000/1, the intensity of the peak at 1370 cm™ decreased. This result corresponded
well with the XRD results that the intercalation phase increased when PSSNa/LDH mass ratio
was increased. This indicates that the carbonate anions in LDH were gradually replaced by PSS".
At 1040 and 1196 cm™, two strong peaks were caused by the symmetric stretch and asymmetric
stretch of the vibrations of sulfonate -SO5 in PSSNa.® These two characteristic absorption peaks

were observed in all PSSNa/LDH intercalation compounds, which confirmed the presence of
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PSSNa in these compounds. And an opposite trend compared to the peak at 1370 cm™ was
observed that when the PSSNa/LDH mass ratio was increased from 0.125/1 to 1.000/1, the
intensity of the two peaks increased regardless of the M, of PSSNa. This result is consistent with
the result from the XRD patterns as well as the trend of the peak at 1370 cm™ that PSS™ gradually

replaced the carbonate anions in between LDH interlayer region.
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Figure 20. FTIR spectra of PSSNa/LDH intercalation compounds synthesized using PSSNa with

a M,, of 70,000.
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Figure 21. FTIR spectra of PSSNa/LDH intercalation compounds synthesized using PSSNa with

a M,y of 200,000.
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Figure 22. FTIR spectra of PSSNa/LDH intercalation compounds synthesized using PSSNa with

a M,, of 500,000.

TGA analysis
For thermal analysis, all samples were tested in the solid phase (Figures 27, 28 and 29).
PSSNa with an M,, of 70,000 and 200,000 were purchased in solution, thus they were dried in

oven at 70 <C for 24 hours before testing.
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Pristine LDH control sample has three stages of weight loss as observed from its TGA
thermogram. The first weight loss at ca. 70-190 <C was ascribed to the loss of physically
absorbed water. The second weight loss at ca. 190-320 <C was the loss of the water residing in
the LDH interlayer regions.”® The third weight loss at ca. 320-540 < was from the
decomposition of carbonate in between LDH layers and deconstruction of the hydroxyl layers.*
The TGA thermograms of PSSNa with various M,, showed that they all started to decompose at
ca. 420 <C. Figure 23 showed the TGA thermograms of the PSSNa/LDH intercalation
compounds (PSSNa My, 70,000) in comparison to LDH and PSSNa (M,, 70,000) control samples.
At PSSNa/LDH mass ratio of 1.000:1, two stages of weight loss were observed. The first weight
loss stage at ca. 30-430 <C was due to the evaporation of physically absorbed water and loss of
interlayer water. The second stage was between ca. 430-650 <C, owing to the de-hydroxylation

of LDH layers, de-carbonation, and partial decomposition of PSSNa.™
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Figure 23. TGA profile of PSSNa/LDH intercalation compounds with different mass ratios of

PSSNa (M, 70, 000).
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Figure 24. TGA profile of PSSNa/LDH intercalation compounds with different mass ratios of

PSSNa (M, 200, 000).
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Figure 25. TGA profile of PSSNa/LDH intercalation compounds with different mass ratios of

PSSNa (M, 500, 000).

The total weight loss of PSSNa/LDH intercalation compounds increased when the
PSSNa/LDH mass ratio was increased. At PSSNa M,, of 70,000 (Figure 23), the weight loss of
the intercalation compounds with the PSSNa/LDH mass ratio ranging from 0.125/1 to 1.000/1
was ca. 43.4%, 46.5%, 53.7%, 55.3%, and 55.4%, respectively. When PSSNa M,, was increased
to 200,000 (Figure 24), the weight loss of the intercalation compounds with the PSSNa/LDH

mass ratio ranging from 0.125/1 to 1.000/1 was ca. 45.6% , 50.5%, 56.2%, 57.1%, and 63.2%
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accordingly. Further increasing PSSNa M,, to 500,00 (Figure 25), the weight loss of the
intercalation compounds with PSSNa/LDH mass ratio ranging from 0.125/1 to 1.000/1 was ca.
43.5% , 47.7%, 54.5%, 55.5%, and 56.4% respectively. The TGA data of the three sets of
intercalation compounds showed that the decomposition temperature increased as the LDH
content was increased. All of the intercalation compounds exhibited a higher polymer onset
decomposition temperature owing to the protection effect from LDH layers, which further

supports the successful intercalation of the polyelectrolyte into the LDH layers.'?*3

SEM analysis
The morphology of the control LDH and selected PSSNa/LDH intercalation compounds

were characterized by scanning electron microscope. Figure 26 showed the SEM images of the

LDH control sample which is pseudo-hexagonal with a diameter of ca. 3-6 um.

Figure 26. SEM images of the hydrothermally synthesized pristine LDH.
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The SEM images of the selected intercalation compounds are shown in Figure 27. At
PSSNa M,, of 70,000, with an increasing PSSNa/LDH mass ratio from 0.125/1 to 1.000/1
(Figure 27A, B, and C), the platelets tended to aggregate and formed a rosette structure. The
estimated diameter of those samples ranged from ca. 2 to 6 um, which is similar to that of the
LDH control sample. For intercalation compounds with PSSNa M, of 200,000, when an
increasing PSSNa/LDH mass ratio from 0.125/1 to 1.000/1 (Figure 27D, E, and F), the
morphology all resembled rosette structure but aggregation turned to be more severe. The
diameter of the samples was in the range of ca. 2-4 um. When PSSNa M,, reached 500,000, the
morphology of the intercalation compounds with various PSSNa contents (Figure 27G, H, and 1)
still resembled the rosette structure and aggregation turned to be even worse, especially at higher
PSSNa contents. The diameter of the intercalation compounds was ca. 2-8 um. Thus, all of the
PSSNa/LDH intercalation compounds exhibited a similar dimension compared with the LDH
control sample, which is consistent with our hypothesis that the polyelectrolytes only guide the
growth of LDH in the Z direction, barely affecting the growth in the plane (X-Y) direction.
However, the formation of the rosette structure was induced by the templating effect of PSSNa.
In the reaction solution, the polyelectrolyte tends to form vesicles to which the metal cations are
attracted because of the electrostatic interactions. The addition of polyelectrolyte during the
formation of LDH layered structure can reduce the overall charge on the surface.* It is believed
that the vesicles served as a template for the formation of a rosette structure.'®> During the crystal
nucleation and growth, the stable interactions between the vesicles and LDH layers on the curved
organic/inorganic interface induced the growth of curved LDH layers. Thus, the spherical shape
from the polyelectrolyte vesicles templated the backbone of LDH rosette structure where the

curved layers resembled rose petals.
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Figure 27. SEM images of selected PSSNa/LDH intercalation compounds using PSSNa with

various M,,, where A, B, and C were from PSSNa with a M,, of 70,000; D, E, and F were from

PSSNa with a M,, of 200,000; G, H, and | were from PSSNa with a M,, of 500,000.

34 Conclusion

In this chapter, PSSNa/LDH intercalation compounds were prepared in a one-pot direct

synthesis process where PSSNa was examined as a layer growth coordinator. Three M,, of

PSSNa were studied, where at the same PSSNa/LDH weight ratio, the intercalation efficiency

declined when PSSNa M,, was increased. The PSSNa/LDH intercalation efficiency exhibited an
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opposite trend compared with that of the PEG/a-ZrP intercalation compounds studied in Chapter
2, where high M,, PEG favored the growth of PEG/a-ZrP intercalation compounds.

The formation of PSSNa/LDH intercalation compounds were confirmed by XRD and
FTIR. Based on the characterization results, a one-layer PSS structure was proposed to align in
between LDH layers to maximize the electrostatic interactions. The content of PSSNa increased
in the formed PSSNa/LDH intercalation compounds with an increasing PSSNa/LDH weight ratio
in the formulation. Moreover, the SEM images of the intercalation compounds indicated that the
presence of PSSNa guided the growth of LDH in the Z direction only but not in plane (X-Y)
direction. Because of the templating effect of the PSSNa vesicles, LDH tended to grow into

curved layers, which aggregated to form a rosette structure.
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CHAPTER 4

DIRECT SYNTHESIS OF LDH SINGLE LAYER NANOSHEETS IN

FORMAMIDE

4.1 Introduction

The objective of this chapter is to study the layer charge effect on the direct synthesis of
LDH single layer nanosheets in formamide. In Chapter 2, the direct growth of LDH single layer
nanosheets was described and the mechanism was proposed. However, the various effects that
affect the growth process of LDH, such as LDH layer charge and formamide concentration, were

not explored.

We hypothesize that formamide can absorb on the surface of LDH layers through a
strong interaction formed by the carbonyl functionality of formamide.” The amine group in
formamide does not form a strong interaction with counter anions (COs*, NOjg', etc.), which
ultimately weakens the attraction. In this way LDH layers can be sheltered by formamide from
counter anions, preventing the continuous growth of layers on top of each other. According to
the proposed mechanism and the fact that formamide possess a high dielectric constant, a higher

concentration of formamide should favor the formation of single layer nanosheets.

In LDH structure, it was reported that the expansion of LDH layers was related to the
decrease of the net layer charge (a result of decreasing M** content), causing the electrostatic
attractions between positively charged LDH layers and interlayer anions to decrease.®” The
interactions between the charged LDH layers and the formamide affect the amount of formamide
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that can be absorbed onto LDH layers.2 More positively charged LDH layers can absorb more
formamide molecules onto the surface, diminishing the layer electrostatic interactions with

anions to better facilitate the formation of single layer nanosheets.

Based on the above two assumptions, in this chapter, a detailed study of the LDH layer
charge and formamide concentration effect on the direct growth of LDH single layer nanosheets

is carried out.

4.2  Experimental

Chemicals

Mg(NO3), 6H,0O (98%, Alfa Aesar), formamide (99%, Alfa Aesar), Al(NO3); 9H,0
(99%, Acros Organics), sodium hydroxide pellets (Macron), and sodium nitrate (>98%, Alfa

Aesar) were used as received without further purification.
Synthesis method

The detailed procedures for the growth of MgAI-LDH single layer nanosheets was
developed in Chapter 2 and adopted here. Three sets of samples were prepared with Mg/Al molar
ratio at 4/1, 3/1, and 2/1. The total metal salts concentration was set at 0.05 M for all three sets of
experiments for comparison. A sample of 20 mL of metal salts solution (Mg(NO3), (0.0400 M)
and AI(NO3); (0.0100 M) for Mg/Al=4/1, Mg(NOs), (0.0375 M) and AI(NOs); (0.0125 M) for
Mg/Al=3/1, and Mg(NOs3), (0.0333 M) and AI(NOs3); (0.0167 M) for Mg/Al=2/1) was titrated

with sodium hydroxide solution in the presence of 2.0, 5.0, 15.0, or 30.0 vol% formamide.
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After reaction, all samples were centrifuged and washed with the same volumetric
percentage of formamide solution (i.e., 2.0, 5.0, 15.0, or 30.0 vol% formamide solution
accordingly) for three times. The freshly prepared sample was then immediately subjected for

characterizations.

Characterization

X-ray diffraction (Bruker D8 with Cu Ka radiation, A = 1.5406 A, 40 kV, 40 mA) was
conducted on both gel sample and re-stacked single layer nanosheets. The gel-like fresh sample
recovered from centrifugation was covered by a Mylar® film® for XRD characterization. After
further treatment with D.l. water and centrifugation twice, the sample was well dispersed in D.I.
water. The dispersion was cast onto a silicon wafer and dried and restacked at 80 <C for a day for

XRD characterization.

The same dispersion was then diluted into ca. 0.01 mM and cast and air dried on a clean
silicon wafer for atomic force microscopy (AFM) characterization on an Asylum Research MFP-
3d AFM. Tapping mode with a silicon tip coated with chromium/gold of a force constant of 40
N/m was adopted for AFM imaging. The same dilution dispersion was also cast on Cu grids for

TEM imaging on a JEOL 4000EX at 200 kV for TEM imaging.

Perkin Elmer Optima 7300DV inductively coupled plasma optical emission spectrometer
(ICP/OES) was used to determine the Mg and Al content. Well-mixed samples were weighed in
a glass tube. A sample of 5.0 mL of concentrated nitric acid (HNO3) was added and the glass
tube was swirled. The mixed solution was covered with a watch glass and placed on a hot plate.
The mixture was refluxed for 2 hours at 92-95 <C without boiling or drying. When the mixture
was cooled to room temperature, it was diluted with D.l. water to a final volume of 50 mL for

characterization.
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4.3 Results and Discussion

Study of the formamide concentration and layer charge effect

LDH layer charge is originated from the substitution of M** by M** in brucite structure.”
19 Formamide forms a strong interaction with the charged LDH sheets. We propose that a lower
Mg/Al ratio, where the layer charge x* (x'= M*/(M**+M>")) is higher, can better facilitate the
formation of LDH single layer nanosheets instead of the layered structure. At a higher layer
charge, the interactions between formamide and LDH layers is stronger, which in return can lead
to the absorption of a higher density of formamide on the layer surface. Thus, the blocking effect

of formamide should be stronger.

Three Mg/Al ratios, 2/1, 3/1, and 4/1 were investigated under 2.0, 5.0, 15.0, and 30.0
vol% formamide. The three samples prepared at 2.0 vol% formamide showed a clear trend that
the stability of the samples decreased with an increasing Mg/Al molar ratio. The samples were
first prepared and ultrosonicationed for 3 minutes, then they were kept motionless for 1 hour.
The Mg/Al=4/1 ratio sample started to precipitate almost immediately. The Mg/Al=3/1 ratio
sample precipitated slower than the Mg/Al=4/1 ratio sample. And the Mg/Al=2/1 ratio sample
did not show the formation of precipitation until 2 hours later. Figure 28 shows the appearance of

the samples after 1 hour.
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Figure 28. MgAI-LDH synthesized and washed in 2.0 vol% formamide after 1 hour of standing

still.

To further study the observed phenomenon, the samples were characterized by XRD
diffraction (Figures 2, 3, 4, and 5). The Mg/Al=4/1 ratio sample showed a relatively strong LDH
characteristic peak at ca. 11.57<! (corresponding toe LDH layered structure) at 2.0 vol%
formamide (Figure 29) (the diffraction peak at ca. 25.8<is from the Mylar® film). The peak
intensity decreased with a decreasing Mg/Al molar ratio, which corresponds well with the
aforementioned observation. When the three samples were prepared in the 5.0 and 15.0 vol%
formamide, the same trend were observed (shown in Figures 30 and 31). At a formamide
concentration of 30.0 vol%, none of the three samples exhibited the LDH characteristic peak
(Figure 32), indicating the lack of a long range ordering. Thus, LDH layered structure existed at a

very low concentration, below the detection limit.
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Figure 29. MgAI-LDH prepared and washed in 2.0 vol% formamide.
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Figure 30. MgAI-LDH prepared and washed in 5.0 vol% formamide.
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Figure 31. Mg/Al-LDH prepared and washed in 15.0 vol% formamide.
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Figure 32. MgAI-LDH prepared and washed in 30.0 vol% formamide.

The diffraction peak from Mylar® film was used as an internal reference to estimate the
concentration of layered LDH in the samples. As shown in Figure 33, the Y axis represents the
ratio of LDH characteristic peak area to the internal reference peak area. The randomly
distributed LDH single layer nanosheets could not induce X-ray diffraction peak. The LDH
characteristic peak indicates the presence of LDH layered structure. Thus, the Y axis roughly
represents the concentration of layered LDH in the samples. When the formamide concentration
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was low (2.0 vol%, black square shown in Figure 33), the concentration of layered LDH was the
highest for all three Mg/All ratios. Increasing the formamide concentration (5.0 vol%, red sphere
and 15.0 vol%, blue triangle in Figure 33), the concentration of layered LDH decreased for all of
the three Mg/Al ratios. Further increasing the formamide concentration to 30.0 vol% (pink
obtriangular in Figure 33), no layered LDH was detected by the X-ray for all of the three samples,
indicating that the layered LDH was below detection limit. Thus, at 30.0 vol% formamide, LDH
single layer nanosheets can be prepared without the presence of layered LDH regardless of

Mg/Al ratio.
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Figure 33. Summary of LDH characteristic peak to internal reference peak area ratios.

Elemental analysis was performed to determine the exact Mg and Al content in each
synthesized LDH samples, as the Mg/Al ratio in the LDH product usually varies from the initial
formulation ratio. The test results, and the calculated Mg/Al atomic ratio and layer charge (x) are
listed in Table 2. Overall, the calculated Mg/Al ratio of all the samples agreed well with the

initial Mg/Al formulation ratios. The calculation results showed that at Mg/Al formulation molar
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ratio of 2/1 and 3/1, the actual Mg/Al ratio in the samples decreased (Figure 34), where the layer
charge x* (Figure 35) increased as the formamide concentration was increased. For Mg/Al
formulation molar ratio at 4, the trend was not so obvious because the result was close to each
other where the difference may just come from testing error. The results agreed well with the
XRD characterizations where a higher formamide concentration and a larger LDH layer charge
favored the formation of LDH single layer nanosheets. It indicated that at a high LDH layer
charge more formamide can be absorbed on the layer surface to enhance the blocking effect

during the layer growth.

Table 2. Mg/Al ratio in different samples prepared under varied volumetric ratio of formamide.

Sample Mocortent - Alcontent  MOAL oty
(mol/g)
Mg2Al-LDH 0 v% 196571 103830 2.10 0.322
Mg2Al-LDH 2.0 vol% 187912 115962 1.80 0.357
Mg2Al-LDH 5.0 vol% 183505 115893 1.76 0.363
Mg2Al-LDH 15.0 vol% 162967 120673 1.50 0.400
Mg2Al-LDH 30.0 vol% 161100 130620 1.37 0.422
Mg3AI-LDH 0 vol% 210665 84569 2.76 0.266
Mg3AI-LDH 2.0 vol% 213553 89566 2.65 0.274
Mg3Al-LDH 5.0 vol% 222300 94260 2.62 0.276
Mg3AI-LDH 15.0 vol% 206289 88365 2.59 0.278
Mg3Al-LDH 30.0 vol% 203965 92198 2.46 0.289
Mg4AlI-LDH 0 vol% 239967 63352 3.61 0.192
Mg4Al-LDH 2.0 vol% 224656 75103 3.32 0.231
Mg4Al-LDH 5.0 vol% 220568 73773 3.32 0.231
Mg4Al-LDH 15.0 vol% 216922 72193 3.33 0.231
Mg4Al-LDH 30.0 vol% 218917 73341 331 0.232
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Figure 34. Summary of Mg/Al measured molar ratios.
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Figure 35. MgAI-LDH layer charge at different Mg/Al molar ratios and formamide

concentrations.

Characterization of Mg2Al-LDH nanosheets synthesized from 30.0 vol % formamide

From the XRD results, the best sample Mg2AIl-LDH nanosheets prepared at 30.0 vol% of
formamide was selected for characterization. Figure 36 shows the XRD pattern of restacked
Mg2AlI-LDH nanosheets on a silicon wafer. The d spacing of 7.8 A agreed very well with the

reported interlayer distance of Mg2Al-LDH with COs* residing in the interlayer region.* TEM
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images of Mg2AIl-LDH nanosheets from 30.0 vol% formamide clearly show sheet like structure

of LDH with a diameter ranging from ca. 40 to 150 nm.
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Figure 36. XRD pattern of Mg2AIl-LDH nanosheets from 30.0 vol% formamide restacked on

silicon wafer and the corresponding TEM images (insets).

AFM was performed to measure the thickness of the samples. Figure 37A and B showed
that the diameter of the LDH nanosheets ranging from ca. 40-60 nm to ca.100-150 nm. This
result agrees well with the TEM images. Regardless of the diameter of the LDH nanosheets, the
average thickness was ca. 0.8 nm, which corresponds to a single LDH layer thickness.* Figure
37B line 1 shows a configuration composed of two stacked sheets where a thickness transition
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from ca. 1.6 nm to 0.8 nm, corresponding from a stack of 2 layers of a single layer LDH
nanosheets. The mis-match of the sheet area indicated that the double layer was from the
stacking of two individual single layers during sample preparation, instead of synthesized
double-layer LDH. Overall, the XRD and AFM characterizations confirmed that the sample was

composed of LDH single layer nanosheets.
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Figure 37. AFM characterization of Mg2AI-LDH prepared in 30.0 vol% formamide with a

diameter of ca. 40 nm (A) and ca. 150 nm (B).
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4.4 Conclusions

The results shown above indicate that a high concentration of formamide and a high LDH
layer charge are beneficial for the formation of single layer LDH nanosheets, where more
formamide can be absorbed on layer surface to weaken the electrostatic attractions between the
anions and the positively charged LDH layers. A relatively low concentration of formamide
(such as 2.0, 5.0, and 15.0 vol%) may not be sufficient to completely block the growth of LDH
in the Z direction regardless of Mg/Al molar ratio, resulting in the formation of layered LDH as
evidenced by the XRD characterization. On the other hand, LDH layer growth in the Z direction
was effectively inhibited at a higher formamide concentration (30.0 vol%), where no layered
LDH was detected by XRD. Elemental analysis was adopted to measure the Mg and Al content
in each sample and the result agrees well with XRD result that at a higher LDH layer charge,
LDH single layer can be better synthesized with less layered LDH present. The AFM
characterization confirmed the average thickness of the Mg2AI-LDH single layer nanosheets
synthesized in 30.0 vol% formamide was 0.8 nm, agreeing well with the theoretical thickness of

LDH single layer nanosheets.

References

1. Ma, R.; Liu, Z.; Li, L.; lyi, N.; Sasaki, T., Exfoliating layered double hydroxides in formamide: a
method to obtain positively charged nanosheets. Journal of Materials Chemistry 2006, 16 (39), 3809-
3813.

2. Liu, Z.; Ma, R.; Osada, M.; lyi, N.; Ebina, Y.; Takada, K.; Sasaki, T., Synthesis, Anion
Exchange, and Delamination of Co—Al Layered Double Hydroxide: Assembly of the Exfoliated
Nanosheet/Polyanion Composite Films and Magneto-Optical Studies. Journal of the American Chemical
Society 2006, 128 (14), 4872-4880.

87



3. Yu, J.; Martin, B. R.; Clearfield, A.; Luo, Z.; Sun, L., One-step direct synthesis of layered double
hydroxide single-layer nanosheets. Nanoscale 2015, 7 (21), 9448-9451.

4, Li, L.; Ma, R.; Ebina, Y.; lyi, N.; Sasaki, T., Positively Charged Nanosheets Derived via Total
Delamination of Layered Double Hydroxides. Chemistry of Materials 2005, 17 (17), 4386-4391.

5. Alberti, G.; Dionigi, C.; Giontella, E.; Murcia-Mascar, S.; Vivani, R., Formation of Colloidal
Dispersions of Layered y-Zirconium Phosphate in Water/Acetone Mixtures. Journal of Colloid and
Interface Science 1997, 188 (1), 27-31.

6. Leroux, F.; Adachi-Pagano, M.; Intissar, M.; Chauviere, S.; Forano, C.; Besse, J.-P.,
Delamination and restacking of layered double hydroxides. Journal of Materials Chemistry 2001, 11 (1),
105-112.

7. Kooli, F.; Chisem, I. C.; Vucelic, M.; Jones, W., Synthesis and properties of terephthalate and
benzoate intercalates of Mg-Al layered double hydroxides possessing varying layer charge. Chemistry of
Materials 1996, 8 (8), 1969-1977.

8. Hibino, T.; Jones, W., New approach to the delamination of layered double hydroxides. Journal
of Materials Chemistry 2001, 11 (5), 1321-1323.

9. Cavani, F.; TrifirA2F.; Vaccari, A., Hydrotalcite-type anionic clays: Preparation, properties and
applications. Catalysis Today 1991, 11 (2), 173-301.

10. Leroux, F.; Moujahid, E. M.; Taviot-Guéno, C.; Besse, J.-P., Effect of layer charge modification
for Co Al layered double hydroxides: study by X-ray absorption spectroscopy. Solid State Sciences
2001, 3 (1-2), 81-92.

11. Yang, W.; Kim, Y.; Liu, P. K,; Sahimi, M.; Tsotsis, T. T., A study by in situ techniques of the
thermal evolution of the structure of a Mg—AIl-CO 3 layered double hydroxide. Chemical Engineering
Science 2002, 57 (15), 2945-2953.

12. Olanrewaju, J.; Newalkar, B. L.; Mancino, C.; Komarneni, S., Simplified synthesis of nitrate
form of layered double hydroxide. Materials Letters 2000, 45 (6), 307-310.

88



CHAPTER 5

COMPLEXING AGENT DIRECTED EPITAXIAL GROWTH OF o-

ZIRCONIUM PHOSPHATE BASED HEXAGONAL PRISMS

51 Introduction

In Chapter 2, we introduced the method that uses a layer growth coordinator to assist the
growth of layered compounds in the Z direction. We found that layered intercalation compounds
can be prepared in a one step process, where the layer growth coordinator is incorporated in
between layers.! The control of preferential growth of inorganic materials in one direction is a
long term goal. It is viable that with the guidance of the layer growth coordinator, the growth of
the layered materials in the Z direction can be enhanced. However, such a phenomenon was not
observed in the PEG/a-ZrP or other related systems (BMIMCl/a-ZrP, acrylamide/a-ZrP, PVA/a-

ZrP, PEV/a-ZrP).

It’s known that plane-direction growth is typically faster than thickness-direction (Z
direction) during crystal growth due to strong covalent or ionic bonding. Interlayer is bonded
through weak Van der Waals forces,? electrostatic interactions,® or hydrogen bonds.* It is
possible that the layer growth coordination effect in the aforementioned systems is compromised
by the faster in-plane growth due to the formation of stronger bonds. Complexing agents are
widely used in inorganic synthesis,>° which can form complexes with the reaction ingredients

and make the slow release possible. Through the use of a complexing agent, the fast in-plain
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growth may be slowed down. Thus, when a complexing agent is used together with a layer

growth coordinator, the effect of the layer growth coordinator may be revived.

Herein, we report our exploration of the synthesis of a-zirconium phosphate based
hexagonal prisms, where the preferential growth along Z-direction was achieved. The
introduction of a complexing agent and a layer growth coordinator into the reaction system
appeared to be the key factor for the promotion of the growth in the Z direction. The parameters

which may affect the growth of the layered compounds were discussed.

5.2  Experimental

Materials and Characterization

Formamide (99%, Acros Organics), ZrOCl, 8H,0 (>98%, Acros Organics), NH4H,PO,

(99%, Fisher), and phosphoric acid (85%, Fisher) were used without further treatment.

Scanning electron microscopy (SEM) was performed on a JEOL JSM-6335F. X-ray
diffraction (XRD) patterns were acquired on a Bruker D5005 diffractometer with Bragg-
Brentano 0-20 geometry (40 kV and 40 mA), using a graphite monochromator with Cu Ka

radiation (A = 1.542 A).

Synthesis method
For a typical experiment, 1.01 g of ZrOClI, 8H,0 was dissolved in 50 mL formamide and

then 10.5 mL of 6 M H3PO, was added to the reaction mixture. After the reactants were fully
mixed, the mixture was transferred to a hydrothermal reactor and reacted at 150 <C for 24 hours.
After the reactor was cooled down, the reaction mixture was transferred to a flask with aluminum

foil covered on the top and aged at a predetermined temperature for one week. After the reaction,
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the prepared samples were washed and centrifuged three times with D.I water at 2300 G force

for 5 minutes each time. All samples were dried at 60 <C for 24 hours before characterization.

5.3 Results and discussion

Figure 38 shows the a-ZrP structure where Zr cations coordinate with six oxygen atoms
from six different phosphate groups. Each phosphate group coordinates to three different Zr
cations, leaving the remaining oxygen atom protonated. The hydroxyl groups densely cover the
layer surface or exist in between the layers. Its interlayer distance is 7.6 A. a-ZrP can be easily
synthesized as platelets with the dimension in thickness being much lower than those in plane
directions. However, o-ZrP derivatives with elongation in the Z direction in different
morphologies such as needles, rods,™ and long prismatic morphology™? were observed when a

complexing agent and sometimes a structure directing agent were used.

&) zr
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Figure 38. Structure of a-ZrP.

Hydrofluoric acid is commonly used to prepare a- and y-ZrP through the decomposition
of the flouro-zirconium complexes.**** Precipitation of zirconium phosphate does not begin until
the concentration of phosphoric acid reaches ca. 8-9 M.®™ The precipitation of zirconium
phosphate is controlled by the elimination rate of hydrofluoric acid, which allows for the
formation of large zirconium phosphate platelets at an extremely slow rate.*>® Free zirconium
cations are in a very low concentration, which only serve as a small amount of nuclei when the
elimination rate of the complexing agent is slow. Thus, the formation of large zirconium
phosphate platelets is possible through the very slow decomposition of the flouro-zirconium
complexes. However, manipulation of hydrofluoric acid demands high precaution. Discovery of

new complexing agents with low operational demands is highly desirable.

Formamide is a common solvent which is very stable up to 180 <C. It can coordinate with
zirconium cations through its hydrogen atom with zirconyl chloride and form 4:1 ratio

complexes.'’®

Thus, formamide can be used as an ideal complexing agent. a-ZrP micro-crystals
are usually prepared when a soluble zirconium salt precipitates with phosphoric acid in a
prolonged reaction time. Formamide decomposes upon acid treatment.'® Thus, when formamide
is used as a complexing agent during the preparation of a-ZrP, it decomposes and forms formic
acid and ammonium di-hydrogen phosphate in the presence of phosphoric acid (shown in
Equation 1). Whitish whiskers are formed after the reaction which has been confirmed by XRD
to be NH;H,PO4 (XRD pattern was not shown).
Q 0

Il
H-C-NH; + H,0 + HzPO, — L 54 + NHH,PO, M
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Structure directing agents, such as ammonia and amines, were applied to
prepare new zirconium phosphate derivatives with different structures, which often results in the
incorporation of ammonium cations within their structures. It was found that the ammonium
cations could serve as a binder in between the layers through a close net of hydrogen bonds with
the anionic P-O groups on layer surface.’” Thus, ammonium cation is chosen as a structure
directing agent in this study. As shown in Equation 1, ammonium dihydrogen phosphate is a
decomposition product of formamide. Thus formamide can serve dual purposes: (1) as the

complexing agent for zirconium cations; (2) as the ammonium source. Thus, the fast in-plain

growth can possibly be slowed down, allowing the layer growth coordinator to take effect.

Herein, we report the preparation of a-ZrP based hexagonal prisms in the presence of
formamide. Zirconyl chloride was first dissolved in formamide and formed complexes at 1:4
molar ratio with formamide. Phosphoric acid was added to the reaction mixture and the
decomposition of formamide began. Slow release of zirconium cations was started upon heating
to decompose formamide, with the release speed can be controlled by the aging temperature. The
formed ammonium cations can be selectively adsorbed onto layer surfaces that are parallel to the
precipitated (001) crystal plane and coordinate the layer growth on top of each other through the
formation of a close network of hydrogen bonds with surface P-OH groups.*? Thus, the
ammonium cations could work as a layer growth coordinator and direct the growth in the Z

direction (Figure 39).
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Figure 39. Schematic of the proposed mechanism.

A typical method?’ to synthesize a-ZrP was modified where formamide was included as a
complexing agent. After 24 hours of treatment at 150 <C, the reaction mixture as aged at 60 T
for a week for slow release of Zr*". After reaction, a-ZrP based compound was formed where a
large amount of amorphous phase co-existed in the product. SEM images (Figure 40) of the
product showed that the in-plain diameter is ca. 1-3 pm with a significant growth enhancement
in the Z direction ranged from ca. 1 to 3 pm. Thus, the preferential growth in the Z direction was
achieved and hexagonal shaped prisms were synthesized, where the elongation direction is

perpendicular to the (001) planes.
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Figure 40. SEM images of as prepared a-ZrP based hexagonal prisms.

Figure 41 shows the X-ray diffraction pattern of the hexagonal prisms prepared under 60
<C aging, with a SEM image (Figure 41 insert) showing the hexagonal face of the prism. The
diffraction peaks of the sample match very well with that of the NH,ZrH(PO,), standard (PDF
35-0455). Thus, the prepared sample was identified as NH4ZrH(PO,), with an interlayer distance
of 11.18 A. Thus, in this approach, ammonium acted as the layer growth coordinator, which was
formed after the complexing agent, formamide, was decomposed. During aging, the
decomposition of the formamide/ZrOCIl, complexes in contact with phosphoric acid was
controlled by the aging temperature and time, which controlled the release of Zr** cation. With
the aid of the slow release of Zr*" cations, the in plain growth rate of a-ZrP was slowed down,
allowing the layer growth coordinator to take effect in the Z direction crystal growth. As shown

in Figure 39, ammonium cations can selectively attach to the surface of a-ZrP (that parallel to
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(001) planes of a-ZrP) due to the formation of a close network of hydrogen bonds with surface

P-OH groups.

300

NH,ZtH (PO,), (PDF 35-0455)

a-Z1P based hexagonal prism

Intensity
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0 . | . | .
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Figure 41. XRD pattern and the SEM top view image (insert) of the prepared sample aged at

60 <C for one week.

In order to confirm the above proposed mechanism, several control experiments were

conducted. Conventional o-ZrP (Figure 42A) was synthesized as detailed in the literature®’ for
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comparison. The first control experiment was conducted in the absence of formamide while
NH4H,PO, was present in a 10:1 molar ratio to Zr** to study the coordination effect on the
formation of an elongated structure in the Z direction without the complexing agent present. As
expected, the morphology of the control sample (Figure 42B) was hexagonal platelets with a
similar diameter and thickness as a-ZrP but without significant thickness change (Figure 42A).
This control experiment showed that the presence of coordinator only cannot promote the
formation of prisms. Another control sample showed no obvious elongation in the Z direction
(Figure 42C) either when the prepared a-ZrP was ion exchanged with NHsNOgs. It further
confirms that in the presence of a layer growth coordinator (ammonium cations) alone, due to the
intrinsic faster growth in the in-plain direction, a prismatic morphology cannot be obtained
where the layer growth coordination effect is compromised. The third control experiment was
conducted without the presence of phosphoric acid. The NH4H,PO, to Zr*" molar ratio was also
set at 10:1. Because formamide will decompose very slowly at an elevated temperature,’® the
release rate of Zr*" was much slower than in the presence of phosphoric acid. Under a much
slower release rate, the elongation in the Z direction was also slowed down (Figure 42D); where
the thickness in the Z direction was increased compared with the a-ZrP control but much lower
than the increment of the sample obtained in the presence of phosphoric acid. It indicates that the

coordination effect is directly related to the decomposition rate of the complexes.
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Figure 42. SEM images of a-ZrP (A), control experiment without formamide (B), a-ZrP ion

exchanged with NH4;NO3 (C), and control experiment without phosphoric acid (D).

Thus, the effect of the aging temperature on the formation of hexagonal shaped prisms
was studied. As shown in Figure 43A and B, at a higher aging temperature, the growth of the
prisms in the Z direction was even more significant than at relatively low temperatures.

Compared with a lower aging temperature, the decomposition rate of the formamide-zirconium
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complex is increased at a higher aging temperature, leading to a faster release of zirconium
cations, thus a more significant growth in the Z direction. A faster release rate of zirconium
cations during the precipitation stage facilitates the formation of more nuclei and thus leads to
small crystals. While at the same time, the faster decomposition of formamide releases more
NH;" ions. Thus, the growth of zirconium phosphate crystals is more prominent in the Z
direction when combining the following two factors: (1) an increased amount of zirconium
phosphate nuclei which will result in smaller crystal size at in plain direction; (2) an increased

supply of binding agent, NH4", which will further assist the growth in the Z direction. Thus, the

coordination effect is more prominent in the Z direction at high aging temperatures.

Figure 43. o-ZrP based hexagonal prisms prepared at different aging temperatures of 60 <T (A)

and 100 <C (B).

It was also found that by an acid treatment (Figure 44), the interlayer distance of the

prepared o-ZrP based hexagonal prism was shifted from 11.18 A to 7.6 A, indicating the
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elimination of ammonium cations. Nevertheless, further research is needed to determine the

structure transformation during the acid treatment.
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Figure 44. Structure transfer upon acid treatment.

5.4 Conclusion

In this chapter, the preparation of a-ZrP based hexagonal prism was studied. The
formation mechanism was proposed where formamide acting as the complexing agent allowing

Zr** to slowly release and react with phosphoric acid while the decomposition product of
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formamide, ammonium can be selectively adsorbed on the formed o-ZrP surface [(001) plane].
Thus, the crystal growth perpendicular to the (001) surface was enhanced to form a prismatic
morphology. The layer growth coordinator effect on the morphology, which was usually
compromised by the intrinsically faster growth in the in-plain direction due to the formation of
stronger chemical bonds, was now revived. It agrees well with the mechanism proposed in
Chapter 2, where a layer growth coordinator can guide the growth of the layered material in the
Z direction during which the coordinator was incorporated in between the layers (in this chapter,

NH," functioned as the layer growth coordinator).
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CHAPTER 6

NANOCOATINGS CONTAINING LAYERED DOUBLE HYDROXIDE

SINGLE LAYER NANOSHETS TO IMPROVE BARRIER PROPERTIES

6.1 Introduction

The application of LDH single layer nanosheets prepared in Chapter 6 was studied in this
chapter. The prepared LDH nanosheets were aligned and bonded with poly(vinyl alcohol) (PVA)
to prepare nanocoatings on polymer film substrates aiming at improving their barrier properties.

It is desirable to have a thin, transparent, and flexible film for food packaging and
medical devices to protect them from gas and water vapor. Biomimetic polymer/inorganic
nanosheet nanocomposites with structures similar to nacre’™ and abalone shell® have been
intensively studied because of their great potentials in improving gas barriers,®*° mechanical

1112 and other functionalities.”*™* The brick and wall structure where inorganic

properties,
nanosheets are arranged like bricks in a wall and polymers acting like the mortar is the key to
achieve such enhancements.® 1 ¥ Multiple methods have been developed to align inorganic

192 \was the most

nanosheets to achieve such a desired structure. Layer by layer (LBL)
extensively developed process, where a substrate is dipped in a polymer solution and a
nanosheets dispersion repeatedly to achieve alternated organic/inorganic layers.

However, LBL is a tedious and time consuming process. Herein we propose a method

where uniformly mixed PVA and LDH nanosheets were coated onto polylactic acid (PLA) and

polyethylene terephthalate (PET) film surface through a facile dip coating process. The Mg2Al-
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LDH nanosheets were synthesized using the method reported in Chapter 4 where the starting
Mg/Al molar ratio was set at 2 and 30 vol% formamide was used. PVA was selected as organic
“glue” because of its water soluble nature and densely packed -OH groups which may form weak
interactions with LDH nanosheets, as well as its good film formability. Crosslinking agent was
used to incorporate the aligned nanosheets well into the PVA matrix to form a highly integrated

system.

6.2  Experimental

Materials

Mg(NO3), 6H,0(98%, Alfa Aesar), formamide (99%, Alfa Aesar), AI(NO3)s; 9H,0
(99%, Acros Organics), sodium hydroxide (98%, Macron), and sodium nitrate (>98%, Alfa
Aesar) were used as received without further purification to prepare LDH single layer

nanosheets.

Poly(vinyl alcohol) (PVA) (Mowiol® 8-88, M,: 67,000, 86.7-88.7 mol% hydrolysis,
Kuraray, Japan), glutaraldehyde (GA) (50% aqueous solution, Aldrich), and HCI (37%, Aldrich)
were used without further purification. Polylactic acid (PLA) films (20 pm in thickness of, Bl-
AX International Inc.) and polyethylene terephthalate (PET) films (22 pm in thickness, Toray

Plastics (America), Inc.) were used as the substrates.

Coating process

Mg2Al-LDH single layer nanosheet were prepared and purified as described in Chapter 6.

In this study, LDH single layer nanosheets aqueous dispersion at a concentration of ca. 0.025
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g/mL was prepared as a stock solution. PVA stock solution (10.0 wt%) was prepared by
dissolving PVA resin in D.l. water under heat treatment.

The PVA/LDH nanocoating dispersion was prepared by mixing PVA solution and LDH
single layer aqueous dispersion to reach a concentration of 3.0 wt% LDH, 3.0 wt% PVA, and
94.0 wt% water. In a typical coating process, approximately 50 g of nanocoating dispersion is
needed to coat polymer films. The nanocoating dispersion was fully mixed after one hour of
magnetic stirring and one hour of ultrasonication treatment (Branson 8510R-MT, 250 W, 44
kHz).

Crosslinking agent GA solution was prepared and HCI was added in a molar ratio of 5/1
(GA/HCI) as the catalyst for the crosslinking reaction. The molar ratio of GA and PVA hydroxyl
groups was set at 1:20, which is equivalent to a mass ratio of 1:5 for GA and PVA. The GA
solution was cooled down to 0 <C before being added to the nanocoating dispersion in an ice
bath.

Immediately before the coating process, the GA solution was added into the nanocoating
dispersion, followed by stirring and ultrasonication for 5 minutes each in an ice bath. The
substrate (ca. 9 cm = 13 cm) was immersed into the nanocoating dispersion and then being
vertically hung in an oven at 60 <C for 30 minutes to dry and crosslink. The coating process was

repeated four times for each substrate.

Characterization

X-ray diffraction (Bruker D8 Advance with Cu Ka radiation, A = 1.5406 A, 40 kV, 40
mA) was conducted on the coated films. TEM images of the cross-section of the coated films

were recorded on an FEI Tecnai T12 microscope. The film samples were first embedded into
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epoxy and then microtomed into thin slices with a thickness of 80-100 nm on a Reichert-Jung

Ultracut E. ultramicrotome.

Oxygen transmission rates (OTRs) were measured on a MOCON (Minneapolis, MN)
OX-TRAN 1/50 OTR tester (ASTM D-3985) at 23 <C and 0% relative humidity (RH). Water
vapor transmission rates (WVTRs) were tested on a MOCON PERMATRAN-W 1/50 WVTR

tester (ASTM F-1249) at 23 <C and 50% RH.

6.3 Results and discussion

Lowering gas permeability in composite containing well aligned inorganic nanosheets is

simply because of the formation of tortuous pathway,*® 24

as shown in Figure 45. We assume
polymers are permeable but inorganic LDH nanosheets are not permeable, gas molecules are
forced to circle around such inorganic nanosheets to diffuse through the film, which results in a

much longer pathway. Thus, a high concentration of well aligned LDH nanosheets is the key to

achieve an enhanced barrier property.

Gas Gas
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Figure 45. Comparison of gas molecule passing through a neat polymer film (left) and a polymer

film containing a high concentration of well aligned impermeable inorganic nanosheets.

During the coating process, the gravity drives the coating dispersion to flow on the
polymer substrates when the dipped film was vertically hung. The liquid flow generates stress,
which in turn helps to align LDH nanosheets along the polymer substrate surface. The XRD
pattern of the coated PET film (Figure 46) and PLA film (Figure 47) showed an obvious
diffraction peak at 2.85=and 2.80< (corresponding to an interlayer distance of 31.1 and 31.5 A),
respectively. Such intensive first order diffraction peaks, together with the presence of a second
order diffraction peak, indicated that the LDH single layer nanosheets were well aligned on the
substrates. In addition, the very low interlayer distance suggested that the nanosheets were
closely packed. Both the high level orientation and dense packing are very beneficial for
achieving excellent barrier properties. The two strong diffraction peaks at 26.00°and 16.50 “are

from the semi-crystalline structure of PET and PLA, respectively.
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Figure 46. XRD pattern of the coated PET film.
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Figure 47. XRD pattern of the coated PLA film.

TEM images were obtained to assess the alignment of LDH single layer nanosheets in the
nanocoatings. As shown in Figure 48A and B, LDH single layer nanosheets were well aligned on
the substrate. The nanocoating was ca. 80-100 nm in thickness. Overall, the TEM observation
was consistent with the XRD results, both of which suggested an ordered alignment of LDH

single layer nanosheets on the polymer substrates.
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Figure 48. TEM images of the nanocoating on PET film.

The coated PET and PLA films were tested at 1 atm for oxygen and water vapor
permeability. The testing results are summarized in Table 3. The OTR of neat PET film was 64.1
cc/(m? day), which dropped significantly to 5.3 mL/(m? day) after the PET film was coated with
a thin layer of nanocoating. Similarly, the OTR of the coated PLA film was 3.3 mL/(m? day),
which decreased from 846.6 mL/(m? day) of the uncoated PLA film. The oxygen barrier
property of the PET and PLA was improved by ca. 11 and 256 times, respectively, after coated
by LDH/PVA nanocoating. At the same time, the WVTR of the coated PET was decreased to 2.6
g/(m? day) from 4.1 g/(m? day) of the uncoated PET film. The WVTR of the coated PLA was
decreased to 22.1 g/(m? day) from 210.0 g/(m? day) of the uncoated PLA film. The water vapor
barrier property was increased by ca. 1.5 and 10 times for PET and PLA films, respectively.
PVA is very hydrophilic, which might be one of the key reasons that the water vapor barrier

performance improvement was not as impressive as the oxygen barrier.
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Table 3. Barrier properties of the coated PET and PLA films.

OTR WVTR
(mL/(m? day)) (g/(m? day))
PET 64.1 4.1
Coated PET 5.3 2.6
PLA 846.6 210.0
Coated PLA 3.3 22.1

6.4 Conclusion

In this chapter, we reported the application of Mg2AIl-LDH single layer nanosheets
synthesized in Chapter 4 to prepare LDH/PVA hybrid nanocoatings. Two substrates, PET and
PLA films were coated by the LDH/PVA nanocoatings, and their barrier properties (especially
the oxygen barrier) were significantly improved.

The enhanced barrier properties are ascribed to the formation of a well aligned and
closely packed inorganic LDH nanosheets induced by the liquid flow driven by the gravity
during the coating process. Both the XRD and TEM characterizations results supported such

morphology.
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CHAPTER 7

ONE STEP DIRECT SYNTHESIS OF a-ZIRCONIUM PHOSPHATE/IONIC
LIQUID INTERCALATION COMPOUNDS AS HETEROGENEOUS

CATALYSTS FOR THE BIGINELLI REACTIONS

7.1 Introduction

In this chapter, a-Zirconium phosphate (a-ZrP)/ionic liquid (IL) intercalation
compounds were synthesized by the method reported in Chapter 2, with an aim to
immobilize ionic liquids in o-ZrP as heterogeneous catalysts for various reactions. 1-
Butyl-3-methylimidazolium chloride (BMIMCI) is chosen as the representative IL
because of its high catalytic activity for various reactions.! As proposed in Chapter 2,
BMIMCI functions as the layer growth coordinator to guide the growth of a-ZrP, during
which BMIMCI was sandwiched in between the layers to form o-ZrP/BMIMCI

intercalation compounds, which were subsequently evaluated for the Biginelli reactions.>

4

Immobilization of ionic liquids (ILs) on a solid support® by covalent bonding or
non-covalent interactions can be achieved to improve their catalytic activities. Another
alternative to provide recyclability is to intercalate ILs into the interlayer region of a
layered material. Graphite,® layered metal dichalcogenides,” and clays®® have been
evaluated as the layered matrix. Studies on using a-ZrP as an inorganic matrix have also

been reported. lonic liquids cannot be directly intercalated into zirconium phosphates
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because of the size mismatch.'® lon exchange with pre-intercalated'®™* o-ZrP is a general
method to introduce ionic liquid into a-ZrP interlayer region. Attempt of mechanical

1213 is an efficient

intercalation of ionic liquid into a-ZrP gallery developed in our group
alternative. However, the one-step direct synthesis method described earlier is obviously

more desirable in terms of efficiency.

Recently, BMIMCI has been found active to catalyze the Biginelli reactions in
solvent-less condition with high yield and high efficiency.?* ** The Biginelli reaction® is
the condensation of three components including an aldehyde, a -ketoester and urea (or
thiourea) to synthesis dihydropyrimidones catalyzes by acidic materials. It is first
discovered in 1893 by a lItalian chemist. Since its discovery, a lot of attention was
drawn to improve the vyield because of its prominent potentials in preparing
pharmacological active materials including calcium channel blockers, anti-hypertensive
agents, and o-1a-antagonists.”*® The reaction is traditionally conducted in ethanol or
THF solvent and catalyzed by strong protic acids.?’ However, the traditional method is
suffered from low vyield, high reaction temperature and time, and toxic byproducts.
Recently, various efforts, such as conducting the reaction under microwave heating in
different solvent® (alcohol, glycol, and poly phosphate esters) or in solvent-less
condition; apply homogeneous or heterogeneous catalysts to modify the reaction have

2 zeolite,? ion exchange resin, and lanthanide

been reported. Solid catalysts such as clay,?
triflate?® have been evaluated. However, it is difficult to reach a protocol where the
catalyst can be recycled, recycling yield stays high and the product can be obtained with
low toxicity. Thus, it is required that a method to be developed to achieve the ultimate

goal.
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Thus, we prepared a-ZrP/BMIMCI intercalation compounds through the one-step
direct synthesis method. Their catalytic activity and recyclability were evaluated by the
Biginelli reaction between benzaldehyde, urea and ethyl acetoacetate as a probe reaction.
X-ray diffraction and TGA were performed to characterize the prepared intercalation
compounds. DSC was performed to measure the melting point of the isolated product.

NMR and IR were performed to identify the product.

7.2 Experimental

Chemicals

ZrOCl,*8H,0 (98%, Sigma-Aldrich), phosphoric acid (85%, Sigma-Aldrich), and
1-butyl-3-methylimidazolium chloride (BMIMCI) (>98.0%, Sigma-Aldrich), ethanol
(99.99%, Pharmco-AAPER), ethyl acetoacetate (98%, Sigma-Aldrich), benzaldehyde
(>99.5%, Sigma-Aldrich), and urea (99.0-100.5%, J.T. Baker) were used as received
without further purification. Potassium bromide (99+%, FTIR grade, Sigma-Aldrich) was

used to prepare pallet for FT-IR.

Synthesis of a-ZrP/BMIMCI intercalation compounds

a-ZrP/BMIMCI intercalation compounds were prepared through a hydrothermal
reaction. A predetermined amount of ZrOCl, aqueous solution (20 wt%) was first mixed
with BMIMCI. Then, a predetermined amount of concentrated H3PO,4 aqueous solution
was added into the mixture to achieve a molar ratio of ZrOCl, to H3PO, at 1:10.
Deionized water was then added into the reaction mixture to dilute the concentration of
H3PO,to reach 5.0 M. The reaction mixture was fully mixed before subject to a treatment
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at 90 °C for 24 h. The mass ratio of a-ZrP (assuming all the Zr** cations were completely
converted to a-ZrP) to BMIMCI was varied from 1/0.5 to 1/4.0 to study the intercalation
process. After reaction, the products were centrifuged and washed with deionized water
and ethanol for three times. Then the products were dried at 70 <C for 24 h and were
grinded into fine powders for various characterizations. The control a-ZrP sample was

prepared under the same condition without the addition of BMIMCI.
Catalyst evaluation and recycling

The Biginelli reaction of benzaldehyde, urea, and ethyl acetoacetate was chosen
to evaluate the catalytic activity of a-ZrP/BMIMCI intercalation compounds (Scheme 1).
Typically, a mixture of 5 mmol of benzaldehyde, 7.5 mmol of ethyl acetoacetate, 7.5
mmol of urea, and 250 mg of a-ZrP/BMIMCI intercalation compound were charged into
a 25 mL round bottomed flask equipped with a magnetic stirrer. Before reaction, the
reactants were treated with ultra-sonification for 5 minutes to disperse the catalyst.
Reaction temperature was set at 130 <C and the duration was 4 h. A condensation system
was attached to the reaction flask to prevent the reactant from evaporation. After the
reaction, the crude product was first washed with 30 mL icy water and then filtered. After
that, the filtered solid was partially dissolved in 150 ml ethanol at a heated temperature
for 15 minutes. The separated catalyst was then dried in an oven overnight at 70 <C for
the next catalytic run. Overall, the catalyst can be easily separated and recycled from the
products. The product was obtained by further recrystallization of the primary product
from ethanol. Rotary evaporator was used to evaporate and recycle ethanol. Ethyl

acetoacetate and urea were in excess to promote the conversion of benzaldehyde.

120



O H 0

O 6 O Catalyst
H
J — g
+ HoN" "NHy + H3CMOC2H5 130 °C C2Hs0 | N
ITI (@]
H

Scheme 1. The Biginelli reaction.

Characterization

The samples were characterized by X-ray diffraction (Brucker D5 with Cu Ka
radiation, A = 1.5406 A, 40 kV, 40 mA), thermal gravimetric analysis (TGA) (TA
Instruments Q-500), differential scanning calorimetry (DSC) (TA Instruments Q-100),
nuclear magnetic resonance (NMR) spectroscopy (Bruker DMX 500 MHz), and Fourier

transform infrared spectroscopy ( FT-IR) (Nicolet Magna 560).

7.3 Results and Discussion

The o-ZrP/BMIMCI intercalation compounds were characterized by X-ray
diffraction and the results are presented in Figure 49. The interlayer distance of the
control a-ZrP prepared without BMIMClI is 7.6 A, agreeing well with the literature data.”®
When BMIMCI was added into the reaction mixture, the interlayer distance of the formed
intercalation compounds expanded to ca. 10.8 A, regardless of the amount added (Figure
50). All the samples showed a ca. 3.2 A interlayer space increase compared to the control
a-ZrP, which indicated that the intercalation process was successful. This observation is
highly consistent with the proposed mechanism as described in Chapter 2 that the layer
growth coordinators tend to position themselves parallel to a-ZrP layers. It is reported
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that the thickness of BMIM™ is ca. 2.9 A.*® Thus, the increase of the interlayer distance
can be counted on a single layer of BMIM™ parallel to the a-ZrP layers. When the amount
of BMIMCI was increased in the formulated mixture (from o-ZrP/BMIMCI=1/0.5 to
1/2.0), the diffraction peak of the a-ZrP/BMIMCI intercalation compounds turned to be
more and more intense, while the diffraction peak of o-ZrP almost disappeared. The
degree of intercalation reached the maximum at o-ZrP/BMIMCI=1/2.0. Further
increasing the ratio between BMIMCI and a-ZrP (from 1/2.0 to 1/4.0) did not change
lead to a more favorable intercalation. The result is very similar to that of a-ZrP/PEG

intercalation compounds reported in Chapter 2.
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Figure 49. XRD characterization of a-ZrP/BMIMCI intercalation compounds.

Thermal analysis (Figure 50) was performed to investigate the thermal stability

and BMIMCI content of the prepared intercalation compounds. All the samples were first

isothermally heated at 90 <C for 30 min to remove the physically absorbed water prior to

the thermal analysis at a heating rate of 10 °C/min. The control a-ZrP and BMIMCI were

also analyzed by TGA for comparison. The control a-ZrP sample showed two major

weight loses at 100-180 < and 380-560 <C, corresponding to hydration water and

condensation water loss, respectively.'?* BMIMCI experienced a virtually 100% weight

loss in the range of 180-360 <C.
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Figure 50. TGA analysis of a-ZrP/BMIMCI intercalation compounds.

The a-ZrP/BMIMCI intercalation compounds exhibited three major weight losses.
The first one was at ca. 100-180 <C, which corresponded to the loss of hydration water in
a-ZrP. The second weight loss at ca. 310-390 °C was due to the loss of BMIMCI in the a-
ZrP/BMIMCI intercalation compounds. As shown in Figure 50, BMIMCI completely
decomposes at ca. 180-360 °C. After being intercalated into a-ZrP, the decomposition
temperature of BMIMCI is shifted to ca. 270-410 <C, which is due to the protection of the
inorganic layers. The third weight loss at ca. 420-530 <T is from the loss of condensation
water in a-ZrP. Based on the second weight loss at ca. 310-390 °C of the a-ZrP/BMIMCI
intercalation compounds a-ZrP/BMIMCI at 1/0.5, 1/1.0, 1/2.0, and 1/4.0, the BMIMCI

contents were estimated to be ca. 7.0%, 7.5%, 9.4%, and 10.6% respectively.

As described above, the Biginelli reaction was selected to evaluate the catalytic
activity of the a-ZrP/BMIMCI intercalation compounds. Various ionic liquids, including
BMIMBF,,%> BMIMCI, 1,1,3,3-tetrmethylguanidinium trifluoroacetate,® BMIMBr,?® and
BMIMCIO,4® have been found to be effective to catalyze the Biginelli reactions under a
solvent-free condition. However, it is very difficult to recycle the ionic liquids when they
are homogeneously mixed with the reaction system. Other recyclable solid acid catalysts

often result in longer reaction time and a lower yield.?*

Considering the Biginelli reaction has been well investigated, only some basic
characterizations were conducted to verify the product. At each catalytic run, the melting
point of the product 5-ethoxycarbonyl-4-phenyl-6-methyl-3, 4-dihydropyridin-2(1H)-one
was measured by DSC at a heating rate of 2 <T/min. The result (Figure 51) showed a

melting point range of 203-206 <C, where the literature data are 202-204 <.
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Figure 51. DSC of the Biginelli reaction product of the first run.

Nuclear magnetic resonance (NMR) was performed to characterize the product,
where DMSO-ds was used as solvent. The result for the product 5-ethoxycarbonyl-4-
phenyl-6-methyl-3, 4-dihydropyridin-2(1H)-one is shown below. *H NMR (Figure 52): &
=9.17 (s, 1H, NH); 7.72 (s, 1H, NH); 7.35-7.20 (m, 5H, CsHs); 5.14 (s, 1H, CH); 4.0 (q,

2H, OCH,CHs): 2.24 (s, 3H, CH3); 1.11 (t, 3H, OCH,CHy).
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Figure 52. *H-NMR of the product in DMSO-ds.

FT-IR was also performed to further characterize the product. The sample was
compressed with KBr into a pallet. Figure 53 shows the result: vima= 3436, 3247, 3118,

2956, 1726, 1702, 1648, 1463, 1222, 1093, 778 cm ™.
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Figure 53. Typical FT-IR of the Biginelli reaction product.

In this study, BMIMCI was immobilized within a-ZrP as a heterogeneous catalyst
for the Biginelli reaction. At the first catalytic run, the yield reached 97%. After reach
cycle of reaction, the catalyst a-ZrP/BMIMCI intercalation compound was separated by
centrifugation and collected for the next run. After 5 cycles of reaction, the yield was still

above 93% (Figure 54). The lowered yield was probably because of the marginal catalyst

loss during every cycle of separation.
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Figure 54. Yield of the product at each recycle run.

7.4 Conclusions

BMIMCl/a-ZrP intercalation compounds were prepared through the one-step
direct synthesis method. The intercalation compound was tested as the heterogeneous
catalyst for the Biginelli reactions due to the recent report of the high catalytic activities

of ionic liquid towards the reactions. Results showed that even after 4 times of recycle,

the yield of the product maintained at 93%.
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CHAPTER 8

SUMMARY

8.1 Summary

For decades, researches in layered materials have been focused on two aspects:
(1) preparation of layered intercalation compounds and (2) exfoliation of layered
materials to obtain single layer nanosheets. Traditional methods to prepare layered
intercalation compounds and single layer nanosheets involve the pre-synthesis of layered
materials and the subsequent intercalation/exfoliation treatments. In this dissertation, we
introduced a new methodology to directly synthesis o-ZrP layered intercalation
compounds and LDH single layer nanosheets. A layer growth coordinator was proposed
to guide the growth of the layered materials in the Z direction, during which the
coordinators were embedded within the layers to form the layered intercalation
compounds. Various polymers (PEG, PEI, and PVA), small molecules (acrylamide), and
ion (BMIM™) can act as layer growth coordinators to guide the direct synthesis of layered
intercalation compounds. Alternatively, when a layer growth inhibitor (such as
formamide) was used, the growth of layered compounds in the Z direction can be

effectively blocked, leading to the formation of LDH single layer nanosheets.

The direct intercalation method based on another layered material: positively

charged LDH was explored. It was found that at a higher PSSNa MW, the intercalation
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efficiency was lower, and at a higher PSSNa/LDH mass ratio, the intercalation efficiency
is higher. Systematical examination of the layer charge and formamide concentration
effect on the direct synthesis of LDH single layer nanosheets was also conducted. It was
confirmed that at a higher LDH layer charge and a higher formamide concentration, LDH
single layer nanosheets can be favorably synthesized. Based on the above methodology, a
further control of layered compound growth for the formation of hexagonal prisms was
explored. Assisted by a complexing agent, the layer growth coordination effect of
ammonium cation was revived, resulting in the preferential growth of o-ZrP/NH,"
intercalation compound in the Z direction to form a prismatic morphology. Potential
applications of the above methodology were also explored and demonstrated using two
examples. BMIMCl/a-ZrP intercalation compounds prepared through the one-step direct
synthesis method served as effective heterogeneous catalyst for Biginelli reactions. LDH
single layer nanosheets obtained through the one-step direct synthesis method were
applied to prepare transparent nanocoatings on polymer substrates (PET and PLA),

leading to significantly improved barrier properties.

8.2 Outlook

Besides adopting different layered materials as the matrix, study of various layer
growth coordinators is also very important to further understand the reaction mechanism.
PEG derivatives with various end groups (methoxy PEG-COOH and HOOC-PEG-
COOH) and with different side groups (polypropylene glycol (PPG), PEG-b-PPG, and
PPG-b-PEG-b-PPG block copolymer with a similar number of repeating units) are

examples to study the structure effect of layer growth coordinators on the formation of
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layered intercalation compounds. Also, it has been a long term goal to grow layered
materials with a specific thickness. We achieved the preferential growth of layered
materials in the Z direction where the thickness was greatly increased. Since complexing
agents can slow down the growth rate of layered materials, it is possible by controlling

the amount of layer growth coordinator to tune the thickness of the layered materials.

The efficient one-step direct synthesis method to LDH single layer nanosheets
was achieved. It is of practical importance to be able to prepare such nanosheets with a
larger lateral dimension. Urea hydrolyzes at elevated temperatures, which allows for a
slow release of OH". This process ensures a homogeneous pH distribution throughout the
reaction, possibly leading to the formation of LDH nanosheets with a relatively large size
compared with conventional titration method. Reaction time is another factor that can be
controlled to prepare LDH single layer nanosheets with a larger lateral dimension. After
the initial reaction, the reaction time can be prolonged by aging the reaction mixture for
varied time periods so that nanosheets with various lateral dimensions can possibly be

synthesized.

Various other applications of the prepared intercalation compounds can be
explored to prepare energy storage devices, supercapacitors, and so on. It is also of great
interest to apply the prepared LDH single layer nanosheets to catalyze the oxygen

evaluation reactions.
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