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Different particle morphology

ABSTRACT: Surface structures with tailored morphologies
can be readily delivered by the evaporation-induced self-
assembly process. It has been recently demonstrated that ZnO
nanorods could undergo rapid chemical and morphological
transformation into 3D complex structures of Zn(OH),
nanofibers as a droplet of ZnO nanofluid dries on the substrate
via a mechanism very different from that observed in the coffee
ring effect. Here, we have investigated how the crystallinity and
morphology of ZnO nanoparticles would affect the ultimate
pattern formation. Three ZnO particles differing in size and
shape were used, and their crystal structures were characterized
by powder X-ray diffraction (XRD) and transmission electron
microscopy (TEM). Their dispersions were prepared by
sonication in a mixture of isobutylamine and cyclohexane. Residual surface patterns were created by drop casting a droplet of
the nanofluid on a silicon substrate. The residual surface patterns were analyzed by scanning electron microscopy (SEM) and
microfocus grazing incidence X-ray diffraction (#GIXRD). Nanofluid droplets of the in-house synthesized ZnO nanoparticles
resulted in residual surface patterns consisting of Zn(OH), nanofibers. However, when commercially acquired ZnO powders
composed of crystals with various shapes and sizes were used as the starting material, Zn(OH), fibers were found covered by
ZnO crystal residues that did not fully undergo the dissolution and recrystallization process during evaporation. The difference in
the solubility of ZnO nanoparticles was linked to the difference in their crystallinity, as assessed using the Scherrer equation
analysis of their XRD Bragg peaks. Our results show that the morphology of the ultimate residual pattern from evaporation of
ZnO nanofluids can be controlled by varying the crystallinity of the starting ZnO nanoparticles which affects the nanoparticle
dissolution process during evaporation.

Zn(OH),
nanofiber network

Different residual patterns 100 pm

H INTRODUCTION films,” DNA microarrays,” ultraviolet photodetectors,'® meso-
porous carbons,'’ photoluminescent films,"* bacterial depos-
its,"> and evaporative cooling."*

The most commonly observed deposition patterns resulting
from the EISA process are so-called “coffee rings”.">~"” When

Controlled assembly at interfaces on a nanoscale is central in
nanoscience and important to application of nanomaterials,"”
and considerable effort has been devoted to creating patterned

surfaces with tailored structures and enhanced functionalities. A
the contact line between the droplet and the substrate is pinned

simple and versatile bottom-up approach for generating surface
upon evaporation, an outward capillary flow of liquid is induced

patterns is evaporation induced self-assembly (EISA).” In this

process, particles (nanoparticles, polymers, biomaterials, etc.) to compensate faster liquid loss at the droplet edge. This carries
dispersed in a drying droplet are arranged into a variety of the dispersed solutes to the droplet perimeter, where they are
structures as the result of the delicate, temporally and spatially deposited and form the ringlike residual pattern.

fluctuating balance between interparticle forces”” and evapo- The formation of coffee rings can be suppressed by the
ration-induced solvent flows. This balance may be tuned by inward Marangoni flow that carries particles toward the droplet
manipulating parameters such particle size, shape, concen- center'® or by the shape anisotropy of dispersed particles."”
tration, solvent composition, evaporation rate, and surface

chemistry of the substrate. EISA has been successfully applied Received: November 8, 2017

to applications such as inject printing of carbon nanotubes,’ Revised:  December 23, 2017

production of conductive graphene networks,” transparent Published: January 2, 2018
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The residual EISA pattern may also be affected by convective
instabilities in the drop,”® which manifest as multiple vortices
with liquid flowing upward in the center and subsequently
outward to the edge of the convection cell, such as the Bénard—
Marangoni and the Rayleigh—Bénard convection,”' which
could lead to residual patterns of connected polygons
templating the convective cells.

Fingering structures may also form from EISA due to
fluctuations at the interface between two fluids of different
viscosities.””>* Fingerlike stripes perpendicular to the contact
line are often produced in vertical deposition techniques (i.e.
plate withdrawal), and radial spoke patterns are commonly
observed in horizontal deposition techniques (i.e, drop
casting).25

Very recently, we have made an unexpected observation of
residual surface patterns from an EISA process.”® When a tiny
droplet of a nanofluid containing ZnO nanorods dries on a
glass slide at room temperature, a uniform thin film with a 3D
porous network structure comprising centimeter long Zn-
(OH), nanofibers and dendrites can spontaneously form. The
observation of this rapid chemical (ZnO to Zn(OH),) and
morphological (nanorods to centimeter long fibers) trans-
formation of a drying nanofluid is surprising and reveals a new
mechanism, which is very different from that associated with
the coffee rings, as outlined below. Once a droplet containing
ZnO nanorods in an isobutylamine and cyclohexane mixture is
placed on the substrate surface, water molecules present in air
are taken up by the solvent due to the high miscibility of
isobutylamine with water. These water molecules are then
incorporated to the surface of isobutylamine-coated ZnO
nanorods, where isobutylamine undergoes hydrolysis with
entrained water molecules, raising pH within the proximity of
ZnO nanorods. When pH reaches a value above 9, ZnO
nanorods transform into soluble hydroxyl complexes with
ZnOH coordinated with isobutylamine. Those complexes may
further assemble in clusters that serve as building blocks in the
formation of zinc hydroxide nanocrystals, whose self-organ-
ization is driven by the thermal and solutal Marangoni flows
and instabilities during the evaporation. This ultimately leads to
the residual surface pattern composed of a uniform film with
the structure of 3D fiber networks being formed on a substrate.

A key step involved in this mechanism is initial moisture-
assisted rapid dissolution of isobutylamine-coated ZnO nano-
rods that differs from previous studies where the dispersed
particles were typically inert. However, a question concerning
this novel EISA process remains: is it necessary to use the ZnO
nanoparticles of size and morphology (i, nanorods)*® to
produce the hierarchical residual surface patterns? To address
this question, in this work we have used three different ZnO
particles varying in shape, size, and crystal structure in the
nanofluid dispersion for the EISA process and investigated how
the initial structure and morphology of ZnO nanocrystals
would affect the ultimate residual pattern formation. ZnO
particles were dispersed in a mixture of cyclohexane and
isobutylamine and dried on a silicon substrate. The starting
particles were characterized by X-ray powder diffraction
(XRD), transmission electron microscopy (TEM) and
energy-dispersive X-ray spectroscopy (EDX), ZnO nano/
microfluids by dynamic light scattering (DLS), and the
obtained residual surface patterns by scanning electron
microscopy (SEM) and microfocus grazing incidence X-ray
diffraction (uGIXRD). It was demonstrated that the morphol-
ogy of the final residual surface pattern from a drying ZnO-
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nano/microfluid droplet could be controlled by varying the
crystallinity of the starting ZnO particles, which affected the
initial ZnO dissolution mechanism.

B MATERIALS AND METHODS

ZnO Particles. Three types of zinc oxide (ZnO) particles were
used: in-house synthesized ZnO nanoparticles and commercially
acquired ZnO nanopowder (Sigma-Aldrich, <100 nm particle size,
~80% Zn basis) and ZnO powder (Sigma-Aldrich, ACS reagent,
>99.0% (KT)). The in-house ZnO nanoparticles synthesis was carried
out according to a modified method described by Sun et al*’ as
detailed in the Supporting Information section SII.

Particle Characterization. Particles morphology was analyzed by
TEM (see section SI2 for details). The sizing of the in-house
synthesized ZnO nanoparticles and commercially acquired ZnO
nanopowder and ZnO powder was performed using ImageJ software
(see section SI3 for details). The structure of ZnO particles was
analyzed by XRD (see section SI4 for details) and their chemical
composition by EDX (see section SIS).

Substrates. Silicon wafers (ID 452, UniversityWafer, Inc.) were
cut into ~1 X 1 cm® squares using a pen diamond cutter. The
substrates were then sonicated in acetone and ethanol for 10 min each,
then rinsed three times with Milli-Q water, before sonicated in Milli-Q_
water for 10 min, and dried with a stream of nitrogen.

Evaporative Drying of ZnO Nano/Microfluid Droplets. ZnO
particles were dispersed in a mixture of cyclohexane and isobutylamine
(5:1 volume:volume ratio), the same solvent composition as in ref 26.
(The effect of the solvent composition on the residual pattern will be
reported elsewhere.) Suspensions of the final ZnO concentration of 1
mg/mL were sonicated for 2 h to form homogeneous dispersions. As-
prepared ZnO nano/microfluids were studies with DLS (see section
S16). 30 uL droplets of ZnO nanofluids were drop-cast by a pipet onto
the surface of the substrates placed inside compartments of a
polystyrene Petri dish (25 compartment sterile 100 mm box; Sterilin)
and left to evaporate. The process took place at room temperature
(~23 °C) and relative humidity (RH) ~45%, measured with a
humidity/temperature pen (Tracable). Within several minutes all
droplets evaporated leaving the substrates covered with white deposits.

Characterization of the Residual Surface Patterns Resulted
from Evaporative Drying. Residual surface patterns formed by the
evaporative drying of ZnO nano/microfluids were investigated using
SEM (JSM-IT300 SEM, JEOL), optical microscopy (see section SI7),
and microfocus grazing incidence X-ray diffraction (uGIXRD).
UGIXRD analysis of the residual surface patterns was performed at
Beamline ID13 at the European Synchrotron Radiation Facility
(France) (see section SI8 for details).

Crystallinity Assessment of ZnO (Nano)particles. The
crystallinity of the ZnO samples was evaluated using the Sherrer
formula® to yield the coherence length L,, which gives an indication of
the lower limit of the crystal domain size®"*> (see section SI4 for
details).

B RESULTS AND DISCUSSION

Characterization of ZnO Nano/Microparticles. TEM
micrographs and the corresponding size distributions of ZnO
particles are shown in Figure 2. The in-house synthesized ZnO
sample was largely composed of spherically shaped nanocrystals
(Figure 2a). Their size distribution (Figure 2d) was fitted with
the log-normal distribution function (see section SI3) with the
geometric mean particle size M = 9.2 nm and the geometric
standard deviation o, = 1.3.

In contrast, the commercially acquired ZnO particles (Figure
2b,c) exhibited diverse morphologies, including spherical,
faceted, elongated rodlike, and irregular parallelepiped
structures, with a wide size distribution. Therefore, a maximum
dimension parameter, which is the greatest distance between
any two surface points of the particle and can be directly
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Figure 1. Experimental setup for yGIXRD analysis. A sample with
residual surface patterns was glued to a glass slide and mounted on the
top of translation/rotation stage. Sample’s surface was scanned with X-
rays by moving the sample position along z-axis and recording a
UGIXD pattern every 2 pm. The “Position” parameter in Figures 7 and
8 refers to the position of the X-ray beam between edges of the sample
along the z-axis.

measured in the case of aspherical particles,”” was used as a
variable of a size distribution instead of a diameter for
commercially acquired ZnO nanopowder and ZnO powder.
The ZnO nanopowder sample (Figure 2b) had particle sizes
varying from 10 nm for the smallest spherical particles to up to
530 nm elongated parallelepiped crystals. The size distribution
of the ZnO nanopowder sample is shown in Figure 2e, with
calculated log-normal fit parameters of M = 71.7 nm (the mean
maximum dimension) and 0, = 2.0. This means that 68.3% of

all particles in ZnO nanopowder sample had the maximum
dimension between 36.2 and 141.8 nm (between M/ag and
Mo,). The ZnO powder (Figure 2c) contained particles with
sizes ranging from 15 nm for the smallest spheres to more than
1 pm for elongated crystals, with log-normal fit parameters M =
1334 nm and o, = 2.2. On the basis of its size distribution
analysis (Figure 2f), it is concluded that 68.3% of all particles in
ZnO powder sample exhibited the maximum diameter between
61.2 and 290.9 nm.

Figure 3 presents XRD diffraction profiles of the three types
of ZnO particles. All the peaks were characteristic for a wurtzite
structure of ZnO (PDF 01-075-0576). The XRD line profile of
the in-house synthesized ZnO sample (cf. Figure 2a) exhibits
large peak broadening. The line profiles of commercially
acquired ZnO particles, nanopowder, and powder (cf. Figure
3b,c) show sharp peaks. The XRD results indicate that the
commercial ZnO nanopowder and powder samples possessed
higher crystallinity (larger size of coherently scattering domains
and less strain caused by crystal defects) compared to the in-
house prepared ZnO nanoparticles.

Table 1 lists the calculated coherence lengths according to eq
S3, where the value for the shape constant K = 1 was used, and
their corresponding errors were calculated by the partial
derivative method®"** for the six peaks in the XRD line profiles
of the in-house synthesized ZnO nanoparticles, ZnO nano-
powder, and ZnO powder. Among the three most pronounced
peaks, (100), (002), and (101), the coherence length L,
corresponding to the (002) plane diffraction for all samples is
the largest, indicating that the crystallites were elongated in the
(002) direction (c-axis), which is the preferential ZnO crystal
growth direction during synthesis.”*>” The shortest average
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Figure 2. TEM micrographs of the ZnO particles: (a) the in-house synthesized ZnO nanoparticles, and commercially acquired (b) ZnO nanopowder
and (c) ZnO powder. Below the micrographs, the corresponding size distributions for particles (d) diameter and (e, f) maximum dimension are

shown for (a), (b), and (c), respectively.
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Figure 3. Powder XRD profiles of ZnO particles used for the
preparation of nanofluids: (a) in-house synthesized ZnO nanoparticles,
(b) ZnO nanopowder (Sigma-Aldrich), and (c) ZnO powder (Sigma-
Aldrich). The numbers in parentheses are the Miller indices of the
crystallographic planes of ZnO (PDF 01-075-0576).

Table 1. Calculated Correlation Lengths (L,) and Errors
(6L,) for the Six Most Pronounced Peaks Based on a
Gaussian Fit to the Experimental X-ray Diffraction Line
Profiles of the In-House Prepared ZnO Nanoparticles and
Commercially Acquired ZnO Nanopowder and ZnO Powder

In-house
synthesized ZnO
NP ZnO nanopowder ZnO powder
IL, +0L, IL, +0L, IL, +0L,
Peak (hkl)  (nm) (nm) (nm) (nm) (nm) (nm)
(100) 7.6 0.1 446 0.6 504 038
(002) 104 0.1 49.8 09 SLS 11
(101) 8.0 0.1 425 03 47.6 04
(102) 93 02 383 16 426 1.8
(110) 82 0.1 359 1.0 38.7 11
(103) 10.1 0.2 34.1 1.2 36.8 1.3
Average: 8.9 40.9 44.6

coherence length, L, = 8.9 nm, was exhibited by the in-house
synthesized ZnO nanoparticles, which is comparable to its
geometric median diameter for log-normal distribution, M = 9.2
nm (68.3% of all particles between M/6, = 7.4 nm and Mo, =
11.4 nm, cf. section SI3). The intermediate value, L, = 40.9 nm,
was shown by ZnO nanopowder and the largest, L, = 44.6 nm,
by ZnO powder. These values are indicative of the lower limit
of the apparent crystallite size, with the shape constant, K, in eq
S3 accounting for a distribution of shapes as well as for a
distribution of sizes to some degree. Even though the value of
8.9 nm correlates with the geometric median particles diameter
in log-normal size distribution obtained from TEM analysis of
the in-house prepared ZnO sample (Figure 2ab), TEM
micrographs of the other two samples, nanopowder and
powder, show that the crystals present in these sample had
dimensions much larger than 100—150 nm, and that is the
upper limit of the grain size for which the XRD analysis remains
valid.** Overall, the TEM analysis shows that the in-house ZnO
nanoparticles were smaller, with a narrower size distribution, as
compared with the commercially acquired ZnO particles, which
appeared polycrystalline with larger particles comprising
multiple crystal domains.
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In addition, ZnO particles were characterized with EDX (cf.
section SIS). The results shown in Figure S1 and Table S2
indicate that small amounts of carbon, likely due to airborne
contaminants, were present within all samples (3—6 atomic %).
However, as they were dispersed in a mixture of organic
solvents and sonicated for 2 h before drop casting, it is
conceivable that the trace carbon dissolved and did not
significantly influence the EISA process.

Residual Surface Patterns from ZnO Nanofluid
Dispersion of Different Particle Size and Morphology.
The DLS measurements of the ZnO nano/microfluids
immediately after the sonication (see section SI6) indicated
cluster formation, with polydisperse clusters of size 1—2 pm in
all ZnO nano/microfluids (Table S2), suggesting the
suspensions were not inherently stable over time. Evaporation
of the droplet occurred on a much shorter time scale, and
clustering happened for all the samples to the same extent and
thus could not account for the vastly different surface patterns
observed.

SEM image of the residual surface patterns from the
nanofluid of the in-house ZnO nanoparticles shows densely
packed patches (Figure 4a), with a distinct peripheral coffee

Figure 4. SEM images of the residual surface patterns from
evaporative drying of a 30 uL ZnO nanofluid sessile droplet on an
~1 X 1 cm” silicon wafer at room temperature and relative humidity of
~45%. The nanofluid was prepared from the in-house synthesized
ZnO nanoparticles, dispersed in a mixture of cyclohexane and
isobutylamine (S:1 volume:volume ratio). The rectangular regions in
the figures are enlarged, with their labels corresponding to those of the
figures. The schematic drawings of the eye and arrow in (a) indicate
the direction of viewing of the regions as shown in their corresponding
magnified images.
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ring (Figure 4b). These patches, approximately circular in shape
and 475 um on average in diameter, resemble spokelike radial
patterns, with some of them exhibiting a bow-tie projection.
Most of them have a center from which the fibers radiate.
These structures appear mostly as well-defined cells, over-
lapping or interpenetrating with each other (Figure 4i) at the
edges. There are however some regions of high density with a
large degree of overlapping (Figure 4e). The main difference
between these regions is the presence of small, irregular
residues covering the surface of the fibers located in the high-
density regions (Figure 4h), which are not present in the low-
density regions (Figure 4d,1).

Figure S shows an optical photograph and SEM images of
the residual surface patterns from ZnO nanopowder (cf. Figure

Figure 5. Optical (a) and SEM (b—i) images of the residual surface
patterns from evaporative drying of 30 uL of ZnO nanofluid sessile
droplet on an ~1 X 1 cm? silicon wafer at room temperature and
relative humidity (RH) ~ 45%. The nanofluid was prepared from the
commercially acquired ZnO nanopowder and dispersed in a mixture of
cyclohexane and isobutylamine (5:1 volume:volume ratio). The
rectangular regions in the figures are enlarged, with their labels
corresponding to those of the figures. The schematic drawings of the
eye and arrow in (a) indicate the direction of viewing of the regions as
shown in their corresponding magnified images.

2c) nanofluid on a silicon substrate. The entire surface is
covered by a dense, fibrous network composed of structures
resembling the spokelike radial patterns of a bow-tie projection.
The network has the highest density in the central region of the
surface (Figure Sb), and is less dense, with small particulate
residues between fibrous “bow ties”, closer to the perimeter
(Figure Sc). The higher magnification images (Figure Sd,g)
show that the fibers are covered with particulate residues and
aggregates, especially where fibers intersect (Figure Se;h). The
structure of these aggregates (Figure Sfi) is similar to that of
the ZnO nanopowder crystals originally used (Figure 2b).

In Figure 6, the optical and SEM images of the residual
surface patterns from evaporative drying of ZnO nanofluid
containing the commercially acquired ZnO powder (cf. Figure
2c) are presented. Similar to the patterns from the ZnO

1649

Figure 6. Optical (a) and SEM (b—i) images of the residual surface
patterns from evaporative drying of a 30 uL of ZnO nanofluid sessile
droplet on an ~1 X 1 cm? silicon wafer at room temperature and
relative humidity of ~45%. The nanofluid was prepared from the
commercially acquired ZnO powder, dispersed in a mixture of
cyclohexane and isobutylamine (S:1 volume:volume ratio). The
rectangular regions in the figures are enlarged, with their labels
corresponding to those of the figures. The schematic drawings of the
eye and arrow in (a) indicate the direction of viewing of the regions as
shown in their corresponding magnified images.

nanopowder nanofluid (Figure S), the entire surface is covered
by a dense, fibrous structure. The structures in the central part
of the surface (Figure 6b) have the appearance of the spokelike
radial patterns of a bow-tie projection, with the dendritic fibers
radiating from the center. At the edge of the substrate (Figure
6¢c), elongated dendritic fibers extend in a direction
perpendicular to the edge forming branched structures pointing
inward. Higher magnification images of both central and
peripheral areas (Figure 6d—i) show that the constituent fibers
are decorated with a large number of aggregates, distributed
along the fibrous framework, also in areas where fibers do not
cover the substrate. A magnified image of one of these
aggregates (Figure 6f) indicates that it was formed from crystals
exhibiting very similar structures and dimensions to those of
the ZnO powder (cf. Figure 2c) used to prepare the ZnO
dispersion.

All three types of dispersions produced residual surface
patterns composed of fibrous 3D networks, and the main
difference is the amount of the small aggregates incorporated
into the fibrous matrix. All the surfaces were covered by similar
structures of the spokelike radial patterns, but the coverage and
overlapping of these structures were the highest for the patterns
produced from the commercially acquired ZnO nanopowder
and powder. Additional optical microscopy images can be seen
in Figure S2.

The crystal structure of the residual surface patterns formed
upon evaporation of ZnO (nano)fluids on a silicon wafer was
studied by #GIXRD. Figures 7 and 8 present 2D heat maps
(intensity vs momentum transfer vector q) from the yGIXRD
data by recording an X-ray diffraction pattern at every 2 um
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Figure 7. #GIXRD analysis of the residual surface patterns from evaporative drying of a 30 #L ZnO nanofluid sessile droplet on an ~1 X 1 cm?
silicon wafer at room temperature and relative humidity of ~45%. The nanofluid was prepared from the in-house synthesized ZnO nanoparticles,
dispersed in a mixture of cyclohexane and isobutylamine (5:1 volume:volume ratio). (a) shows a 2D intensity heat map with respect to position of
the scan point on the sample (along z-axis in Figure 1) and momentum transfer vector, q. Arrows show regions of the sample that produced intense
ZnO diffraction patterns. Intensity (a.u.) shown in (a) was calculated as a percentile in the range 0.05—99.95% for better contrast. (b) #GIXRD line
profiles averaged over (i) the entire scan area, (ii) the area that did not show ZnO diffraction patters, and (iii) the area with intense ZnO diffraction
patterns, marked with arrows in (a). ZnO peaks are indexed in accordance with the reference pattern (PDF 01-075-0576), and layered zinc
hydroxide (LZH) structures are labeled with star markers “%” and indexed according to refs 44 and 45.
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Figure 8. 4GIXRD analysis of the residual surface patterns from evaporative drying of a 30 4L ZnO (nano)fluid sessile droplets on a ~ 1 X 1 cm?
silicon wafer at room temperature and relative humidity of ~45%. The (nano)fluids were prepared from comercially acquired ZnO nanopowder and
ZnO powder, dispersed in a mixture of cyclohexane and isobutylamine (S:1 volume:volume ratio). (a) and (b) show 2D intensity heat maps for
surface patterns from ZnO nanopowder and ZnO powder (nano)fluids, respectively. These heat maps are plotted with respect to position of the scan
point on the sample (along the z-axis in Figure 1) and momentum transfer vector, q. Intensities (a.u.) in (a) and (b) were calculated as a percentile
in the range 0.1-99.9% and 0.3—99.7%, respectively, to improve the contrast. (c) #GIXRD line profiles averaged over the entire scan areas for (i)
patterns from ZnO nanopowder nanofluid (data in (a)) and (ii) patterns from ZnO powder fluid (data in (b)).

interval across the z-axis (Figure 1). To provide statistical peaks can be assigned to ZnO according to the ZnO reference
information for each sample, diffraction profiles were averaged standard (PDF 01-075-0576), with the corresponding line
across the scan area of interest and are shown as line plots in profile shown in Figure 7b (line iii). The line profile averaged
Figures 7b and 8c. over the remaining 95% of the scanned area is presented as line
The pGIXRD profile of the residual surface patterns ii in Figure 7b, showing no ZnO diffractions. All the peaks
produced from the in-house synthesized ZnO nanoparticles attributed to the layered zinc hydroxide (LZH) structures are
(Figure 7a) exhibits strong diffraction peaks (arrows in Figure marked with “%” (star) on line profiles i and ii in Figure 7b.
7a) which account for ~5% of the total area. These diffraction For instance, the two peaks in the low g range correspond to
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the interplanar spacing d = 1.37 nm (g = 4.60 nm™") and d =
0.68 nm (g = 9.20 nm™") and can be indexed as (001) and
(002) LZH planes and interlayer anionic species complex
structures.”* The peaks at d = 0.27 nm (g = 23.17 nm™') and
0.52 nm (g = 39.99 nm™") are indexed as (100) and (110),
respectively of the brucite-type zinc hydroxide structure.*”

The 2D intensity heat maps (Figure 8a,b) from the yGIXRD
profiles of ZnO nanopowder and ZnO powder samples exhibit
intense ZnO diffraction patterns throughout the entire scanned
area, also evident from the corresponding line profiles in Figure
8c. However, no LZH diffractions are observed. This suggests
that the main crystalline phase present is zinc oxide, consistent
the SEM images (Figures 5 and 6) that revealed the abundance
of ZnO crystals covering the fibrous network in all the areas.

The distribution of the ZnO phase within the residual surface
patterns differs among the three types of ZnO nano/
microfluids investigated. Zinc oxide diffraction patterns are
present only in about 5% of the scanned area in the case of in-
house synthesized ZnO nanofluid, while they are manifested
uniformly throughout uGIXRD profiles with much higher
intensities for the other two nano/microfluids.

The crystallinity of the residual ZnO (nano)crystal
aggregates present within residual surface patterns was further
evaluated from the peak broadening in the line profiles (Figures
7b and 8b). The coherence length L, values are listed in Table
S4 and discussed in some detail in the Supporting Information
(cf. section SI9). In general, the L, values for the ZnO residual
nano(crystals) follow the same trend as the starting particles
used for the preparation of ZnO nanofluids.

B FURTHER DISCUSSION ON THE EFFECT OF
PARTICLE MORPHOLOGY

The particles in the commercially acquired ZnO nanopowder
and powder showed a wide range of morphologies and particle
size distribution. These anisotropic particles could have affected
capillary interactions in a drying droplet by forming loosely
packed, quasi-static, or arrested structures at the droplet
surface.'” As the mobility of these particles was reduced, they
could have restrained the outward capillary flow in induced by
evaporation Bénard cells, contrary to in-house synthesized
sample with a more monodisperse shape and size distribution,
which produced well-specified spokelike radial patterns of a
bow-tie projection on the surface.

It has been previously observed that when ZnO nanofluids
were dried at relative humidity ~30%, ZnO nanorods and their
large aggregates coexisted with short zinc hydroxide fibers, as
the ambient H,O molecules were crucial for the moisture
assisted dissolution of ZnO nanorods.”® Our experiments were
performed at RH about 45%, which explains the presence of
undissolved ZnO nanoparticles due to insufficient water
molecule uptake from ambient air during droplet drying.

Residual surface patterns produced from the commercially
acquired ZnO nanopowder and ZnO powder samples exhibited
intense ZnO wurtzite diffraction peaks across all the #GIXRD
scanned regions (Figure 8) due to the more prominent
presence of undissolved ZnO residues. This is consistent with
the SEM observations which confirmed that a network of
residual fibers was covered by a large number of crystal
agglomerates, accumulating especially at the fiber intersections
(Figures S and 6). These agglomerates are attributed to ZnO
crystals that did not undergo the complete dissolution—
recrystallization process, which is a key step in the formation
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of hierarchical surface morphologies in the novel EISA
process.”®

The coherence length, L,, from the line profile analysis of
UGIXRD peaks of the undissolved ZnO particles in the residual
patterns was larger than that from the XRD peak analysis for
the starting particles for all the three samples (cf. Table 1 and
Table S4) The relative change in the correlation length varies
on the type of ZnO compound used and amounts to 19.5%,
20.0%, and 35.3% for the in-house synthesized ZnO and
commercially acquired ZnO nanopowder and powder,
respectively. This suggests that less crystalline particles
underwent dissolution preferentially, whereas the more
crystallinity particles remained. Upon evaporation, these
particles aggregated, forming agglomerates which were
deposited across the fibrous network of the residual patterns.

Dissolution of the nanoparticles has been previously
considered in terms of the Ostwald—Freundlich (ie., the
modified Kelvin) equation, particularly within pharmaceutical
nanotechnology (cf. section S110).* Accordingly, this equation
predicts that the solubility will increase exponentially with
decreasing particle size. David et al.*” studied the solubility of
ZnO nanoparticles of three different average particle diameters
of 6, 20, and 71 nm and found that the particles larger than 20
nm had the same solubility as that of the bulk material, whereas
the 6 nm particles exhibited the highest solubility, as predicted
by the Ostwald—Freundlich equation. Mudunkotuwa et al.**
found that smaller ZnO nanoparticles (4—7 nm) showed a
greater extent of dissolution compared to larger particles;
however, the solubility of larger particles (15—130 nm) did not
differ significantly.

Shape-dependent surface enthalpy at the nanoscale level has
also been discussed in terms of exposed surface structures.
Crystal surfaces are complex and may exhibit a variety of planes,
kinks, steps, and defect sites, which lead to a different bonding
environment compared to the bulk. The distribution of these
structures can vary between particles and is often dependent on
sample preparation. Meulenkamp®’ observed size-dependent
chemical reactivity in ZnO nanoparticles (of size 7.0—2.5 nm),
which was attributed to the variations in the defect density and
surface faceting of the nanocrystals. Gerischer and Sorg®’
showed that the dissolution rate of single crystal ZnO
hexagonal needles was dependent on the crystal surface
orientation. Michaelis et al.”' showed that the dissolution
behavior of polar and nonpolar crystal surfaces of single ZnO
crystals in ultrapure water was controlled by the density of
point defects and screw dislocations on the crystal surface.

Zhang et al.>” examined surface enthalpies of ZnO crystals
possessing different morphologies and consequently demon-
strated that nanoparticles and nanoporous composites had
significantly lower surface enthalpies than nanorods and
nanotetrapods. It was suggested that this arose from the
difference in their morphologies, not their sizes. Similar
observations were also made by Park et al.>® in the study on
nanocrystalline TiO, of different morphologies. In the study of
Liu et al,”* a correlation between the differences in
nanotopography and crystallographic facets present as nano-
crystals had a much larger fraction of atoms located at the
preferred detachment/dissolution sites.

Mihranyan et al.>* disputed the classical Ostwald—Freundlich
equation, stating that it was inadequate in describing the
solubility of highly irregular nanoparticles in their study on
dissolution of solid particles with rough surfaces. The surface
roughness was modeled as fractal structures, and particles
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smaller than 100 nm with the same core diameter but various
fractal dimensions exhibited a significant difference in the
solubility. Schmidt et al.*® studied the solubility of TiO,
nanoparticles within aqueous solutions and observed that
material samples containing the amorphous form showed
higher solubility than their crystalline counterparts. Avramescu
et al>’ recently investigated the dissolution behavior of Zn,
ZnO, and TiO, nanomaterials within solutions mimicking body
fluids. It was concluded that the crystalline form of TiO, was
found to be an important factor, as the solubility of nanoanatase
was significantly higher than that of nanorutile. In addition,
investigated nanomaterials exhibited higher solubility than their
bulk counterparts.

Other studies have also supported possible correlations
between the solubility of a material and its crystallinity. For
example, natural glasses were found to dissolve at least 1.6
orders of magnitude faster compared to their mineral
counterparts.58 Dissolution of hydroxyapatite coatings was
associated with its crystallinity.”” In addition, Li and co-
workers” found that the solubility of the simultaneously
nucleated Zn(OH), and ZnO phases in aqueous solution was
related to their crystalline nature.

The line profile analysis using the Scherrer equation and the
TEM imaging show that the in-house synthesized ZnO
nanoparticles were fairly monodisperse, single crystalline. As
suggested by the Ostwald—Freundlich equation, their relatively
small size and large surface area make them more prone to
dissolution, a key initial step in the proposed mechanism by Wu
et al.”® For the larger, polydisperse nanopowder and powder
samples, the larger particles consisted of multiple grains with
size exceeding that of the in-house synthesized ZnO nano-
particles. The shape anisotropy'” in the particles might
contribute to particle clustering at the drop surface which
would suppress the Bénard—Marangoni convections. This is
evident from a less pronounced manifestation of the cellular
pattern with multiple spokelike radial microstructures of a bow-
tie projection compared to the in-house synthesized ZnO
nanoparticle sample.

B SUMMARY AND CONCLUDING REMARKS

Residual patterns as a result of evaporation induced self-
assembly (EISA) from a sessile drop of a reactive nanofluids
have not been widely studied previously. As observed by Wu et
al,”® when a nanofluid droplet containing ZnO nanorods
dispersion dries on a substrate, ZnO particles undergo
morphological and chemical transformation to form organized
structures composed of zinc hydroxide nanofibers. The key step
in this process is the initial moisture-assisted dissolution of
ZnO nanocrystals, crucial for the formation of soluble
Zn(OH), complexes. These complexes further assemble into
clusters which then form the ultimate polycrystalline residual
patterns, with the micromorphology controlled by convective
and Marangoni flows and instabilities induced by evaporation
of the solvent.

In this work, to shed light on the how different morphologies
and crystal structures might impact on groposed dissolution—
recrystallization mechanism by Wu et al,,*® the residual patterns
from three different ZnO particles, in-house synthesized ZnO
nanoparticles, and commercially acquired (Sigma-Aldrich) ZnO
nanopowder and ZnO powder, have been studied. The
microscopic and nanoscopic structure of the residual pattern
was correlated with that of the starting particles via detailed
TEM and XRD analyses. The average coherence length L, value
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(from XRD peak broadening analysis) for the in-house
prepared ZnO sample was 8.9 + 0.2 nm compared to those
for the ZnO nanopowder and ZnO powder (40.9 + 1.6 and
44.6 + 1.8 nm, respectively).

The hierarchical surface patterns generated from evaporation
of a 30 yuL nanofluid sessile droplet on a silicon substrate
showed different morphologies for the three types of ZnO
particles used to prepare the nanofluid. For the in-house
synthesized ZnO nanoparticles (Figure 4), the substrate was
covered by “spokelike” radial structures, similar to those
reported for gold nanoparticles on hydrophilic SiO,/Si
substrate.”> These spokelike radial structures were a solidified
manifestation of Bénard—Marangoni cells (Wasik et al, in
preparation) induced by evaporation, and they also resembled
the shape of convective cells produced durin% the evaporation
of toluene from polystyrene/toluene solution.”" Furthermore, a
small amount of undissolved ZnO nanoparticle aggregates was
found on the constituent fires in only a few areas with a high
fiber density (Figure 4h). The residual surface patterns from the
nanofluids prepared from the commercially acquired ZnO
nanopowder (Figure S) and powder (Figure 6) appeared as
dense layer of spokelike radial patterns covering the entire
surface of the silicon substrates. The width (~0.7 ym on
average) of the constituent fibers in the residual pattern was
similar to that in the in-house synthesized ZnO nanoparticle
sample. However, ZnO crystal aggregates were found scattered
across the fibrous structures.

Our analyses show that the residual hierarchical surface
structures are linked to the morphology, size, and crystallinity
of starting ZnO particles through its influence on the initial
moisture-assisted rapid dissolution of isobutylamine-coated
ZnO nanocrystals. The shape anisotropy of the particles
might also play a role in modifying the Marangoni flows and
the occurrence of the Bénard—Marangoni instability. Our
finding is important to further understanding the novel
mechanism underpinning the formation of the complex
hierarchical surface patterns from evaporative drying of a
reactive nanofluid sessile drop. It also points to the possibility
to tailor the structure and morphology of the residual surface
patterns for enhanced functionalities from the facile method of
evaporative drying of ZnO (and other reactive) nanofluids in
nanotechnological applications. A detailed microscopy analysis
of the flow dynamics and in situ synchrotron X-ray surface
scattering in the evaporating droplet would shed further light
on the pattern formation mechanism and will be the focus of
our future work.
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