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Tunable Multimodal Adhesion of Three-Dimensional, Nanocrystalline
CoFe;0, Pollen Replicas

W. Brandon Goodwin,®* Donglee Shin,”* Daniel Sabo,c Sunghwan Hwang,4
Z. John Zhang,c J. Carson Meredith,”? and Kenneth H. Sandhage™2¢

Three-dimensional (3-D) replicas of sunflower pollen microparticles, comprised of a multicomponent magnetic
spinel ferrite (CoFe,04) with tailorable adhesive properties, have been synthesized fofithe first time via a
conformal layer-by-layer (LbL) surface sol-gel (SSG) deposition process followed by organic pyrolysis and oxide
compound formation at a peak temperature of 600°C to 900°C. These high-fidelity ferrite pollen replicas exhibited
multimodal (van der Waals, vdW, and magnetic) adhesion that could be tuned via control of the CoFe,0,
nanoparticle and crystal sizes. The CoFe;04 pollen replicas exhibited a non-monotonic change.n short-range (-~
10 nm) vdW adhesion with an increase in the peak firing temperature, Which Was" consistent with the
counteracting effects of particle coarsening on the size and number of nanoparticles present on the sharp tips of
the echini (spines) on the pollen replica surfaces. The longer-range (up to ~1 mm) magnetic force of adhesion
increased monotonically with an increase in firing temperature, which was consistent:\with the observed increases
in the values of the saturation and remanent magnetization of CoFe,O; with an increase in average nanocrystal
size. By adjusting the nanocrystal/nanoparticle sizes of the CoFe,O4pollen replicas, the total force of adhesion
(vdW + magnetic) to a magnetic substrate could be increased by a factor of 3irelative to native pollen grains.
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Electronic Supplementary Information (ESI) available: Values of the XRD-determined average crystal radii and the
FEG-SEM-determined average nanoparticle radii.on thesspine tips of CoFe,04 pollen particle replicas fired at peak
temperatures of 600°C to 900°C (Table S1); plots of the pseudo-Voigt profile fits and Caglioti fits, and Williamson-Hall
plots for CoFe,04 pollen particle replicas fired at peak temperatures of 600°C to 900°C (Figures S1-S3). See
DOI: 10.1039/x0xx00000x

Introduction

The adhesive behavior of inorganic rﬁtroparticles is of appreciable importance for a variety of established and
nascent materials and technologies, jincluding paints, inks, xerography, tagging/labeling, semiconductor device
processing, water purification, (bio)chemical separations, particulate removal from exhaust streams, targeted
drug delivery, catalysis, composite processing, anti-fouling coatings, and assembly of hierarchical structures.?
Nonetheless, the ability to tailor the adhesion of microscale particles by selecting and controlling the 3-D shapes,
surface features, and inorganic chemistries of such particles remains a non-trivial challenge.

One approach for generating microscale particles of complex, but controlled shape and of tailorable synthetic
inorganic chemistry_is to. convert readily-available 3-D microparticle templates of a given naturally-occurring
composition into'a desired inorganic material via a shape-preserving coating? and/or reaction3 process (that is, to
preselect a template of desiredishape and then alter the template chemistry while preserving the template
shape). Among the‘most abundant of naturally-occurring (low-cost, sustainable) adhesive microparticle templates
with a wide range of selectable 3-D shapes are pollen particles.? Several authors have chemically-modified pollen
to endow such particles with desired absorptive, photocatalytic, and electrochemical properties.> Prior work has
shown_ that the hydroxyl-rich nature of the exine of pollen particles, as well as of other biological surfaces, allows
for direct and conformal oxide coating via the layer-by-layer (LbL) surface sol-gel (SSG) process.6 However, the LbL
coating and conversion of pollen particles into 3-D replicas comprised of a multicomponent (complex) oxide that
can be, tailored for enhanced adhesion has not been reported. The purpose of the present paper is to
demonstrate, for the first time, that the LbL SSG process may be used to convert pollen particles into high-fidelity
3-Direplicas comprised of a phase-pure binary ferrite (CoFe,04) magnetic compound with a nanostructure that
can be adjusted so as to tailor both short-range (van der Waals, vdW) and long-range (magnetic) adhesion forces.
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Experimental

Pollen Preparation. The conversion of sunflower (Helianthus annuus) pollen (Greer Laboratories, Lenoir, NC
USA) into replicas comprised of cobalt ferrite, CoFe,04, has been examined in this work. The pollen grains,were
first cleaned by immersion in a mixture of chloroform and methanol (3:1)7 for 24 h, followed by deposition onto
filter paper (P5, Fisher Scientific, Pittsburgh, PA USA) and drying under vacuum at 60°C for 12 h. A second
immersion was conducted in 1 M hydrochloric acid (VWR, Suwanee, GA USA) for 1 h to remove residual inorganic
material, followed by rinsing 3 times with de-ionized water, and drying by vacuum aspiration at room
temperature for 5 min.

Computer-automated LbL SSG Deposition. Fe-O-bearing and Co-O bearing coatings were sequentially applied
to cleaned, acid-washed pollen grains via a computer-controlled LbL SSG deposition systemé&docated.within a Na-
atmosphere glovebox. Pollen grains were first immersed for 10 min with stirring in a solution of 0.0125:M Fe(lll)
isopropoxide or 0.0125 M Co(ll) isopropoxide (both from Alfa Aesar, Ward Hill, MA USA) in anhydrous 2-propanol
(>99.8% purity, Acros Organics, Geel, Belgium) to allow for the chemisorption of a Fe-O-bearing or.Co-O-bearing
layer, respectively. After rinsing three times with anhydrous 2-propanol and vacuum|filtration,{the pollen grains
were immersed in de-ionized water (DIW) with stirring for 5 min, to allow for hydrolysis of the chemisorbed
alkoxide layer. The pollen grains were then rinsed three times with the anhydrous 2-propanol, filtered under
vacuum, and dried by vacuum aspiration for 5 min. This process (alkoxide ‘exposure, alcohol rinsing, water
exposure, alcohol rinsing, drying) was repeated 50 times (for a total of 51 ¢yecles) to build up a continuous and
conformal coating. The pollen particles were coated using alternating Fe-O and Co-O"“deposition cycles, in a Fe-
0:Co-0 cycle ratio of 2:1, so as to achieve the desired stoichiometry for the CoFe,04 spinel compound (i.e., a total
of 17 Co-O cycles and 34 Fe-O cycles were used).

Thermal Processing and Thermal Analysis. The coated pollen particles were heated in air at a rate of 3°C min-t
to a peak temperature of 600°C, 700°C, 800°C, or 900°C and held. at this peak:'temperature for 2 h to allow for
organic pyrolysis and CoFe,04 formation. The specimens were then ceoled in air at a rate of 2°C min! to room
temperature. Thermogravimetric (TG) analyses (Model STA 449C, Netzsch, Wolverhampton, UK) were conducted
on uncoated or coated pollen grains in a flowing (50 cm3min!) synthetic gir mixture using a heating rate of 5°C
min-1 up to 600°C and then holding at 600°C for 6 h.

Substrate Preparation and Characterization. The adhesion of pollen replica microparticles was tested using
four types of substrates: gold (Au), copper (Cu), nickel (Ni),.and a nickel-coated neodymium-iron-boron alloy
(referred to herein simply as the Ni-Nd substrate), with the latter substrate used to evaluate magnetic adhesion.
The gold and copper substrates consisted of/100'nm.thick films on polished (0.3 + 0.1 nm RMS roughness) silicon
substrates (100 mm diameter, 100 prime grade, Silicon, Inc., Boise, ID USA). Au and Cu deposition were conducted
by electron beam evaporation (CHA Mark-40 system, €HA Industries, Fremont, CA USA) at a rate of 2A/sec with a
background pressure of 10 torr. Nickehfoil substrates (grade 200, 99.5% purity, 0.15 mm thick, Shop-Aid, Inc.,
Woburn, MA USA) with an area of 38.5 mm2 were prepared by electropolishing in a 8.9 mol L sulfuric acid
solution using a platinum rod cathodewith a constant 1.3 A current for 120 sec. The Ni-Nd substrate consisted of
an axially-poled, Nd-Fe-B-based alloy permanentmagnet (Model NDO22N-35, 5 mm diameter disk, 1.5 mm thick,
Master Magnetics, Inc., Castle Rock, COLUSA) onto which was attached the polished Ni foil.%6¢ Prior to use in
adhesion measurements, the substrates were ultrasonically cleaned (Model FS20 ultrasonic bath, Fisher Scientific,
Pittsburgh, PA USA) in acetone (99.5% purity, BDH Chemical Ltd., Radnor, PA USA) for 10 min at room
temperature. The surfacé reughness of each type of substrate was evaluated with a scanning probe microscope
(Dimension 3100 SPM equipped with a Nanoscope V Controller, Veeco Instruments, Inc., Plainview, NY USA)
operated in tapping mode at:200-400 kHz using a pyramidal tip silicon cantilever (Applied NanoStructures, Inc.,
Santa Clara, CA USA). For each particular substrate, 3 randomly-located scans (10 pum x 10 um) were conducted,
and 4 smaller regions (1.um x 1 um) from within each scan were randomly selected. The average roughness value
for a given substrate was obtained using the data from these 12 regions.

Pollen Replica Characterization. Scanning electron microscopy was conducted with a field emission gun
instrument (1530,.FEG SEM, Carl Zeiss SMT, Ltd., Thornwood, NY USA). FEG-SEM images of the end tips of the
spines (echini) of CoFe,Qa pollen replicas were used to evaluate the sizes of oxide nanoparticles present at such
spine tips. For each'type of CoFe;04 pollen replica examined (i.e., for replicas fired at a peak temperature of
700°C, 800°C, or 900°C), the sizes of 20 oxide nanoparticles on each of 3 spine tips (for a total of 60
measurements per type of replica) were evaluated to obtain an average oxide nanoparticle diameter. For the
CoFe,04 pollenireplica examined fired at a peak temperature of 600°C, the individual nanoparticles located at the
spine tips were too fine to allow for unambiguous nanoparticle diameter measurement by the FEG-SEM. The FEG-
SEM was equipped with an energy dispersive X-ray spectrometer (EDS, INCA Model 7426, Oxford Instruments,
Abingdon, Oxfordshire UK) for local semi-quantitative elemental analyses of individual pollen replicas.
Quantitative elemental analyses of 1 g batches of CoFe,04 replica particles were obtained (Laboratory for
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Environmental Analyses, University of Georgia, Athens, GA USA) by inductively-coupled plasma mass-
spectroscopy (ICP-MS, PerkinElmer Model Elan 9000, Waltham, MA USA). For ICP-MS analyses, the CoFe;04
replica particles were dissolved in an aqua regia solution heated within a sealed Teflon container in a microwave
system (MDS 81D system, CEM Corp., Matthews, NC USA) operated at 400 W for 25 min. ICP-MS analyses'were
conducted on three different sample batches to obtain an average Fe/Co ratio. For phase identificationnand
evaluation of average crystal size by X-ray diffraction (XRD) analyses, pollen replica microparticles weredispersed
in isopropyl alcohol (IPA), and the microparticle/IPA slurry was then deposited via pipette onto a low/background
substrate (i.e., a quartz crystal cut at an angle of 6° from the (0001) plane, The GEM Dugout, State College, PA,
USA). After allowing the IPA to dry, XRD analyses were conducted at room temperature using Cu-Kal radiation
emanating from a 1.8 kW X-ray tube with a copper anode (45 kV, 40 mA) equipped with @nincident beam
Johansson monochromatOr (X’Pert Pro Alpha-1, PANalytical B.V., AlImelo, Netherlands). The incident beam optics
were outfitted with 0.04 rad soller slits, a 2° fixed anti-scatter slit, a programmable divergence slit set to'a’5.5 mm
irradiated length, and a 10 mm mask. The diffracted beam optics were outfitted with a-5:5 mm,anti-scatter slit
and 0.04 rad soller slits placed before the X’Celerator linear detector (PANalytical B{V.). Each XRD pattern was
produced with a summation of 40 similar scans of 30 min duration, with each conducted using the Bragg-
Brentano geometry over a 20 range of 20° to 90° with a step size of 0.017° 20. The minimum Pulse Height
Discrimination setting for the X’'Celerator detector was increased from 36 to/42 to énhance detection of the
diffracted signal relative to fluorescence photons from the Fe and Co atoms.® Phase identification and average
crystallite radius (Rc) values were determined with HighScore Plus software (PANalaytical B.V.) using a Pseudo-
Voigt profile fit function.l® A silicon line standard (Standard Reference Material '640c, National Institute of
Standards and Technology/NIST, Gaithersburg, MD) was used to determine the instrument-associated broadening
of diffraction peaks. Williamson-Hall plots were used to determine values, of the.average CoFe,0, crystal size for
pollen replicas fired at different peak temperatures. Lattice fringe imaging of CoFe,0,4 nanocrystals was conducted
via high-resolution transmission electron microscopy (Titan 80-300.kV Environmental TEM, FEI, Hillsboro, OR,
USA) of electron transparent cross-sections prepared by focused ion beam milling (Nova 200 Nanolab DualBeam,
FEI). IS

Adhesion Measurements. Adhesion measurements were conducted using a single particle (a native cleaned
sunflower pollen particle or a CoFe,04 replica particle)attached to. an/atomic force microscope (AFM) cantilever.
A given particle was attached to a tipless silicon AFM cantilever (FORT-TL, Applied NanoStructures, Inc.) using a
small amount of epoxy resin (Epoxy Marine, Loctite, Westlake;yOH USA). For each type of pollen-shaped particle
(cleaned sunflower pollen, or CoFe;04 pollen replica) ‘and firing condition used (no firing or firing a peak
temperature of 600°C, 700°C, 800°C, or 900°C), 3 single-particle-bearing cantilever probes were prepared (for a
total of 15 particle/cantilever probes). The spring constants, as determined with the scanning probe microscope,
of the sunflower-pollen-bearing cantilever probes and the CoFe,0, replica-bearing cantilever probes fired at peak
temperatures of 600°C, 700°C, 800°C, or 900°C fell in the ranges of 1.834-2.336 N/m, 0.867-0.973 N/m, 0.899-
1.145 N/m, 1.040-1.208 N/m, and 1.020-1.287 N/m, respectively. The adhesion force between an individual
sunflower pollen particle, or CoFe,04 replica particle, and a particular substrate was evaluated with the scanning
probe microscope operated in contact. mode. For each particular particle/cantilever probe and particular
substrate, 10 separate force-distance scans were obtained, and the depth of adhesion wells upon retraction were
averaged. The load force applied during the contact adhesion measurements was 2.5 nN. The ambient relative
humidity in the laboratory during the adhesion measurements ranged from 30 to 35%. The magnetic hysteresis
behavior of the CoFe,04 replica particles was evaluated at 5K and at 300 K using a superconducting quantum
interference device (SQUID) magnetometer (Model MPMS-5S, Quantum Design, San Diego, CA USA) with an
applied magnetic field up to 5.T:

Results and Discussion

A computerzautomated LbL SSG deposition process was used to apply thin, conformal Co-O-bearing and Fe-O-
bearing layersito sunflower pollen particles. Representative secondary electron (SE) images of a cleaned native
(uncoated) sunflower pollen particle, and a sunflower pollen particle that had been exposed to 51 SSG deposition
cycles (17 Co-O cycles and 34 Fe-O cycles for a Co-O:Fe-O cycle ratio of 1:2), are shown in Figures 1a and 1b,
respectively. The roughly spherical shape and sharp echini (spines) of the native sunflower pollen particles were
well preserved in the Co-Fe-O-coated particles. The apparent absence of cracks or gaps in the coated particle
surface was also consistent with the highly-uniform chemisorption of Co(ll) isopropoxide and Fe(lll) isopropoxide
on the pollen exine (outer layer) during the SSG coating process. Such continuous and conformal Co-Fe-O
deposition indicated that a high and uniform density of surface hydroxyl reaction sites was available on the pollen
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~
Figure 1. SE images of sunflower pollen particles at various stages of conversion into CoFe,0,: (a) a cleaned, uncoated sunflower grain; (b) a Co-Fe-O-coated
pollen grain after exposure to 51 SSG deposition cycles (with 17 cycles involving a Co(ll) isopropoxide solution and 34 cycles/involving a Fe(lll) isopropoxide
solution) and (c) the CoFe,0, replica of the Co-Fe-O-coated pollen grain shown in (b) generated by thermal treatment at:a-peak temperature of 800°C for 2 h
in air (white arrows in (b) and (c) reveal some of the particular features preserved after thermal treatment); (d) a cantilever probe bearing a single CoFe,0,
sunflower pollen grain replica generated by thermal treatment at a peak temperature of 900°C for 2 hin air.

surface for reaction with these cobalt and iron alkoxides (note: the exine of\pollen‘is comprised of sporopollenin,
which is a complex polymer consisting of carboxylic acids cross-linked withyaliphatic chains!!). A SE image
obtained after firing the Co-Fe-O-coated pollen particle shown in Figure 1b (at a peak temperature of 800°C for 2
h in air) is shown in Figure 1c. While this thermal treatment sfesulted.in pollen particle shrinkage, the 3-D shape
and surface features of the coated particle were well preserved in the fired replica. The white arrows shown in
Figures 1b and 1c identify some of the specific features that were preserved in this same particle before and after
firing. Such 3-D shape preservation was also observed for.Co-Fe-O-coated particles exposed to peak temperatures
of 600°C to 900°C for 2 h in air. TG analyses of uncoated and Co-Fe-O-coated sunflower pollen confirmed that
organic pyrolysis was completed well before 2 h at 600°C (Figure 2). ICP-MS analyses of three 1 g batches of these
fired pollen replicas yielded an average Fe:Co atomic ratio of 1.91+0.05, which was within the composition range
reported by Takahashi and Finel2 for a single (Co;Fe);04 spinel phase at equilibrium with air at 500-900°C. Local
SEM/EDS analyses of individual fired pollen replicas yielded similar Fe:Co atomic ratios.

LI S AL L L L L
100 600
X 75 450 O
~ Temperature o
K — Sunflower o
© —— CoFe O, Replica 2
=501 300 8

L (0]
N 2
Q [

E 1 P
n 25 5 150
o) IR ' ' 0
0 50 100 150 200 250

Time (min)

Figure 2. Thermogravimetric (TG) analysis of cleaned (uncoated) sunflower pollen grains and Co-Fe-O-coated sunflower pollen grains (51 SSG deposition
cycles) during.heating in flowing (50 cm3min!) synthetic air at 5°C min! to 600°C and then holding at this temperature.

X-ray diffraction (XRD) analyses were conducted to determine the crystalline phase content and average
crystal size of the oxide-converted pollen replicas. XRD patterns obtained from the Co-Fe-O-coated pollen grains
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that had been thermally treated in air for 2 h at peak temperatures of 600-900°C are shown in Figure 3. All of the
observed diffraction peaks for each firing condition could be attributed to the CoFe;04 compound?3, which was
consistent with the formation of a single spinel phase after each thermal treatment. A higher magnification view
of the highest intensity (311) diffraction peaks provided in Figure 3b indicated that the values of the diffraction
peak width at half maximum intensity narrowed as the peak firing temperature increased from 600°C to 900°C for
the same hold time, which was consistent with an increase in the average crystal size with .increasing
temperature. Full pattern profile fitting, utilizing the following Pseudo-Voigt profile fit function?, was conducted
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Figure 3. (a) XRD patterns obtained from Co-Fe-O-coated pollen grains after thermal treatment in air at a peak temper-ature of 600°C, 700°C, 800°C, or 900°C

for 2 h. b) a magnified view of (311) diffraction peaks for these CoFe,0, specimens revealing a monotonic decrease in peak widths at half maximum intensity
with an increase in the peak firing temperature.

on each of these XRD patterns (Figure S1 in Supplementary Information) to obtain values of the full diffraction
peak widthat half maximum intensity, H, for each diffraction peak.

a K.

C, -1 2
Gij = yﬁ[l +C1XE] T + (1 —y) - exp[-CiXF] 1)

Cl
Hym
In equation (1): Co = 4; C1 = 4In2; X;; is related to the peak position, 26, and Hi by equation (2) below; and vy is a
refinable mixing parameter of Gaussian and Lorentzian peak shapes given by equation (3) below.

Y =v1 +v2260 +y3(26)? 3
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The Hi values were then fitted to the following Caglioti equation (with U, V, and W as fitting parameters, Figure S2
in Supplementary Information).14

Hy = (Utan?8 + Vtand + W) /2 @)

The Caglioti-fitted equations for Hx were used to calculate the structural peak breadth, Bs:, using the following
equation:
Bstr = Bobs — Bnstr (5)

where Bops refers to the experimental measurement of the diffraction peak width at half maximum intensity-and
Binstr refers to the instrument-associated broadening of the diffraction peak at half maximum intensity (with the
latter value determined from diffraction measurements obtained using the NIST silicon line standard):Boss and
Binstr are constructed by combining both net Gaussian and Lorentzian broadenings components as seen below:

B = Bg/(—0.4KNm + 0.5C — 0.234K e~2176K) ©)

with K = B,/(VmBg) ™)
~

and C=VnkK?+4 ®

The values of Bs; were then fitted to the Williamson-Hall plot using the following=€quation!> (Figure S3 in
Supplementary Information):
Bgtrcos0 = %’1+ 4esinf (9)

where A is the X-ray wavelength, R is the average crystal radius, and ¢ is the microstrain. The resulting values of
the average CoFe,0, crystal radii increased monotonically with an increase in the peak firing temperature (Figure
4), and ranged from 5+2 nm after thermal treatment at a peak temperature of 600°C to 38+6 nm after treatment
at a peak temperature of 900°C (see also Table S1 in Supplemental Inforn?ation). An electron-transparent cross-
section of the CoFe;04 specimen prepared with a,peak firing temperature of 700°C was also examined via
transmission electron microscopy. High-resolution lattice fringeimages of this specimen (Figure S4 in
Supplementary Information) revealed nanocrystals with radii.of 10+3 nm, which was consistent with the data in
Figure 4.
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Figure 4. Values of the average crystallite and nanoparticle radii of CoFe,0, pollen replicas (determined from XRD and FEG-SEM analyses, respectively) plotted
as a function'of the peak firing temperature. The error bars indicate a range of + 1 standard deviation of the measurement.

Higher magnification SE images were obtained of the individual echini (spine) tips of the CoFe,;0,4 pollen
replicas (Figure 5) to allow for evaluation of the sizes of oxide nanoparticles present on the echini surfaces. The
average values of the CoFe,04 nanoparticle radii obtained at the spine tips from such FEG-SEM analyses are
plotted in Figure 4. As for the case with the XRD-derived average crystal radii values, the values of the FEG-SEM-
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Figure 5. SE images of the tips of preserved echini of CoFe,0, pollen replicas fired in air for 2 h at a peak temperature of: a) 700°C andb) 900°C.

derived average nanoparticle radii for the CoFe,O4 replicas increased with an increase in the peak firing
temperature.

Contact mode AFM measurements were conducted to evaluate the short-range (vanider Waals; vdW) force of
adhesion of CoFe;04 sunflower pollen replica particles (attached to AFM cantilevers) to threetdifferent planar
metallic (non-magnetic) substrates of similar surface roughness: Au, Cu, and Ni substrates. (Note: the values of
average surface roughness of the Au, Cu, and Ni substrates were 1.1+0.2 nm, 0.910.Q1m, and 0.9+0.2 nm,
respectively.) Plots of the measured average vdW adhesion force of the CoFe,@4 pollen replicas on each
substrate, as a function of the average size of surface nanoparticles (obtained from SEM/analyses of the echini
replica tips of the 700-900°C samples) and as a function of the average crystallite'size (obtained from XRD
analyses for the 600-900°C samples as discussed above), are presented in Figures 6a and 6b, respectively. Figures
6a and 6b reveal similar non-monotonic trends for all three metallic substrates; that is, the average adhesion
force initially decreased with increasing crystal and nanoparticle size; reached minimum values at average crystal
and nanoparticle radii of 14+3 nm and 18+2 nm, respectively (at a peak firing.temperature of 800°C), and then
increased with further increases in average crystal and nanoparticle radii. While prior work has indicated that the
short-range vdW adhesion of nanocrystalline iron oxide replicas (Fe,0s, Fes0,) of sunflower pollen particles to
metallic substrates was consistent with the contact of one or fwo nanbcrystals on the echini tips with the
substrates, the influence of variations in crystal/nanoparticle size on vdW adhesion was not previously
explored.5fe
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Figure 6. Average values of the short-range, vdW-based adhesion force of CoFe,0, sunflower pollen replicas on planar metallic substrates, obtained from
contact mode AFM measurements, plotted as a function of: a) the average surface nanoparticle radii on the echini tips (from FEG-SEM analyses) and b) the
average crystallite'radii (obtained from XRD analyses). The error bars indicate 95% confidence intervals. (c) The ratio of the effective contact radius obtained
with the use of the Hamaker model to the average surface nanoparticle radius obtained by SEM measurements, (R./Rp) plotted versus Rp. (d) The ratio of the
effective contact radius obtained with the use of the Hamaker model to the average crystallite radius obtained by XRD analyses, (Rw/R(), plotted versus Rc.

The non-monotonic variations in the vdW adhesion force with increases in the average values of crystal and
nanoparticle sizes of the CoFe,04 pollen replicas have been evaluated in the present case with the use of the
following simple Hamaker model for the adhesion force between a sphere and a platel¢:

(10)
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where Aisz; is the nonretarded Hamaker constant of material 1 (the metal substrate) interacting with medium 2
(CoFe;04) across a medium 3 (air); R is the contact radius of the sphere (in the present case, a spherical
nanoparticle or crystal); x = D/2R; and D is the separation distance between the sphere and the plate. An
approximate value of Ai3; (= 3.3 X 101° J) for CoFe,04 sunflower pollen particle replicas on the metal substrates
was calculated by using the following equation?:

Arzy ~ (VA = As3)(Az2 — As3) (11)

with the values of A1; (= 4 X 102 J)17 and A;; (= 4 X 101° J)'8 obtained from the literature, and with As; = 0. The
value of Fyq4w predicted by equation (10) should be linearly proportional to R for cases where D_is much smaller
than 2R (i.e., for these cases, the second term on the right side of equation (10), A13,R/6D2, bhecomes dominant).
For contact radii in the range of values of the measured crystal/particle radii shown in Figures 6a and 6b, the
predicted values of the vdW adhesion force associated with such a single crystal/particle contact are shown in
Figure 7a. The monotonic dependence of the vdW adhesion force on crystal/nanoparticle radius, predicted by
such a single contact radius model was inconsistent with the non-monotonic dependence observed
experimentally (Figures 6a and 6b). Equation (10) was then used to extract the value of the effective contact
radius (Ry) for each sample from the average measured adhesion force value, by solving forthe R value (called Ry)
that resulted in a force equal to the measured value. The ratio of Ry to the<measured average surface
nanoparticle radius (Rp) or average crystal radius (Rc) is plotted versus Rp ordRe.in Figures 6c and 6d. An Ry/Rp or
Ru/Rc ratio of unity would be consistent with adhesion via the contact of a single nanoparticle or crystal according
to equation (10). As seen in Figures 6¢ and d, this condition was roughlymet at the values of Rp = 18 nm and R¢ =
14 nm, (i.e., for the replicas fired at a peak temperature of 800°C). In this case, the measured adhesion force
values of 35-38 nN were close to the values of 27 nN (with Rc = 14 Aam) or36 nN (with Rp = 18 nm) predicted by
equation (10) for a single contact Hamaker model. However, the extracted values of Ry were noticeably different
from the measured values of Rr and R¢ for the samples fired at peak,temperatures of 600°C and 700°C, which
indicated that a single contact point could not explain the short-range adhesion of replicas fired at these
temperatures. v

For a curved surface (such as an echini tip) containing fine'nanoparticles with similar radii of Rs, the number of
particles located within the vdW interaction region with the ‘substrate will depend on the particle size, as
illustrated in Figure 7b. At a sufficiently large particle size, a single contacting particle will dominate the short-
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Figure 7. a) Estimated values of the short-range vdW adhesion force as a function of contact radius for a single crystal/particle contact. b) 2-D diagram
illustrating a multiparticle model of vdW adhesion consisting of an assembly of symmetrical small spheres of radius Rs arranged on a larger hemisphere of
radius Ry).
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range van der Waals attraction of the curved surface to the substrate (Figure 7b, left side of the illustration).1® As
mentioned above, such a single-contact model should result in a monotonic increase in the adhesion force with a
further increase in the particle radius (Figure 7a). However, for smaller Rs values, the adhesion force will be
dependent on multiple particles interacting within the short vdW interaction range. In this “multiparticle”
attraction case, an increase in the vdW force may be observed with a decrease in nanoparticle size, due to.the
corresponding increase in the number of particles on the curved surface that can interact with the adjacent flat
surface (Figure 7b, right side of the illustration). The switching between these two competing effects of particle
size on the total vdW adhesion is expected to occur at a particle radius of roughly the vdW interaction range (i.e.,
on the order of 10! nm), which was consistent with the experimentally-observed minima in Figures 6a and\6b.
Further support for this hypothesis was obtained with the aid of a simple computer simulationsThe number of
nanoparticles in the vdW interaction zone (~10 nm) of the flat substrate surface, and the positions of such
nanoparticles relative to the flat substrate, were determined by modeling the polycrystallinereplica echini (spine)
tip as being comprised of perfectly packed small spheres located on a large hemisphere; that is, the large
hemisphere represents the replica echini tip (average radius, 196 + 17 nm) and the small spheres represent the
nanoparticle/crystallites on the echini tip, as illustrated in Figure 8a for small spheres of size Rs =8 nm and 16 nm.
Using this model, the number of spheres on the echini tip in the range of 10 nm from the flat substrate is plotted
over a range of representative small sphere (crystallize) sizes, Rs, in Figure 8b. This fig\ure indicates that the
number of adhesive contacts can be quite large when Rs is small (e.g., less than 5'nm), but decreases relatively
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Figure 8. a) 3-D schematic models of nanoparticleson ini.(spine)tips consisting of perfectly packed small spheres on a large hemisphere (with Rg- radius of
small spheres, Ry - radius of the large hemisphere). Calculated relationships are shown between: b) the number of small spheres in the vdW range (~ 10
nm) and the radii of small spheres (Rg), and ¢) the total vdWfadhesion force and the radii of small spheres (Rg).

slowly with Rs for Rs values'above ~10mnm. The adhesion force to the flat substrate of each small sphere on the
echini tip that is within the vdW. interaction zone was calculated using equation (10) by taking the separation
distances from the substrateras D = H + 0.165 nm (cutoff distance)'” and by using the previously estimated
Hamaker constant of Aj3; = 3.3 X:10°2° J. The total adhesion between the large hemisphere (echini tip composed
of many small particles/crystallites) and the flat substrate was then calculated by summation of the adhesion
forces of each small sphere (nanoparticle/crystallite) with the substrate. This total adhesion force is plotted
against the small particle radiusin Figure 8c. This simulation indicated that the total vdW adhesion force should
exhibit a minimumalue as a function of the nanosphere radius, which was in qualitative agreement with the data
in Figure 6¢ It was assumed in this model that only one echini tip of the replica contacted the metal substrate. This
assumption was found to be reasonable in a previous study of magnetite pollen replica adhesion.¢f The contacting
nanoparticles/crystallites were also assumed to be uniform spheres. The range of measured radii of nanoparticles
on the spine tips varied by less than 30% (Figure 4). Nonetheless, quantitative agreement of this model with the
experimental‘data was not expected in light of other simplifying assumptions. For example, in summing the
individual adhesion of each nanoparticle with the flat substrate, the interactions of any permanent or induced
dipoles in'the crystals or on the surface with one another were ignored. The individual nanoparticles were also
assumed to be tightly packed on the spine tip surface. Despite these simple assumptions, the model did reveal a
non-monotonic relationship between nanoparticle/crystal size and adhesion due to the counteracting effects of
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nanoparticle/crystal size, and the number of nanoparticles/crystals in the vdW interaction zone, on the vdW
adhesion force.

The conversion of sunflower pollen particles into replicas comprised of the spinel ferrite, CoFe,04, endowed
the replicas with a magnetic component to the adhesion force. AFM measurements were conducted tofevaluate
the adhesion force between individual CoFe,04 replica particles (fired at different peak temperatures) anda Ni
foil-coated, Nd-Fe-B alloy (axially-poled) permanent magnet (referred to simply as the Ni-Nd substrate)sThese
force measurements were conducted at a lateral distance ~300 um from the outer edge of the disk-shaped Ni-Nd
substrate and measured at height intervals of 50 um from the surface. The measured attraction{forces for the
CoFe,04 replicas fired at peak temperatures of 600°C, 700°C, 800°C, and 900°C are shown in Figure 9a. This figure
reveals a monotonic increase in the measured magnetic force of attraction with an increase‘inithe peak firing
temperature. Since these pollen replicas were coated in a similar fashion (i.e., with the same/number of Co-O and
Fe-O layers) and since these replicas were all comprised of phase-pure CoFe,0, (Figure 3a)/the observed increase
in the magnetic force of attraction with peak firing temperature was attributed to thepassociated increase in
average crystal size. Indeed, nanocrystalline CoFe;04 has been previously reported to exhibit ‘an increase in
saturation magnetization and remanent magnetization with an increase in average crystal size (in the range of
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Figure 9. a) AFM measurements of the magnetic adhesion forece experienced by CoFe,0,4 sunflower replica probes vs. vertical distance from a Ni-Nd substrate.
The force measurements were obtained at a lateral position ©300,um from the edge of the disk-shaped Ni-Nd substrate. b), c) Superconducting Quantum
Interference Device (SQUID) analyses of the magnetic moments of CoFe»0, sunflower replicas (synthesized at various peak temperatures) vs. applied magnetic
field at 300 K (a magnified view of the plot in b) is'shown in c)). d) Combined short range (vdW) and short-to-long range (magnetic) adhesion for native
sunflower pollen and CoFe,0,4 sunflower pollen replicas\

<10 nm to 100 nm).2% To determine/how the ferrimagnetic behavior of the CoFe;04 pollen replicas changed with
peak firing temperature @nd average, crystal size, a SQUID magnetometer was used to evaluate the magnetic
hysteresis of the pollen replicas,at 5 K'and at 300 K (via active temperature control). Distinct magnetic hysteresis
loops, consistent with ferrimagnetic.materials, were obtained for all samples (Figures 9b and 9c). As revealed by
the data in Figures 9b and 9chand in Table 1, the values of saturation magnetization (Ms) and remanent
magnetization (M,) of the CoFe,Q4 pollen replicas at both 5 K and 300 K increased with an increase in the peak

Table 1. Values of saturation magnetization (M) and remanent magnetization (M,)
of CoFe, 0, pollen replicas fired at different peak temperatures

Peak

Temperaturé ME(BK) MH(5 K) Ms(300K)  M¢{300K)

(°C) (Am?/Kg) (Am?/Kg) (Am?/Kg) (Am?/Kg)
600°C 58 38 53 9
700°C 67 26 0 -
800°C 78 5 2 p
900°C 85 52 20 0

firing temperature from 600°C to 900°C (and with an associated increase in average crystal radius from 5+2 nm to
38+6 nm).

10

Page 10 of 14



Page 11 of 14

P OO~NOUILAWNPE

AUTHOR SUBMITTED MANUSCRIPT - BB-101157.R1

Hence, by controlling the average crystal/nanoparticle size of the CoFe,04 pollen replicas via adjustment of
the peak firing temperature, the pollen magnetization and associated magnetic adhesion force (as well as the
vdW adhesion force) could be tailored. The extent to which the total force of attraction (vdW and magnetic) of
the CoFe;04 pollen replicas could be tailored relative to native (cleaned) sunflower pollen is shown in a bargraph
of the total adhesion force of such particles to the magnetic substrate in Figure 9d. The total force of adhesion of
the CoFe,04 replicas to the Ni-Nd substrate was greater by a factor of up to ~3 (for a peak firing temperature of
900°C) relative to the native pollen grains.

The present work demonstrates the ability to convert low-cost, sustainably-available, complex<shaped pollen
templates into 3-D replica microparticles comprised of a multicomponent magnetic oxide compound, with a
tunable nanostructure for tailored adhesion. Such shape-preserving chemical conversion was accomplished via a
scalable wet chemical SSG coating and firing process. Given the wide range of commercially-available metal
alkoxides, this LbL SSG process may be used to convert pollen particles into numerous other multicomponent
inorganic compounds with tailorable electromagnetic and other functional properties forseontrolled multimodal
adhesion.

Conclusions ~

This work provides the first demonstration of: i) the conversion of pollen particles/into high-fidelity 3-D
replicas comprised of a multicomponent magnetic spinel ferrite (the compound CoFe,03), and ii) the tailorability
of short-range (van der Waals, vdW) and long-range (magnetic) adhesion forces acting on these 3-D bio-derived
replicas through control of the sizes of the crystals/nanoparticles comprising these replicas.

A layer-by-layer, surface sol-gel (SSG) coating process was used to‘sequentiallyideposit Co-O-bearing and Fe-O-
bearing layers (with an appropriate 1:2 cycle ratio) in a highly conformal manner onto sunflower pollen particle
surfaces. Subsequent thermal treatment in air resulted in organic pyrolysis (removal of the underlying pollen
template) and conversion of the coating into nanocrystalline, phase-pure CoFe,;04. The resulting CoFe,04 particles
retained the 3-D shapes and distinct surface features (notably the'sharp:spines/echini) of the starting sunflower
pollen grains, as verified by examination of the same pollen grains before and after thermal treatment.

The short range (~10 nm) vdW force of adhesion between the CoFe;0,4 pollen particle replicas and flat metallic
(Au, Cu, Ni) substrates could be altered by adjusting the peak temperature used during thermal treatment of the
pollen replicas. An increase in peak firing temperature from 600°C to 800°C resulted in a decrease in the vdW
adhesion force, whereas a further rise in firing.temperature from 800°C to 900°C resulted in an increase in this
short-range force. This non-monotonic behavior was coensistent with the counteracting effects of particle
coarsening (observed by FEG-SEM analyses) on the. size of nanoparticles, and the number of nanoparticles,
present on the tips of the echini/spinesiand within the vdW interaction zone between the CoFe,0,4 pollen replicas
and the adjacent flat surfaces.

The long range (up to ~1 mm) magnetic force of adhesion between the pollen replicas and a flat magnetic (Ni-
coated Nd-Fe-B permanent magnet) substrate could also be adjusted by controlling the peak firing temperature
and the resulting average CoFe,04.erystal . size. An increase in the peak firing temperature from 600°C to 900°C
resulted in an increase in the average CoFe;0, crystal radius (as determined from full profile fitting of XRD
patterns and Williamson-Hall analysés) from 5+2 nm to 38+6 nm. As previously reported for nanocrystalline
CoFe;0,4, this increase inncrystal size coincided with increases in the values of the saturation and remanent
magnetization of the CoFe;0, pollen particle replicas (as determined from SQUID measurements) and a
corresponding increase insthe long=range adhesion of these replicas to a magnetic substrate.

The conversion of sunflower pollen particles into high-fidelity CoFe,04 replicas that retained the 3-D shapes
and surface features (sharp echini) of the starting pollen particles allowed for comparison of the adhesion of
these replicas to thessimilarly-shaped native pollen particles. By adjusting the CoFe,04 crystal/nanoparticle sizes
of the replicas, the total force of adhesion to a magnetic substrate could be increased by a factor of up to ~3
relative to the native pollen grains.
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