<]
TUDelft

Delft University of Technology

Buckling of fluid interfaces laden with plate-like particles

Prakash, Suriya

DOI
10.4233/uuid:5ba69c5b-dc08-4798-a406-3aee970b3b20

Publication date
2025

Document Version
Final published version

Citation (APA)
Prakash, S. (2025). Buckling of fluid interfaces laden with plate-like particles. [Dissertation (TU Delft), Delft
University of Technology]. https://doi.org/10.4233/uuid:5ba69c5b-dc08-4798-a406-3aee970b3b20

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:5ba69c5b-dc08-4798-a406-3aee970b3b20
https://doi.org/10.4233/uuid:5ba69c5b-dc08-4798-a406-3aee970b3b20

laden with plate-like particles_d

ar

= PN
g» ~Suriyaprakash Ku



Buckling of fluid interfaces laden with plate-like particles

Suriyaprakash KUMAR






Buckling of fluid interfaces laden with plate-like particles

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology
by the authority of the Rector Magnificus,
Prof.dr.ir. T.H.J.J. van der Hagen,
chair of the Board for Doctorates,
to be defended publicly on
Tuesday 21 October 2025 at 15:00 o’clock

by
Suriyaprakash KUMAR
Master of Science in Mechanical Engineering,

Delft University of Technology, the Netherlands.
Born in Cuddalore, Tamil Nadu, India.



This dissertation has been approved by the promotors.

Composition of the doctoral committee:

Rector Magnificus chairperson
Dr. L. Botto Delft University of Technology, promotor
Prof.dr.ir. J.T. Padding Delft University of Technology, promotor

Independent members:

Prof.dr.ir. J.R. van Ommen Delft University of Technology
Dr. D.S'W. Tam Delft University of Technology
Dr. J. de Graaf Utrecht University
Dr. A. Alicke Eindhoven University of Technology
Prof.dr. K. Hooman Delft University of Technology, reserve member

European Research Council
Established by the European Commission

This work was funded by the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (Grant
agreement No. 715475, project FlexNanoFlow).

Keywords: Buckling, particles, monolayer, fluid interface, evaporation,
spray drying experiments

Printed by: Ridderprint

Cover: Image of buckled graphene oxide capsule.

Copyright © 2025 by S. Kumar, all rights reserved.
ISBN: 978-94-6518-140-0

An electronic version of this dissertation is available at
https://repository.tudelft.nl/


https://repository.tudelft.nl/

Contents

Summary
Samenvatting
Fr(IhH 31D

1 Introduction

1.1 Motivation . . . . . .. ...
1.2 Buckling of slender structures . . . . . ... ... ... .....
1.3 Langmuir-Blodgett technique . . . . . .. .. ... ... ....
1.4 Spraydrying . . . . . . ...
1.5 Research objectives . . . . . . . .. ... Lo oL
1.6 Thesisoutline . . . . . . .. .. . L oo

2 Buckling of a monolayer

2.1 Introduction. . . . . . . . . ... ... ...
2.2 Experimental methods . . . . . ... ... ... .........
23 Results. . . . . ... e
2.4 Conclusions . . . . . . . . . ... e
2.5 Appendix . ...
3 Evaporation driven buckling
3.1 Introduction. . . . . . . . ... ... ... ...
3.2 Experimental methods . . . . . . .. ...
3.3 Simulation method . . . . . .. .. ... ... L.
3.4 Results and discussion . . . . . ... ... ... L.
3.5 Conclusions . . . . . . . . ... ... e
3.6 Appendix . . . ...

vii

ix

xi

g W N M

10
12

13
14
15
19
34
36



vi

4 Conclusions and future work

4.1 Conclusions . . . ... ... .. .. ...
4.2 Futurework . . . .. .. ... ... ...

Bibliography
Acknowledgements
Bio

Scientific output

CONTENTS

109

111

113



Summary

The remarkable properties of 2D nanomaterials make them promising can-
didates for the development of sustainable energy materials. However, the
primary challenge in producing 3D materials from 2D nanosheets lies in the
precise control of their microstructure. Previous studies have shown that buck-
ling can be leveraged to control the microstructure of 3D materials assembled
from nanosheets. Buckling is achieved by compressing fluid interfaces with ad-
sorbed nanosheets. Therefore, understanding the buckling of fluid interfaces
with adsorbed plate-like particles is crucial for producing functional 3D mate-
rials from 2D nanosheets. In this dissertation, we focus on two techniques used
to control the microstructure of assembled nanosheets: the Langmuir-Blodgett
assembly and spray drying.

In the Langmuir-Blodgett assembly, nanosheets adsorbed at planar fluid in-
terfaces are compressed by barriers. The compression results in buckling of
the fluid interface laden with a monolayer of nanosheets. To understand the
buckling of a monolayer of nanosheets, we studied a simplified model sys-
tem comprising millimetric Mylar sheets at a fluid-fluid interface. This model
system allowed the precise measurement of both the buckling force and the
buckling wavelength. The wavelength was found to be of the order of a few
particle diameters. We developed a theoretical model based on energy mini-
mization, which agrees well with the experimentally measured buckling force
and wavelength. Building on insights from the model systems and account-
ing for van der Waals interactions between overlapping 2D nanosheets, we
proposed a theoretical model to explain the buckling wavelengths observed in
monolayers of nanosheets.

In spray drying, the evaporation of water drops containing particles results in
the formation of buckled capsules. Previous studies on spherical colloids have
shown that evaporation leads to accumulation of particles at the air-water
interface. This accumulated particle layer (shell) buckles under further com-
pression as evaporation proceeds. However, the following questions remain

vii



viii SUMMARY

unanswered: (1) how particle adsorption at the interface affects evaporation
rate, (2) what criterion governs onset of buckling, (3) how this criterion de-
pends on particles adsorption at the interface, and (4) how the evaporation rate
affects the final buckled morphology. To address these questions, we studied
the evaporation of a single water drop containing graphene oxide nanosheets
deposited on superhydrophobic substrates.

We found that particle adsorption at the interface had a negligible effect on the
evaporation rate of drops. We explain this by adapting mathematical models
from an analogous electrostatic problem. The model predicts that when the
particles are uniformly distributed at the interface and are much smaller than
the drop, the evaporation rate is identical to that of a pure water drop. In
contrast, the onset of buckling strongly depends on particle adsorption at the
interface. To explain this dependence, we modeled the shell as a particle bi-
layer. The bilayer buckles when the total interfacial tension becomes negative,
which is qualitatively in agreement with the experiments. Finally, the buck-
ling wavelength of the dried capsule decreased with increasing evaporation
rate. For a fixed solid fraction, faster evaporation results in thinner shells. In
thin shells, the low bending energy compared to the stretching energy favors
high-curvature deformations, producing shorter buckling wavelengths.

In conclusion, this dissertation advances the fundamental understanding of
the buckling of interfaces laden with plate-like particles. The results obtained
provide practical ways to control the microstructure of industrially produced
3D materials made from 2D nanosheets.



Samenvatting

De uitzonderlijke eigenschappen van 2D-nanomaterialen maken deze mogelijk
geschikt voor de ontwikkeling van duurzame energiematerialen. De voor-
naamste uitdaging bij het produceren van 3D-structuren uit 2D-nanosheets
is het nauwkeurig beheersen van hun microstructuur. Eerdere studies hebben
aangetoond dat knikvorming kan worden benut om de microstructuur van
3D-materialen, opgebouwd uit nanosheets, te beheersen. Knikvorming wordt
bereikt door vloeistofinterfaces met geadsorbeerde nanosheets samen te drukken.
Daarom is het begrijpen van het knikvorming van vloeistofinterfaces met gead-
sorbeerde plaatvormige deeltjes van cruciaal belang voor het vervaardigen van
functionele 3D-materialen uit 2D-nanosheets. In dit proefschrift richten we
ons op twee technieken die worden gebruikt om de microstructuur van ge-
assembleerde nanosheets te beheersen: de Langmuir-Blodgett-assemblage en
sproeidrogen.

Bij de Langmuir-Blodgett-assemblage worden nanosheets die aan vlakke vloeistof-
grensvlakken zijn geadsorbeerd, gecomprimeerd door barrieres. De compressie
resulteert in knikvorming van het vloeistofgrensvlak, beladen met een mono-
laag van nanosheets. Om de knikvorming van een monolaag bestaande uit
nanosheets te begrijpen, bestudeerden we een vereenvoudigd modelsysteem
bestaande uit millimetrische Mylar-vellen op een vloeistof-vloeistofgrensvlak.
Dit modelsysteem maakte het nauwkeurig meten van zowel de buigkracht als
de golflengte mogelijk. De golflengte bleek ter grootte te zijn van enkele deelt-
jesdiameters. We ontwikkelden een theoretisch model op basis van energiem-
inimalisatie, dat goed overeenkomt met de experimenteel gemeten buigkracht
en golflengte. Voortbouwend op inzichten uit de modelsystemen en rekening
houdend met van der Waals interacties tussen overlappende 2D-nanosheets,
stelden we een theoretisch model voor om de knikgolflengten te verklaren die
in monolagen van nanosheets worden waargenomen.

Bij sproeidrogen leidt de verdamping van waterdruppels die deeltjes bevatten
tot de vorming van geknikte capsules. Eerdere studies naar sferische colloi-

ix
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den hebben aangetoond dat verdamping leidt tot accumulatie van deeltjes aan
het lucht-watergrensvlak. Deze geaccumuleerde deeltjeslaag (schil) knikt on-
der verdere compressie wanneer de verdamping voortschrijdt. De volgende
vragen blijven echter onbeantwoord: (1) hoe de adsorptie van deeltjes aan het
grensvlak de verdampingssnelheid beinvloedt, (2) welk criterium het begin van
een knik bepaalt, (3) hoe dit criterium athangt van de adsorptie van deeltjes
aan het grensvlak, en (4) hoe de verdampingssnelheid de uiteindelijke geknikte
morfologie beinvloedt. Om deze vragen te beantwoorden, bestudeerden wij de
verdamping van een enkele waterdruppel die grafeenoxide-nanosheets bevat,
gedeponeerd op superhydrofobe substraten.

We ontdekten dat de adsorptie van deeltjes aan het grensvlak een verwaar-
loosbaar effect had op de verdampingssnelheid van druppels. We verklaren
dit door het aanpassen van bestaande wiskundige modellen voor een analoog
elektrostatisch probleem. Het model voorspelt dat wanneer de deeltjes uni-
form over het grensvlak verdeeld zijn en veel kleiner zijn dan de druppel, de
verdampingssnelheid identick is aan die van een zuivere waterdruppel. Het
begin van de knik hangt daarentegen sterk af van de adsorptie van deeltjes
aan het grensvlak. Om deze afhankelijkheid te verklaren, modelleerden we
de schil als een deeltjes-dubbellaag. De dubbellaag knikt wanneer de totale
grensvlakspanning negatief wordt, wat met de experimenten overeenkomt. Ten
slotte nam de knikgolflengte van de gedroogde capsule af met toenemende ver-
dampingssnelheid. Voor een vaste fractie leidt snellere verdamping tot dunnere
schillen. In dunne schillen bevordert de lage buigingsenergie in vergelijking
met de rek-energie hoge kromming deformaties, wat kortere knikgolflengtes
oplevert.

Concluderend verdiept dit proefschrift het fundamentele begrip van de knik
van grensvlakken beladen met plaatachtige deeltjes. De verkregen resultaten
bieden praktische manieren om de microstructuur te beheersen van industrieel
geproduceerde 3D-materialen gemaakt van 2D-nanosheets.

Translated by Jip Zant and Marko Draskic
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(Summary in Tamil)

219 BITGeoTTEILOL e fl6L&EIT 6T6oTLIG] L& 6106 hS &MeiT GLIMesTm
GCILIMIBLS6IT. 6p(1h STerfl6oT [H6TTLD FLOM 1 60L& FTEST LOMHMILD HLg-
Lo6oT GleumId 1 BTCeoTmLSL LI oL (HGLo @Q)(H&HE&HLD. @6, 6T6TfIH TS
LGl G1&meiTeTT, 6ol &H60T H6m6v(LPLGWII6ST H1q.L060T SO 80,000—
100,000 BTC6oTTLEL L I[}; S{SHTeUG] 69(Th (PLGUIIET S LG LDEB)| 8>S, Q6D 650T-
wima 80,000 BTGesTT &HMeITH6IT B (h&H ! 606USHSHEVTLD. 21q HTG6oTT-
GIOL e FlLIGL&GIT LOME: @Q6V6VIT B HMEL & (HAOTHEMEIT 2 (HEUTE E-
QUBIGL (PSHSIW LIMIG 6USSSHIGTDET. 606V, Qb 21 HT6iT-
&6061T 618M60oT(h) 31q GULGEUBISENEIT 2 (HeUTEG6UG] 69(h GILIFlWw
FoUI6LITS 2 6iT6ITG, 6761607601160 {6 DM 6T [HI60T600T6mLOLIL LOI&-
&b HIL LIS S (HLU(hSHSLILIL Gerevor(hLD.

[Bl6BOT6T0TEmLOLIEmLI Fl6LaSIWLoTs: SL(HLLI(hES Qb 2 Wieilev
@ revot(h) (PWIDHHFA SH6IT CLOMHG&HTEITEmLILIL L 60T

1. Langmuir-Blodgett assembly: [BJ-&TH0| FhH&@GHLD QL GSH60 &T6iT-
Hem6IT FTemd gl 3i(h &GS

2. Spray drying: [BITGEOTT HTEITSHEHL 6T Falqll &HevoT6001 ) Fl6Tflss-
6M6IT 2 6V SH S FISH6ITHGIT 2 (IHeUTE GG,

@ T60oTIQ6YILD, HTEITEHETT D(LPSHSLILIL L T6L B{606) “LDL_TBIEHSH60L”
(buckling) 6T63TM Hl6DEVEMWI B{6ML_S63TMETT. @) &H60TTEL B{63d6VELITETM
F(HSHHMBIGHEIT (wrinkles) @ (THeU TS 6TMEOT. @HS Fr(TH&H S MHIFHED6IT HL -
(HLIL(h & G161 & 60T eLHEVLD 31 GUIGEUMBIGHEETT GUIGEUEDLOE S (LPLGU|LD.

(P&Hedlev, GlLflw Llemmeiigd &TeiTgemerT TSI CILIMIHL &6ITT-
& G\&Mevor(h), HJ-6T600T6)60T U BJ6L6VG| BF-STHM FHH &G0 QL _&-

xi



xii Fr((h&H & LD

816V 6M6USH G|, D{6DI6U 6T6UGU TN LOL 1G85 63T MEOT 6T6dT M) 862163185-
SUILILL G| Q&H60TT6L, &r(Ih&SHMBIG6IT 6T6U66TTeY @lemL_Glaueriluiley
2 (THUMSHGTMEDT 6TETLIEN S 6T (PG HhHFHI. QS D eTaiL 1q-
60607 HIGLILIGD L WITEHS 618 T60oT(h) 6(Ih &60011% DTS 2 (THeuTE-
SULLL G

@b eTerilW (PWIDHF &G LM @&, BTC6oTT HTEITSH6IT GloN&H6rTTS 2 61-
(HLOGLITG] S{6m6r 6TLILILG LOL MBI 65TMETT 6T6OTLIENS Tl
QIFWICHTLD. BTCETTT HTEITSHEIT G\&T60TL &H6v0T6t0 [ G161 SHEMEIT 2 6V &-
B CUITG), B-&THNI FHHSGD QLSS6L ([h HISH6IT-H(H5E

2 (HEUTSHIDGI. QbHS 3I(H&E H(PSSLILILLT6L, B|G| DL _HIG) 8-
DI 6016V, QG 6ThG Hlemevuiley oL MIGLD 6TeTLIENS LFlhGI-

Gl meiTerr @revor(h) (LW MHH&H6IT GIFUIWILILIL L 60T: &H600T600TTLY (8)-
Lomufleb BIGEITTE &1&6ITH6IT Hevbhs SHevorerst ] < elumGLd G-
BH6060T LODHMILD 6D MG Fl6Thl MG Ld CaFTHement.

Q&8 CFTHeM60TSH6TH6L @)(HHGI QT60oT(h) LW (LPLG62|&H60I6TT &600T-
HLNGSHCHTLD. (PSHeVTeUG], BITCETT STEITHET BI-STHM &FHH)s-
GLD QLG G160 L 14.60TTEYILD, H N WITGLD 610G GeUBLD 6T[HG e1il-
HSHFVILD LOTMEI6LEm6V. QTETSTL TEUF], LOL_h1&6V 6TLIGLITE] B JLD-
NS MG 6TeTLIGI, HTEITEHEIT BF-STHMI FHSH & EGHLD QL SHF6v L -
1GU|6ITEITS T @GLEmEVWIT 6T60TLIEN &G W ST HES (HHSGHI. CLPEOT DIT6-
81, &1611] 6T61616TT6) GoUSLOTS | OINWITESI DG 6T6OTLIZISTEHT, Q)I-
SWMTS 2.6V H& LIM@E 2 (HeUMGLD &(HHEHMmIS6TT60T @emL_Glauerfl-
eoW BljessTWlSS DG CaussLoms: Y aNWMEGLD &I6Tf&6iT HleooTeusilw
F([HSHHHIHENETT 2 (IHEU TS & SH60TM60T; LILGI6UTEH SaNWTGLD G-
e &6iT GlLw @emL_Gleuerflu|6iTeIT &(1H& & MISH6M6IT 2 (IhHeU T8 &5 60T-
MeoT. @&, thin clastic shells 6T6dTM CHMLLITL L T6L e6MT&HSLILIL -
GUITLD.

Qbe e, 21q BTGCETTE HT6iTH6re(HhGI 2 (HeUTSHSLILI(HILD
314 GIUM(HL_&6116dT MievoTessTemOLIemLI &L (HLL(h&GIeug| 61T
LJUIMesT DIGLILIeDL. HMlemeu UpmBIGSIDGI. Gogyid, LIfGET-
H6M60T&H6IT, GHTL LML (h LTSI &6IT, LMD &evsflesll CFTHem6oT-
&61T @Q6m600T [h 1, BITG60TTS HT6IT G LILIemL_UN6VT6sT &(Hexl&erTl6oT
2 HUGS OHMILD CUTL (h&E (PSS LIkiGeTTILIL] 61LpMkIg -
For(h\LD.



Chapter 1

Introduction

The thesis begins with the motivation to study fluid interfaces populated with
plate-like particles. The motivation is understanding the process governing
the fabrication of 3D structures from 2D nanosheets via Langmuir-Blodgett
technique and spray drying. Despite the widespread use of these processes,
the behavior of nanosheets adsorbed at fluid interfaces subjected to interface
compression remains poorly understood. Addressing this research gap requires
fundamental research into the mechanics of nanosheets at flat or curved fluid
interfaces. A major challenge in understanding interfacial processes involving
2D nanomaterials is the poor control of experimental conditions in most pub-
lished work. This challenge highlights the need to develop model experimental
Systems.



2 CHAPTER 1. INTRODUCTION

1.1 Motivation

2D nanomaterials, such as graphene and graphene oxide, are plate-like parti-
cles with lateral size of a few microns and a thickness of the order of nanome-
ters (see Fig. 1.1). The 2D geometry and physico-chemical properties of these
materials yields extraordinary optical, electrical, thermal, mechanical, and
catalytic properties [1,2]. The combination of these extraordinary properties
has enabled the development of advanced materials, including electrodes and
catalysts, for the energy transition [3-11].

Assembly of 2D nanomaterials by capillary forces remains one of the most im-
portant techniques for controlling the morphology of the 3D materials formed
from 2D particles. In this dissertation, we are motivated by two such tech-
niques: the Langmuir-Blodgett technique and the spray drying technique,
both of which are widely adopted in academia and industrial settings [12,13].
These processes involve assembling 2D nanosheets at either flat or curved
fluid interfaces, with the Langmuir trough used for flat interfaces and spray
drying for curved interfaces, as detailed in Sections 1.3 and 1.4. The fluid
interface is then compressed, causing the layer formed by many nanosheets to
undergo buckling. To better understand the buckling behavior, it is essential
to study how multiple nanosheets adsorbed at fluid interfaces or interacting
with fluid interfaces respond to mechanical compression. While the response of
assemblies of spherical particles at fluid interfaces has been extensively stud-
ied [14-17], the interfacial compression mechanics of layers of non-spherical
particles, particularly plate-like particles, remain poorly understood.

(b) |

Figure 1.1: (a) Schematic of a single layer graphene sheet illustrating its char-
acteristic dimensions. Subfigures (b) and (c) show single layer graphene oxide
sheet adsorbed at an air-water interface, viewed from the top and side view,
respectively. The red spheres on the sheet surface illustrate oxygen functional
groups. Images adapted from [18].
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2D nanomaterials are typically produced by shear exfoliation of layered mate-
rials in liquids [19,20]. This process yields nanosheets with nanometric thick-
ness and micrometric lateral dimensions, resulting in very high aspect ratios,
of the order of 1000. Graphene, obtained by exfoliating graphite, consists of a
single layer of carbon atoms arranged in a hexagonal lattice. It is not water-
soluble and can be dispersed in solvents like N-Methyl-2-pyrrolidone (NMP)
and Dimethylformamide (DMF), which are known to be toxic. In contrast,
graphene oxide (GO) is a chemically modified derivative of graphene. GO
has a similar geometry but contains oxygen groups on its surface, illustrated
by red spheres in Fig. 1.1 b and c¢. These oxygen groups form hydrogen
bonds with water molecules which makes GO dispersible in water [21,22].
Changing the pH of the suspension modifies these hydrogen bonds leading to
pH-dependent adsorption of GO at the air-water interface. At low pH, GO
becomes less hydrophilic and adsorbs at the air-water interface as shown in
Fig. 1.1 b [18,23].

1.2 Buckling of slender structures

Buckling of monolayers at a fluid-fluid interface in Langmuir troughs and
crumpling of spray dried capsules are mechanical instabilities. The buckling
instability of thin structures is illustrated by analyzing a thin elastic sheet
subject to uniaxial compression. Consider an elastic sheet of length L, width
w and thickness t subjected to a uniaxial compressive displacement 6. The
sheet can deform either by changing its length to L — § or by undergoing an
out of plane deformation with constant length. For a linear elastic material,
the total elastic energy is

1 h/2
Ee == // dxdy/ o€ dz (1.1)
2 —h/2

where o and e are the stress and strain, respectively. Hooke’s law states
o = Fe, where E is the elastic modulus. Substituting Hooke’s law in Eqn.
1.1 gives the total elastic energy as a function of strain. For a slender beam
(L > t) the strain is € = €y + €, where ¢ is the middle surface strain and ¢,
is the bending strain. The middle surface lies at z = 0, with z € (—t/2,t/2)
and € is the change in length of the middle surface. The bending strain is
€y ~ z/R, where 1/R is the local curvature of the beam. Substituting €y and
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€, in Eqn. 1.1, we obtain

& NEt//da:dy (e0)? + Et3 //dmdy (1/R)*. (1.2)

Stretching Bending

The shape of the deformed elastic sheet is determined by the configuration
that minimizes the total elastic energy. The prefactors to the stretching and
bending energies are of the order Ft and Et3, respectively. For thin sheets, the
energy of bending deformations is much smaller than the energy required for
stretching. Thus, the total energy is minimized by infinitely small stretching
and finite bending deformations [24]. This prediction is appreciated when we
realize that it is easier to bend a sheet of paper than to stretch it.

We apply the principle of total energy minimization in Chapters 2 and 3
to predict the buckled shapes of particle monolayers and multilayers, respec-
tively. Conversely, the observed buckling patterns reveal the dominant energy
contributions at play.

1.3 Langmuir-Blodgett technique

The Langmuir trough is a device used to study the interfacial rheology of
complex fluid interfaces [25-28]. Figure 1.2 shows a schematic of a Langmuir
trough with 2D nanosheets trapped at an air-liquid interface. The Langmuir
trough has two movable barriers at the open end of the trough. A liquid, usu-
ally water or oil, can be added to the trough such that the air-liquid interface
coincides with the open end of the trough. A particle monolayer is prepared
by spreading the particles by using a volatile liquid, for example hexane. The
volatile liquid evaporates leaving a monolayer of particles trapped at the air-
liquid interface. By varying the distance between the barriers, the surface
concentration of the particles can be controlled.

The particle monolayer is subjected to uniaxial compression by decreasing the
distance between the barriers. The compression results in particle-particle
repulsive forces that translates to a surface pressure II opposing the surface
tension . The effective interfacial tension .7y = v — II can be measured by
a Wilhelmy plate [16]. Compression of the monolayer beyond the jamming
point results in v.¢s ~ 0 and interface buckling [28].

Recently, Langmuir troughs have been used to produce films of 2D nanosheets
at industrial scale [12,29,30]. Layer-by-layer assembly of buckled monolayers
of nanosheets has been leveraged to fabricate corrugated films with superior
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Figure 1.2: Schematic of a Langmuir trough with a monolayer of 2D
nanosheets. The black plate illustrates a Wilhelmy plate that measures the
surface pressure.

electrical properties [31]. Further, by tuning compression and nanosheet lat-
eral size, the properties of the layer-by-layer assembly such as porosity, pore
size, and conductivity can be precisely controlled. To engineer such corru-
gated films, the macroscopic response, such as the buckling wavelength, of the
monolayer must be known as a function of the particle size. Previous studies
have only characterized qualitative macroscopic response of the monolayers
of nanosheets [25,26, 31]. Mathematical models predicting the macroscopic
buckling wavelength are not available.
Understanding the buckling of monolayers of spherical particles at fluid inter-
faces provides a basis for studies on plate-like particles. A monolayer made of
spherical particles at a fluid interface has been shown to buckle similar to a
thin elastic sheet (see Fig. 1.3) [14]. The equation governing the shape of a
thin elastic sheet is
4 2

B%jLT%ijgh:O, (1.3)
where B is the effective bending rigidity of the interface, h is the out of plane
deformation, T' is the compressive force per unit length, p is the density of
the heavy fluid, g is the gravitational acceleration and z is the direction of
compression. Eqn. 1.3 is obtained by minimizing the total energy associated
with deforming the elastic sheet. The total energy comprises the elastic en-
ergy of the sheet and the gravitational energy of the liquid beneath the sheet.
Assuming a sinusoid for the interface shape, the characteristic buckling wave-
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Air Compression

Hydrophobic
particles Liquid

o o

Figure 1.3: Schematic of a monolayer of spherical particles undergoing buck-
ling instability due to uniaxial compression. Figure adapted from [14].

length is A ~ (B/(pg))'/*. Vella et al. [14] assumed that a bending rigidity of
the form B o vd?, where d is the diameter of the spherical particles, obtain-
ing a wavelength prediction A ~ (vd?/(pg))"/%. This result agreed well with
experimentally measured buckling wavelength.

In an attempt to explain the stability of emulsions stabilized by particles,
Kralchevsky et al. [32] proposed a physical reason for the B o vd? depen-
dence. Emulsions can destabilize by coalescence of drops stabilized by parti-
cles embedded in the fluid-fluid interface. Prior to coalescence, the spherical
interface must bend from its equilibrium shape. A particle free interface has
no resistance to bending [33], however, this is no longer the case if the interface
is populated with particles.

The dependence is understood by analyzing, for example, an air-water inter-
face with adsorbed spherical particle subject to a bending deformation. Figure
1.4 shows the equilibrium shape of an interface of radius R with an adsorbed
spherical particle of diameter d. It is assumed that the particle diameter is
much smaller than the interface radius (d < R). The interface undergoes a
small change in radius § R as a result of bending. The total interfacial energy
is B = YwaAwa + VswAsw + VsaAsa, Wwhere Agy, Agy and Ag, are the areas
of the air-water, solid-water and solid-air interface, respectively and Y, Vsw
and s, are the interfacial energies (per unit area) of the air-water, solid-water
and solid-air interface, respectively. As the interface curvature changes, the
particle protrudes out of the interface in order to satisfy the Young angle at
the contact line. The motion of the contact line leads to a change in interfacial
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energy per unit area given by (0E/A)  7Y4,d?/R?. The bending rigidity of
the interface is defined as B = %%, where £ = 1/R is the interfacial
curvature. Using this relation, the bending rigidity of a fluid interface laden

with spherical particles is found to be proportional to Ygud>.

Figure 1.4: Schematic showing the equilibrium position of an adsorbed spher-
ical particle at an air-water interface. When the curvature of the air-water
interface changes, the adsorbed particle shifts its position to preserve a con-
stant Young angle 6.

The bending rigidity of a particle monolayer is thus closely linked to the con-
tact line motion. Therefore, the analysis of monolayers of plate-like particles
must account for the change in contact line shape corresponding to the re-
arrangement of the particles upon bending of the fluid interface. Previous
studies on plate-like particles trapped at fluid interfaces suggest a pinning of
the contact lines at the edges of the particles [34-36] or presence of small un-
dulations in the contact line at the particle edges [37]. Figure 1.5 shows two
possible contact line configurations in plate-like particles at fluid interfaces.
In both cases, the contact line undulation amplitude is of the order of particle
thickness. This suggests the any contact line motion resulting from interface
bending is limited to the particle thickness.

1.4 Spray drying

Spray drying is the industrial process of producing dry powders from liquid
dispersions. Figure 1.6 shows a schematic of an industrial spray dryer. The
dispersion is atomized by a spray nozzle into fine drops which undergo evap-
oration in a chamber in which hot gas is flowing. The dried powders are then
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Figure 1.5: Top panel shows different configurations of contact lines observed
for plate-like particles. The bottom panel shows the corresponding SEM im-
ages of the contact line adapted from [36,37].

collected in a cyclone centrifuge. Spray dryers are widely used in the phar-
maceutical [38] and food industries [39] and in the fabrication of functional
materials [40-44].

Spray drying has also been employed to produce crumpled capsules from sus-
pensions of 2D nanosheets [45]. Crumpling has several advantages: the pres-
ence of sharp corners om the surface of a crumpled capsule reduces restacking
of the 2D nanosheets [46]. The crumpled capsules remain stable when redis-
persed in water and do not unfold [45,47]. Crumpled graphene, produced
by spray drying [45], has found application as lubricant additives [5] and as
electrode materials [3,4,10].

Most studies on the formation of crumpled capsules have focused on single
nanosheets confined within shrinking droplets [46,48-53]. However, practical
applications typically involve droplets containing many nanosheets [45, 48].
Given the lack of information for nanosheets, we review a few studies on
droplet evaporation containing multiple spherical particles in the following.
During the evaporation of drops containing multiple spherical particles, the
interface retracts and capillary forces confine the particles within the droplet.
The confinement may result in different particle arrangements in the dried
capsule as shown in Fig. 1.7. For applications to optics, a uniform arrange-
ment as seen in Fig. 1.7 a is desired [40]. For many applications involving
nanosheets, buckled capsules are desired, similar to the capsule in Fig. 1.7
d. Figure 1.7 b and ¢ show spray dried capsules of bidispersed particle sus-
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Figure 1.6: Schematic of a spray dryer in operation. The dried powders are
illustrated as black circles.

pensions at different conditions. A key area of interest in spray drying is
the control of capsule morphology, as the morphology significantly influences
functionality.

The particle distribution in an evaporating drop is understood by considering
the Péclet number, defined as the ratio of the Brownian diffusion time scale
to the fluid convection time scale [58]. The diffusion time is given by L?/D,,
where L is the characteristic length scale of diffusion and D), is the translational
diffusion coefficient of the particle. The fluid convection time scale is L/v,
where v is the fluid velocity. When the drying of the drop is slow compared
to the Brownian motion Pe < 1, a dense spherical aggregate forms [59]. Fast
evaporation Pe > 1, leads to the formation of a dense layer of particles near
the interface [60,61]. This layer can undergo buckling.

Tsapis et al. [60] proposed that buckling of the shell layer of spherical par-
ticles occurs when particles are forced into contact overcoming electrostatic
repulsion. The particles adhere to each other due to attractive van der Waals
forces. At this point, the shell layer becomes a solid that immediately buckles.
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Figure 1.7: Top panel shows the schematic of different capsule morphologies
obtained from spray drying. The bottom panel shows corresponding SEM
images adapted from [54-57]

Milani et al. [62] showed that buckling can occur without colloidal destabi-
lization. At a high solid fraction of spherical particles in the shell layer, the
repulsive colloidal particles form a glassy state. Buckling occurs when the de-
formation due to the retraction of the interface is faster than the microscopic
rearrangement of the particles in the glassy shell layer.

Archer et al. [61] showed that there is a strong correlation between the buck-
led shape and the evaporation rate. However, the physical reason for such
dependence remains unclear. Moreover, the role of particle adsorption at the
interface and its influence on the onset of buckling has not been investigated.

1.5 Research objectives

A few theoretical models of the mechanical response of monolayers of spher-
ical particles to compression are available in the literature (see Eqn. 1.3).
These models have advanced our understanding of the mechanics of fluid in-
terfaces embedded with a monolayer of spherical particles and have enabled
engineering applications [63-65]. In contrast, we have seen that the mechanics
of monolayers of plate-like particles is not understood.

Previous studies used Langmuir-Blodgett technique to probe the mechanics
of monolayers of nanosheets at fluid interfaces [25,26,66]. The nanoscopic
thickness of the sheets limits optical accessibility making it difficult to ob-
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serve how individual sheets interact and modify the shape of the interface.
Moreover, nanosheet polydispersity obscures the relationship between mono-
layer mechanics and sheet size. Therefore, well controlled experiments us-
ing optically accessible monodisperse particles are essential to advance our
understanding of the mechanics of monolayers of plate-like particles at fluid
interfaces. The experimental results can be used to formulate mathematical
models.

In the context of spray drying, the mechanism responsible for formation of
crumpled capsules following evaporation of drops filled with nanosheets is
poorly understood. Previous studies have primarily used lab scale spray dry-
ers, where the process parameters such as drying rate and drop size are not
well controlled and the evaporation process cannot be visualized. It is not pos-
sible to identify the mechanism responsible for the crumpling only by studying
the final shape of the dried capsules resulting from uncontrolled experiments.
To address this challenge, controlled experiments that enable real-time obser-
vation of the shape evolution of individual evaporating drops are essential.
Studies on the evaporation of drops with spherical particles suggest that a
dense layer of particles forms at the air-water interface and eventually under-
goes buckling. In the case of evaporation of drops with nanosheets, we also
expect the accumulation of a multilayer of nanosheets near the fluid interface.
The specific objectives of this thesis are:

e To develop model experimental systems to understand the buckling me-
chanics of monolayers of nanosheets at fluid interfaces.

e To develop mathematical models to predict the onset of buckling and
the buckling wavelength following uniaxial compression.

e To develop controlled evaporation experiments to observe the shape
evolution of evaporating water drops containing 2D nanosheets, using
graphene oxide as model 2D nanomaterial.

e To investigate the formation of a multilayer of nanosheets near the air-
water interface during drop evaporation, with the aim of understanding
the morphology of crumpled nanosheet capsules produced by spray dry-
ing.

The overall objective of this dissertation is to investigate the buckling of
fluid interfaces with monolayers and multilayers of plate-like particles through
model experiments and to develop theoretical and numerical models that ex-
plain the observed phenomena
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1.6 Thesis outline

Chapter 2 focuses on the uniaxial compression of fluid-fluid interface laden
with a monolayer of millimetric plate-like particles. The resulting buckling
patterns are analyzed using optical measurements. Mathematical models are
developed to explain the buckling wavelengths and forces. Building on the un-
derstanding of buckling of monolayers, Chapter 3 investigates the buckling of
curved fluid interface populated with multilayer of graphene oxide nanosheets.
Experiments are conducted with single evaporating drops sitting on a super-
hydrophobic substrate. Key process parameters such as solid concentration,
pH and evaporation rate are systematically varied to examine their influence
on the final morphology. Finally, Chapter 4 summarizes the key conclusions
drawn from the experimental studies and mathematical analysis. The chapter
also discusses recommendations and outlines potential directions for future
research.



Chapter 2

Buckling of a monolayer of
plate-like particles trapped at
a fluid-fluid interface

Particles trapped at a fluid-fluid interface by capillary forces can form a mono-
layer that jams and buckles when subject to uni-axial compression. Here we
investigate experimentally the buckling mechanics of monolayers of millimeter-
sized rigid plates trapped at a planar fluid-fluid interface subject to uni-axial
compression in a Langmuir trough. We quantified the buckling wavelength
and the associated force on the trough barriers as a function of the degree
of compression. To explain the observed buckling wavelength and forces in
the two-dimensional monolayer, we consider a simplified system composed of
a linear chain of plate-like particles. The chain system enables us to build a
theoretical model which is then compared to the two-dimensional monolayer
data. Both the experiments and analytical model show that the wavelength of
buckling of a monolayer of plate-like particles is of the order of the particle size,
a different scaling from the one usually reported for monolayers of spheres. A
simple model of buckling surface pressure is also proposed, and an analysis
of the effect of the bending rigidity resulting from a small overlap between
nanosheet particles is presented. These results can be applied to the modeling
of the interfacial rheology and buckling dynamics of interfacial layers of 2D
nanomaterials.

Related publication: Suriya Prakash, Hugo Perrin and Lorenzo Botto, Buckling of a
monolayer of plate-like particles trapped at a fluid-fluid interface. PRE (2024).

13
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2.1 Introduction

The buckling wavelength of monolayers of nearly spherical particles trapped
at a fluid interface under compression has been studied with both realistic
particles (Lycopodium, Chemigum) [14] as well as model particles (glass beads,
zirconium oxide beads) [17]. In these experiments, the particles were spread at
an air-water interface and the particle layer subject to uni-axial compression in
a Langmuir trough. Both the buckling wavelength and the force on the barrier,
proportional to the surface pressure [68], were measured. A mathematical
model that treats the monolayer as a continuous elastic sheet captured the
buckling wavelength measured in these experiments. The relation between
the effective mechanical properties of the monolayer and the particle size was
obtained by assuming an effective Young modulus E ~ ~/d, where ~ is the
surface tension of the bare fluid/fluid interface and d is the nominal sphere
diameter [14]. According to this model, and in agreement with experimental
results [14,15,17], the buckling wavelength of the monolayer scales as ~ v/Z.d,
where . = \/v/(pg) is the capillary length, p is the density difference between
the two fluids across the interface and g is the acceleration of gravity.

Compression experiments on buckling of interfacial monolayers of graphene ox-
ide show a buckling wavelength in the range of 4 - 20 particle diameters, with
an average wavelength of 7.6 particle diameters [26]. The theory developed for
spheres would give approximately 250 particle diameters, largely overestimat-
ing the observed wavelength. Given the large aspect ratio of graphene oxide
sheets, applying models for spheres is questionable and developing mathemat-
ical models specifically tailored to plate-like particles is thus necessary. Deriv-
ing such models starting from experimental data obtained with nanoparticles,
which is affected by uncontrolled variables such as polydispersity in size [69]
and possibility of particle-particle overlap [66] is challenging. With a model
experimental system, in which macroscopic particles of controlled shapes are
used, one can investigate the associated interfacial mechanics without the
complications of an actual nanoparticle system.

In this paper, we study experimentally the uni-axial compression of a mono-
layer of millimeter-sized plate-like particles trapped at a fluid-fluid interface by
capillary forces. We start with observations of a two-dimensional monolayer
of hexagonal particles at an air-water interface. We then consider a linear
chain of square plates (1D system). We develop a theory to explain the linear
chain system which is then applied to the two-dimensional (2D) particle mono-
layer. In our experiments, the particles are not overlapping for most of the
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monolayer deformation. However, we use the one-dimensional mathematical
model to discuss possible implications of small overlaps between the particles
in terms of an increased effective bending rigidity of the particle layer.

In our experiments, the Bond number based on the weight of the particles is
small [70], so the downward distortion of the fluid interface owing to the weight
of the particle (minus buoyancy) is relatively unimportant. However, as we
will see, when in contact the particles can displace fluid by rotating around an
axis parallel to the fluid interface. This results in a gravitational contribution
to the interfacial mechanics. In the linear chain case, we are able to investigate
the regime in which capillary forces are dominant over gravitational forces by
density matching of the upper and lower fluids.

The motivation for the current work is to better understand the compression
of 2D nanomaterials at fluid-fluid interfaces. Two-dimensional nanomaterials,
of which the most discussed are graphene and graphene oxide, can take the
form of a colloidal dispersion of nanometrically thin plate-like particles of large
aspect ratios [20,71]. Recently, the use of fluid interfaces has emerged as a way
to control the assembly of these systems [72,73]. In the Langmuir-Blodgett
technique, for example, a monolayer of 2D nanomaterials is adsorbed at a
flat fluid-fluid interface, and the monolayer compressed by barriers [25]. The
monolayer is then transferred to a solid substrate [12,74]. Critical to the per-
formance of the resulting particle coating is predicting the particle coverage
in the fluid interface upon uni-axial compression in the trough, and whether
the particle monolayer displays a solid-like behavior. If the particles jam at
the fluid interface, the particle monolayer can buckle and the signature of
this buckling is visible in the profile of surface pressure vs. barrier displace-
ment [17,31,66,75]. The analysis of the relation between buckling wavelength
and associated force on the barrier discussed in the current paper is therefore
relevant for interpreting interfacial rheology measurements with 2D nanoma-
terials. More broadly, the current investigation could help understanding the
mechanics of particle rafts, armored bubbles or droplets, a research field that
has received increasing attention recently from the soft matter physics, col-
loidal science and fluid mechanics communities [76].

2.2 Experimental methods
Uni-axial compression experiments are carried out in an in-house-made rect-

angular trough of length 200 mm and width W; = 50 mm, see Fig. 2.1. A
stationary barrier mounted on a force sensor allows us to measure the force F’
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Figure 2.1: Schematic of the experimental setup to measure surface pressure
and topology of the interfacial monolayer of plates.
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on the barrier and the surface pressure II = F'/W,;. A moving barrier mounted
on a linear stage allows us to control the distance A between the barriers in
steps of 10 um. To measure forces of the order of mN we used a load cell with
a resolution of + 0.1 mN. For small forces of the order of uN, produced by the
smallest particles we considered, we used a cantilever-based force sensor, that
is described later in detail.

For the 2D monolayer experiments, we used transparent hexagonal plates made
of Mylar (density p, ~ 1400kg/m?) purchased from Geotech International.
The plates have thickness t = 50 um and two different lateral sizes, L = 1.5 mm
and 3mm. Here L refers to the inscribed circle diameter of the hexagonal
plates. To remove possible contaminants, we aspirate the fluid interface using
a suction pipette after moving the barriers to minimum opening [77]. The pro-
cess is repeated until the fluid interface is clean. The interface is assumed to be
clean if the surface pressure at maximum compression is below 4 mN/m. The
2D monolayer is prepared by gently sprinkling the particles on the air/water
interface at maximum A ~ 3W;. Overlapping particles were separated by a
stirring rod. The 2D monolayer is then compressed at a velocity of 200 um/s.
The monolayer undergoes out-of-plane deformations, whose amplitude A is
measured by the inclined laser line method [78,79]. The technique involves
projecting a laser sheet at an angle 6 with respect to the particle-laden fluid
interface (Fig. 2.1). The intersection of the laser sheet with the monolayer
results in a line that is imaged from the top by a camera. The intersecting line
is straight for a flat monolayer and distorted for a deformed monolayer. The
out-of-plane deformation amplitude can be calculated from the lateral distor-
tion of the laser line, accounting for a proportionality constant tan(é). The
angle 0 ~ 28° is the angle of inclination of the laser sheet, with respect to the
air-water interface (see Fig. 2.1). After positioning the laser, this angle was
measured precisely by measuring tan(f), the factor of conversion between in
plane displacement of the laser line and out of plane deformation, for a rectan-
gular block of known height (15 mm) placed on the fluid interface by using a
microstage [78]. The resolution of the out-of-plane deformation is 60 ym. The
novelty of our method is that we use a laser line that sweeps the monolayer
which provides a continuous topographic map, instead of the height profile
along a single line. To do so, the laser source is mounted on a linear stage
controlled by a stepper motor.
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For the single chain experiments, we used square-shaped Mylar plates of lateral
sizes L =1, 3,5, 7,10, 15, & 20 mm and thickness t = 125 um, except for the
1 mm Mylar plates for which the thickness is ¢ = 23 um. For all the particles
the aspect ratio L/t is larger than 23. The smallest plates are manufactured
by laser cutting (Optec Laser Systems). Using the length and thickness of the
plates and Young’s modulus ~ 3 GPa of Mylar, we estimate an Euler buckling
threshold for the plates of > 240 mN. Therefore, the plates do not buckle
under compression forces of the order of a few mN and are considered to be
rigid in our experiments. Experiments are carried out with both a glycerol/air
interface and a water/sunflower oil interface; corresponding density differences
between the two fluids are 5 = 1200+ 1kg/m? and 80+ 1kg/m3, respectively, as
measured by an Anton Paar density meter (DMA 5000). The surface tensions
of the glycerol/air and water/sunflower interfaces are 65 £ 1mN/m and 26 +
1mN/m, respectively, measured by the pendant drop method in a Dataphysics
Goniometer (OCA 25).

For the water/oil interface, the particles are first arranged at an air/water
interface and the oil is gently added. Care is taken to arrange the particles in
a straight chain between the barriers. Upon compression, the chain undergoes
out of the plane deformation. A camera captures the side view of the chain and
from the images we extracted the average amplitude (A) of individual plates
in the chain. As mentioned earlier, for forces of the order of mN the load cell
is used. For forces of the order of few uN we used a cantilever force sensor
similar to the micropipette force sensor described in Ref. [80]. The deflection
¢ of the cantilever is measured from the side view by a calibrated camera with
a zoom lens. The force is computed from F' = k £. The stiffness k of the
cantilever was obtained by calibration; see Appendix 2.5 for the calibration
procedure and calibration curves. We used cantilevers of stiffnesses k£ = 29
and 58 uN/mm. The resolution of the force F' is ~ 1 uN. This value is set by
the resolution of the camera (~ 11pm/pixel) and the stiffness of the cantilever.

2.3 Results

2.3.1 Opbservations on the 2D monolayers

Figure 2.2 (a) shows a typical evolution of the surface pressure II = F /W,
for decreasing values of the normalized distance A/W; between the barriers.
Fig. 2.2 (b) shows amplitude maps corresponding to 4 characteristic points of
the ITws. A curve, denoted A, B, C' and D. For A/W; > 2 the plates are not
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Figure 2.3:  a) Tracked laser lines overlaid on the image of plate particle
monolayer corresponding to the point D of Fig. 2.2 a. The vertical spacing
between the lines is approximately one particle diameter. b) Height-height
correlation functions based on the amplitudes from the tracked laser lines (in
blue). The black line is the average over all tracked lines. Here the coordinates
x and Z are along the compression direction.

touching each other and II ~ 0, as expected. As A/W, decreases, contacts
between the particles are established and a non-zero value of II is measured.
In correspondence to point A, IT > 0 because of the formation of force chains,
but the interface remains flat (see panel A in Fig. 2.2). Buckling of the
monolayer becomes measurable in correspondence to the point B. Buckling is
evident from the change in amplitude of the particle-laden interface (inset X
of Fig. 2.2 (a) and inset X in panel B of Fig. 2.2 (b)). Further compression
leads to an increase in the number of buckled regions as the surface pressure
rises. The characteristic point C belongs to this region of behavior. Buckling
is predominantly present near the moving barrier (on the right in panel C' of
Fig. 2.2 b). The point D which we define as the “collapse point” is the value
of A for which the experimental images start showing the local formation of
multilayers. From A to D, the surface pressure increases relatively steeply,
while for values A/W; smaller than the one corresponding to D the surface
pressure increases comparatively mildly. A video corresponding to the data of
Fig. 2.2 is given in the Supplementary Information.

Figure 2.3 (a) shows the tracked laser lines overlaid on a top view of the 2D
monolayer. The compression displacement for this figure corresponds to the
“collapse point”. To measure the local periodicity of the buckled zones (see
inset Z of panel D in Fig. 2.2), we calculated the height-height correlation
function (h(z)h(x + Z)) of the out-of-plane deformations along the compres-
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sion axis x (blue curves in Fig. 2.3 (b)). The height-height correlation av-
eraged over all the laser lines (black curve in Fig. 2.3 b) shows a maximum
at £ ~ 3.1L, which provides evidence that A\ ~ L for the 1.5 mm plates. For
the larger (L = 3 mm) plates we measured A = 2.25L for small compression
displacement, again suggesting A ~ L. The key observation from the height-
height correlation function is that the local wavelength in the regions where
buckling occurs is of the order of the particle diameter.

For small compression (panel B in Fig. 2.2 b) the deformations are localized
in a single buckled region of approximate extent ~ 2.4 L in the compression
direction. For large compression (panel D in Fig. 2.2 b) the height-height cor-
relation indicates a characteristic correlation length of about 3.1 L. Thus the
periodicity of the buckled zones is approximately independent of A. Also, the
monolayer does not show long-range ordered wave-like patterns, as reported
for spheres [17]. The fact that no wavelengths much larger than the particle
size occur is compatible with a simple model of chain compression, which we
now describe.

2.3.2 One-dimensional chain model and comparison with ex-
periment

We now analyze the compression of a linear chain of N = 16 square plates of
size L = 10 mm trapped at an air-glycerol interface. The measured force F
and the normalized average amplitude (A) /L of the out-of-plane deformation
are shown in Fig. 2.4 as a function of A/(NL). From this plot, two regimes
can be identified. For A/(NL) > 1, the distance between the barriers is larger
than the total length of the chain. Therefore, F' = 0 and (A) ~ 0 (“flat state”).
For A/(NL) = 1, the plates touch each other and F' starts to increase. The
measured average amplitude increases when A/(NL) is approximately equal
to 0.9995. The fact that F' can be nonzero while (4) ~ 0, a feature that was
also observed in the 2D system, is due to small particle rearrangements before
jamming. The “buckled state” for A/(NL) < 0.9995 is characterized by a
sharp increase in F' followed by a plateau. In the rest of this paper, we will
call the plateau value of F' the buckling force, as it represents the magnitude
of the force that would be required to buckle the monolayer in an experiment
conducted at applied force.

The dependence of amplitude on the compression displacement in the buckled
state is compared against a simple analytical prediction based on the assump-
tion that the triangular wave is perfectly periodic (see Appendix 2.5). The
model predicts the trend correctly, but overestimates the experimental data.
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Figure 2.4: Single chain compression experiment. Force F' (black markers)
on the barrier and normalized average amplitude of out-of-plane deformation
(A) /L (red markers) plotted against normalized distance A/(NL) between
the barriers for N = 16 square plates of size L = 10 mm at a glycerol/air
interface. The vertical dashed line at A/(NL) = 0.9995 marks the transition
from the flat to the buckled state. The two insets illustrate a configuration in
the flat state A/(NL) > 0.9995 and in the buckled state A/(NL) < 0.9995.

Possible explanations for this discrepancy are that the experimental wave is
not perfectly periodic and the observed amplitude at the barriers is slightly
smaller than the amplitude away from the barrier. The wavelength A of the
monolayer corrugation was obtained by visual inspection. Experiments with
different numbers of plates, from 5 to 16, consistently gave A\ ~ 2L, as shown
for N = 16 in the inset of Fig. 2.4.

To analyze the observed behaviour, we developed a mathematical model based
on a balance between capillary forces, gravity and contact forces. The total
free energy of the system is then given by the gravitation potential energy of
the fluid (located both below the fluid interface and below the plates), and
the interfacial energy of the fluid-fluid interface. Calling h(x, z) the height of
the fluid-fluid interface (see Fig. 2.5), and assuming that the plates pin the
contact line at their edges [37], the gravitational potential energy contribution
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to the total free energy is

A 1 |
E :/ dzx [5th2($,0)+2/ ﬁgh2dz], (2.1)
0 2 0o 2

where p = p; — p, is the difference in density between the heavier fluid and
the lighter fluids, x is the coordinate along the chain and z is the coordinate
perpendicular to the chain in the plane of the unperturbed fluid interface, with
z = 0 corresponding to the contact line on one side of each plate (see Fig. 2.5).
The first term in Eqn. (2.1) is the gravitational energy of the liquid below the
plates and the second term is the gravitational energy of the liquid in the two
side menisci. The capillary energy associated with the menisci on both sides
of the chain is

A o0 On\?  [on\?
EW—Q’y/O da:/o \/1+<8x> +<8z> dz. (2.2)

We neglect the contribution to the capillary energy due to the average displace-
ment of the contact line in the vertical direction caused by the particle weight
minus buoyancy (giving rise to the capillary monopole term important in the
“Cheerios effect” [81]). The perimeter-averaged vertical interface displacement
caused by the plate weight is of the order of Boyl. where Bo, = p,gLt/~ is
the particle Bond number and ¢, = /v/(pg) is the capillary length [35, 82].
Based on this estimate, the average vertical contact line displacement is about
0.1¢.. This deformation is not negligible. However, the interfacial energy as-
sociated to this displacement is approximately independent of A (the particle
centers do not translate vertically), and thus the contribution to the buckling
force or the selection of the dominant buckling mode is negligible. Note that
we neglected the capillary contribution due to the fluid interface in the gap
between the particles (i.e. in —L < z < 0). To enforce the constraint that
the total length of the chain is constant, we add to the total free energy a
constraint term

A 2
E.=F NL—/ dr, |1+ (ah> , (2.3)
0

dx

z=

where F' is a scalar Lagrange multiplier. Physically, F' represents the contact
force between the plates.

The Lagrangian to be minimized is obtained by adding the capillary and grav-
itational energy contributions, Eqns. (2.1) and (2.2) to Eqn. (2.3). Imposing
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Figure 2.5: Sketch and notations of a chain of N plates of length L displaced
by NL — A. The air/liquid or the liquid/liquid side menisci pinned to the
edges of the particles is indicated by h(z,z). The color code indicates the
vertical (along the y axis) deformation of the interface.

Figure 2.6: Upon compression of an initially flat monolayer (a), both config-
uration (b) and configuration (c) are local energy minima. We only observe
configuration (b).
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d(Ey+E,+E.) = 0, where 6 denotes the functional derivative, yields two equa-
tions (the full expressions for 0E,, JE, and §E, are given in Appendix 2.5).
The first equation is the small-amplitude Young-Laplace equation governing
the shape of the fluid-fluid interface for —L > z > 0:

?h  92h
ogh = —+ — . 2.4
pg 7(8$2+822> (2.4)
The second equation is the boundary condition at z = 0:
- oh 0%h

The small amplitude assumption holds for the 1D chain because the maximum
amplitude is only A/L ~ 2.5 x 1072 (see Fig. 2.4). Upon multiplication by
L, equation (2.5) is a balance of moments. The first term represents the
moment of the hydrostatic pressure force due to the weight of the fluid below
the plates. The second term represents the moment of the vertical projection
of the surface tension force at the contact line, located at z = 0 and z = —L.
The third term represents the moment of the contact forces F' between the
particles.

The leading-order Fourier mode solution of Eqn. (2.4) that matches the
triangle-wave profile of the contact line is [34]

2m )2 1
e f(2m)2 L 9
h(zx,z) = Ae )z sin <7)r\:1:> , (2.6)

where . = \/v/pg is the capillary length. Equation (2.6) satisfies h(x,z =
0) = Asin(2rz/A) and h(z,z — o00) = 0. For A > /. and A\ < /., the
decay lengths of the meniscus in the z direction are ¢, and \/27, respectively.
Thus, in the surface tension-dominated regime the buckling wavelength and
the decay length of the fluid interface distortion are roughly of the same order
of magnitude.

Substituting Eqn. (2.6) into Eqn. (2.5) yields the contact force as a function
of the wavelength:

! ;1 o (Y

Because of the small amplitude assumption the buckling force becomes in-
dependent of A. The capillary energy, the gravitational energies and the



26 CHAPTER 2. BUCKLING OF A MONOLAYER

constraint term are proportional to N L in the limit of small compression dis-
placement (since A ~ NL). Therefore, the buckling force is independent of
N. In Fig. 2.6 we show two configurations of buckled chains, with A = 2L in
configuration (b) and A = 10L in configuration (¢). While both wavelengths
are solutions to Eqn. (2.5), the absolute minimum of F(\) is the total en-
ergy minimum, similar to the buckling of an Euler beam [83]. Since F()) is a
monotonically increasing function of A and wavelengths smaller than 2L are
not possible, the equilibrium wavelength is

A =2L. (2.8)

The contact force corresponding to A = 2L is the buckling force:

F, 1 /L\> 2L L\?2
L - 22 . 2.
e w2 <€C> + 7l + (w€c> (2.9)

Figure 2.7 shows F,/(y£.)vs.v/Bo = L/{., comparing Eqn. (2.9) with the
experimental data. Here Bo = pgL?/vy. Despite Eqn. (2.9) having no free
parameters, the agreement between the experimental data and the theory is
excellent, except for the smallest values of Bo where a perfect alignment of
the plates cannot be ensured. For Bo > 1 the gravitational force dominates
and I, ~ pgL3. In this regime, the buckling force is of the order of the weight
of the liquid displaced by each plate as the chain deforms. For Bo < 1,
Fy ~ ~L. In this regime, the buckling force is of the order of the capillary
force exerted by the side meniscus on each plate. Equating the first and second
terms in Eq. (2.9) provides a threshold L/¢.~7 for the transition between the
capillarity-dominated and gravity-dominated regimes.

Reference [84] reports compression experiments performed on an air bubble
covered with a monolayer of spherical particles. The data shows both smooth
buckling indentations of the order of the bubble size, and small-scale undu-
lations of the order of the particle size. The authors explain the appearance
of the small-scale undulations with a discrete model that includes a capil-
lary energy contribution due to displacement of each particle from the plane
of the fluid interface. Similar to ours, this model does not treat the parti-
cle monolayer as an elastic membrane (the model, however, does not include
capillary-induced bending energy contributions which could be important for
spheres [14,32]). The scaling of this model is similar to ours but the physics is
different: in our case the particle centers of mass do not translate with respect
to the average plane of the interface when the dominant, small wavelength
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Figure 2.7: Normalized buckling force Fj,/(v¢.) versus normalized particle
length L/, for the 1D chain experiments. The markers correspond to exper-
imental data, blue squares for chains at a water-oil interface and black circles
for chains at a glycerol/air interface. The red line is Eqn.(2.9).

mode is selected (see Fig. 2.6 (b)). The experiments are however interest-
ing because they show that small-scale undulations could be superimposed
on smoother ones in the case of spherical particles embedded in curved fluid
interfaces.

2.3.3 Comparison of 1D model with 2D experiment

It is instructive to compare the prediction of the chain model to the experi-
mental data for the 2D monolayer. The model predicts A = 2L, close to the
peak-to-peak value in the height-height correlation function measured from
the 2D monolayer data (see Sec. 2.3.1). A peak-to-peak distance slightly
larger than A = 2L is expected because the buckled regions are not exactly
perpendicular to the laser line (for a non-zero angle between the laser line
and the buckling direction, the measured peak-to-peak distance in the corre-
lation function is larger than the actual separation between the “crests” of the
monolayer).

A comparison between an estimate of the surface pressure obtained from 1D
model and the measured surface pressure for 2D system (see Fig. 2.2 a) is also
possible. The buckling surface pressure from Eqn. (2.9) is
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Figure 2.8: Surface pressure II measured at the stationary barrier for 2D

monolayers of L = 1.5mm hexagonal particles at a water/air interface against
the distance between the barriers normalized by the trough width A/W; for

different number of plates. The points D (in purple markers) are the collapse
points.

F, 1_ ., 1 2L\ ?
I, =22 = —pgL? + =y /(2n)2 + (=) . 2.10
=T L Hﬂ\/”)*(ec) (2.10)

Such a comparison should account for two differences. First, in the 1D chain
the internal stress in the monolayer due to particle-particle contact forces is
essentially homogeneous along the compression direction (on a scale > L). In
the 2D assembly, the contact forces are instead a random function of position
and orientation. Secondly, in the 2D monolayer the balance of forces on the
entire monolayer should account for friction with the lateral walls [16, 85].
Evidence of the importance of the lateral walls in our experiments is the fact
that the amplitude of the monolayer deformation is larger near the moving
barrier (see panel C and D in Fig. 2.2 b). A larger deformation occurs in
this region because the gradient of the surface pressure along the compression
direction must balance the frictional stresses on the lateral walls, leading to a
larger surface pressure and deformations near the moving barrier. However,
the 1D chain model could still provide an estimate of the average value of 11
in regions where buckling occurs and sufficiently away from the lateral walls.
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Figure 2.9: Surface pressure at collapse point D for 2D monolayers of L =
1.5mm hexagonal particles at a water/air interface, averaged over 3 realiza-
tions and plotted against the distance between the barriers (normalized by the
trough width). The error bars represent the standard deviations. The dashed
curve is the Janssen model’s fit to the experimental data. The black marker
is the extrapolation of the Janssen model’s fit for A/W; — 0. The red marker
is the surface pressure predicted by the 1D chain model Eqn. (2.10).
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We performed buckling experiments at different trough aspect ratios. Trough
aspect ratios are changed by varying the number of particles between the
barriers for a fixed trough width. The particle sizes are fixed (L = 1.5mm)
in all experiments. Figure 2.8 shows the surface pressure profiles for the 2D
monolayer as a function of A/W; for N ~ 330 — 2040. We see from this curve
that the surface pressure profile depends on the initial trough area, another
manifestation of the effect of lateral wall friction [16, 85, 86].

Figure 2.9 shows the experimental data for the surface pressure in the 2D
monolayer, averaged over 3 different measurements, for different values of
A/Wy. This figure is obtained from Fig. 2.8 by reporting the value of II and
A /Wy corresponding to the collapse point D. In order to compare the collapse
surface pressure in the 2D monolayer with the 1D model we used a Coulomb
model for the lateral wall friction as done in [16] for a monolayer of spheri-
cal particles. This model assumes that the frictional force per unit length is
proportional to the local values of II according to a proportionality constant
Uwatr- This approximation yields an exponential decay law also referred to as
the Janssen model, IT = I1p exp (—2pwanvA/Wt) [16]. Here 1l is the pressure
at the moving barrier and v is the ratio of surface pressures perpendicular and
parallel to the compression direction. Assuming v = 1/3 [16], the best fit to
the data (dashed curve in Fig. 2.9) gives IIp = 53.8 mN /m and i = 0.24.
The trough walls are made of PLA plastic. While we could not find the data
for the friction coefficient of Mylar on PLA in water, the reported friction co-
efficients for Mylar against different engineering materials such as copper and
wood are in the range 0.13 —0.41 [87]. The black square dot in figure 2.9 is the
extrapolation of the experimental data for the 2D monolayer to A/W; = 0,
which yields Il = 53.8mN/m. The red square dot in figure 2.9 is obtained
by using the parameters of our problem in Eqn. (2.10). The value of IIj
from the friction model is larger than the value from the 1D chain model, but
the difference is small (about 13%). Considering the simplicity of the chain
model, the agreement with the 2D data is surprisingly good. We would like
to emphasize that, given the limited range of A, we cannot establish the full
validity of Janssen model for our system. The fitting via this model is used
here only to illustrate the effect of lateral wall friction on the expected trend
of IT and the limited effect of friction in the limit A/W; — 0.

As stated before, the 2D monolayer differs from the 1D chain in the distri-
bution of contact forces between the particles. Statistics of contact forces
between jammed particles have been studied extensively in the context of
granular materials [86,88-90]. These studies reveal that the probability of
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contact forces attaining a value f larger than the mean value (f) decays fast,
approximately as p(f/ (f)) ~ exp(—=Bf/(f)), with § an O(1) numerical co-
efficient [86,88-90]. Therefore it is expected that the monolayer contains few
contact forces that are large compared to the average contact force [86]. Upon
monolayer compression, the first buckling events will occur for groups of par-
ticles for which the contact force exceeds the estimate in Eqn. (2.9). Because
such large forces are small in number, the buckling regions are initially lo-
calized, as seen in panel B in Fig. 2.2 b. If the mechanical response of the
monolayer is dominated by these spatially scattered regions, Eq. (2.10) could
provide an upper bound for the surface pressure measured at the barrier in
the 2D experiment.

In our experiments, the buckled zones do not show long range periodicity.
Even for large compression displacements the average height-height correla-
tion function becomes negligible for & ~ 7L (see Fig. 2.3 (b)). A possible
explanation is spatial localization of forces chains. Studies on jammed gran-
ular packing reveal that the force chains do not extend over more than a few
particle diameters [91,92].

In the 1D chain, the decay length of the side meniscus is L/m ~ 0.3L in
the capillary regime. In a randomly packed 2D system, the average distance
between the edges of the particle is L(1/y/¢ — 1), where ¢ is the surface
fraction of the plate particles. For ¢ ~ 0.84, the value appropriate for a
random close packing of disks [85], we obtain an average distance of ~ 0.1L
between the particle edges. Therefore in the capillary regime the meniscus
decay length and the distance between the particle edges are of the same
order of magnitude. Because of this, the solution for the 1D chain could
be used as a local approximation to the contact force in the 2D system. In
the gravity-dominated regime the side meniscus deformation gives a negligible
contribution to the contact force, so also in this regime the application of the
1D model to the 2D system is justified as a first approximation.

2.3.4 1D model with bending rigidity

Key in our derivations is the absence of bending energy in the energy func-
tional. Experiments with graphene oxide [26] seem to be compatible with the
our model, but the observed wavelength is slightly larger than 2L. A possible
explanation for observing wavelengths larger than 2L could be the presence
of a small but finite bending rigidity of the monolayer. An extension of Eqn.
(2.5) accounting for an effective monolayer bending rigidity (per unit width)
D is
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0*h oh 9%h
DL— + pghL —2v— 4+ F— = 2.11
Ox4 +pgh Py + Ox? 0, (2.11)

Substituting Eqn. (2.6) into Eqn. (2.11) gives

F D [2rL\? A A2
= (h) 2(27@)%*30(2@)
A 2
+Bo <m> : (2.12)

For v = 0 Eqns. (2.11) and (2.12) predicts A\, = (D/pg)"/*, which is the result
of Ref. [15]. For D/(yL?) < 1 bending rigidity effects are negligible and we
recover the results of Sec. III b. For intermediate values of D/(yL?), the
wavelength that minimizes the force is larger than 2L. Its precise value can
be found by solving dF'/d\ = 0. For Bo < 1, gravity becomes negligible and
the buckling mechanics is dominated by bending rigidity and capillary forces.
The buckling wavelength in this limit is

D\ 1/3
2/\—2 = max {1, ™ (’YL2> } (2.13)

and the corresponding buckling force is

Fy 2 D \'3

Figure 2.10 shows F/(yL) vs. A/(2L) for Bo = 0 and selected small values
of D/(yL?). The wavelength that minimizes F is indicated by the red dots.
From Eqn. (2.13) and (2.14) we see that both the buckling wavelength and
buckling force are proportional to (D/(yL?))'/3, thus Fj, oc Ay (red dashed line
in Fig. 2.10). For increasing values of D/(yL?) the wavelength that minimizes
the force becomes larger than 2L.

In an interfacial monolayer of 2D nanosheets, the nanosheets can overlap
slightly [18,25,93]. This overlap can result in a small but nonzero effective
bending rigidity because of the attractive force between the sheets in the over-
lapping region. In Ref. [94] a Lennard-Jones potential was used to model the
attractive interaction potential between parallel sheets of graphene. Using
the Lennard-Jones potential, and assuming that the angle between pairs of
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Figure 2.10: Normalized force F'/(yL) as a function of normalized wavelength
A/(2L) for small values of normalized bending rigidity and Bo = 0 (see Eqn.
(2.14)).

overlapping sheets is small, it is easy to estimate the effective bending rigidity
corresponding to an average overlap length ¢ (see Appendix 2.5):

3
D~ 401“1216 .
3rg

(2.15)

Here I' is the adhesion energy per unit area and 1y is the nanometric equi-
librium separation between the nearly-parallel sheets. The model suggests a
strong ¢3 scaling with the overlap length. For graphene oxide sheets in high-
humidity conditions, molecular dynamics simulations suggest ro ~ 7.7 —12 A°
[95,96] and T' ~ 0.1 — 0.2 J/m? [18,97]. Taking realistic values I' = 0.2 J/m?
and ro = 12 A° and an average sheet length L = 1um, D/(vyL?) is estimated
to be 0.02 and 26 for £ = Inm and 10nm, respectively (assuming the surface
tension of water, ¥ = 0.07 J/m?). The corresponding wavelengths are 2 ym
and 20 pm, respectively. An overlap length of 1 nm does not change the
wavelength appreciably from 2L, whereas an overlap length of 10 nm increases
the buckling wavelength to 20L. For a randomly distributed overlap lengths
between 1 - 10 nm, the predicted wavelength range is 2 — 20L which is is simi-
lar to wavelength range observed in the experiments with graphene oxide [26].
The inclusion of the effect of overlaps therefore enables the analytical predic-
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tion developed for small amplitudes to be closer to the experimental data for
graphene oxide nanoparticles.

2.4 Conclusions

We have measured the amplitude of deformation, wavelength and force on the
barrier for a two-dimensional and one-dimensional monolayer of plates trapped
at a fluid-fluid interface and subject to uni-axial compression. The amplitude
and wavelength of the corrugations of the 2D monolayer were measured by a
laser scanning technique.

The model we have developed to predict the experimental data for the linear
chain (one-dimensional monolayer) predicts the buckling force well over a wide
range of values of L/{., where ¢, is the capillary length and L is the particle
length, and without adjustable parameters (Fig. 2.7). The 1D chain model
provides a reasonable order of magnitude estimate of the buckling surface
pressure II for the two-dimensional monolayer, provided that this pressure is
identified as the collapse pressure corresponding to the point D in Figs. 2.2
and 2.8. The chain model does not contain a dependence on the trough aspect
ratio A/W4, but the inclusion of frictional forces with the lateral wall via a
Coulomb friction model enables us to model the observed dependence of 1I on
A/W;. A more complete model should include statistics of force chains, for
which theories developed for 2D granular systems [98,99] could be applicable.
The chain model predicts a buckling wavelength A = 2L, independent of
L/l.. The 2D monolayer does not display a regular wave pattern, but the
characteristic local wavelength in the regions where buckling occurs is of the
order of the particle size, as in the 1D chain model. Uni-axial compression of
monolayers of spherical particles gives smooth undulations with a wavelength
A ~ /L.L [14], different from the one we observe. In our case, the effective
bending rigidity of the monolayer is negligible, as the plates can “hinge” at
their contact points without a bending energy penalty. In the case of spheres,
even in the absence of colloidal force contribution bending energy can originate
from the motion of the contact line on the surface of each particle as the
mean interface curvature changes [32]. An indication of this is that the order
of magnitude of the effective bending rigidity corresponding to A ~ /{.L
is v d?; this can be seen as the change in interfacial energy as a sphere of
diameter d protrudes in the fluid interface over a distance comparable to d.
In our case, the undulations of the contact line relative to the particles, if
present, are at most limited to a scale ¢ < L, where ¢ is the particle thickness.
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The corresponding changes in interfacial energy upon a change in interfacial
curvature is O(yLt) [37,100]. For L/¢. < 1 and t/L < 1, this contribution is
negligible in comparison to the dominant contribution, of order YA\ ~ L2,
due to the rotation of each particle as the monolayer is compressed. In Ref. [17]
a scaling A oc L was reported for experiments with spheres, but only for very
small compressive displacements, whereas A o /L was observed for larger
displacements. Perhaps this transition could be the result of depinning of the
contact line at large compression. These comparisons suggest that both the
particle aspect ratio and contact line motion could determine the characteristic
buckling wavelength.

In our experiments, we prepare the particle-laden interface ensuring no ini-
tial overlaps. If a monolayer of 2D nanosheets is prepared with care, overlaps
can be largely prevented (nanosheet stacking requires overcoming an energy
barrier [93]), but probably not completely eliminated at large degrees of com-
pression. Tuning the pH of the liquid [66] or adding surfactants [31] has been
shown to suppress the stacking of 2D materials at fluid interfaces, so one may
realize the experimental systems described in the current paper using real
2D materials. If particle overlaps did occur even before the compression of
the particle-laden interface, the analysis would need to account for particle-
particle interactions as well as statistics of the geometry of the overlapping
regions. Overlaps contribute to a nonzero bending rigidity as a result of the
adhesion forces between the nanosheets. We have shown mathematically that
this effect increases the buckling wavelength compared to 2L (see Fig. 2.10).
Compression of plate-like particles trapped at fluid interfaces occurs in a
variety of applied settings, for instance in the manufacturing of thin films
[25,31,101], in the deformation of Pickering emulsions [71,102], or in the pro-
duction of crumpled graphene by aerosolization [103]. This work contributes
to our understanding of the link between particle shape, contact mechanics,
and response of the fluid interface during the compression of monolayers of
plate-like particles of controlled geometry.
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2.5 Appendix

Appendix A: Micro force sensor

The cantilever force sensors are Mylar sheets with lengths of 80 and 100 mm, a
width of 10 mm, and a thickness of 125 um. One end of the sheet is clamped
and the free end is unconstrained. The free end is passed through another
Mylar sheet, with a rectangular hole, which acts as the barrier (see Fig. 2.11).
The deflection of the Mylar sheet (£) from its undeformed position is calculated
by imaging from the side view.

Figure 2.11: Forces measurement with cantilever force sensor.

To calibrate the force sensors, the fixed end of the cantilever is mounted on a
manual precision stage and the free end is rested on a knife edge placed on a
Mettler Toledo precision micro-balance. Imposing successive displacements of
0.5 mm in the manual precision stage, the corresponding forces are read from
the balance. Figure 2.12 shows force wvs. displacement of the manual stage.
The force values are linear with respect to the displacement for displacements
as larger as 5 mm. The slope of the line fitted to the experimental data gives
the stiffness k of the beam.
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Figure 2.12: Calibration curve of the force sensor. The inset shows the
schematic of force sensor calibration with precision balance.

Appendix B: Dependece of amplitude on A in 1D experiments

A simple geometric argument assuming that the buckled 1D system is a per-
fectly periodic triangular wave gives A/L = (1/2)y/1 — (A/(NL))? without
considering boundary effects. We compare this analytical prediction to the
experimental data for the mean amplitude in 1D experiments (see Fig. 2.4)
shown in Fig. 2.13. To enable the comparison, we shift the experimental data
so that (A) = 0 exactly when A = NL. It can be seen that the simple model
gives the correct trend. However it over predicts the mean amplitude by about
40%.

Appendix C: Euler-Lagrange minimization

The variation of the gravitational energy in the 1D model is

A A 9
SE, = / dxﬁth05h0+2/ d:c/ pghdhdz.
0 0 0

Here hg = h(z,z = 0). The variation of the capillary energy is

A
5B, ~ 27/ (B 6h) dz+27/ (hLOH] da

— 27/ / (hgz + hzz)dhdzdz
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Figure 2.13: Amplitude data in Fig. 2.4 plotted against the analytical pre-
diction A/L = (1/2)/1 - (A/(NL))2.

and the variation in length constraint evaluated at z =0 is

A
SE. = —F[ho,0ho)5s+F / ho,, 6hodz
0

At equilibrium, the sum §(E,; + E, + E.) is zero for an arbitrary 6h, from
which we get Eqn. (2.4) and for an arbitrary dhg gives Eqn. (2.5).

Appendix D: Surface pressure vs. A/Ag

Fig. 2.14 shows the data presented in Fig. 2.2 a) with a different normalization
for compression displacement A.

Appendix E: Bending rigidity due to overlap between two ad-
hesive plates

The equilibrium distance between two nanosheets is determined by the com-
petition between the attractive van der Waals and the repulsive electrostatic
forces between the solid surfaces. A Lennard-Jones potential has been used
to model the interaction between two nanosheets in [104,105]. We use the
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Figure 2.14: Surface pressure II versus normalized separation distance A/Ay,
where Ag is the compression distance at which IT becomes finite.

standard 4-10 Lennard-Jones potential energy of interaction (per unit area)
between two thin parallel plates [94]:

8(r) = 5 (50r0/r)* = 2(ro/r)'°)

where r is the separation distance between the plates, ry is the equilibrium
separation and I' = ¢(c0) — ¢(r9) is the adhesion energy. If the separation
distance r > 1o the plates attract each other due to van der Waals forces and
if r < ro the plates repel each other due to electrostatic forces. In the limit
of small displacement around rg, a quadratic approximation to the energy per

unit area is [105]
8r) = 2 (r = ro)®
7o

We consider a 1D chain of plate-like particles at a fluid interface where each
particle pair has a small overlap of length ¢ (see Fig. 2.15). We model the
interface as a continuous curve parameterized by 0(s), the local rotation angle
along the curvilinear coordinate s. The configuration of a single overlap is
illustrated in the inset of Fig. 2.15. Referring to this figure, we take r in the
direction normal to the top plate and ¢ in the direction tangential to the top
plate. Under compression the plates are rotated with respect to each other by
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Figure 2.15: Schematic of a fluid interface populated by slightly overlapping
sheets. The inset shows the zoom of the overlap region. The blue dashed line
is the average position of the particle-laden fluid interface.

an angle df. The displacement of the second plate is r({) = ro + ¢ tan(df)
(see figure 2.15). The energy required to impose this rotation for a particle
pair is

l
dE ~ w/o g(r@) —19)? dC.

L

Carrying out the integration for |df| < 1 we obtain

4016
ap =~ (A0 g2
2 3rg

Multiply and divide by (ds)?, where ds is an infinitesimal element of curvilinear
coordinate, we obtain

w [ 40T/ do\?
dE~ — [ ———ds | [ =) ds. 2.1
2 ( 3r2 S) <ds) y (2.16)

For a continuous surface, the bending rigidity D (per unit width) is defined
so that dF = %wD&st, where k = df/ds is the curvature. Comparing this
expression to Eqn. (2.16) we obtain D = (400'¢3)/(3r3)ds. In our case, because
dE represents the energy per particle pair, ds is the distance between two
particle centers, i.e. ds = L—/. For ¢ < L the estimate of the bending rigidity
is D = (40T¢3)/(3r3)L, as in Eq. (2.15). The assumption of a continuous
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surface is reasonable if N > 1, where N is the total number of plates [106].
The bending rigidity thus scales proportionally to the adhesion energy I'" and
depends strongly on the overlap length /.
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CHAPTER 2. BUCKLING OF A MONOLAYER



Chapter 3

Evaporation driven buckling
of a drop laden with graphene
oxide nanosheets

The time-dependent shape of an evaporating spherical water drop containing
graphene oxide (GO) nanosheets is measured for varying solid concentration,
humidity level, and pH. The drop is sitting on a superhydrophobic surface,
depinned from it. Three different stages of evaporation are identified: isotropic
retraction of the drop interface, buckling of the shell of particles accumulated
at the fluid interface, and shrinking of the buckled shell at constant shell shape.
Marked differences between acidic and basic drops are reported. It is argued
that this feature is caused by the pH-dependent interfacial adsorption of the
GO particles. For intermediate values of GO concentration, dried capsules
with remarkably repeatable folding patterns could be obtained, whose mode
numbers are compatible with those predicted by an inertialess, linear elastic
shell model. When redispersed in water, the dried capsules from acidic drops
retain their shape better than capsules from basic drops.

Chapter based on publications:
Suriya Prakash, Eva Krolis, Alvaro Marin & Lorenzo Botto, Fvaporation driven buckling
of a drop laden with graphene oxide nanosheets, Soft Matter (2025).
Suriya Prakash & Lorenzo Botto, Evaporation driven particle adsorption at drop interface
(in preparation).
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3.1 Introduction

A small spherical drop containing micro or nanoparticles can form a semi-
solid (visco-elastic) particle “skin” when the droplet evaporates. The “skin”,
or particle shell, is caused by the motion of the contracting fluid interface that
sweeps the particles suspended inside the drop [60,108]. In addition to its
fundamental interest, this phenomenon has been studied due to its applica-
tion to spray drying, for the large-scale production of dried microstructured
particles to be used in food products [109], lubricants [5], pharmaceuticals [38]
and functional materials [40-42,44].

The recent explosion of interest in 2D material nanosheets (graphene, graphene
oxide, boron nitride, MXenes, MOSs, etc.) has stimulated research on the use
of evaporation driven buckling (“crumpling”) of shells formed from droplets
laden with dilute suspensions of these colloidal materials [3,4,10,110]. Graphene
oxide (GO), which is easily dispersable in water at dilute concentrations, is
the most used 2D material in spray drying applications [45,48,111], but its
behaviour in evaporating drops is not well understood.

This paper reports a comprehensive investigation of the evaporation of GO-
filled droplets and of the different stages that characterise the shell buckling
process. We work with single millimeter-sized droplets that are placed on a
superhydrophobic surface. This is a common configuration in which colloidal
droplets adopt spherical shapes during most of the evaporation process until
buckling occurs. This configuration has prior been used to investigate evapo-
rating particle-laden droplets [112-114]. As far as we are aware, the current
study is the first report of repeatable measurements of the time-dependent
single GO drop evaporation under controlled conditions of humidity, GO con-
centration, and pH.

Only very few experimental studies on evaporation of GO droplets are avail-
able [45,47-49,115]. These studies have provided a useful characterization of
the shapes of dried capsules formed from spray drying, but have not provided
insights into the drying process at the level of a single drop. Spray drying of
GO-water suspension has been reported to produce dried capsules whose shape
are highly polydispersed, and dependent on the flow conditions (temperature,
humidity level, flow rate). A relevant study on GO reports dissolution of an
aqueous GO solution deposited on a hydrophobic substrate immersed in the
liquid phase of ethanol in toluene [116]. In this study, the time dependent
radius of the drop was measured, and found to follow a diffusive dynamics
(square of the drop radius R linear in time ¢). In this study, the structure
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formed were porous, but not hollow. Studies on evaporation of drop contain-
ing spherical colloids are abundant [61,62,113,114,117-120]. These studies
indicate that a particle shell is only obtained for large values of the Péclet
number Pe based on the translational diffusivity D), of the particles, the ini-
tial drop radius Ry and the characteristic velocity v; of the fluid interface (or
alternatively based on the ratio of diffusion and evaporation times [58-60]).
For a given temperature, the interface velocity depends primarily on the hu-
midity level, with low humidity giving fast evaporation because of the large
difference in water vapour concentration between the drop surface and regions
away from the drop surface. For slow drying, Brownian diffusion leads to a
uniform distribution of particles inside the drop and therefore to dried struc-
tures that are not hollow. The thickness of the shell, and therefore whether a
hollow capsule or a filled ball is obtained, depend also on the initial particle
concentration ¢g [108,121]. Assuming that all the particles accumulate in the
shell adjacent to the fluid interface, the shell thickness can be estimated from
a basic mass conservation argument [60].

A possible distinction between GO and other colloidal particles is in the in-
terfacial adsorption properties. GO is known to be amphiphilic, i.e. it has a
tendency to adsorb at fluid interfaces [25,66,102]. The degree of amphiphilicity
depends on the amount of oxygen groups present at its surface, but adsorption
energies much larger than the thermal energy has been reported both in sim-
ulation and experiments [18,23]. Furthermore, the important effect of GO on
interfacial rheology of flat interfaces is well recognised [26]. Adsorption of GO
at fluid interfaces is pH dependent [23,66]. The amphiphilic character of GO
may have implications for the onset of buckling, and that is why we include pH
in our controlling variables. When a fluid interface is populated with adsorbed
particles, buckling upon interface compression occurs even when a thick parti-
cle layer is not present in the region adjacent to the interface [67,77,122,123].
The possible importance of GO amphiphilicity on interfacial stresses has not
been discussed in the context of GO droplet evaporation experiments.

The literature on evaporation-driven buckling, also of spherical particles, has
up to this point only focused on the effect of hydrophilic particles, i.e. par-
ticles that are completely wet by the liquid. Buckling can occur when the
compression of the shell formed by particles completely wetted by the liquid is
sufficiently large that the force of repulsion between charge-stabilized particles
is overcome and therefore the particle adhere to each other [60]. For large re-
pulsive forces, charge-stabilised particles can also form a glassy repulsive state
at volume fractions even smaller than the packing fraction. If the pressure
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corresponding to this repulsion is sufficiently large, a buckling instability can
occur [62]. These explanations are plausible and may apply to most cases, but
neglect the possible contributions of interfacial particles. To study the effect
of interfacial particles on the onset of buckling, we also performed Brownian
dynamics simulations in model 2D drops.

The shape of the dried GO buckled structure (capsule) is also of interest,
because the morphology of the capsule determines its surface area and affects
the stability against aggregation of the capsules upon re-dispersion in solution
[45]. The morphology of buckled shells obtained from drying drops containing
spherical colloids have been studied experimentally in Refs. [59, 60,119, 124].
These experiment reported the formation of either torus-shaped capsules [59,
119,124] or capsules with multiple depressions [60,61]. The experiments of
Ref. [61] with spherical colloids are particularly relevant as the authors could
obtain buckling shapes with high repeatability, by a careful control of the
initial drop diameter and solid concentration. The buckled shapes were found
to depend on the rate of drying. Specifically, the number of depressions were
found to increase for increasing evaporation rates [61]. A possible cause of this
correlation was not proposed.

In our experiment, we are able to control the main parameters that govern the
evaporation process and the main particle transport characteristics, namely
the initial GO particle concentration ¢g, the humidity level RH, and the so-
lution’s pH. The use of a camera, by which we can observe the drop from the
side, allows us to observe the different stages and rates of evaporation, detect
with precision the onset of buckling and quantify the post-buckling morpholo-
gies. Scanning Electron Microscopy allows us to analyze the shape of the dried
and buckled GO capsules.

3.2 Experimental methods

To study the evaporation of a single GO drop, we place a drop of controlled
diameter on a superhydrophobic substrate. The superhydrophobic surface
is a SiOg substrate with fractal-like micro-structure, coated with fluorocta-
trichlorosilane [114]. The setup is contained in an acrylic chamber equipped
with a humidity controller that maintains a set relative humidity RH (Fig.
3.1).

Due to the superhydrophobicity of the substrate, the drop rolls if the sub-
strate is not perfectly horizontal. Therefore, the humidity chamber with the
substrate is mounted on an anti-vibration table on leveling screws. The drop is
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Figure 3.1: Schematic of the experimental setup.

produced by a syringe with the pulled capillary needle. The syringe is mounted
on a precision linear stage platform that is used to gently place the drop on
the substrate. We used a 1 ml syringe (B Braun Injekt-F Fine Dosage) housed
in a 3D printed screw feeder. The initial drop diameter 2Ry = 1.5 + 0.03 mm
is smaller than the capillary length, so the drops are approximately spherical.
The drop is observed from the side by a camera equipped with a zoom lens,
with a time resolution of 1 fps. The drop projected area A and contact angle
are measured by detecting the drop edges with an in-house developed MAT-
LAB code. The drops of pure water and GO suspension are in a Cassie-Baxter
state and undergo evaporation at a constant contact angle (0 ~ 155°) for most
of the drop’s life time (see Appendix A).

The graphene oxide suspensions are purchased from Graphenea. The average
lateral size of the particles is £ = 1.08£0.44 pym measured by scanning electron
microscopy (SEM, JEOL JSM 6500 F). The particle thickness is t = 1.00 +
0.14 nm measured by atomic force microscopy (Bruker). See Appendix B
for more details on sample preparation and characterization of sheet sizes.
The densities of the purchased solutions are measured by a density meter
(DMA 5000 Anton Paar). The density of the suspension is pgo—sus = ¢Ppco +
(1 — ¢)pw, where pGo—sus, pw and pgo are the densities of purchased GO
suspension, water and GO sheets, respectively. From this expression, the
volume fraction ¢ of GO particles is calculated as (pGo—sus — pw)/(PGO — Puw)-
The density of water and GO suspension are measured with an accuracy of
+1 kg/m3. By assuming that the density of the GO sheets [125] is ~ 2000 +
100 kg/m3, the volume fractions of GO in the suspensions is calculated to be
~ 0.0023 £ 0.0002 and ~ 0.0034 £ 0.0004 for acidic and basic suspensions,
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respectively.

The bending energy of the GO sheets used in this study is of the order Et3 ~

2 x 10716 J taking E = 200 GPa [126], which is much larger than kT ~ 4 x

10721 J. Thus the sheets do not fold on themselves due to thermal fluctuations.

Moreover, it has been shown by in-situ confocal microscopy [127] that GO

sheets remain flat when suspended in water, and at high concentration they
show the nematic order expected for relatively rigid sheets [128].

The Péclet number, based on the drop drying time 74, is Pe = R/ (DpTary)

[60], where D, is the translational diffusion coefficient of the GO particles.

The particle diffusivity is calculated as D, = kgT/(ful), where kp is the

Boltzmann constant, T is the absolute temperature, p the viscosity of water,

and f the coefficient of hydrodynamic resistance to translation. Since GO

sheets are thin and can be assumed to remain planar in aqueous dispersion

at not too high values of the shear rate [127], we use for f the value 48/7
appropriate for isotropically oriented, infinitely thin disks [129]. The diffusion
coefficient is estimated to be 5.9 x 10713, leading to a Péclet number in the
range ~ 150 — 500 for RH varying between 30% and 80%. The Stokes settling
velocity vs of the GO particles, which can be estimated with the formula vy =

m(pgo — pw)ltyg/(4fu) for disks, is much smaller that the air-water interface
velocity v;. Since vy < v;, we neglect the effect of gravity on the particle
distribution.

The pH of the purchased suspensions are measured using a pH meter (Metrohm)
and found to be ~ 2.5 and ~ 8.0 for acidic and basic suspensions, respectively.

Milli Q water (18.2 MQ.cm at 25° Celcius) was used to dilute the parent sus-

pension to a range of solid volume fractions ¢g ~ 0.57,2.8,5.7 x 107> for both
acidic and basic drops. The corresponding measured pH was approximately
5,4.5,4 for acidic suspensions. For the basic suspensions, the pH was slightly
larger than 7 for all the three volume fractions.

3.3 Simulation method

The evaporating drop is modeled in two dimensions as a circle with a shrinking
radius. The radius of the drop follows the d-squared law: R(t) = (R3 —kt)'/2,
where t is time in seconds and k = R% /te; here t. is the drying time of a
drop without particles. The Péclet number is Pe = R3/(Dpt.), where D, is
the diffusion coefficient of the particles. The particles are modeled as discs of
diameter d, = 1 ym and are homogeneously distributed within the 2D drop
with initial radius Ry = 100d,. The corresponding initial solid concentration



3.3. SIMULATION METHOD 49

(area fraction) is ¢ = N (d,/2Rp)?, where N is the number of particles in the
drop. The inertia of colloidal particles is negligible and therefore neglected [58].
The particle positions are updated by solving the force balance on each particle
and by adding a random displacement due to Brownian motion. The updated
position of the particle 7 after time step dt is

Zi(t 4 dt) = Z(t) + { (2D,dt)? + 37r(idp [Fpp, + F, Z} : (3.1)
where Fpp ; is the inter-particle repulsive force on i due to all the other particles,
FM is the particle-interface interaction force and (2D, dt)l/ 2 corresponds to
the displacement due to Brownian motion [130]. Here { is a vector whose
components are two random numbers with zero mean and variance 1.

The interparticle repulsion force F’pp,i is the vector sum of the repulsive forces
that act on particle 7 due to all the other particles. The repulsive force on a
particle 7 due to particle j is modeled using a soft potential F’ij = Fporp/ rg,
where 7, is the distance between the particle centers of 7 and j and 7, is the
unit vector pointing from j to i. If r, > r., then F’ij = 0, where r. models
a finite Debye length [131]. Such a soft potential is typically found in short-
range electrostatic repulsion [132]. The value of Fjq is fydz% /2, where + is the
interfacial tension. The characteristic time, force and length scales are t., vd,
and Ry, respectively.

The force acting on the particle ¢ from the fluid-fluid interface is

O {(FSO/Tg)fSy rs < Tse
Fyi= (3.2)
0, Ts > Te,

where rs = R—| ;| is the radial distance between the center of the particle 7 and
the drop interface and 74 is a unit vector that points from the drop interface
to the center of particle i. We used a particle-interface interaction potential
analogous to the potential used for inter-particle repulsion. To simulate dif-
ferent particle-interface interaction conditions, we consider the dimensionless
parameter Fy/Fp. A value of Fy/Fpo = 0 simulates a condition in which the
colloidal particles do not experience repulsion from the interface. For a value
of Fyo/Fy = 1, the particles are repelled from the interface.

Adsorption occurs when particles come into contact with the fluid-fluid inter-
face, that is, when r; < d,/2. Once particles are adsorbed at the interface,
their radial position is fixed, making the adsorption irreversible. The adsorbed
particles remain mobile in the 6 direction due to either Brownian motion or
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Figure 3.2: a) Time evolution of projected drop area A(t) for ¢p = 5.7 x 1075
and RH = 30%. The insets show the contours of drop edges (red curves) at
selected times, superimposed on side view images of the drop. The black scale
bars are 50 ym. b) SEM image of the buckled shell. ¢) SEM image at higher
magnification of the buckled shell surface shows nano-scale wrinkles.

inter-particle repulsion. When the particle-interface condition is set to be re-
pulsive, particle adsorption occurs if (Fppi + Firag) > Fs;. This condition
results in an adsorption barrier at the fluid-fluid interface.

The surface pressure II is the tension acting in the tangential direction due
to the adsorbed particles at the interface and o is the average tension in
the tangential direction due to the particles in the bulk. These tensions are
calculated by locally averaging the particle-interface and inter-particle forces
per unit area. Appendix G provides more details on the calculation of particle
stresses and their validation. The characteristic time, tension and length scales
are t., v and Ry, respectively.

3.4 Results and discussion

We start by looking at how the drop shape changes in time. Figure 3.2 shows
the time evolution of the drop’s projected area for ¢¢ ~ 5.7 x 10~° and pH ~ 4.
In the same figure we also show contours of the drop edges (red curves) at
selected times, superimposed on side images of the drop. From this figure
we can identify three characteristic regions. In region I the drop has a nearly
spherical shape. Region II begins when the projected drop shape deviates from
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a circle, approximately at a buckling onset time ¢ = ¢, ~ 2090 s. In region II
the rate of change of projected area decreases slightly with respect to region
I, because the shape perturbations are growing faster than the evaporation
induced change in projected area of the spherical drop. In region III the
buckled shell shrinks in volume while preserving its overall shape. Looking at
Fig. 3.2 b, which shows SEM images of the dried buckled capsule considered
in Fig. 3.2 a (the side view of the buckled shell is captured by rotating the
sample 35° with respect to the angle of incidence of the electron beam), we can
see a correspondence between the folds in Fig. 3.2 b and those in the central
panel of Fig. 3.2 a (indicated by red arrows). This comparison confirms that
in region III no change in overall shape takes place.

While in region Il the overall shape does not change, we hypothesize that
compression induces small-scale wrinkles, which are visible in Fig. 3.2 ¢. From
the auto-correlation of the intensity profile of the SEM image in Fig. 3.2 c,
we estimate a wrinkle wavelength of roughly 100 nm (see Appendix C), one
order of magnitude smaller than each GO sheet’s length, and two orders of
magnitude larger than each sheet’s thickness.

3.4.1 Stage I: Evaporation

The drop projected area in region I decays linearly in time ¢, following the
well-known law which states that for diffusion dominated evaporation of clean
drops the square of the drop diameter decreases linearly in time [133]. This
is confirmed in Fig. 3.3 a and b, which shows for region I the time evolution
of the drop diameter square plotted against normalized time ¢/t., where t, =
pR2/[D(cs — co)] is the characteristic evaporation time of the water droplet
[114]; here p is the density of water, ¢, is the saturation vapour concentration
of water drop and ¢ is the vapour concentration far away from the drop. Fig.
3.3 a is for fixed RH = 30% and different ¢g. Fig. 3.3 b is for different RH and
fixed ¢pg ~ 5 x 1075, Fig. 3.3 a compares acidic and basic droplets, while Fig.
3.3 b is for acidic droplets. The experiments were performed for initial drop
diameter 2Ry = 1.5+ 0.03 mm. It is seen that the effect of the initial particle
volume fraction, RH and pH on the evaporation rate is minimal. In region I,
the GO drops evaporate approximately following the same law as pure water
drops.

As the GO drops evaporate, the particle concentration increases near the air-
water interface, so a change in evaporation rate might be expected if some
of the particles are adsorbing at the fluid interface. Recent experiments on
tracer diffusion across the interface of emulsion drops covered with a mono-
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Figure 3.3: a) Ratio (R/Rg)? vs. t/t.. The diameters R and Ry are the current
and initial drop radius computed from the projected drop area, respectively
(R = \/A/m). Red and blue markers correspond to acidic and basic pH,
respectively. b) Ratio (R/Ro)? vs. t/t. plotted for different values of relative
humidity. The formula used for the time scale t. is the same for all the data
sets presented. The value of ¢, depends on the value of RH% for the specific
experiment considered.
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layer of spherical particles demonstrate that the rate of mass transfer across
the interface is unaffected by the presence of the embedded particles [134].
Drop evaporation, drop dissolution and tracer diffusion across an interface are
driven, from a continuum perspective, by diffusive processes that depend in
an identical manner on the difference between the interfacial concentration
and the concentration “at infinity”, so similarities between tracer mass trans-
fer at a liquid-liquid interface with spherical particles and evaporation at a
water-air interface with sheet-like GO particles may be expected. However,
the negligible effect of interfacial particles on the rate of evaporation appears
counter-intuitive. After all, if the drop surface was entirely covered with a
layer of solid impermeable to diffusion, the evaporation rate would be zero.
This apparent paradox can been resolved by analyzing the dependence of the
evaporation flux on surface coverage [135-138].

The average diffusive mass flux across the surface of a drop covered with parti-
cles is approximately the same as the drop surface without particles, provided
that i) a sufficient number of exposed patches of fluid interfaces are homoge-
nously distributed on the fluid interface and ii) the size of the exposed patches
q is small compared to the drop radius (¢/R < 1). This result is suggested
by a mathematical model that considers patches of characteristic size g ho-
mogeneously distributed on the surface of the drop. The patches are regions
permeable to diffusion on the impermeable layer made by the GO particle as-
sembly (for a GO monolayer, ¢ is a fraction of the particle diameter). On these
patches, the vapour concentration is fixed to the saturation concentration c;.
On the impermeable surface of the GO particles, the boundary condition is of
homogeneous Neumann type: the gradient of vapour concentration along the
normal to the surface is zero. For t > D/R?, where R is the radius of the
drop, the quasi-steady vapour concentration field around the drop satisfies the
Laplace equation, V2C' = 0 [139]. The mass transfer problem of calculating
the mass flux out of the droplet, which corresponds to the solution of V2C = 0
for mixed Neumann-Dirichlet boundary conditions, is mathematically identi-
cal to the electrostatic problem of calculating the average electric field on
the surface of a dielectric sphere covered with patches held at a fixed elec-
tric potential. Asymptotic solutions to the electrostatic problem are available
for circular patches located at sufficient distance from each other [140, 141].
The asymptotic expression of Berg & Purcell [142], translated in the language
of mass diffusion, gives the following ratio between the mass flux when the
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patches permeable to diffusion cover an area fraction « to the maximum flux:

J(a) «
Ja=1) a+kq/R’ (3:3)

where k = 7/4. An important insight from this expression is that o does not

need to be large for J(«) to be numerically close to J(a = 1). Indeed, as
can be seen in Fig. 3.4 for selected small values of ¢/R, % grows fast
with a. The linear part of the graph, corresponding to the asymptotic limit
J‘(]a('i)l) ~ Z(R/q), has indeed a large slope, because R/q is much larger than 1

for all practical conditions encountered in our experiment (taking ¢ to be the
particle diameter we have ¢/R of the order of 1073).
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Figure 3.4: Ratio of vapour mass flux of a particle-covered interface to that
of a clean interface, from Eqn. 3.3; g is the characteristic size of the exposed
patch permeable to diffusion and R is the drop radius.

The condition that the patches are homogeneously distributed is essential.
To take a limiting case, if the drop was entirely covered with solid with a
single exposed fluid interface patch the mass flux would be drastically reduced,
because on most of the drop surface the concentration would be significantly
smaller than the saturation concentration.

The trend predicted by Eqn. 3.3 is qualitative similar to the one predicted by
the solution via conformal mapping of the 2D Laplace equation for the concen-
tration field in a plane bounded by a periodic flux/no flux line boundary and
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a line boundary held at a fixed concentration [137,143]. These planar models,
which have been used to explain evaporation from porous media, also predict
a strong dependence on « but unlike Eqn. 3.3 require the prescription of the
mass transfer boundary layer thickness. Numerical solutions for diffusion from
permeable patches on a sphere have recently become available [141].
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Figure 3.5: a) Normalized buckling radius (Rp/Ro) vs. ¢o for different pH
ranges. The red triangle marker (a) and the blue circle marker (e) correspond
to acidic and basic pH, respectively. b) Normalized buckling radius (Ry/Ro)
vs. RH for drops with acidic pH. The error bar is calculated at the radius
R(t, £5 s). The inset shows the velocity of the interface at the onset of
buckling v, vs RH. The red square marker (m) and the yellow triangle marker
(v) correspond to ¢g &~ 5 x 107° and ¢g ~ 5 x 107°, respectively. The dashed
lines serve as a visual guide.

3.4.2 Stage II: Onset of buckling

To characterize the onset of buckling in region II we introduce the buck-
ling radius Ry, defined as the minumum drop radius for which ¢ > 1, where
¢ = P?/(4mA) is a circularity parameter, with P and A the projected drop
perimeter and area, respectively. Figure 3.5 a shows Rp, normalised by the
initial drop radius Ry, versus ¢q for acidic and basic drops. The buckling ra-
dius increases with increasing ¢g, a trend that can be explained by the earlier
formation of a particle shell for higher initial particle concentration [60, 108].
Indeed, the average mass flux of particles towards the fluid interface is approx-
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imately ¢gv;, so for a given fluid interface velocity v; the maximum jamming
fraction is reached earlier if ¢ is larger. Figure 3.5 b shows Ry,/ Ry for a range
of relative humidity values for acidic drops with selected particle volume frac-
tions (in this figure Ry is found by measuring the deviation from a circular
projected contour, see Appendix D). The inset shows the interface velocity at
the onset of buckling v,. Higher evaporation rate results in higher interfacial
velocity and, for a given ¢q, earlier particle jamming.
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Figure 3.6: a) Time evolution of drop morphology comparing acidic and
basic drops. The time increases in steps of 25 seconds. Scales bars represent
100 ym. b) Circularity parameter ¢ = P2/(4rA) vs. normalised radius of the
drop. Here P and A are the projected drop perimeter and area, respectively.

Less trivial is the dependence on pH. For any given ¢y, acidic drop’s Ry is
about 1.5 times as large as for the basic drops. In figure 3.5 the acidic and
basic suspensions are suspensions at different pH ranges obtained from the
same manufacturer. To avoid the possible influence of different compositions
in the different samples provided by the supplier, we repeat the experiment
of Fig. 3.5 by changing the pH of a suspension of GO from basic to acidic by
bubbling CO4 through the suspension. The COs dissolves in water forming
carbonic acid, which yield a pH of approximately 4, as measured by a pH
meter. The results are shown in Fig. 3.6 a and b. The experimental condition
of temperature, humidity and initial drop size are the same as in Fig. 3.5 with
initial particle volume fraction ¢y = 8.5 x 1076, In Fig. 3.6 a we show the
time evolution of drop morphology and in Fig. 3.6 b we plot the circularity
parameter ( vs R/Ry (vertical dashed lines indicate the point of onset of
buckling). Fig. 3.6 confirms that the acidic drop deviates from a spherical
shape before the basic drop does. The acidic drop buckles at approximately
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2 times larger radius compared to the basic drop. Together, Fig. 3.5 and 3.6
provide evidence that the pH has a strong influence on the onset of buckling.
A similar observation of pH dependent buckling has been recently reported
for dissolving drops with spherical colloidal particles [144].
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Figure 3.7: Schematic illustrating the two contributions to the tangential

stresses: GO particles adsorbed at the liquid-air interface (red) and suspended
particles below the liquid-air interface (brown).

To understand the pH dependence of buckling, we describe the particle shell
as a particle bilayer (Fig. 3.7) composed of i) the liquid-air interface with
partially-wetted particles embedded in it and ii) the dense layer of completely
wetted particles in the vicinity of the liquid-air interface. Depending on the
pH of the drop the first layer can form or not. Contact between the adsorbed
particles yields a surface pressure II [16,17,28,67,123,145-148]; II is the lateral
(tangential to the drop surface) force per unit length acting on a line element
of particle-laden interface and is positive when the embedded particle layer is
compressed (provided that the particles touch forming a percolating [148] or
packed layer [16,17,67]). On a scale larger than the particles, the macroscopic
tension acting on the fluid interface with the embedded particles is v — II,
where v is the bare air-water interfacial tension. The tension on the bilayer
must account for the compressive lateral force (per unit thickness) acting on
the fully immersed particles (brown particles in Fig. 3.7). Calling o this
tension, the total tension on the bilayer is v — II — o.
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For the bilayer to buckle, the bilayer needs to be compressed, so v —II — o <
0. For example, a flat or curved monolayer of particles embedded in a fluid
interface with ¢ = 0 buckles when Il ~ ~, as demonstrated in experiments
and numerical simulations [16,17,67,123, 146, 148]. The buckling condition
v —II — o < 0 can also be analysed in terms of fluid pressure. If p; is the
water pressure inside the drop and p, is the air pressure outside the drop, a
quasi-static normal force balance on the fluid interface requires [149, 150]

(y—M-o)
R )
where R = Rjp. For the drop to buckle there must be a normal force acting
on the shell towards the center of the drop. Thus p; < p,, which also gives
vy—I1I—0<0.
For a particle layer having a finite bending rigidity, one may expect that
v — II — o should be sufficiently negative for the particle shell to buckle, so
the condition v — II — ¢ < 0 is approximate. For instance, an FEuler beam
of Young modulus E, moment of inertia I and length L buckles when the
compressive load is larger than 72 ET/L?. For a homogeneous elastic shell, the
critical pressure for buckling is of the order of p. ~ E(hy/Ry)? [151,152]. The
maximum pressure from capillary compression is of the order of 7 /ry,, where
T 1s the characteristic radius of curvature of the small menisci between the
interfacial particles [60, 146]. Taking 7, to be of order of particle size ¢,
we get v/rm ~ 10° Pa, while p. is in the range 70 — 2200 Pa ( we take
E = (¢shen — 0.002)%7 GPa [125] and use the values of h/R measured in Sec.
IIT C). We can thus safely neglect the influence of the bending rigidity and
consider the condition v — II — ¢ < 0 a reasonable approximation.
Given that v is independent of pH [153], a dependence on the buckling thresh-
old on pH can be explained if either II or ¢ depend on pH. As mentioned
in the introduction, there is ample of evidence in the literature that for GO
the main effect of pH is to change II. Uniaxial compression experiments in a
Langmuir trough with an air-water interface populated with a monolayer of
GO particles show that the propensity of the GO particles to adhere to the
fluid interface is strongly pH dependent [66]. These experiments show that
for acidic solutions (pH = 5.5) the GO particles are adhered to the air-water
interface and the monolayer buckles upon compression when II ~ ~ [26, 66].
For a basic solutions at pH = 10.5, the GO sheets instead desorb from the fluid
interface already at II ~ 2.5 mN/m. Molecular dynamics simulations show
that in an acidic environment the GO particles are attracted to the liquid-air
interface while they are repelled from the interface for basic pH [23].

Pi —Po = 2 (34)
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Figure 3.8: Difference in post-buckling morphology between acidic (a) and
basic (c) drops for ¢g ~ 5.7 x 107°. Concave depressions are observed on
the interface of acidic drops, while basic drops exhibit convex interface shapes
(better seen in the supplementary movie M1). The time increases in steps of
25 s for acidic drops and 10 s for basic drops. Scale bars represent 50 pm.
The schematics on the right illustrate the difference in interface shape when
the particle are adsorbed at the fluid interface (b) or detached from it (d).

The hypothesis that changes in pH mainly changes II is also supported by the
fact that ignoring the effect of pH on II would give a purely convex shape of
the fluid interface, as illustrated in the schematic in Fig. 3.8 d, because the
absence of adsorbed particles means that the particles can only push outwards
on the interface, but not pull inwards. Yet the experimental images clearly
show inward indentations of the water-air interface for acidic drops (see Fig.
3.8 a). It may be possible that the contrast of the images for basic drops
in Fig. 3.8 b is not sufficient to detect concave depressions. We performed
experiments with basic drops at higher concentrations ¢y =~ 28 x 107°. Since
buckling starts earlier for increased ¢g, a better contrast is obtained for this
set of experiments. The supplementary movie (M1) shows the evaporation of
this drop at RH = 30%. The drop has a convex non-spherical shape after the
onset of buckling, as suggested in the illustration of Fig. 3.8 d.

3.4.3 Post buckling morphology (after stage III)

We now study the effect of relative humidity and initial particle concentration
on the post-buckling morphology of GO drops with acidic pH and initial di-
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ameter 2Ry = 1.65 £ 0.0bmm. Figure 3.9 a shows SEM images of the dried
capsules of acidic drops for a range of values of relative humidity and initial
concentrations. For the lowest concentration ¢g ~ 5 x 1075, buckling leads to
highly convoluted folds, while for the highest concentration buckling does not
occur. The absence of buckling at ¢g ~ 2.5 x 10~4 suggests the formation of
a relatively thick shell. Our observations indicate that for this concentration
the drop essentially skips stage I and enters directly stage III where the nearly
spherical shell shrinks in volume maintaining a constant shape (see supplemen-
tary movie M2 corresponding to ¢g =~ 2.5 x 10™* and RH = 32%). We could
only detect small deviations from a perfectly spherical shape at R/ Ry ~ 0.34.
At this radius, the interface velocity is v; = 0.43 pm/s, which gives a parti-
cle Péclet number v;¢/D, =~ 0.7. For Péclet number smaller than 1 diffusion
could lead to a porous shell of thickness larger than what could be estimated
by Eqn. 3.5, which is a good approximation only for large Pe. A thick porous
shell, formed as a result of the particles assembling into a percolating network,
could deform isotropically rather than buckle.

For intermediate values of ¢, we observe a clear correlation between the num-
ber of folds in the buckled shape and the value of RH (Fig. 3.9 b). The mode
number n was taken as the number of concave depressions observed in the
SEM images of buckled capsules. Faster evaporation leads to higher buckling
modes. A similar trend and identical buckled shapes have also been reported
for evaporating drops laden with spherical colloids [61].

The observation of reproducible buckled shapes at intermediate ¢ is in sharp
contrast to the buckling of elastic shells in Refs. [151,152,154-158] which is
known to be sensitive to defects. The repeatable shapes of Fig. 3.9 b suggest
a shell with small imperfections of negligible influence. Recent studies on the
role of imperfections in shell buckling report that the smaller the ratio of the
imperfection’s characteristic size to the shell thickness, the closer the shell is
to being a perfectly homogeneous [157,158].
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The mode number dependence on the evaporation rate (Fig. 3.9 b) could be
explained by geometric arguments from perfect shell theory [152] or by the
inertia of the shell [159,160]. To rule out the second, less plausible hypothesis,
knowledge of the thickness of the shell is necessary. Direct measurement of the
thickness of the shell in an evaporating drop is challenging, unless sophisticated
experimental techniques are used [62,124]. We estimated the shell thickness by
measuring the evaporation of GO suspensions from the tip of a capillary tube
placed in a humidity controlled chamber [161-163]. The water evaporates from
the open end of the capillary tube, resulting in the accumulation of the GO
particles at the air-water interface and the formation of a planar particle layer.
The solid fraction in the layer can be calculated as ¢s =~ (ve/Vsherr)do [58],
where v, is the rate of change of height of the liquid column in the capillary
(due to evaporation) and wvgpey is the rate of change of thickness of the particle
layer. Detailed explanation of the experiments are found in the Appendix E.
The measured solid fraction was ¢spe; = 0.018 +0.004 for the same initial solid
fraction and similar range of particle Pe numbers as in the drop experiments
of Fig. 3.9 b. The ratio of shell thickness to radius at the onset of buckling
can be estimated from mass conservation of the particulate phase [60]:

1/3

ho [ (Pshen — ¢o(Ro/Ryp)°)

Ry, (Pshett — P0)

According to this expression, hy/ Ry decreases with increasing R,/ Rp. Because
our experimental data shows that Rj/Ry increases with decreasing RH (Fig.
3.5), faster evaporation will be associated to smaller values of hy/Rp. Using
the measured values of Ry/Ry and ¢gsperr, hy/ Ry is estimated to be in the range
0.06 — 0.34, where 0.06 and 0.34 correspond to the smallest and largest values
of RH. Thus, the humidity level has a direct effect on the slenderness of the
shell at buckling.

The ratio of the kinetic energy of the shell to the bending energy (B ~ Eh3)
of the shell is of the order of pshe”thbvg /B. For buckled GO capsules in Fig.
3.9, this ratio is in the range 1074 to 10710, Since pshe”Rghbvg/B < 1, the
role of inertia can be safely neglected.

For inertia-less, homogeneous, linear elastic shells, the mode number n is
obtained by the minimization of elastic bending and stretching energy con-
tributions [24, 151]. For a perturbation of amplitude w and characteristic
wavelength ), the bending energy per unit area is Eh3(w/)\?)?, where w/\?
is an estimate of the local curvature. The perturbation also results in an
in-plane strain w/R and the corresponding stretching energy per unit area is

(3.5)
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Eh(w/R)?. Balancing the two energies gives a prediction for the mode number
n o< R/X ~ (R/h)Y/2. For a constant shell radius, increasing the shell thick-
ness increases the bending energy contribution: it is energetically favourable
to select large wavelengths (small mode numbers) as this minimizes the bend-
ing energy. For inertia-less, homogeneous, linear elastic spherical the mode
number is predicted to satisfy [152]

n(n+1) = [12(1 - v?)]2(Ry/hy) (3.6)

The underlying theory holds for large values of the Féppl-von Karman number
k = EhR?/B [151,164]; in our case & is in the range 76 —2200 for ¢ ~ 5x 107°.
Figure 3.10 shows n vs. (Ry/hy)'/? for ¢9 ~ 5 x 107°. The black curve
is the theoretical prediction n(n + 1) = [12(1 — v?)]Y2(R/h)y [152], where
[12(1 — v?)]"/? = 3 with v ~ 0.5 (v is usually taken to be of order 1 [125]).
It is seen that the prediction follows the experimental trend, but is shifted by
approximately 1. The prediction does not account for the fact that contact
with the substrate reduces the number of concavities. Shifting the the mode
number prediction by one to account for this effect (black dashed line) improves
prediction of the experimental data.
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Figure 3.10: Buckling mode number n vs. (Ry/hy)'/? for ¢g ~ 5 x 10~°. The
black curve corresponds to Eqn. 3.6. The black dashed line is n — 1.
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3.4.4 Simulation results

Figures 3.11 a and b show the time evolution of the particle distribution in an
evaporating drop with non-repulsive (Fy/Fpo = 0) and repulsive (Fy/Fpo =
1) particle-interface interaction conditions, respectively. Here Pe =~ 93 and
¢o = 0.01 for both cases. Sub figure a shows particles irreversibly attached to
the interface during the drop evolution, while sub figure b shows that repul-
sion between particle and interface results in no interfacial particle adsorption.
Nevertheless, a dense particle layer forms near the retracting liquid-gas inter-
face for both particle-interface interaction conditions, as indicated by black
dashed lines in Fig. 3.11.

(a) (b)
T —o—1t~0 |] 1 —o—1t~0
0.8 —o—1~0.14] | 0.8 —o—1~0.14
{ —o—1t ~0.18 —o—1t~0.18
=06 t:N 0.22] 1 =06 gw 0.22
. ~0.23 8 f~0.24
041 [ 0.4
o)
0.2 0.2
0 0 @
0 0.5 1 0 0.5 1
/Ry /Ry

Figure 3.12: Time evolution of normalized particle tension and surface pres-
sure —o /v, —II/y vs. normalized radius r/Ry in evaporating drops. Sub
figures a and b correspond to drops with non repulsive (Fyo/F,0 = 0) and
repulsive (Fyo/Fpo = 1) particle-interface interaction conditions, respectively.
The open and filled circles correspond to —o /v and —II/7, respectively.

Figure 3.12 shows the time evolution of normalized particle tension and surface
pressure —o /v, —II/y as a function of normalized radius /Ry for the same
cases discussed in Fig. 3.11. Here, r € (0, R) represents the radial distance
inside the drop. Sub figures a and b correspond to non-repulsive and repulsive
particle-interface interaction conditions, respectively. We assume that buck-
ling occurs when the particle tension or the surface pressure becomes equal to
. The instant of time when maxz(|I, o)/ &~ 1 is satisfied is chosen as the
buckling time ¢, and the corresponding drop radius Ry (see Sect. 3.4.2). In
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Figure 3.13: Normalized buckling radius Rp/Rp vs. Pe. The red triangle
markers corresponds to no repulsion between particle and interface (Fso/Fpo =
0) and the blue square markers corresponds to repulsion between particle and
interface (Fs0/Fpo = 1). The particle distribution at R,/Ry are shown for
Pe ~ 4.8,46 & 466 in the bottom panel. The initial drop radius Ry = 100d,,
and the initial solid fraction ¢y =~ 0.01 is the same for all data presented. The
scale bars correspond to 10d,,.
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our simulations, the term ‘buckling’ refers only to satisfying the above crite-
rion. However, for buckling to occur, another criterion must be met: the shell
thickness hy must be significantly smaller than Rj.

It can be seen that the drop buckles earlier at ¢ ~ 0.23 when the particles
adsorb at the interface (Fig. 3.12 a) compared to the case when particles do
not adsorb at the interface, ¥ ~ 0.24 (Fig. 3.12 b). The earlier buckling is
further explored in Fig. 3.13 which shows the normalized drop radius R/ Ry
vs. Pe for two particle-interface adsorption conditions. The red triangle and
blue square markers correspond to non-repulsive (Fy/Fpo = 0) and repulsive
(Fs0/Fpo = 1) particle-interface conditions, respectively. We observe that the
drops with interface adsorbing particles always buckle earlier than the drops
with hydrophilic particles for all Pe numbers. For Pe > 10%, R,/ Ry increases
with Pe whereas, for Pe < 102, R,/Ro plateaus. This plateauing behavior
that has not been reported so far.

We first focus on Pe > 10%. For large Pe numbers, the diffusive flux away
from the interface is very small compared to the convective mass flux towards
the interface o< v;¢g. Thus larger v; leads to earlier buckling of the drop with
larger Rp. This explains the trend of increasing Rp/Ro with respect to Pe.
For either of the particle-interface interaction conditions, the convective flux
remains the same whereas the diffusive flux depends on the particle adsorption
to the interface. In case of particles repelled from the interface, the diffusive
flux is small but finite. For interface adsorbing particles, the diffusive flux
away from the interface is zero, since the particles are irreversibly adsorbed
at the interface. The irreversible particle adsorption at the interface leads to
earlier jamming and thus earlier buckling of drops with particles adsorbed at
the interface.

For Pe < 102, the value of Ry/Ry plateaus for both particles-interface adsorp-
tion conditions, albeit at different values. In the case of no particles adsorption,
Ry/ Ry reaches a plateau at ~ 0.2 which corresponds to a homogeneous dense
packing of particles (see bottom panel corresponding to Pe ~ 4.8 & 46). Thus
for Pe < 10% and no particles adsorption, buckling cannot occur. In case of
particles adsorbed at the interface buckling occurs due to the formation of a
shell layer composed of a monolayer of particles at the interface. The insets in
Fig. 3.13 corresponding to Pe ~ 4.8 and 46 show the jamming of monolayer
of particles at the interface for adsorbing particles, while no buckling occurs
for the same Pe numbers in the case of non-adsorbing particles.

The specific value of R,/Ry =~ 0.3 is understood by analyzing the rate of
particle adsorption to the interface. Figure 3.14 shows the number of parti-
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Figure 3.14: The number of particles at the interface as a function of normal-
ized time for different values of Pe < 100. The red dashed line is N¢, = 154.

cles at the interface NN; as a function of normalized time t/t. for Pe < 102.
It can be seen that for time t/t, > 0.15, the number of particles in the in-
terface reaches a constant value N, ~ 154 (indicated by red dashed line).
The rate of adsorption becomes zero because the particles already adsorbed
at the interface repel other particles near the fluid-fluid interface, effectively
changing the particle-interface interaction into a repulsive one. As the drop
continues to evaporate, N, remains constant but the surface fraction increases
leading to jamming at the interface. The buckling radius can be calculated
as 2mRy¢; = 154d,, where ¢ ~ 0.8 is the surface fraction at R, (obtained
from the simulation). Substituting the initial condition Ry = 100d,, we get
Ry/Ro = 154/(27100¢s) = 0.3. This is close to the plateau value Rp/Rop ~ 0.3
seen in Fig. 3.13 for non repulsive particle-interface condition indicated by
red triangle markers.

The hypothesis for onset of buckling of drops requires a large Pe number, re-
sulting in the formation of a shell layer that undergoes buckling [60]. However,
we have shown that drops with small Pe numbers can also undergo buckling
due to the formation of a shell composed of a monolayer of particles at the
interface (see Fig. 3.13). Thus, for small Pe numbers, the onset of buckling is
decided solely based on particle adsorption to the interface and the necessary
criterion for onset of instability is (7 — II) = 0. The effect of bulk stresses can
be neglected.
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3.4.5 Stability of buckled capsules in water

Figure 3.15 a and b show the morphology of the dried capsules from drop
evaporation experiments of acidic and basic drops for ¢¢ ~ 5.7 x 107°. Each
dried capsule is first re-suspended in water and then drop casted onto a carbon
tape for SEM imaging. The buckled capsule of the acidic drop retains its
buckled morphology upon contact with water, while the capsule from the basic
drops partially unfolds. A possible explanation is that the thicker shell of basic
droplets undergoes a smaller in-plane compression in region I, A/Ag4., ~ 3
as opposed to A/Ag., > 10 for acidic drops. The stability of buckled capsule
of graphene oxide re-suspended in water is attributed to the formation of
permanent bonds due to plastic deformation of the sheets [45]. The weaker
compaction of basic droplets may not result in the formation of such permanent
bonds, so unfolding for basic droplets is more likely.

As an illustration of the practical implications of this observation, powders
obtained by spray drying acidic and basic GO suspensions (¢p ~ 2 x 1073) in
a lab scale spray dryer are collected and re-suspended in water (see Appendix
F for experimental details). The suspension is then drop casted onto a polished
copper tape and imaged by SEM (figures 3.15 ¢ and d). Figure 3.15 ¢ shows
a few buckled capsules (red circles) and some unfolded capsules (red arrows).
Figure 3.15 d entirely has only flat sheets with some folds, indicating that
all buckled capsules have unfolded. Of course conditions in a spray drier are
much more complicated than in our single-drop experiments, but the simple
test of figures 3.15 ¢ and d illustrates that the pH of the solution has a drastic
effect on the ability of GO capsules, produced by spray-drying, to maintain
their shape when redispersed in water.

3.5 Conclusions

We investigated experimentally the evaporation of water drops containing
graphene oxide nanosheets. Single drops are placed on a superhydrophobic
surface and are observed from the side by a camera and the buckled capsules
imaged by SEM. Different stages of evaporation are identified, and the effect
of solid concentration, pH and relative humidity assessed. Evaporation gives
rise to a particle-rich shell that buckles, forming folded structures. For certain
ranges of particle concentration and relative humidity the folded structures
display distinct buckling modes (Fig. 3.9).

Before buckling, when the drop has a nearly spherical shape, the rate of de-
crease of drop volume is found to be independent of the initial particle con-
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Figure 3.15: Comparison of dried buckled capsules from single evaporating
drops (top panels) and from spray dried drops (bottom panels) after resus-
pension in water. Top: SEM images of capsules from acidic (a) and basic (b)
drops from experiments on super-hydrophobic substrates. The buckled cap-
sules are re-suspended in water and drop casted onto carbon tapes. Bottom:
SEM images of spray-dried GO powders from acidic (c¢) and basic drops (d).
The powders are re-suspended in water and drop casted onto polished copper
tapes. Scale bars represent 20 pm.
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centration. A theoretical model based on Berg & Purcell’s [142] asymptotic
solution for a sphere covered with a uniform distribution of patches permeable
to the evaporation flux is used to demonstrate that even in the presence of
GO particles adsorbed on the fluid interface, the evaporation flux across the
particle-laden and clean drop surface are almost identical.

The initial particle concentration and pH have a marked effect on the drop
radius at which buckling occurs. Buckling of basic droplets (pH>7) occurs
later, for a given particle concentration, than buckling of acidic drops. Dried
capsules formed from acidic drops do not unfold when resuspended in water,
unlike capsules from basic drops. There is therefore a link between time of
buckling and mechanical stability in water of the produced capsules.

The simulations of drops with repulsive and non-repulsive particle-interface
conditions reveal a non-linear dependence of buckling radius on the Péclet
number. We showed that when particles adsorb at the fluid-fluid interface,
buckling occurs regardless of the Péclet number. These results highlight the
crucial role of particle adsorption on the onset of buckling.

The observation of the shape of the fluid interface post buckling seem to
suggest that the pH dependent adsorption of GO particles to the air-water in-
terface plays an important role in, and possibly controls, the onset of buckling.
Our interpretation of the condition for the onset of buckling, based on particle
adsorption, is different from the one assumed by many published models for
spherical colloids, which consider only the particles completely immersed in
the fluid as responsible for buckling [60, 62].

For a range of intermediate concentrations and relative humidities, very con-
trolled buckled structures could be obtained. Analysis of the surface modes
of these structures indicate that the particle shell buckles essentially like a
inertialess deflated elastic shell. What is remarkable is the repeatability with
which these shapes are obtained in our experiments. The shape of deflated
elastic shells is notoriously dependent on the presence of defects. In our ex-
periments, non-homogeneities in the particle distribution, if present, do not
seem to affect the overall shape of the capsules.

We report an increase in mode number (number of depressions) for increasing
evaporation rate, see Fig. 3.9 b. This trend can be explained by the depen-
dence of the mode number n on the slenderness of the shell at buckling, as
measured by hy/Rp. The mode number increases with Ry/hy, approximately
as ~ (Ry/hy)'/? (Eqn. 3.6), and Ry,/hy in turn depends on the humidity level,
as demonstrated by the data in Fig. 3.5.

Spray drying of acidic drops may be useful to obtain stable suspensions of
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GO capsules, as we demonstrate in Fig. 3.15 . The emergence of hierarchical
folds due to buckling - we report undulations ~ 100 pm accompanied by small
scale undulations of the order of 100 nm - could be exploited, for example, to
produce hierarchical particulate materials [41,165].

3.6 Appendix

Appendix A: Drop contact angle during evaporation

The time evolution of the contact angle of a dilute (¢g ~ 0.57 x 1075) GO drop
during evaporation is shown in figure 3.16. The contact angle is approximately
155° for most of the drop evaporation time, implying evaporation in a constant
contact angle mode.

150 F

0 500 1000 1500 2000
t(s)

Figure 3.16: Time evolution of contact angle of a GO drop during evaporation.

Appendix B: GO sheet length and thickness estimation

To estimate the GO thickness we used atomic force microscopy (AFM). A GO
suspension with initial particle concentration ¢g ~ 5 x 1077 is drop casted
onto a silicon wafer with a 300 nm coating of SiO2 (PI-KEM). Prior to drop
casting the silicon wafer is cleaned with acetone, IPA, ethanol and subject to
sonication in an ultrasonic bath with Milli-Q water. A region of 20 x 20 (pm)?
is imaged in the AFM using tapping mode. The data is processed with the
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Figure 3.17: AFM image of the GO sheets drop casted on silicon wafer. The
color map corresponds to the height data. The white scale bar represents
5 pm.

open-source software Gwyddion to obtain the height map shown in Fig. 3.17.
The thickness statistics are obtained by a in-house developed MATLAB code.
The measured average sheet thickness is £ = 1.00 £ 0.14 nm. The lateral sizes
were measured using scanning electron microscopy images of the same silicon
wafer. The average sheet length is £ = 1.08 + 0.44 pm.

Appendix C: Wavelength of small scale wrinkles

To estimate the wavelength of small scale wrinkles in the SEM image of the
buckled aggregate in Fig. 2 ¢, we compute the auto-correlation of the intensity
profile. The intensity autocorrelation can be an approximation of the height-
height correlation of the small scale wrinkles in the buckled capsule. The
average autocorrelation function becomes zero approximately for £ ~ 100 nm.
We take this to be the typical wavelength of the small scale wrinkles.

Appendix D: Radius at the onset of buckling

In Fig. 5 (a) in the main text, the radius at the onset of buckling is found by
measuring the deviation of the projected contour of the drop from a circle by
using a circularity parameter ¢. In Fig. 5 (b) we introduce a new parameter
®, the difference in circumference of a fitted ellipse to the drop contour and
the measured circumference of the drop contour from the image of the drop.
Figure 3.19 shows ® vs. time (in seconds) for a typical GO drop during
evaporation. As the drop undergoes buckling there is a sharp increase in ®
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Figure 3.18: Autocorrelation function of the intensity profile from the SEM
image of Fig. 2 c. The blue curves indicate the autocorrelation function along
each row of pixels and the black curve represents the average over all rows.

which we identify as the onset of buckling time ¢; and the corresponding radius
Ry,

Appendix E: Capillary evaporation experiments

Figure 3.20 a shows the schematic of the experimental setup (not to scale)
to measure the shell volume fraction. A glass capillary tube with internal
diameter 0.4 mm is held perpendicular to gravity, with its open end exposed
to a humidity controlled chamber. The other end of the tube is attached to a
water reservoir to maintain a constant pressure head [162]. The open end of
the capillary tube is filled with the GO suspension and the evaporating GO
suspension is separated from the water in the reservoir by an air bubble that
is trapped between them. The air bubble saturated with water vapour ensures
that the GO suspension evaporates only from the open end of the capillary
tube.

The height of water in the reservoir remains unchanged during evaporation, as
the reservoir diameter is much larger than diameter of capillary tube, main-
taining a constant pressure P4 > Py, between the reservoir and the open end
of the capillary tube. The higher pressure (P4) prevents the GO suspension
from retracting into the capillary tube from the open end during evaporation
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Figure 3.19: Difference (®) between the circumference of a fitted ellipse and
the circumference measured from the side view image of the drop. Inset shows
a sharp increase in ® for time ¢ = t; ~ 2665 s.

(see Fig. 3.20 b, where the system is imaged by a camera with a large field of
view). The higher pressure also renders the liquid-air interface, at the open
end of the capillary, planar. Another camera with zoom lens records the open
end of the capillary to visualize the growth of the particle dense layer (see
Fig. 3.20 c). Since the capillary tube is held horizontal, the shell formation is
not affected by sedimentation. Both the camera are synchronized to capture
images at the same instance at 0.05 fps.

The height of the liquid column in the capillary can be found by balancing the
mass loss and the evaporation flux. The height of the liquid column H is [163]

_ 4D(cs — coo)t

H(t) = Ho P
T

(3.7)
Here py is the liquid density, Hy is the initial height of the liquid column, ¢, is
the saturation vapour concentration, co, is the vapour concentration far away
from the open end of the capillary and r; is the internal radius of the capillary.
Figure 3.21 shows the normalized liquid column height as a function of time for
GO suspension with initial concentration ¢g = 5.7 x 107°. The experiments
are performed with initial height Hy ~ 40 mm and RH = 32 and 60%. The
dashed lines are theoretical predictions from Eqn. 3.7. It can be seen that
the experimental data agree well with the linear trend predicted by Eqn. 3.7



76 CHAPTER 3. EVAPORATION DRIVEN BUCKLING

a) c)

. RH controlled air

. 4 X v ™
Air GO suspension = Pg = Pam i
Pa>Patm E RHg = 30 (or) 60%
RH, = 100% = "'
b) H(t) /
_ =
/(_,)\ . 1 "] 1
\CD/ IL = :
£ = '
£ : e '

Figure 3.20: a) Schematic of the setup for studying the evaporation of GO
suspension from a capillary tube. b) Images from the camera with a large field
of view shows the height H(t) of the liquid column of the GO suspension. c)
Images from the camera with a zoom lens show the shell layer height h(t).

until ¢ ~ 6000 s and ¢ ~ 15000 s for RH = 32 and 60%, respectively. A
slowing down of the evaporation rate occurs for longer times. Possible causes
of deviation from Eqn. 3.7 are the recession of the fluid interface into the
dense particle layer or the dependence of pressure on the microscopic meniscus
curvature [166]. From Fig. 3.21 we calculate the rate of change of height of the
liquid column v, = 2,1.26 pm/s corresponding to RH = 30, 60%, respectively.
To quantify the thickness of the dense particle layer, we use the image data
from the camera with a zoom lens (see Fig. 3.20 c). Figure 3.22 a shows the
open end of the capillary tube with a dense particle layer. The region where
the light intensity is measured indicated by a green box which is located just
above the tip of the capillary tube. The intensity is averaged in the y direction
and plotted as a function of x distance in Fig. 3.22 b. The intensity value
changes from approximately 50 to 200, corresponding to the transition from
the dense particle layer to the dilute GO suspension. The intensity curves have
a sigmoidal shape and it translates in the x direction as time progresses. By
finding the displacement of the sigmoid with respect to time we compute the
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Figure 3.21: Height of the liquid in the capillary normalized by initial height
vs. time for two humidity conditions. The initial GO concentration is ¢g ~
5.7 x 107°. The dashed lines are theoretical predictions from Eqn. 3.7.

velocity of growth of dense particle layer. Figure 3.22 c is a a space-time plot of
the intensity over time. The contour line corresponding to the intensity values
of 70 visually separates the dense particle layer and the dilute GO suspension.
We observe that the dense layer height h scales proportional to /¢ for long
times. In Ref. [166] such dependence was predicted for times for which the
fluid interface receded into the particle layer, giving rise to an evaporative
mass flux that decreases with increasing h. The growth velocity of the dense
particle layer vgpe is calculated by a linear fit in the time range where the
evaporation rates agree well with the linear diffusive behavior expressed by
Eqn. 3.7 (see Fig. 3.21). From mass balance, the packing fraction of the
GO at the dense particle layer is ¢gsper = (Ve/Ushenr)®o [58]. This expression
gives dgnerr = 0.018 + 0.004. The standard deviation is obtained by choosing
different values of intensities (70 - 180) to be the threshold for shell layer.

Appendix F: Spray drying experiments

The spray drying experiments are performed in a lab scale spray dryer (Buchi
S-300). The initial volume fraction is 0.002 for both acidic and basic suspen-
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Figure 3.22: a) Image of the open end of the evaporating capillary tube. The
green box indicates the area in which light intensity is measured. b) Light
intensity in the green box (averaged in the y direction) is plotted against x
distance. The arrow indicates the progression in time ¢. ¢) Space time plot
of the average intensity in the green box over time. The black curve is the
contour line corresponding to intensity value 70. The slope of the contour line
corresponds to velocity of growth of the dense particle layer vgpey.

sions. The suspension is atomized into fine drops of typical radius ~ 20 pm
by a compressed nitrogen at 6 Bars in a spray nozzle. The drops are dried by
hot air in a co-flow configuration. The drying air is at 200° Celsius and the air
mass flow rate is 30 m3/hr. Experimental conditions are identical for acidic
and basic drops.
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Appendix G: Calculation of particle stresses and validation

To compute the average stresses in the bulk of the drop, the drop is divided
into n (= 10) shells of equal width §. The average stress (per unit depth)
inside the shell due to particles in the bulk liquid is [167]

1 = 1 .
Ub(Tn):AfZZFij®(fj—fi)+f235®f(R—fi'f) (3.8)
T iy noy

where 7 is the index of the particles inside the nyy, shell, r;, is the distance of
the shell mid point from the drop center, j is the index of the particles that
experience repulsive interaction with particle ¢ and A,, is the area of the ng,
shell. The symbol ® is a dyadic product resulting in a 2 by 2 tensor . The
components are 0?,., 0%, o5 and oj,. An equivalent tension (per unit depth)

in each shell in @ direction is o = 030(5 . The surface pressure due to particles
at the interface is [131]

1 = S o
o® = FZZFZ](@(CCJ*‘%‘Z) (39)
P i

Here P = 27w R is the perimeter of the drop, i the index of the particles at
the drop interface and j is the index of the particles that experience repulsive
interaction with particle . The surface pressure II = o, is the tangential
tension in the interface.

To validate the implementation of the soft potential and calculation of the
stresses, we perform simulations of particles inside a circle with periodic bound-
ary conditions. A range of solid volume fractions (0.005 — 0.84) are consid-
ered and the isotropic pressure is calculated by averaging over a long time
period. In order to compare the data against theoretical models we choose
the cutoff length for electrostatic repulsion to be infinitely large (in prac-
tice r, = 106dp). For a system with very large r., the isotropic pressure is
P(rp) o< Fpo/{rp)® [168,169]. Here (r,) is the average inter-particle distance.
Figure 3.23 shows P/Py vs. (rp/rpo) for r. = 10%d,. Py and (rp) correspond
to the isotropic pressure and average inter-particle distance at maximum pack-
ing ¢ =~ 0.84, respectively. The blue dashed line is the theoretical prediction
with slope = 1/3.
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Figure 3.23: Normalized isotropic pressure P /Py vs. normalized inter-particle
distance (rp/rpy) for r. = 10°d,. The blue dashed line is the theoretical
prediction which has a slope of 1/3.



Chapter 4

Conclusions and future work

This chapter begins with a summary of the main conclusions drawn from
the experimental and theoretical research presented in this dissertation. We
highlight new insights gained on the buckling of monolayers of model plate-like
particles and multilayers of nanosheets at fluid interfaces. The need for new
rheological studies to quantify stresses in drying suspensions is emphasized
and the chapter concludes with a discussion of future research directions.
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4.1 Conclusions

The goal of this dissertation is to understand the buckling behavior of mono-
layers and multilayers of plate-like particles under confinement by fluid inter-
faces, with the aim of understanding nanosheet mechanics at fluid interfaces.
To this end, we first performed experiments with model plate-like particles at
fluid-fluid interfaces, as detailed in Chapter 2. Building on insights from the
study of monolayer of plate-like particles, Chapter 3 investigates the buckling
of multilayers of nanosheets that accumulate near the air-water interface of an
evaporating drop. In both chapters, novel experimental techniques were devel-
oped to examine the behavior of plate-like particles confined at flat (Langmuir
trough) and curved (drops) interfaces. The resulting data provide new insights
into how plate-like particles interact at fluid interfaces and highlight differences
from the behavior of spherical particles. Based on these experimental findings,
mathematical models were developed to describe the buckling response as a
function of the physical properties of plate-like particles. The following are
the key contributions of this dissertation:

Development of experimental methods

We introduced millimetric sheets as model systems to study the mechanics
of 2D nanosheets at interfaces. We showed that Mylar sheets at fluid in-
terfaces produce non-dimensional interface distortions similar to those of 2D
nanosheets, making them a suitable model system. The Mylar sheets are
monodisperse, optically accessible, and enable controlled, repeatable experi-
ments amenable to theoretical analysis. To characterize the buckled monolayer
of Mylar sheets, we designed a custom force sensor to measure the small in-
terfacial forces and developed a novel technique for quantifying the surface
topography of buckled monolayers.

In the context of spray drying, we showed that a single drop (GO suspended in
water) evaporating on a superhydrophobic substrate is a simplified yet useful
model of the spray drying process. The Péclet numbers in the drop evapora-
tion experiments are in the range 150 — 500, which are comparable to values
reported for spray dryers (Pe &~ 24 —180 [61] and Pe = 5x 102 [170]). The ad-
vantage of this simplified setup is the ability to directly observe the real-time
evolution of the drop shape.

Prediction of buckling wavelength of a monolayer of plate-like particles
Experiments show that monolayers of plate-like particles at fluid interfaces
buckle with a wavelength of the order of the particle lateral size L, in contrast
to spherical particle monolayers with A o v/d, where d is the diameter of
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the spheres [14]. We explained the difference in buckling wavelength scaling
based on the bending energy of the particle-laden interface. For monolayers
of spherical particle, the bending energy is of the order vd? and the buckling
wavelength is determined by the balance of bending and capillary energies.
Whereas, for plate-like particles, the bending energy is of the order vLt, where
t is the thickness of the plate-like particles. For a large aspect ratio L >
t, the bending energy is very small compared to the capillary energy and
the buckling wavelength is determined only by capillary energy contributions,
which results in buckling wavelength of the order of particle size. We developed
a theoretical model that predicts the experimental buckling wavelength and
buckling pressure without any fitting parameters.

Buckled monolayers of 2D nanosheets have wavelengths of the order of 10
particle lengths as opposed to model systems with 2 particle lengths [26]. A
possible explanation is the presence of bending rigidity in the monolayer due to
partial overlaps between plate-like particles. Including overlaps in the math-
ematical model provides a good prediction of buckling wavelengths observed
in monolayers of 2D nanosheets.

Insights on evaporating drops containing nanosheets

Existing models for crumpled capsule formation during spray drying predomi-
nantly rely on simulations of evaporating droplets containing single nanosheets
[46,49,50]. However, experimental studies indicate that dried capsules typi-
cally contain multiple nanosheets [45,48]. Motivated by this knowledge gap
we performed experiments to investigate the evaporation of water drops con-
taining multiple GO nanosheets.

The experiments revealed that drop evaporation leads to the formation of a
dense layer of GO nanosheets near the air-water interface. Since the forma-
tion of a dense layer cannot be directly observed in drop evaporation exper-
iments, we developed complementary experiments involving evaporation of
GO suspension in a capillary tube.These capillary experiments enabled the
quantification of the solid fraction in the shell layer. The value of shell layer
solid fraction was used to estimate the thickness of the shell layer in the drop
evaporation experiments.

It may be expected that the accumulation of particles at the interface may
reduce the evaporation rate of the suspension drops due to a reduction in
surface area available for evaporation. We observed that the evaporation rate
remains unchanged. We explain the contradiction by adapting the explanation
of Berg and Purcell [142]. The evaporation rate of a spherical drop covered
with plate-like particles can be found by solving the Laplace equation for the
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vapor concentration field around a spherical surface with uniformly distributed
patches that are permeable to diffusion. These patches represent the exposed
regions of air-water interface not obstructed by the particles on the drop sur-
face. The evaporation rate remains unchanged if the patches allowing diffusion
are uniformly distributed on the surface of the drop and the size of the patches
are much smaller than the drop radius.

We have established that a dense layer of GO particles forms near the air-water
interface during evaporation and that the shell does not affect the evaporation
rate. The next step was to understand the buckling of the shell. We proposed a
necessary criterion for buckling of the shell layer in drying drops: (y—I1—0) =~
0. Here v is the interfacial tension, II is the surface pressure and o is the
tension in the dense layer of particles completely wetted by the fluid. We
tested the proposed buckling criterion by varying the interfacial adsorption
of GO particles by changing the pH of the suspension. When nanosheets
adsorb at the air-water interface, the surface pressure 11 is finite and buckling
occurs when (IT + o) =~ 7. In case of no particle adsorption, II ~ 0 and
buckling occurs when o & . As a result, the tension o required for buckling
is higher when particle adsorption is absent compared to drops with non-
negligible particle adsorption to the air-water interface. The higher tension
o requires the formation of a thicker shell. Since the thickness of the shell
increases with time, a delayed onset of buckling is predicted for drops with no
particle adsorption at the air-water interface. This prediction agrees well with
the experimental results.

We also found that faster evaporation leads to a smaller buckling wavelength
for the capsules. This result is explained by earlier jamming at the interface,
caused by an increased particle flux towards the fluid interface at higher evap-
oration rates. As a result, thinner shells of large radius are formed, which,
according to elastic shell theory, buckle with smaller wavelengths. The exper-
imental observations are in good agreement with the theoretical predictions.

The pH-dependent interfacial adsorption of GO particles cannot be directly
observed in drop evaporation experiments (although the dependence is well-
established in the literature [23,66]). Therefore, we performed complementary
simulation studies in evaporating 2D drops. The simulations for Pe > 1 con-
firmed the observation that the buckling criterion is reached earlier if particle
adsorption occurs. For small Pe numbers, the simulations show that a dense
layer of particles does not form near the fluid interface and the buckling crite-
rion becomes (y—1II) ~ 0. The same buckling criterion is valid for evaporation
of drops covered with a monolayer of spherical particles [123].
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4.2 Future work

4.2.1 Rheology of shell layer in drying suspensions

In Chapter 3, we argued that a necessary condition for buckling is (y—II—0) =~
0. To test this hypothesis, direct measurement of Il and ¢ in a drying drop
would be necessary. Therefore, there is a need for experimental studies that
quantify both IT and o in the shell layer during drying.
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Figure 4.1: Schematic of a conceptual experimental setup proposed to measure
the stresses in the shell layer formed by nanosheets during drying.

Figure 4.1 shows a conceptual experimental setup which could be used to study
the rheology of shell layer in drying applications. The suspension is dried in a
humidity controlled environment between two barriers, one movable and one
fixed. The loss of liquid due to evaporation is compensated by using a supply
tank with a much larger cross sectional area. As the drying proceeds a dense
layer of particles forms at the liquid-gas interface. The movable barrier on
the right imposes a prescribed compression displacement on the shell layer.
The fixed barrier on the left acts as a stress sensor, which is composed of a
polymer gel embedded with fluorescent particles. The tensions II and ¢ can
be reconstructed by tracking the motion of the fluorescent particles with a mi-
croscope objective [171]. The buckling of the interface, if any, can be captured
by the camera from the top view. Using this setup, a direct verification of the
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proposed buckling criterion is possible.

Predicting the onset of buckling is essential not only for spray dried nanosheets
but also for industrial processes such as painting, inkjet printing, coatings, and
spray drying of milk powders. While uniform films are desired in printing and
coating, wrinkled morphologies are beneficial in applications like spray dried
graphene capsules. However, a general framework to understand buckling in
complex formulations containing surfactants, polydisperse particles, proteins,
and other additives is still lacking. The proposed experimental setup can
therefore be instrumental for engineering drying applications.

4.2.2 Buckling of graphene monolayers

In Chapter 2, we show that model plate-like particles buckle with a wave-
length of 2 particle diameters. To test the prediction with real nanosheets we
performed preliminary experiments with graphene nanosheets in collaboration
with Joseph Neilson, Eoin Caffrey and Jonathan Coleman (Chemical Physics
of Low-Dimensional Nanostructures, Trinity College Dublin, Ireland).

The graphene sheets are deposited on a water-hexane interface, which has been
shown to eliminate overlaps between the sheets [12]. Hexane, being a volatile
liquid, evaporates leaving a monolayer of graphene on water-air interface. The
monolayer is compressed using Delrin plastic blocks and buckling is observed.
The buckled interface is then transferred onto a solid substrate and imaged by
SEM. Figure 4.2 shows the SEM images of wrinkled films made from different
particle diameters. The three different size classes are produced by cascade
centrifugation.

Small wrinkles (shown in insets) and large folds (indicated the by red arrow)
are observed in the buckled film. The insets show wrinkles with approximate
size of the order of particle diameters for all size classes of graphene, a result
qualitatively consistent with the observations made with model plate-like par-
ticles and theoretical predictions in Chapter 2. The large folds are attributed
to the geometric nonlinearity at large compression displacements and have
been reported for spherical particle monolayers [15,149]. Future work should
focus on monolayers composed of size-controlled nanosheets produced via cas-
cade centrifugation. The buckled morphology can be examined by transferring
the monolayer onto a solid substrate and imaged using scanning electron mi-
croscopy (SEM) or in-situ by employing the get trapping technique [172].
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Figure 4.2: Buckled films made from a monolayer of graphene nanosheets. a)
Buckled film produced with nanosheets centrifuged at 0.5 krpm, b) buckled
film produced with nanosheets centrifuged at 0.5-1 krpm and ¢) buckled film
produced with nanosheets centrifuged at 2-3 krpm. Red arrows show large
folds in the buckled films. Insets show relatively flat, zoomed in sections
where the corrugations are approximately 2-3 sheet diameters.

Spray coated buckled GO capsules

Spray-dried capsules of graphene oxide, produced in Chapter 3, retain the
high surface area of the original nanosheets [46]. These capsules are used as
electrodes in energy storage and catalysis applications [11]. However, it is not
clear if the high surface area of crumpled capsules is preserved when packed
onto a substrate, as in electrode application. To study the packing of cumpled
GO capsules, we established a collaboration with Cian Gabbett and Jonathan
Coleman (Chemical Physics of Low-Dimensional Nanostructures, Trinity Col-
lege Dublin, Ireland). We conducted the first study on the microstructure of
densely packed crumpled GO capsules. The packing was fabricated by spray-
coating a suspension of crumpled GO capsules onto a SiOy substrate using a
hand spray gun. Figure 4.3 (a) shows a scanning electron microscope image
of the top view of the packing. The inset shows a typical crumpled capsule.

Figure 4.3 (b) shows a cross section of the spray coated packing produced
by focused ion beam milling made by our collaborator Cian Gabbett. The
thickness of the coating is approximately 15 ym. To the best of our knowledge
this is the first attempt at visualizing the microstructure. We report the
following observations that may be interesting for electrode applications: 1) A
highly porous network of crumpled capsules that still retain a high surface area
can be produced by spray coating. 2) The corrugated surfaces of the capsules
resemble “hook-and-loop fasteners” (similar to Velcro), a feature that could
be leveraged to eliminate the need for binders [173].
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Figure 4.3: Spray coating of a dispersion of crumpled graphene oxide capsules
produced by spray drying. (a) SEM image of the top view of the coating. The
inset shows the SEM image of an isolated crumpled graphene oxide capsule.
(b) SEM image of the cross section of the coating, showing its microstructure.

Evaporating drops with bidispersed particles

In Chapter 3, we used polydispersed GO nanosheets to conduct evaporation
experiments. In suspensions containing polydispersed particles, large particles
diffuse more slowly than small particles, leading to the formation of a shell
layer primarily composed of large particles during evaporation. This behav-
ior is supported by studies on one-dimensional drying of bidispersed particle
suspensions [174]. Spray drying has taken advantage of this size-based segrega-
tion to fabricate core-shell particles, with small particles forming the core and
large particles forming the outer shell [54-56,175]. Notably, the encapsulation
of silicon nanoparticles within a shell of graphene nanosheets has shown great
promise as a high-performance anode material for lithium-ion batteries [176].
While unidirectional drying of bidisperse colloidal films has been extensively
studied [177], size segregation during the evaporation of droplets remains
largely unexplored despite its widespread industrial relevance. Here, we present
preliminary simulation results on the evaporation of droplets containing bidis-
persed particle suspensions.

Figure 4.4 shows the time evolution of particle distribution in an evaporating
drop containing two particle size classes. The small particles are ~ 0.3 pm and
the large particles are 1 ym in diameter. The lifetime of the drop (te = 500 s)
is chosen such that the Péclet numbers corresponding to small and large par-
ticles are approximately 15 and 46, respectively. The initial drop radius is
100 pm. The interface condition is set to be non-adsorbing for both particle
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Figure 4.4: Time evolution of particle distribution in an evaporating drop
containing two particle size classes. The blue and red particles have diameters
of 1 ym and = 0.3 um, respectively. The normalized time is £ = t/t.. All scale
bars represent 10 pm.

size classes and there are 200 particles in each size class (a total of 400 parti-
cles). The simulations reveal that small particles migrate toward the center,
while large particles preferentially accumulate near the air-water interface.
Since the interparticle repulsion is independent of particle diameter, the ob-
served size segregation is primarily a consequence of differences in particle
diffusivity. We intend to perform additional simulations in the future to gain
a better understanding of the formation of core-shell capsules.
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