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Tuneable Topography and Hydrophobicity Mode in
Biomimetic Plant-Based Wax Coatings
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Across diverse natural surfaces, remarkable interfacial functionalities emerge
from micro and nanoscale self-assemblies of wax components. The chemical
composition of the epicuticular wax prescribes the intrinsic crystal
morphology and resultant topography of the natural surfaces, dictating their
interfacial wetting properties. The potential of regulating the topography of
identical wax compositions through various crystallization routes is tested
here. Crystallization through solvent evaporation produces diverse
topographies with enhanced surface hydrophobicity compared to the slow
cooling of the wax melt. Further, the microscale interfacial crystalline structure
can be deliberately designed to operate in sticky or slippery hydrophobic
regimes through control of the supersaturation level during the crystallization
process. While the supersaturation level significantly impacts surface
wettability by modulating the microscopic aggregation of rice bran wax
crystals, the crystal structure at the molecular scale remains effectively
unchanged. The relationships between the supersaturation level, surface
topography and hydrophobicity modes, primarily derived for rice bran wax,
are qualitatively validated for a wider range of plant-based waxes.
Crystallization of inherently hydrophobic plant-based waxes from
thermodynamically isotropic solutions offers an affordable single-step
approach for the fabrication of biodegradable hydrophobic coatings,
applicable to versatile materials and geometries.
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1. Introduction

Water-repelling surfaces have found grow-
ing applications in diverse emerging tech-
nologies, ranging from corrosion-resistant
coatings[1] to antibacterial fabrics.[2] Ex-
treme hydrophobic properties[3] are often
achieved in systems of complex physical
topographies and low surface energy.[4–8]

Larger macroscopic contact angles (⩾150°)
of water droplets on rough substrates are
generally associated with superhydropho-
bicity in static conditions. However, dy-
namic conditions are necessary to establish
which of the two general wetting regimes
may occur, depending on the wetting at
micro/nano-scales:[9,10] (i) in the so-called
Wenzel state[11] water penetrates within the
micro/nano-cavities on the surface. Accord-
ing to the Wenzel wetting formulation, the
water contact angle increases with increas-
ing the surface roughness for hydropho-
bic materials, while the surface wettabil-
ity is improved when generating roughness
in hydrophilic materials. Due to the com-
plete infiltration of water within the cavities,
large contact angle hysteresis is observed
under dynamic conditions in the Wenzel
regime, manifested as sticky behavior.[9,12,13]

(ii) Contrary to the impaled droplets in the
Wenzel state, the droplets sit on a relatively defect-free air cush-
ion due to the air entrapment within the surface roughness[14,15]

in the Cassie-Baxter state.[16] The composite air-solid interface
reduces the adhesion of the drop, rendering the surface slippery
with minimal sliding/rolling resistance. In practice, transitional
Cassie-Baxter and Wenzel regimes leading to various modes of
partial water infiltration are often reported for regular micro-
patterned surfaces.[13,17,18] Recent micro/nano-fabrication tech-
nologies have further extended the wetting regimes, defining a
spectrum of wetting behaviors beyond the classic Wenzel and
Cassie-Baxter modes through the development of hierarchical
and Janus structures.[8,17,19–23] While great progress toward inno-
vative micro/nano-fabrication methods for controlling the sur-
face wetting behavior has been made in the past decades,[5,24]

the majority of superhydrophobic surfaces involve fabrication
through conventional microfabrication and lithography tech-
niques and/or chemical modifications with fluorination.[7,8,25]

To date, the discovery of sustainable materials and affordable
manufacturing methods for scalable fabrication of functional

Adv. Funct. Mater. 2024, 34, 2307977 2307977 (1 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202307977&domain=pdf&date_stamp=2023-09-19


www.advancedsciencenews.com www.afm-journal.de

hydrophobic coatings remains an active field of academic and in-
dustrial research.[26–31]

Inspirations for the design and fabrication of surfaces with
desired fluid-handling functionalities have been largely drawn
from natural models.[32] The abundance of plant leaves dis-
playing interesting wetting behavior has guided the majority
of development in the field since the discovery of the lotus
effect.[25,33–36] The combined effect of surface chemistry and phys-
ical topography often defines the surface wettability in external
plant surfaces.[33,37,38] Successful attempts to regenerate similar
structures in the laboratory by recrystallizing waxes extracted
from plant leaves have been reported in the literature.[39–41] Re-
crystallization of epicuticular leaf waxes was studied following
thermal[42] and solvent[40] evaporation approaches. The chemi-
cal composition of the waxes, presence of impurities, and sub-
strate crystallinity were found to be most influential on the fi-
nal nano-topographies obtained.[40,43] In comparison, the im-
pacts of physical environmental conditions such as tempera-
ture, pressure, and factors influencing the rate of crystalliza-
tion have not yet been systematically investigated despite ear-
lier findings suggesting the significant impact of solvent and
temperature on the crystal habit.[40] The low surface energy of
waxes derived from various plant-based resources and opportu-
nities for inducing diverse micro/nano-structures offer poten-
tial biomimetic routes for scalable fabrication of functional hy-
drophobic coatings.[26,44] To attain the effective combined proper-
ties, crystallization approaches including solidification through
cooling,[4] emulsification,[27,45,46] solvent evaporation,[40,47] and
thermal evaporation[48,49] have proven successful. While crystal-
lization of naturally hydrophobic waxes appears as a promising
route for the fabrication of water-repelling coatings, determinis-
tic design and control of the wax self-assemblies toward desired
wetting regimes is yet to be realised.

Natural sticky hydrophobic surfaces often collect environmen-
tal dew in plants and insects,[50–53] while man-made mimics
have proven effective in applications such as anti-splashing coat-
ings, water harvesting and condensation cooling.[22,54,55] On the
other hand, the slippery Cassie-Baxter wetting condition is com-
monly exploited to generate self-cleaning effects inspired by the
lotus leaf, harnessing the ability to dispose of surface contam-
ination and stains using interfacial capillary-driven forces.[35,56]

Current technologies are developed to achieve either slippery or
sticky behavior by modifying the fabrication techniques and/or
material in use, often involving a combination of top-down and
bottom-up manufacturing methods.[42,54,57–60] Here, we investi-
gate the efficacy of wax crystallization approaches for the fab-
rication of hydrophobic surfaces exhibiting tuneable slippery or
sticky behaviors by controlling the micro/nano-scale crystal struc-
tures. We test the idea of organising the nanoscale crystals of
a given wax into self-assemblies of different micromorpholo-
gies to achieve diverse wetting regimes in chemically identical
materials. Plant-based waxes are used, allowing for large-scale
fabrication of nanostructured superhydrophobic coatings from
available bio-resources.[61] We investigate the influence of sol-
vent and temperature on the topographies generated through
the crystallization process and the effect on the corresponding
surface wettability mode. We perform a series of analytical mea-
surements to characterize the structure, melting temperature,
and composition of the various wax crystals produced through

Figure 1. Water contact angles of 3 μL droplets deposited on coatings gen-
erated via cooling of the wax melts at 24 °C. The dashed line refers to the
90 °C hydrophilic–hydrophobic separation distinction. Rice bran wax is ex-
tracted from the rice bran oil. Sunflower, rapeseed and soy waxes are ex-
tracted from the oil derived from the grains. Berry wax is extracted from
the peels of berries of the Rhus verniciflua tree.

the cooling and evaporation of diverse solvents. This investiga-
tion will mainly focus on the wax extracted from rice bran oil,
with core findings briefly tested in other similarly resourced nat-
ural waxes. Exploring various natural waxes and the diversity of
their crystalline structures not only allows progress in fundamen-
tal understandings of natural bio-resources, but offers affordable
routes for the biomimetic design and fabrication of functional
materials.

2. Results and Discussion

Wetting behavior of crystallized wax-based coatings is a func-
tion of thechemistry and topographic nano/micro-structure of
the wax crystals.[39] To identify the impact of physical topogra-
phies independently of the wax composition, we characterize the
intrinsic wetting behavior of waxes before establishing routes for
generating additional surface roughness and analyzing their im-
pact on the wetting behavior.

2.1. Intrinsic Wetting Properties

The plant-based wax coatings were generated by cooling molten
rice bran, berry, sunflower, rapeseed, and soy wax pellets at
room temperature. All tested waxes exhibited hydrophobic prop-
erties with water contact angles greater than or equal to 90°,
see Figure 1. Cooling resulted in relatively smooth surfaces
(Figure S3, Supporting Information), therefore, the observed hy-
drophobicity and measured contact angles presented in Figure 1
can be considered as the intrinsic properties of the tested waxes.
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Figure 2. Modification of the surface roughness and subsequent hydrophobicity in rice bran coatings. Schematic of coating methods with respective
scanning electron microscopy (SEM) images of surfaces made of rice bran wax, crystallized through (a) cooling and (b) solvent evaporation. c) X-ray
diffraction (XRD) signal for the two coatings achieved via cooling and solvent evaporation. d) Comparative attenuated total reflectance (ATR) mea-
surements on rice bran coatings, presented in (a) and (b), show no significant shift in the absorbance peaks. 𝛾as, 𝛿, and 𝜌 correspond to asymmetric
stretching and bending (scissoring and rocking) vibrations, respectively.

2.2. Surface Topography

Establishing surface roughness in such naturally hydrophobic
waxes is expected to enhance the surface hydrophobicity.[4,12,62]

Herein, we mainly focus on generating and modulating sur-
face topographies through crystallization via cooling and sol-
vent evaporation. The resulting surface topographies and crys-
tal structures are discussed. Results and discussions are ini-
tially reported for rice bran wax, describing the impact of
surface topography on the wettability of the coatings gen-
erated on smooth glass substrates. Crystallized coatings of
other plant-based waxes are then qualitatively tested for
comparison.

2.2.1. Solvent Evaporation Versus Cooling

The crystallization of the wax melt via cooling at room tem-
perature yielded fairly smooth surfaces (Figure 2a), whilst sol-
vent evaporation generally induced varied physical topographies
(Figure 2b) at the interface. Using toluene as the solvent con-
sistently generated fractal micro-roses with average diameters of
around 5 μm made up of curved petals of approximately 100 nm
thickness (Figure S4, Supporting Information). The resultant
surface roughness was observed to significantly enhance the hy-
drophobicity of the wax coating, increasing the water contact an-
gle by around 35% with respect to the coatings generated through
the cooling of the wax melt.

X-ray diffraction (XRD) analysis of the crystals obtained
through cooling and solvent evaporation exhibited no signifi-
cant variation in the crystal structure or the exact location of
the diffraction peaks despite the distinctive surface topogra-

phies (Figure 2c). The two intensive wide-angle diffraction peaks
(at 2𝜃 > 20°) correspond to d-spacing values of 4.14 Å and
3.73 Å, characteristic of orthorhombic structures in aliphatic
compounds.[33,63] Due to the presence of different molecules, the
long-spacing peaks (2𝜃 < 5°) associated with layer spacing are
significantly less intense (Figure S5, Supporting Information).[64]

Differential scanning calorimetry (DSC) measurements of the
crystalline materials also obtained effectively unchanged melting
points at 74.2 ± 0.3°C, complementing the XRD data (Table S1,
Supporting Information). In line with XRD and DSC compara-
tive measurements, IR absorbance spectrum collected from the
two crystallized coatings demonstrated peaks at identical wave
numbers, Figure 2d. The spectra confirm the absence of any sol-
vent traces (toluene in this example) in the coating. These ini-
tial findings demonstrate that the crystallization route regulates
surface wettability through modulation of the microscopic aggre-
gation of rice bran crystals without significantly impacting their
crystalline structures.

Considering the approximate 74 °C melting point of the rice
bran wax used in our study (Table S1, Supporting Informa-
tion), we investigated the impact of elevated casting tempera-
tures, Tcasting, during the wax crystallization via solvent evapora-
tion (Figure 3). Rice bran wax was dissolved in toluene at 70°C
and subsequently drop-cast on the substrate at the casting tem-
perature, Tcasting. Samples were kept at Tcasting for one hour to al-
low full evaporation of the solvent before returning to the am-
bient conditions. Distinct micro-structures and contact angles
were identified in the two regimes dominated by solvent evapo-
ration (Tcasting ≤ 40◦C) and cooling (Tcasting ≥ 60◦C), with a tran-
sitional region at intermediate temperatures of Tcasting ≈ 50◦C
(Figure 3). Higher casting temperatures generally improve the
solubility of the wax in the solvent.[65] The reduced supersatura-
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Figure 3. Impact of casting temperature on the surface topography and
wettability for coatings fabricated via solvent evaporation from solutions
of rice bran wax in toluene. Wax solutions were drop-cast onto substrates
and held at the casting temperature for one hour before returning to room
temperature.

tion level thus decelerates the crystallization process, especially
with Tcasting close to the melting point.[66] Therefore, crystalliza-
tion is mainly induced through cooling at room temperature
after the faster evaporation of the solvent[67] at Tcasting ≥ 60 ◦C,
resulting in relatively smooth surfaces with microscopic wrin-
kles. For Tcasting ≥ 60 ◦C, micro-structure and contact angle mea-
surements of rice bran wax, crystallized from the evaporation of
toluene, were similar to those obtained in the absence of solvent,
compare Figure 2a with Figure 3. In contrast, wax crystallization
at lower casting temperatures is mainly controlled by the evapora-
tion of solvent at Tcasting prior to the return to room temperature.
For the range of temperatures studied here, crystallization of rice
bran wax from toluene yielded the highest water contact angle
when drop-cast at temperatures between 20–30 °C.

Exposure to higher temperatures after complete evaporation
of the solvent did not have a significant effect on the surface wet-
tability of coatings; crystallized rice bran wax coatings from solu-
tions in toluene maintained average contact angles ranging from
147–150° when heated at higher temperatures that were below
the melting point of the wax (Figure S6, Supporting Informa-
tion).

With solvent evaporation inducing complex micro/nanoscale
surface roughness that clearly enhance the surface hydropho-
bicity, a critical question remains to be answered: “Can the to-
pography and the resulting surface wettability be furthe tuned
without modifying the chemical composition of the wax?” In
what follows, we discuss the impact of solvent on the re-
sult of crystallization through solvent evaporation on the
surface.

2.2.2. Choice of Solvent

The supersaturation level impacts the population and size of crys-
tals formed through solvent evaporation by regulating the contri-
bution of nucleation and growth processes. Higher supersatura-
tion levels reduce the induction time while increasing the crys-
tal nucleation rate, in turn generating smaller crystals at larger
number density. In contrast, crystallization is largely dominated
by growth at low saturation levels, yielding larger crystals with

secondary orders.[66,68] Here, we qualitatively control the level of
supersaturation by altering the wax solubility and the evaporation
rate of the solvent.

Toluene provides good solubility for 10 wt% of rice bran wax
at room temperature, therefore, its slow evaporation (over hours)
provides continuous crystallization at lower supersaturation lev-
els. In contrast, acetone is a poor solvent for rice bran wax. It
evaporates rapidly, i.e., order of seconds after drop-casting, re-
sulting in a spontaneous transition to highly supersaturated lev-
els. Example scanning electron microscopy (SEM) and laser scan-
ning confocal microscopy (LSCM) images of the micro-structures
obtained for rice bran wax crystallized from the evaporation of
toluene and acetone are presented in Figure 4a,b, respectively.
The line graphs represent the main characteristic features of each
coating, namely the micro-rose in Figure 4a and the petals in
Figure 4b. As predicted, the crystals emerging through the evapo-
ration of toluene are relatively larger than those obtained from the
evaporation of acetone. LSCM measurements reveal maximum
local peak-to-valley distances of around 5 μm from aggregated
petals in the form of micro-roses (4–8 μm diameters), which are
the microscopic building blocks of the coatings obtained from
toluene (Figure 4a). In the acetone-evaporated samples, signifi-
cantly shorter local peak-to-valley distances of around 1 μm ap-
peared in the form of randomly packed, deformed plates resem-
bling rose petals, see Figure 4b. The individual deformed petals
in both morphologies are of approximately 100 nm thickness (see
Figures S4 and S7, Supporting Information). We note that petals
in acetone-evaporated samples are arranged in different orien-
tations, leading to noticeable topographic variations in close-up
images captured using SEM and LSCM on different sections of
the sample.

2.3. Wetting Behavior

The topographic micro-structures of rice bran crystals derived
from the evaporation of toluene and acetone are distinct in size
and form, resulting in observable differences in the wetting be-
havior of the surface. To further tune the surface topography of
the coatings, we tested a series of rice bran wax coatings crystal-
lized from solutions with binary mixtures of acetone and toluene
as solvents (Figure 5a). The weight percentage of acetone in the
solvent, quantified by 𝛼 = acetone

acetone+toluene
, was systematically in-

creased to achieve diverse surface topographies. Increasing the
toluene content in the binary solvent mixture improves the solu-
bility of the wax and reduces the solvent vapor pressure.[69] Con-
sequently, the crystallisation rate was reduced resulting in the for-
mation of larger micro-roses, indicative of the lower supersatu-
ration regime (Figure 5a).

Water contact angle measurements were used to determine
the impact of topographic structures on the wetting behavior of
the coatings in static conditions. Additionally, two different slid-
ing angles were measured to characterize the wetting behavior
of crystallized coatings in the dynamic conditions, (Figure 5b):
(i) the static sliding angle refers to the tilt angle at which a slowly
deposited droplet slides or rolls down the angled substrate with
no major pinning, while (ii) the kinetic sliding angle refers to a
tilting angle at which a droplet rolls down or bounces off the sur-
face when released from a distance above the angled substrate
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Figure 4. SEM and LSCM images showing the diverse surface topographies obtained through crystallization of rice bran wax from evaporation of (a)
toluene and (b) acetone. Graphs show examples of surface features’ height (z-axis) along the x-axis. The line graphs represent the main characteristic
features of each coating, being the micro-rose in (a) and the petals in (b).

(here 30 mm). The droplet impacted the surface with an approx-
imate velocity of 0.1 ms-1, corresponding to a low Weber num-
ber regime in which inertial effects are insignificant.[70] No dif-
ferentiation between the rolling and bouncing dynamics is con-
sidered here.[71] The two static and kinetic sliding tests were per-
formed to highlight the impact of the droplet deposition method,
modelling different modes of interaction with water droplets in
nature[35,58,72–74] and engineering applications.[19,75–77]

2.3.1. Sticky Versus Slippery Coatings

Accelerated crystallization achieved at higher supersaturation
levels, denoted here by a larger 𝛼 value, generally increased
the hydrophobicity of the samples. Acetone-evaporated rice bran
wax samples (𝛼 = 100%) exhibited relatively larger static wa-
ter contact angles in comparison to toluene-evaporated samples
(𝛼 = 0%), measuring around 160° compared to 147°, respec-
tively (Figure 5c). Interestingly, two distinct dynamic wetting
regimes were found for the rice bran wax coatings when the
slow-evaporating toluene was substituted by the fast-evaporating
acetone, see Figure 5c. The acetone-evaporated surfaces appear
slippery with small sliding angles (<5°), yielding self-cleaning
properties characteristic of the lotus leaf.[35] While relatively large
static water contact angles (⩾150°) were achieved on both sur-
faces, the toluene-evaporated surface exhibited high adhesion of
the droplets often referred to as the rose petal or parahydropho-

bic effect.[23,58,78] The higher resistance of the contact line to mo-
tion and strong pinning effects are maintained in both static and
kinetic sliding angle measurements for toluene-evaporated coat-
ings. This is demonstrated by the increasing trend in sliding an-
gle for kinetic tests (droplet impact) and the inability to measure
any static sliding angles for surfaces of 𝛼 ≤ 25% (Figure 5c). Fur-
ther observations of the relative pinning effects between acetone-
and toluene-evaporated surfaces can be viewed in supplementary
Videos S1 and S2 (Supporting Information).

The transition between the two regimes was gradual and vari-
ations of morphology and wettability states were observed when
mixtures of acetone and toluene were used as solvents. Both ki-
netic and static sliding angles decreased at larger values of 𝛼; ki-
netic sliding angles measured upon droplet impact were signif-
icantly smaller than classical static sliding measurements. This
finding suggests that the observed rose petal effect is caused by
severe contact line pinning, potentially resulting from partial im-
palement of water droplets through the larger cavities in static
conditions (Figure 4a) present on the toluene-evaporated sur-
faces, rather than complete Wenzel state of wetting.[23] Despite
the significantly diverse micro-structures found when using dif-
ferent mixed-solvent compositions, XRD, ATR, and DSC mea-
surements for crystals grown via evaporation of toluene, acetone
and mixtures at 𝛼 = 50% showed no distinctive structural dif-
ference at the molecular scale, in comparison to crystals grown
from cooling of the wax melt (Table S1 and Figure S8, Supporting
Information).
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Figure 5. Surface topography and wettability for rice bran coatings crystallized through the evaporation of mixed solvents, with 𝛼 = acetone
acetone+toluene

de-
noting the relative weight percentage of acetone in the solvent. a) SEM images show the variety of morphologies ranging from closed micro-roses (for
0% acetone) to roses with loose petals (≈ 50% acetone) and finally to isolated petals (100% acetone). Scale bar refers to 10 μm in all images. b) Static
sliding angle refers to the tilt angle at which a droplet, initially deposited on a flat surface, begins to slide. Kinetic sliding angle corresponds to the tilt
angle that induces rolling or bouncing when the droplet is released from 30 mm distance. c) Increasing 𝛼 enhanced surface hydrophobicity manifested
in larger static contact angle and smaller sliding angles, while decreasing 𝛼 yielded relatively smaller water contact angle and higher adhesion. Droplets
remained attached to the surface of the coating at 𝛼 = 0% and 𝛼 = 25% even after the surface was turned upside down, therefore, static sliding angle is
not reported for these cases.

The striking co-existence of sticky and slippery micro/nano-
structured coatings was previously reported for surfaces of
plants. Surfaces of the leaves and flowers of rapeseed plants
showed notably different sticky and slippery wetting behaviors.[79]

On petals of different species of roses, the size and spacing of sur-
face structures were found to engender different hydrophobicity
modes on the petals.[58]

2.3.2. Wetting Regimes and Transitions

While the wetting properties of acetone-evaporated coatings were
consistently in line with the characteristics of Cassie-Baxter wet-
ting regime, the sticky behavior of the toluene-evaporated sur-
faces remains more challenging to delineate.[23,25,58] Further tests
were performed to better identify the wetting regimes and poten-
tial transitions on the crystallized rice bran coatings.[70] Compara-

tive sessile droplet evaporation tests were performed on acetone-
and toluene-evaporated rice bran coatings (Figure 6a). Addition-
ally, droplet squeezing tests were performed by gently pressing
sessile droplets on the wax coating using a hydrophobic surface
(Figure 6b).

Sessile droplets on hydrophobic and superhydrophobic sur-
faces undergo different regimes of constant contact angle (CCA)
and constant contact radius (CCR) during evaporation.[80] While
CCA is indicative of continuous sliding of the contact line on slip-
pery surfaces, CCR is characteristic of sticky coatings that induce
significant pinning of the contact line on the surface. Droplet
evaporation on rice bran wax coatings crystallized from acetone
is dominated by a semi-CCA mode, during which the average
contact angle remains above 150° (Figure 6a,i).[81] The slippery
wetting behaviour of the coating, exhibiting a continuously re-
tracting baseline diameter of the sessile droplet (Figure 6 aii),
is indicative of Cassie-Baxter wetting. The toluene-evaporated
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Figure 6. Wetting regimes and transitions. a) Evaporation test: Quantitative shape analysis during the evaporation of a 5 μL droplet showing the evolution
of (i) average contact angle, (ii) baseline diameter, and (iii) Local gradient of contact angle-time data presented in (i) as a function of time. Graphs
highlight the transition between S1 to S2 corresponding to non-wetting and wetting, respectively. Subscripts a and t refer to cases involving evaporation
of acetone and toluene. b) Squeezing test: Wetting behavior of toluene-evaporated (top) and acetone-evaporated (bottom) coatings during squeeze and
release test. c) Schematic of the speculated wetting regimes on crystallized rice bran wax coatings. The respective surfaces undergo full transition to
Wenzel state where air pockets are replaced by water.

crystalline samples demonstrated characteristic CCR behaviour,
denoted by a near-constant contact baseline diameter and contin-
uous decrease in contact angle (Figure 6a,ii). The larger contact
angle and smaller baseline contact area on the slippery acetone-
evaporated coatings considerably decelerated the evaporation of
the droplet due to the enhanced evaporative cooling (Figure S9,
Supporting Information).[82] The temporal evolution of the con-
tact angle during the droplet evaporation on both surfaces shows
a clear transition from relatively larger contact angles at early
times (S1), to an accelerated decrease to smaller contact angles
at later times (S2). This behavior was previously attributed to the
transition from Cassie-Baxter to Wenzel state wetting, based on
direct visualization.[83] Quantification of the local gradient of the
contact line in time better highlights this adjustment in Figure 6
iii, indicative of a wetting regime transition. Assuming that the
S1 to S2 transition during evaporation, highlighted in Figure 6b,i,
iii, corresponds to the point at which full impalement occurs,
Wenzel contact angles of 136 ± 2˚ and 123 ± 2˚ are derived for
the acetone-evaporated and toluene-evaporate rice bran wax sur-
faces, respectively. The transition contact angle was found to be
independent of the initial size for droplets of 1–10 μL volume
(Figure S10, Supporting Information). The roughness factor r,

defined as the ratio of the true contact area over the surface area,
can be calculated in the Wenzel formulation Cos 𝜃w = rCos 𝜃0,
where 𝜃w is the Wenzel contact angle and 𝜃0 is the intrinsic con-
tact angle of rice bran wax measured on coatings crystallized
through cooling, see Figure 1. This was calculated to be rRB-acetone
= 2.2 and rRB-toluene = 1.7 for coatings crystallized from acetone
and toluene, respectively. The r factors calculated in the evapo-
ration test are further corroborated by direct optical roughness
analysis performed using LSCM,[84] yielding rRB-acetone = 2.3 ±
0.7 and rRB-toluene = 1.8 ± 0.3, when local surface roughness[85]

was considered. See further details in Section S4.3 (Supporting
Information).

The squeezing test resulted in full impalement of the droplet
and transition to Wenzel regime on the toluene-evaporated sur-
faces with an equilibrium contact angle of 120 ± 4° (Figure 6b),
in agreement with the value obtained in the evaporation test
(Figure 6b). On acetone-evaporated coatings, however, squeezed
water droplets detached entirely from the coating after the re-
moval of the downward pressure, making it impossible to ac-
cess the Wenzel regime through droplet squeezing. The com-
bined findings of the squeezing and evaporation tests indi-
rectly reveal that the acetone-evaporated surface exhibits true

Adv. Funct. Mater. 2024, 34, 2307977 2307977 (7 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Surface wettability of morphologically diverse wax crystals. a) Static water contact angle measurements on coatings created through cooling
wax melt and solvent evaporation for five different waxes. For all tested waxes, solvent evaporation induced surface roughness. Use of acetone resulted
in enhanced surface hydrophobicity in comparison with toluene. b) SEM images of coatings generated through evaporation of toluene (top) and acetone
(bottom). Scale bars in SEM images refer to 10 μm in all images.

Cassie-Baxter wetting, while the toluene-evaporated surface gen-
erates composite wetting behavior as suggested by Chakraborty
et al.[23] the openings on the top of the micro-roses remain in the
Cassie-Baxter regime while water partially penetrates the micro
gap in between (Figure 6c).

2.4. Modulation of Crystal Micro-Structure in Alternative Plant
Waxes

The role of solvent on the crystal topography and wetting behav-
ior was also examined for the other plant-based waxes that were
initially introduced in Figure 1. Topographic and wettability find-
ings, represented in Figure 7, show general similarities with the
rice bran wax coating results. Solvent evaporation in all waxes en-
hanced the surface hydrophobicity through the generation of 3D
interfacial roughness, with dimensions ranging from hundreds
of nanometres to a few micrometres. Using the fast-evaporating
acetone generally led to smaller surface features (hundreds of
nanometres), resulting in increased water contact angles in com-
parison to coatings obtained via toluene evaporation. Samples
generated from the slow evaporation of toluene exhibited self-
assembly of larger aggregates and sticky behavior. In contrast, the
samples produced via the evaporation of acetone resulted in static
water contact angles of ⩾150° and smaller static siding angles
(3 ± 1°), with the exception of soy wax (Figure 7).

In the samples analyzed, rice bran, and sunflower waxes gen-
erated rosettes and plates when crystallized through the evapora-
tion of acetone. These structures self-assembled into larger ag-
gregates resembling microscopic flowers when toluene was used
for crystallization. Toluene evaporation generated a porous crust in
berry wax, whose edges opened up forming membrane platelets for
acetone-evaporated samples.[72,86,87] The microscopic crystal mor-
phologies in sunflower and berry wax crystallized from solutions
in acetone resembled those obtained in the bulk solution.[88] Sol-
vent evaporation created a porous crust in rapeseed wax surfaces,
whose porosity significantly increased for acetone evaporation.
Soy wax generated plates of 200–300 nm thickness when crystal-
lized from solutions in acetone, while evaporation of toluene pro-
duced a nonhomogenous distribution of aggregated larger plates
within the crust.

3. Conclusion

The crystalline structure produced via solvent evaporation yielded
micro/nanoscale surface roughness with enhanced surface hy-
drophobicity for various waxes. The saturation level during the
crystallization was found to impact the surface topographies
and the water contact angle in both static and dynamic wet-
ting regimes by regulating the crystallization kinetics. Using ace-
tone as a fast-evaporating solvent resulted in superhydropho-
bic coatings with small rolling/sliding angles, while the slower

Adv. Funct. Mater. 2024, 34, 2307977 2307977 (8 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 8. Wax crystallization for hydrophobic coating of curved interfaces and common porous materials. a) SEM images of (top) inner and outer walls
of Polytetrafluoroethylene tube, and (bottom) woven fabric before and after coating. b) Wetting of dyed water droplets on natural and coated curved and
porous surfaces. Slippery and sticky surfaces are generated using solutions of berry wax in acetone and toluene, respectively.

evaporation of toluene yielded large water contact angles with en-
hanced surface adhesion.

Plant-based waxes, especially those derived from oily seeds,
have the potential for scalable fabrication of bio-degradable mate-
rials for various wetting and anti-wetting applications. While re-
sistance to mechanical abrasion is limited for pure wax coatings
with no additives, the simplicity of the approach is ideal for pro-
viding affordable superhydrophobic coatings for biodegradable
single-use materials, packaging and devices.[62] Relying upon
crystallization in initially isotropic solutions, the proposed tech-
nique is ideal for fluid transport applications that require water-
repellent coatings of curved inner/outer walls and cavities in
tubes and porous materials,[89,90] with examples demonstrated
in Figure 8. The wide spectrum of phase change (melting) tem-
perature, crystal morphology, and wettability modes of plant-
based waxes provide opportunities for the large-scale fabrication
of organic phase change materials (PCM)[91,92] and condensa-
tion units[54,93] in heat exchangers. Further, such single-step fluid-
based manufacturing approaches can provide the base textured
substrates for the encapsulation of oils in lubricant-infused slip-

pery coatings on curved or confined surfaces. Besides the poten-
tial for surface manufacturing, understanding the link between
the topography of plant-based wax crystals and surface wettability
is of critical importance in the development of safe and effective
agrochemical formulations.

4. Experimental Section
Materials: Several commercially available waxes were sourced from

personal care, cosmetic, craft/decoration, and food additive suppliers and
were used without further purification. Rice bran, sunflower, berry, rape-
seed, and soy waxes were chosen for analysis due to their low surface en-
ergy (Figure 1) and solubility in lower risk-level solvents.[94] These waxes
typically comprise lipid-based molecules containing long-chain fatty acid,
alcohols and esters, the composition of which yields their water and po-
lar liquid impermeability characteristics.[88,95,96] From a future application
perspective, detailed characterizations in this study are primarily focused
on rice bran wax due to its higher melting point and material accessibility
as an industrial by-product.[63,97] Acetone (⩾99.5%) and toluene (⩾99.5%)
were purchased from Avantor and used as received. Standard borosilicate

Adv. Funct. Mater. 2024, 34, 2307977 2307977 (9 of 11) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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glass coverslips were used as substrates for all the presented wax-based
coatings, unless otherwise indicated.

Methods — Fabrication of Wax-Based Coatings: Wax coatings were fab-
ricated by drop-casting the dissolved wax solutions onto the glass sub-
strate. An approximate 50 μL droplet of the solution was deposited upon
contact onto the substrate and left to solidify at the stated conditions to
form a thin film (Figure 2). The low surface tension of solvents in use
ensured the spreading of the sessile droplet upon contact. For coatings
crystallized via cooling, wax pellets were heated at temperatures above
their melting points and left to cool at ambient laboratory conditions
(24± 2°C). For solvent evaporation samples, waxes were initially dissolved
in the solvent at 10 wt% using a magnetic stirrer on a hot plate set to
60–85°C, depending on the wax melting points. A wax concentration of
10 wt% was chosen as it provided full surface coverage and prevented ad-
ditional vertical stacking of crystals (Figure S1, Supporting Information).
The drop-casted samples were left to crystallize at the same ambient labo-
ratory conditions for at least 48 hours to ensure complete solvent evapora-
tion. The impact of casting temperature, presented in Figure 3, was studied
on a temperature-controlled glass substrate, using a Peltier device.

Methods — Analytical Characterization: Crystal structures were ana-
lyzed by X-ray diffraction (XRD), using a Bruker D8 diffractometer with
monochromatic Cu K𝛼 radiation (2𝜃 range 2°–70°, step size = 0.03°). Dif-
ferential Scanning Calorimetry (DSC) was used to measure the respective
melting and crystallization temperatures of the rice bran wax samples with
further details of operation cycles in Figure S2 (Supporting Information).
Solid crystals were collected from the surface after cooling or solvent evap-
oration for XRD and DSC analyses. Attenuated total reflection (ATR) anal-
ysis with Fourier transform infrared spectroscopy (FTIR) was performed
directly on the wax coating using the diamond crystal (Platinum ATR acces-
sory) to compare the respective chemical compounds. The infrared spec-
tra were recorded using a Bruker Tensor 27 System with DTGS detector.
For each spectrum, 64 single beam scans were averaged with 4 cm−1 reso-
lution in the range of 4000–600 cm−1. The clean, dry diamond crystal was
consistently used for background correction. Results were examined in the
absorbance unit using OPUS software with no further data processing.

Methods — Topography Characterization: Images of wax crystals were
captured on gold-coated samples using scanning electron microscopy
(SEM) on a Zeiss EVO MA15 microscope operated at 20 kV accelerat-
ing voltage. Higher resolution images were obtained on a Hitachi SU8230
SEM operated at 2.0 kV accelerating voltage from samples sputter coated
with 10 nm of Iridium. To obtain quantitative surface roughness measure-
ments, laser scanning confocal microscopy (LSCM) was performed over a
larger scan area (⩾50 μm) using a Zeiss LSM800 equipped with a 405 nm
laser.

Methods — Wetting Characterization: Comprehensive wetting charac-
terization of the rice bran wax samples was completed by analysing the
static and dynamic contact angles of de-ionized water droplets on the sur-
face of the coatings. Static contact angle measurements were performed
using a customized micro-imaging setup and the drop analysis plugin on
ImageJ.[98] The average value of the left and right static contact angles were
analyzed for each droplet. For every condition, five independent coatings
were tested. On each coated surface, the average contact angle was calcu-
lated for three droplets to account for surface non-homogeneity. Error bars
on all presented graphs correspond to the standard deviation of the mean
values. Sliding angles of water droplets on coated surfaces were measured
by increasing the base angle using a manual goniometer stage with an un-
certainty of ±0.5°. Reported static and dynamic angles were measured for
droplets of 1–2 mm diameter. Evaporating droplets of different sizes were
studied on the fabricated wax surfaces in ambient laboratory conditions
using an automated optical tensiometer setup (Theta, Biolin Scientific) in
shadowgraphy mode. During droplet evaporation, images were captured
and analyzed to attain contact angle, volume and baseline length of the
sessile droplets with respect to time to elucidate the hydrophobic wetting
states. Further droplet squeezing tests were performed to visualize and
characterize the different wetting states and the transition between them.
A sessile droplet of 5 μL volume was placed onto the wax coating and com-
pressed from the top by a flat hydrophobic surface until a minimum gap
of 0.5 mm between the surfaces was reached.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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