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Light-Activated Superhydrophobicity of Sustainable 
MicroStructured Spent Coffee Grounds-Based Interfaces via 
Fatty Acids Modulation  

Seyed Shahrooz Zargarian,*[a] Salvio Suárez-García,[b] Javier Saiz-Poseu,[b] Luca Zuppiroli,[c]  

Massimiliano Lanzi,[c] Daniel Ruiz-Molina,[b] and Filippo Pierini*[a] 

 

 

The global consumption of coffee results in the disposal of vast  

amounts  of  spent  coffee  grounds (SCG),  posing  significant  

environmental  challenges.  Herein,  we  address  this  issue  by  

developing  an  innovative,  eco-friendly  method  to  achieve  

superhydrophobicity  using  SCG.  Repurposing  this  abundant  

biowaste, we developed a sustainable approach that avoids the  

use of harsh chemicals and energy-intensive processes typically  

associated with conventional methods. Our procedure involves  

wet ball milling of SCG in ethanol to produce microparticles,  

followed by electrospraying to create a micro-structured inter- 

face. A mild annealing treatment at 90 °C successfully trans- 

formed the SCG interface from hydrophilic to superhydropho- 

bic,  reaching  a  contact  angle  of  approximately 151°  and  a 

 

1. Introduction 

Superhydrophobic and superoleophilic materials exhibit extra- 

ordinary  surface  properties,  showing  high  water  repellency  

(contact angle > 150°), low water droplet roll-off angles (< 10°),  

and  a  strong  affinity  for  oil (contact  angle < 5°).[1-3]   These  

remarkable properties result from a combination of low surface  

energy and high surface roughness. To achieve both super- 

hydrophobic and superoleophilic conditions, the surface energy  

of the final layer must fall within the range of 30 mN/m < γ < 

72 mN/m.[4]   While  chemical  modification  can  influence  the  

surface   energy,   it   alone   is   limited   to   achieving  

superhydrophobicity.[5] The key to extreme water repellency lies  

in manipulating surface roughness to generate a microstructure  

that traps air pockets beneath the water droplet. [6-7]  This air  

cushion effectively reduces the contact area between water and  

the surface, further enhancing water repellency. A hierarchical 
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rolling-off  angle  of  8°.  The  resultant  interface  exhibited  

remarkable self-cleaning properties, effectively repelling various  

liquids. XPS analysis revealed that the migration of fatty acids to  

the surface during annealing played a crucial role in lowering  

surface energy, thereby driving the hydrophilic-to-superhydro- 

phobic transition. Furthermore, we demonstrated that solar- 

induced heating can effectively activate the same superhydro- 

phobic properties, providing a practical and energy-efficient  

alternative  to  traditional  thermal  treatments.  This  method  

illustrates the role of light-activated fatty acid modulation in  

achieving superhydrophobicity and highlights the potential of  

SCG biowaste as a valuable resource for sustainable material  

applications. 

 

structure, where nanoscale roughness is superimposed on top of  

larger  microstructure  features,  is  particularly  effective  in 

achieving superhydrophobicity, as exemplified by the lotus leaf, a 

natural  example  of  this  phenomenon.[8-9]   These  unique 

characteristics  have  opened  up  a  plethora  of  applications, 

particularly  in  environmental  remediation  and  oil-water 

separation.[4,10]  Superhydrophobic surfaces are widely used in 

self-cleaning coatings,[11-12]  while the superoleophilic property 

facilitates  the  collection  and  recovery  of  oil  spills  and  the 

efficient separation of oil-water mixtures. 

Traditional  methods  for  creating  superhydrophobic  and  

superoleophilic  surfaces  typically  involve  chemical 

modifications[13]    or   treatments   such  as   pyrolysis[14]    or  

calcinations.[15]  However,  these  conventional  approaches  are  

associated  with  energy-intensive  processes,  often  requiring  

high temperatures and the use of harsh chemicals, which raises  

concerns about toxicity and environmental sustainability. For  

instance,  a  recent  study  on  fabricating  superhydrophobic  

cellulose-based membranes involved immersing filter paper in  

acetonitrile  solutions  of  toluene  diisocyanate  and  N-(2,4-di  

aminophenyl)  maleimide  for  three  cycles,  a  process  that  

involves the use of harsh solvents.[13]  Another study by Duan  

et al. reported the fabrication of superhydrophobic and super- 

oleophilic  coatings  using  ball-milled  biochar  loaded  on  a  

melamine foam skeleton, which required a pyrolysis step at  

700 °C,  consuming  significant  energy.[14]  Similarly,  Guo  et al.  

described  the  preparation  of  a  superhydrophobic  construct  

using silica nanoparticles, prepared via a sol-gel method and  

coated on stainless steel mesh.[15] This process involved multiple  

steps, including dipping the metallic mesh into SiO2 sol, drying 
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in an oven, and a calcination step at 300 °C, further emphasizing 

the energy-intensive nature of these traditional methods. 

Transitioning from traditional methods that often involve  

environmentally  detrimental  practices,  there  is  a  growing  

emphasis on adopting more eco-friendly materials and proc- 

esses  for  producing  superhydrophobic  interfaces  and  mem- 

branes. Embracing this eco-friendly paradigm involves careful  

selection of materials and fabrication practices. According to  

Bayer,[9]  eco-friendly  practices  should  encompass  the  entire  

fabrication process and avoid excessive heat. Additionally, since  

many coatings are formulated in suspensions, it is crucial to  

advocate  for  the  use  of  green  solvents,  which  should  be  

biomass  or  plant-based  rather  than  petroleum-derived.  For  

instance, deep eutectic solvents,[16]  triethyl phosphate,[17]  and  

ethanol[18]   have  been  employed  as  green  solvents  in  the  

fabrication  of  superhydrophobic  melamine  sponges,  PVDF  

membranes, and polyamide fibrous membranes, respectively.  

Conversely, in terms of materials, the shift towards eco-friendly  

alternatives prioritizes inherently earth-friendly substances, such  

as  natural,  biodegradable,  and  nontoxic  materials  or  those  

derived  from  organic  waste.[19]  Utilizing  these  materials  ad- 

dresses the need for sustainable resources and contributes to  

reducing pollutants released into the environment. For instance,  

a superhydrophobic  cellulose-based  aerogel  was  fabricated  

through a one-step process involving the deposition of copper  

nanoparticles  on  cellulose  fibers  extracted  from  renewable  

natural sisal in a liquid phase.[20]  Additionally, an eco-friendly  

strategy involving starch nanoparticles and polydimethylsilox- 

ane composites was employed to produce superhydrophobic  

coatings  with  hierarchical  micro  and  nanostructures.[21]  In  a  

recent study, bamboo powder was pivotal in enhancing PVDF  

foam,  producing  a  highly  porous  and  superhydrophobic  

membrane via an organic solvent-free process.[22]  Despite the  

commendable sustainable approach of using bioderived and  

organic waste-derived materials in these studies, these sub- 

stances still required chemical treatment or conversion into  

biochar to achieve superhydrophobicity due to their inherent  

hydrophilic nature. 

In this scenario, spent coffee grounds (SCG) represent a  

promising biowaste source with significant potential for sustain- 

able material innovation. With an estimated daily consumption  

of 2.25 billion cups of coffee worldwide,[23]  approximately 18  

million  tons  of  wet  SCG  are  generated  yearly,[24]  posing  a  

growing environmental concern due to its potential impact on  

landfilling, soil degradation, and water pollution.[25-26]  However,  

the abundance and ease of acquisition solidify its position as a  

promising feedstock for sustainable materials. Moreover, the  

composition of SCG makes it a valuable feedstock for sustain- 

able materials. The composition of SCG varies on the type of  

coffee beans used and brewing method, though, in general, it  

contains approximately 8.6-13 % cellulose, 32-42 % hemicellu- 

lose, 20-30 %  lignin, 35-38 %  sugar  monomers (mannose,  

galactose,  and  arabinose), 2-19 %  fatty  acids,  and 1-3 %  

minerals.[27-31] Given lignocellulose composition,[32] SCG is inher- 

ently hydrophilic, exhibiting a strong affinity for water. Despite  

this, research has explored its potential for designing super- 

hydrophobic  platforms.  Few  studies  have  explored  various 
 
 

 

strategies  to  utilize  SCG  in  fabricating  such  materials.  For  

instance, in a study focusing on dye removal from effluents,  

SCG was utilized to produce activated carbon through chemical  

activation  with  NaOH  and  subsequent  carbonization  at  

300 °C.[33]  Another  study  extracted  lignin  and  other  organic  

substances from SCG.[34] The resulting delignified SCG was then  

reacted with an organosilicon compound in n-heptane, forming  

a superhydrophobic material. These studies suggest that the  

inherent hydrophilic nature of SCG necessitates chemical treat- 

ment or conversion into biochar to achieve superhydrophobic- 

ity. 

While the intrinsic chemical composition of SCG presents  

challenges for achieving the low surface energy required for  

superhydrophobicity, the geometrical architecture of the sur- 

face is an equally critical factor. As mentioned, superhydropho- 

bicity is influenced by both the chemical composition and the  

hierarchical   micro-nano   structured   morphology   of   the  

surface.[35-36] In this context, electrospraying emerges as a robust  

and scalable technique for fabricating micro-structured surfaces  

with precise control over surface morphology.[37-38] It has gained  

significant traction in fabricating superhydrophobic interfaces  

due to its ability to produce thin, uniform layers with controlled  

microstructures.  Numerous  studies  have  demonstrated  the  

effectiveness of electrospraying in producing superhydrophobic  

interfaces with exceptional water-repellency and self-cleaning  

properties.  For  instance,  a  highly  transparent  self-cleaning  

superhydrophobic surface was prepared by electrospraying an  

organosilane-coated alumina precursor.[39] By simply controlling  

the spraying time, a coating with excellent superhydrophobicity  

and transparency in the visible range was achieved. Another  

team studied the deposition of morphology-controlled poly- 

imide  particles  through  electrospraying,  enabling  them  to  

fabricate highly hydrophobic multilayered films with tunable  

morphologies.[40]  Moreover, electrospray deposition has been  

employed to prepare corrosion-protective coatings for metal  

substrates.[41]  The electrosprayed carbon layers exhibit remark- 

able adherence and highly porous structures, leading to Cassie- 

Baxter type superhydrophobicity, effectively hindering corro- 

sion. 

Herein, we report an eco-friendly method to achieve super- 

hydrophobicity using SCG without resorting to harsh chemicals  

or  energy-intensive  processes.  Our  innovative  approach  in- 

volves  wet  ball  milling  SCG  to  produce  a  suspension  of  

microparticles  in  ethanol,  followed  by  electrospraying  to  

produce a micro-structured interface. A mild annealing treat- 

ment at 90 °C effectively transforms the SCG interface from  

hydrophilic  to  superhydrophobic  and  superoleophilic.  This  

method stands out due to its simplicity, the use of a green  

solvent,  and  its  minimal  environmental  impact,  offering  a  

sustainable alternative to traditional techniques. We extensively  

analyze the chemical structure and morphology of the SCG- 

based interface, elucidating the mechanism behind the hydro- 

philic-to-superhydrophobic transition. Additionally, we demon- 

strate the interface’s effectiveness in self-cleaning applications.  

This  work  represents  a  pioneering  step  in  showcasing  the  

feasibility  of  achieving  special  wettability  from  a  readily  

available biowaste resource with minimal intervention, opening 
 
 



 

up new avenues for sustainable and environmentally friendly 

applications of SCG. 

 

2. Experimental 
 
2.1. Materials 

 

Ethanol  was  used  as  received  without  additional  drying  or 

degassing (Sigma-Aldrich). All other reagents were obtained 

from Sigma-Aldrich or Merck unless otherwise specified. 

 
 

2.2. Sample Preparation 
 

2.2.1. SCG Preparation 

 

SCG was sourced from a Costa Coffee outlet in Warsaw, Poland.  

The  organic  waste  was  then  subjected  to  a  sequential  

procedure  illustrated  in  Figure 1a,  starting  with  an  initial  

purification step by washing the grounds with deionized water 

(DW) (Milli-Q water filtering system, Millipore, Bedford, MA) to  

eliminate any water-soluble impurities. The cleaned SCG was  

then  dried  and  sieved  to  achieve  a  uniform  particle  size  

distribution with diameters below 300 μm. Further size reduc- 

 

tion  was  accomplished  using  dry  and  wet  ball  milling  

techniques described elsewhere.[42] Ball milling was selected for  

its straightforward nature and simplicity, allowing for easier  

scale-up from laboratory to industrial processes, which is vital  

for the practical valorization of SCG. In the wet ball milling  

process, ethanol, an eco-friendly solvent, or DW, was added to  

the SCG powder to facilitate particle dispersion, achieving a  

concentration of 12 % w/v. These suspensions were transferred  

into tungsten carbide milling chambers. The milling operations  

were conducted using a high-energy planetary ball mill (Fritsch  

Pulverisette 5).  The  process  resulted  in  a  fine  microparticle  

suspension of SCG in either ethanol (Wet ethanol ball milled,  

abbreviated to WEBM) or DW (Wet water ball milled, abbre- 

viated to WWBM), which was subsequently sealed and stored at  

room temperature for future fabrication steps. The same milling  

procedure was applied to the SCG powder (Dry ball milled,  

abbreviated to DBM) for the dry ball milling process. 

 
 

2.2.2. Fabrication of the Interfaces 

 

The  electrospraying  method  was  employed  to  fabricate  a  

micro-structured interface using SCG microparticles. The WEBM  

(the SCG suspension in ethanol) was placed in a 1 mL syringe  

fitted with a 20-gauge needle and subjected to a high voltage  

  
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Overview of the spent coffee grounds (SCG) sample preparation and characterization. a) Schematic illustration of the sample preparation process,  

depicting the collection of SCG from a cafeteria, followed by drying in the oven and ball milling in different conditions: dry ball milling (DBM), water ball  

milling (WWBM), and ethanol ball milling (WEBM). b) Particle size distribution of SCG samples prepared, revealing the effect of ball-milling conditions on SCG  

particle size. c) FTIR spectra of DBM, WBM, and WEBM. d) UV-vis spectra of dilute suspensions of WWBM and WEBM. e) SEM images of the samples.  
 

 



 

of 12 kV, with the flow rate set at 450 μL/h. The experiments 

were carried out at room temperature and a relative humidity 

of 20 %. During the process, the electrospraying of the WEBM 

suspension produced a fine spray of particles. A rotary drum 

spinning at 600 RPM was used to collect the SCG microparticles. 

After approximately two hours, a brownish interface, referred to 

as RSCG, was formed, with an approximate thickness of 60 μm. 

Simultaneously, the WEBM suspension was drop-casted onto a 

metallic surface (RSCG cast). Subsequently, all products under- 

went a uniform mild annealing treatment (at 90 °C for 6 hours), 

categorizing the samples with an “H” designation, representing 

HSCG electrosprayed and cast. These samples will be referred to 

as HSCG or RSCG unless otherwise specified. 

 

 

2.3. Spectroscopic, Morphological and Thermal 

Characterization 

To measure the particle size and distribution of WEBM, WWBM,  

and DBM, a Malvern Mastersizer 3000 particle size analyzer  

equipped  with  a  HydroMV2000 attachment  was  utilized.  

Approximately 300-500 mg of samples were used for each test.  

The average particle size distribution of the SCG was deter- 

mined  using  this  device.  Fourier  transform  infrared (FTIR)  

analyses were performed in attenuated total reflectance (ATR)  

mode using a Bruker Vertex70 FTIR spectrometer, recording the  

wavenumber range from 4000 to 400 cm1 with a resolution of 

2 cm 1 after 12 scans per sample. 

The variable-temperature FTIR spectra were recorded with a  

Hyperion 2000 microspectrometer  coupled  to  a  Vertex 80  

spectrometer (both from Bruker Optik GmbH, Germany). The  

analyzed range was 4000-600 cm1, with a resolution of 4 cm1  

and 24 scans. The samples were placed on a copper holder and  

then directly heated on a homemade heating stage consisting  

of a 19 W metal ceramic heater (Thorlabs Inc., New Jersey, USA)  

controlled by a Rex-C100 digital temperature controller (Iriisy,  

China). After reaching the corresponding set point (23 °C, 60 °C, 

80 °C, and 130 °C), a delay time of 5 min was used before the 

measurement to let the sample thermally stabilize. All the data 

was treated with OPUS version 7.5 (Bruker) software. 

Raman Imaging Microscope (WITec Alpha300 R), equipped  

with a 532 nm laser and a power of 3 mW, was used for Raman  

spectroscopy. The spectra were collected with a 50x objective,  

an 1800 nm grating, an integration time of 0.5 s, and 3600  

accumulations using the Control FIVE 5.3 software (WITec). The  

spectra  were  baseline  corrected  with  the  Project  FIVE 5.3  

software (WITec). 

UV-Vis-NIR analyses were conducted in the solid state using  

diffuse reflectance mode with a Perkin Elmer Lambda 1050 +  

(Madison, WI, USA) provided by Pro-Environment Polska Sp. z  

o.o. (Warsaw, Poland). Measurements were taken over a wave- 

length range of 250 to 1000 nm, with a scanning rate of 1 nm  

per minute. 

Contact angle measurements were performed using an OCA 

15EC goniometer. Droplets of 5 μL were placed on the surface 

of the SCG’s interface, and the contact angles of three drops 

were measured and averaged using ImageJ. 
 
 

 

The static contact angle and the roll-off angle experiments  

were  performed  with  a  DSA25S  instrument (Krüss  GmbH,  

Hamburg, Germany). The drops were dispensed on the samples  

with a 100 μl syringe through a 0.520 μl diameter needle and  

an automatic software-controlled dosing system. The analysis of  

the  drops and  the control  of the  tilting during  the roll-off  

experiments  were  carried  out  with  the  KRÜSS  ADVANCE  

software, which used the sessile drop technique and the Ellipse  

tangent method in both cases to obtain the contact angle  

values. The volume used for the experiments was 5 μl in the  

contact angle and the roll-off angle measurements. The tilting  

was recorded from 0° to 90°, with a rate of 1°/sec. 

Variable-temperature micrographs were obtained using a  

scanning  electron  microscope (SEM,  FEI  Quanta 650 FEG,  

Thermo  Fisher  Scientific,  Eindhoven,  The  Netherlands)  in  

secondary electron mode and operating at 20 kV. All samples  

were fixed on an SEM heater holder and directly heated at  

different temperatures (26 °C, 46 °C, 66 °C, 86 °C, 116 °C, and  

200 °C). After reaching the corresponding set point, a delay time  

of 5 min was used before the measurement to let the sample  

thermally stabilize. 

To  confirm  the  presence  of  fatty  acids  in  SCG,  Matrix- 

Assisted Laser Desorption/Ionization Time-of-Flight Mass Spec- 

trometry (MALDI-TOF MS) was performed. Hexane extraction  

was conducted on 10 mg of SCG samples, followed by 24-hour  

sonication. A 150 μL aliquot of the extract was mixed with 40 μL  

of α-cyano-4-hydroxycinnamic acid (CHCA) matrix. The sample- 

matrix mixture was spotted (2 μL) onto a MALDI plate in five  

replicates.  The  analysis  was  performed  on  a  Waters  Synapt  

Maldi Q-Tof mass spectrometer operating in negative ion mode,  

which is suitable for detecting deprotonated fatty acids (M-1). 

Samples  were  also  imaged  using  a  scanning  electron  

microscope (SEM) (JSM-6010PLUS/LV,  In  TouchScope  micro- 

scope). Depending on the sample, images were captured at  

varying accelerating voltages (7 to 12 kV) and magnifications.  

For high-resolution structural analysis, scanning transmission  

electron  microscopy (STEM)  was  performed  using  a  ZEISS  

Crossbeam 350 system at an accelerating voltage of 30.00 kV.  

The SCG suspensions were electrosprayed onto TEM copper  

grids  following  the  procedure  described  in  Section 2.2.2,  

yielding raw electrosprayed SCG and its annealed counterpart.  

Energy-dispersive X-ray spectroscopy (EDX) point analyses were  

conducted in parallel to assess elemental distribution, focusing  

on carbon (C) and oxygen (O) composition. X-ray diffraction  

(XRD) measurements were performed on all samples using a  

Bruker D8 Discover diffractometer in Bragg-Brentano geometry.  

The analysis covered an angular range of 5-60° (2θ), with data  

collected at each point using a step size of 0.02 per 1.0 s.  

Thermogravimetric  analysis (TGA)  was  carried  out  on  the  

samples (minimum 50 mg per sample) using a Perkin-Elmer  

TGA 8000 analyzer (Shelton, USA), also supplied by Pro-Environ- 

ment Polska Sp. z o.o. (Warsaw, Poland). The measurements  

were conducted from 35 °C to 800 °C in a nitrogen atmosphere  

(N2  supplied by Air Liquide Sp. z o.o., Cracow, Poland) at a  

heating rate of 3 °C per minute, with a balance purge flow rate  

of 40 mL per minute. Differential scanning calorimeter (DSC)  

analyses were conducted by using a TA Instruments Q2000 DSC 
 
 



 

by varying the temperature from 30 to 600 °C with a heating  

ramp of 5 °C min-1 in a nitrogen atmosphere. For TGA, XRD,  

and DSC measurement, the WEBM suspension was dispensed in  

a Petri dish, dried at room temperature to yield RSCG Powder,  

and  annealed,  as  previously  mentioned,  to  obtain  HSCG  

Powder. 

 
 

2.4. X-Ray Photoelectron Spectroscopy (XPS) 

 

XPS  measurements  were  performed  with  a  Phoibos  150  

analyzer (SPECS EAS10P GmbH, Berlin, Germany) in ultra-high  

vacuum conditions (based pressure 1010 mbar, residual pres- 

sure around 107 mbar). Monochromatic Al Kα line was used as  

an X-ray source (1486.6 eV and 300 W). The electron energy  

analyzer  was  operated  with  a  pass  energy  of 50 eV.  The  

hemispherical analyzer was located perpendicular to the sample  

surface. The data was collected every eV with a dwell time of 

0.5 s. A flood gun of electrons, with energy lower than 20 eV,  

was used to compensate for the charge. The reference was set  

for C  C at 284.8 eV. All the data was treated with CasaXPS  

version 2.3.17PR1.1 (Casa Software LTD, Teignmouth, UK) and  

OriginPro version 8.0988 (OriginLab Corporation, Northampton,  

MA, USA) software. 

 
 

2.5. Assessment of the Photothermal Properties 

 

The  photothermal  properties  of  RSCG  were  assessed  under  

conditions  simulating  one  sun  irradiation.  A  solar  simulator  

from Abet Technologies, model 10500, was used. The device is  

equipped with a 150 W Xe Arc Lamp as the light source. The  

optical system of this device produces a focused 25 mm beam,  

with one sun output achievable over an illuminated field up to 

35 mm in diameter. To capture and analyze the spatial heating  

distribution and temperature profile generated by the solar  

simulator, a high-resolution infrared camera (FLIR, A655sc) was  

utilized. The camera was paired with specialized software (FLIR  

ResearchIR  Max),  enabling  the  recording  and  subsequent  

processing of the thermal data collected during the experi- 

ments. 

 

3. Results and Discussion 

First, the particle size distribution of SCG obtained through  

various ball-milling methods was studied (Figure 1b). Both dry  

ball milling and wet ball milling in water yielded particles with a  

broad size distribution, ranging from 3 to 65 μm. Although the  

particle size and distribution of dry ball-milled SCG were not  

significantly different from those of water ball-milled SCG, it  

should be noted that forming a suspension from the former is  

very challenging due to extensive agglomeration. This agglom- 

eration hinders the formation of a homogeneous suspension.  

Conversely, wet ball milling in ethanol significantly reduced the  

average particle size to 8 μm, resulting in a much narrower size  

distribution. Despite the high concentration of SCG in ethanol 
 
 

 

 

(12 %  w/v),  the  small  size  and  good  uniformity  of  WEBM 

microparticles  achieved  through  wet  ball  milling  in  ethanol 

resulted in a fairly stable suspension, making it suitable for 

spraying.  Therefore,  the  results  suggest  that  the  choice  of 

solvent  in  the  ball-milling  process  plays  a  critical  role  in 

controlling the particle size and distribution. 

To investigate the influence of different ball-milling meth- 

ods on the chemical composition of SCG, FTIR spectroscopy  

was employed to analyze the sample spectra within the range  

of 500 to 4000 cm1. Figure 1c illustrates the FTIR absorbance  

spectral  peaks,  recording  diverse  strong,  broad,  and  weak  

intensities  of  absorption  corresponding  to  the  majority  of  

functional groups present in SCG. The broadband occurring  

between 3000 and 3700 cm1, with a maximum at 3372 cm1,  

corresponds to the O  H and N  H stretching vibration, suggest- 

ing the presence of free hydroxyl groups and bonded O  H  

bands of carboxylic acids.[43]  This region is primarily attributed  

to alcohol, phenols, or carboxyl functional groups and features  

intra- and intermolecular hydrogen bonding, characterizing the  

distinctive peaks associated with crystalline cellulose in SCG.[44]  

The  sharp  peaks  observed  at 2920  and  2830 cm1  can  be  

attributed to C  H stretching vibrations in aliphatic compounds,  

indicating the presence of organic moieties.[45]  Peaks at 1750  

and 1640 cm1  are associated with the stretching vibrations of  

carbonyl (C=O) and C=C bonds, respectively, suggesting the  

presence of aromatic and carbonyl-containing compounds.[46]  

The FTIR spectra exhibited similar patterns and revealed no new  

peaks or the disappearance of existing peaks, indicating that  

the ball-milling conditions neither introduced nor removed any  

major chemical constituents from the as-obtained SCG. Further- 

more, the relative intensities of the characteristic peaks in the  

FTIR spectra appeared to be consistent across all three samples.  

This  observation  suggests  that  ball  milling  might  not  have  

affected the fundamental chemical composition of SCG. 

To further investigate the influence of different ball-milling  

methods  on  the  chemical  composition,  diluted  suspensions  

(0.3 % w/v) of WWBM and WEBM SCG were prepared, and their  

UV-Vis spectra were compared. The UV-Vis spectra of the two  

samples (Figure 1d) demonstrated remarkable similarity. How- 

ever, despite having similar concentrations, the WEBM sample  

exhibited higher intensity compared to WWBM. This elevated  

intensity is likely attributable to the smaller particle size of  

WEBM,  which  promotes  a  more  uniform  dispersion  in  the  

solution, allowing for higher absorption of UV-Vis radiation and,  

consequently, higher absorbance values. Additionally, the small- 

er particle size may reduce light scattering, further contributing  

to the increased intensity. This observation suggests that ball  

milling primarily affects particle size rather than the chemical  

composition of SCG. 

From a morphological point of view, SEM images of DBM,  

WWBM, and WEBM revealed a rough, heterogeneous surface  

with a variety of features, including irregular-shaped particles of  

different  sizes (Figure 1e).  These  features  arise  from  the  

complex composition of SCG, which comprises cellulose, hemi- 

cellulose,  lignin,  and  other  organic  compounds,  along  with  

mineral  constituents.  No  porous  structure  was  observed,  

indicating that ball milling primarily affected particle size rather 
 
 



  

 

than  overall  surface  morphology.  Interestingly,  all  samples  

displayed a scattered pasty substance on the surface of the SCG  

particles,  suggesting  the  displacement  or  rearrangement  of  

specific  components,  possibly  originating  from  the  internal  

layers of the as-obtained SCG. However, the presence of the  

mentioned pasty substance was less pronounced in the DBM  

sample and more vivid in WEBM, suggesting that the relocation  

of those substances happens more efficiently during ethanol  

ball milling compared to dry ball milling. Moreover, while both  

water and ethanol act as lubricants during wet ball milling,  

ethanol  acts  as  a  better  solvent  for  the  non-lignocellulosic  

components of SCG and further contributes to particle break- 

age. 

In the next step, electrospraying was used to fabricate fine  

interfaces of SCG. One of the key factors influencing the success  

of the electrospraying process is the solvent selection. [37-38,47]  

Ethanol is an excellent solvent for electrospraying due to its  

rapid  evaporation  rate  and  low  surface  tension,  which  are  

crucial for achieving the desired nano- or microstructures. The  

low  surface  tension  of  ethanol (22.1 mN/m)[48]  compared  to  

deionized  water (72.6 mN/m)[49]  allows  for  the  formation  of  

stable  and  uniform  droplets  during  electrospraying.  This  is  

because lower surface tension reduces surface tension-induced  

forces that tend to destabilize droplets, making them less likely  

to  coalesce.[50]   Moreover,  ethanol’s  higher  vapor  pressure  

(~7.0 kPa  at 23 °C)  compared  to  water (~2.8 kPa  at 23 °C)  

facilitates  faster  evaporation  and  helps  the  formation  of  a  

uniform interface.[51] In our study, the ethanol-based suspension  

of  SCG  particles (WEBM)  possesses  smaller  particles  with  a  

narrower  size  distribution  compared  to  DBM  and  WWBM.  

Additionally, the presence of ethanol in WEBM further enhances  

its suitability for electrospraying by facilitating rapid evapora- 

tion and promoting the formation of stable microdroplets. As a  

result of these advantages, WEBM was selected as the optimal  

suspension of SCG microparticles for subsequent processing  

steps. 

WEBM  underwent  an  electrospraying  process  at  room  

temperature and relative humidity, as illustrated in Figure 2a. A  

fine interface of SCG microparticles on a metallic surface was  

achieved  and  dried  at  room  conditions (RSCG).  Separately,  

RSCG  was  annealed  at  90 °C  for  6 h  (HSCG).  Contact  angle  

measurements were conducted by placing 5 μL deionized water  

droplets  onto  the  surface  of  the  samples (Figure 2b).  As  

expected, water quickly spread on the RSCG surface, resulting  

in a contact angle of zero within less than 1 min. However, we  

observed an intriguing manifestation of a superhydrophobic  

behavior in SCG, as evidenced by the remarkable contact angle  

of  HSCG,  calculated  to  be 151.6  1.7°  at  the  start  of  the  

experiment (Sup. Figure 1). Notably, it was challenging to place  

a water droplet directly on the HSCG surface. As shown in Sup.  

Figure 2, the interface surface approached the water droplet,  

made contact, and then retracted, leaving the droplet hanging  

by  the  needle  tip.  On  the  other  hand,  the  HSCG  interface  

demonstrated  superoleophilic  properties,  allowing  non-polar  

liquids such as oils to rapidly spread across its surface. As shown  

in Supplementary Video 1, a drop of olive oil, with a surface  

tension of approximately 33 mN/m at 20 °C,[52]  was placed on 
 
 

 

the  HSCG,  which  wetted  the  surface  instantly.  The  super- 

hydrophobicity of the HSCG was further demonstrated by its  

ability to readily repel water droplets (Figure 2c and Supple- 

mentary Video 2). The ability of water droplets to roll off the  

HSCG  surface  has  significant  implications  for  its  potential  

applications.  Furthermore,  as  shown  in  Sup.  Figure 3 and  

Supplementary Video 3, a single drop of water can be easily  

guided across the surface using a needle tip. This characteristic  

is another hallmark of superhydrophobic surfaces and can be  

attributed to the combination of low surface energy and the  

formation of a stable air layer that effectively prevents water  

penetration. Notably, while the HSCG cast (the annealed drop- 

casted WEBM on a metallic surface) exhibited some degree of  

hydrophobicity, it was less effective compared to the HSCG  

electrosprayed (Sup.  Figure 4).  Specifically,  the  HSCG  cast  

allowed water to wet the surface after approximately 20 min,  

and maneuvering a water droplet across its surface was not  

feasible. This difference highlights the advantage of the micro- 

structured interface achieved through electrospraying, which  

promotes surface roughness and the formation of a more stable  

air cushion.[53]  This air cushion, in turn, enhances the super- 

hydrophobicity by preventing water from making prolonged  

contact with the surface. 

Water repellency is essential for preventing surface contam- 

ination and facilitating self-cleaning properties. As shown in  

Supplementary Video 4, the rolling behavior of water droplets  

on  HSCG  further  enhances  the  self-cleaning  property,  as  

droplets  carrying  accumulated  dirt  are  effortlessly  removed  

from the surface. The remarkable water repellency of HSCG  

extended beyond water itself, encompassing a diverse range of  

liquids.  Droplets  of  tea,  milk,  coffee,  and  liquid  dyes  like  

methylene blue, curcumin, and rhodamine, dissolved in water,  

exhibited  exceptional  stability  when  placed  on  the  HSCG  

surface (Figure 2d). These droplets maintained their spherical  

shape without spreading, retaining their integrity until com- 

plete evaporation. This phenomenon demonstrates the excel- 

lent anti-wetting properties of HSCG. Even a drop of WWBM,  

the highly concentrated suspension of SCG ball-milled in water,  

retained  its  spherical  shape  on  the  HSCG-coated  surface,  

demonstrating  the  interface’s  ability  to  repel  even  its  own  

constituents. The average roll-off angle for water droplets on  

HSCG was calculated to be 8.5°  0.7° (Figure 2e), indicating  

that the droplets were able to easily detach from the surface  

and roll off without any significant resistance. 

Next,  the  morphology  of  the  interface  was  examined.  

However, obtaining clear SEM images of the electrosprayed  

SCG interface proved to be extremely challenging, likely due to  

the very low conductivity of the particles and the relatively high  

thickness of the interface, which resulted in significant surface  

charging (Sup. Figure 5). To address this challenge, a solution of  

low  molecular  weight  polyethylene  glycol (PEG)  in  ethanol  

(10 % w/v, Mw 6000) was electrosprayed on top of the RSCG,  

which facilitated the acquisition of clearer SEM images (Fig- 

ure 2f). The SEM images reveal the successful fabrication of a  

micro-structured  interface  from  SCG  microparticles.  At  low  

magnification, the overall micro-structured morphology of the  

interface  is  evident.  The  biowaste  microparticles  appear  as 
 
 



  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. SCG electrospraying and transition to superhydrophobicity. a) Schematic illustration of the electrospraying process of WEBM suspension on a  

metallic substrate, resulting in an interface. The coated substrate was either dried at room temperature (RSCG) or subjected to an annealing treatment (HSCG).  

b) Contact angle measurements on RSCG and HSCG demonstrate remarkable HSCG superhydrophobicity. Time scales of decremental contact angle can range 

from seconds for RSCG to several minutes for HSCG. c) Camera photos show water droplets placed on the tilted HSCG surface, causing them to roll off. A  

water droplet can be seen placed on the uncoated part of the metallic surface, which remained stationary. d) Repellence of the superhydrophobic HSCG to 

various liquids. e) Contact angle and tilt threshold for HSCG superhydrophobic interface. f) SEM images of SCG microparticles at different magnifications,  

revealing a hierarchical micro-roughness reminiscent of the lotus leaf surface. 

 

 

irregularly shaped entities, with an average area of 96 2.1 μm2 

and  an  average  diameter  of  9.6 0.4 μm,  dispersed  evenly 

throughout  the  interface’s  construct.  Higher  magnification 

images provide a closer look at the SCG particles, highlighting 

their irregular shape, standing as pillars. 

To determine the chemical and structural evolution of SCG  

during  the  annealing  process,  we  first  investigated  the  

absorption  spectra  of  RSCG  using  an  FTIR  spectrometer  

equipped with a sample heater plate for in situ measurements  

during a controlled temperature ramp (Figure 3a). The electro- 

sprayed  SCG  microparticles  at  room  temperature (RSCG)  

exhibited all the characteristic features of the SCG chemical  

composition  previously  discussed.  Then,  as  the  temperature  

increased, the bimodal sharp peak at 1030 cm1, likely asso- 
 
 

 

 

 

ciated with C  O stretching vibrations[45,54]  indicative of ether  

linkages  in  cellulose,  hemicellulose,  and  lignin,  remained  

unchanged. However, the intensity of the broad peak between  

3100 and 3500 cm1 gradually decreased, corresponding to the  

hydroxyl group (O  H) stretching vibration,[55]  indicating mois- 

ture release. This peak gradually shifted to higher wavenumbers  

as the temperature increased, reflecting diminished hydrogen  

bonding interactions between the functional groups of SCG.  

The peak at 1640 cm1, associated with C=C bond stretching  

vibrations,[56] also decreased in intensity, suggesting the release  

of  volatile  aromatic  compounds,  such  as  pyrazines  and  

pyridines, due to the temperature increase. These compounds  

are  significant  in  SCG[57]  and  contribute  to  its  characteristic  

coffee  aroma.[58]  Consistently,  Raman  spectra (Sup.  Figure 6) 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Analysis of RSCG and HSCG interfaces: the impact of annealing on the chemical and physical properties. a) FTIR spectra of RSCG under a temperature 

ramp. b) XRD patterns of RSCG and HSCG indicate preserved structural integrity post-annealing. c) TGA and DTGA profiles comparing the thermal behavior of 

RSCG and HSCG. d-i) XPS spectra, including survey and high-resolution C 1s and O 1s spectra, showing surface composition changes after annealing. j)  

Schematic illustration of the formation of a superhydrophobic surface from SCG in HSCG, depicting the cooperation of surface chemistry and microstructure 

through fatty acid migration and air cushion formation. 

 

 

showed no notable shifts or new vibrational modes between 

RSCG and HSCG, confirming the chemical stability of SCG upon 

annealing. 

In the next step, the XRD pattern of the HSCG and RSCG  

powders was systematically investigated within the 2θ range of  

5-60°.  The  diffraction  peaks  for  both  samples  exhibit  the 
 
 

 

 

characteristic amorphous or poorly crystalline phases associated  

with SCG (Figure 3b). In line with established observations, a  

predominant feature is the presence of a broad peak spanning  

2θ values of approximately 10° to 30°, with maxima at 20°,  

corresponding to the (002) crystal plane,[44,59]  aligning with the  

expected XRD pattern of lignocellulosic materials.[60]  Addition- 
 
 



 

ally, narrower peaks are discernible at 35.5°, 37°, 43.5°, and 48°.  

Of  particular  note  is  the  peak  at 43.5° (more  details  in  

Supplementary Note 1), attributed to the (100) crystal plane,  

which  stands  out  prominently  and  exhibits  characteristics  

reminiscent of turbostratic structures, similar to those observed  

in  graphene.[61]   While  no  significant  structural  alteration  is  

apparent, a subtle decrease in the diffraction peak intensity at 

43.5° is observed for HSCG compared to RSCG. It is reported 

that in the pyrolysis reaction of SCG, an elevation in temper- 

ature leads to an increased intensity of the 43.5° peak,[44] linked 

to the formation of carbon-rich cellulose and the concurrent 

destruction of lignocelluloses. This contrasts with our observa- 

tions for HSCG, suggesting that the mild post-heat treatment 

applied  in  our  study  has  a  negligible  effect  on  the  core 

structural properties of SCG, indicating the material’s structural 

integrity within the examined parameters. 

TGA  analysis  was  also  conducted  on  RSCG  and  HSCG  

powders to investigate their thermal behavior and the effects of  

the annealing process (Figure 3c). Initially, RSCG exhibited an 

8.3 % weight loss up to 100 °C, compared to only 2.7 % for  

HSCG, indicating the annealing process’s impact on moisture  

content.  This  significant  reduction  in  weight  loss  for  HSCG  

suggests that the annealing effectively removes loosely bound  

water, making the interface superhydrophobic and resistant to  

moisture reabsorption. The persistence of an approximately 6 %  

weight difference between RSCG and HSCG over the entire  

temperature  range  up  to 800 °C  confirms  that  this  initial  

moisture-induced  weight  difference  remains  constant,  high- 

lighting  the  role  of  annealing  in  eliminating  hygroscopic  

content without substantially altering the fundamental compo- 

sition of the SCG particles. Furthermore, the shift in the primary  

decomposition peak from 295 °C in RSCG to 305 °C in HSCG,  

observed in the derivative thermogravimetric analysis (DTGA),  

suggests a degree of chemical stabilization  induced by the  

annealing process. The mentioned 10 °C increase in the peak  

decomposition temperature for HSCG implies that the anneal- 

ing reduces moisture content and contributes to the thermal  

stabilization of the SCG microparticles. This stabilization may  

involve removing or transforming volatile compounds[62]  that  

might otherwise decompose at lower temperatures, such as  

trapped water, aromatic compounds, or small organic mole- 

cules. This hypothesis is consistent with the reduced volatile  

release observed in the FTIR analysis. The reduced volatility and  

increased thermal resistance of these compounds in HSCG may  

explain the observed shift in the DTGA peak, suggesting that  

annealing promotes the formation of more thermally stable  

structures in the SCG matrix. Additionally, the small shoulder  

observed  in  the  DTGA  curve  of  RSCG  between  350 °C  and  

450 °C, which is not present in HSCG, further confirms that  

annealing leads to the release of some volatiles, causing a 0.6 %  

weight difference between RSCG and HSCG, thus stabilizing the  

thermal profile of the material. Complementing these findings,  

the DSC results (Sup. Figure 7) confirm that despite the subtle  

shift in endothermic behavior due to moisture loss, the overall  

thermal  decomposition  characteristics  remain  consistent  be- 

tween RSCG and HSCG. 
 

 

The superhydrophobicity observed in HSCG can generally  

be attributed to two key factors: low surface energy and surface  

roughness.[5,63]  Given that no fundamental chemical changes  

were observed in the FTIR, XRD, TGA, and DSC analyses, and  

considering  that  morphology  plays  a  critical  role  in  super- 

hydrophobicity, it was essential to assess whether any morpho- 

logical alterations occurred during the annealing process. SEM  

imaging  of  RSCG,  conducted  with  a  device  equipped  with  

temperature  ramping  capability,  revealed  no  noticeable  

changes in the surface morphology during the heating process  

up to 200 °C (Sup. Figure 8). Additionally, high-resolution STEM  

imaging (Sup. Figure 9) further confirmed that no structural  

modifications  occurred  upon  annealing,  reinforcing  that  the  

superhydrophobic behavior of HSCG is not due to morpholog- 

ical alterations. This leaves changes in surface composition after  

the  mild  post-process  as  the  likely  cause.  To  evaluate  this  

hypothesis, it was necessary to investigate the surface compo- 

sition of SCG microparticles for both RSCG and HSCG. XPS is a  

powerful tool for analyzing the surface chemistry of materials,  

offering detailed insights into their elemental composition and  

molecular structure. Given that the superhydrophobic proper- 

ties of a coating are closely linked to its surface composition  

and chemical features, utilizing XPS to assess these character- 

istics is essential for understanding the underlying mechanisms  

of water repellency. 

The survey XPS spectrum of RSCG shows the characteristic  

peaks  of  C 1s  and  O 1s,  the  main  components  of  SCG  

(Figure 3d). Nitrogen was detected on the surface in negligible  

amounts.  The  surface  of  the  organic  waste-derived  micro- 

particles  contains 11.49 %  oxygen  and  87.84 %  carbon.  The  

high-resolution curve-fitting XPS spectrum of C 1s (Figure 3e)  

reveals peaks at 284.12, 284.8, 286.76, and 288.42 eV, corre- 

sponding to C=C bonds in aromatic rings,[56] C  C bonds,[64] C  O  

bonds[64-65]  from the  primary  components  of SCG (cellulose,  

hemicellulose, and lignin), and C=O and O=C  O bonds,[66-68]  

respectively. The C=O groups are attributed to hemicellulose,  

while the carboxylic acid group is associated with fatty acids in  

SCG. Linoleic acid (36.8 %), palmitic acid (32.8 %), and oleic acid  

(11.1 %) are identified as the predominant fatty acids in SCG  

(more details in Supplementary Note 2 and Sup. Figure 10).[69]  

The presence of these saturated and unsaturated fatty acids,  

bearing a carboxyl group and an aliphatic chain, can lower the  

surface energy of the interface.[70-71]  The O 1s XPS spectrum of  

RSCG  was  closely  examined  to  monitor  the  carboxylic  acid  

(Figure 3f). The O=C  O stretching of the carboxyl group was  

detected  at  a  binding  energy  of 535.1 eV,[56]   constituting 

16.15 % of the spectrum. Multiplying this percentage by the O 

content  (yielding a value  of 1.85 %)  provides a measure  to 

determine the presence of oily content on the surface of the 

RSCG   interface.   Additionally,   a   deconvoluted   peak   at 

532.55 eV,[44,72]  representing 83.85 %  of  the  spectrum,  corre- 

sponds to the ether and alcohol functional groups of SCG’s 

cellulose, hemicellulose, and lignin. 

To further understand the changes induced by the anneal- 

ing process, the XPS analysis of HSCG was performed, with the  

survey spectrum presented in Figure 3g. A comparison of the C/  

O ratio between RSCG and HSCG reveals a slight decrease from 
 
 



 

7.64 to 6.55 after annealing. This shift in elemental composition  

is further elucidated by the high-resolution XPS spectrum of C  

1s for HSCG (Figure 3h), which shows a notable increase in the  

percentage of C  C bonds, rising to 76.65 %, a significant 10 %  

increase compared to RSCG. Additionally, the spectrum also  

shows an increase in the C=O and O=C  O bond content. These  

observations point to an increase in hydrocarbon chains and  

carboxylic acid groups on the surface, suggesting an enhanced  

presence of fatty acids on the HSCG compared to the RSCG.  

This inference is further corroborated by the analysis of the O  

1s XPS spectrum (Figure 3i), where the proportion of O=C  O  

functional groups in HSCG reaches 26.55 %. When this percent- 

age is multiplied by the total oxygen content of the HSCG, the  

resulting  value  of 3.49 %  indicates  an 88 %  increase  in  oily  

substances on the surface of the annealed sample compared to  

RSCG. 

This substantial increase in surface fatty acids following the  

annealing process aligns with previous studies demonstrating  

the migration of oily or waxy substances, such as fatty acids, to  

the surface during thermal treatments. Fatty acids are well- 

recognized as natural hydrophobic compounds and have been  

widely utilized in fabricating superhydrophobic coatings.[9] Their  

presence  at  the  surface  induces  a  low-energy  interface,  

contributing  to  the  lotus  effect,  a  characteristic  feature  of  

superhydrophobic surfaces.[73] These natural waxes[74] are known  

for their limited solubility in many solvents and particularly low  

solubility in alcohols.[9] Furthermore, they tend to migrate to the  

surface, improving interface hydrophobicity. For instance, Zhu  

et al. observed a significant increase in the hydrophobicity of a  

cellulose-based film upon annealing, attributed to the migration  

of natural waxes from the interior to the film’s surface.[75]  It is  

important to note that the annealing temperature used in our  

study (90 °C) was higher than the melting point of the major  

fatty acid constituents of SCG (Table S1); for example, palmitic  

acid has a reported melting point of 62.8-63 °C.[76] This relatively  

low melting point increases the mobility of fatty acids during  

the annealing process, promoting their migration to the surface.  

Additionally, as the absorbed moisture on the RSCG surface  

evaporates during annealing (as confirmed by FTIR, TGA, and  

DSC data), it is replaced by air molecules. Given that the SCG  

microparticles were processed via electrospraying, the resultant  

micro-structured  interface  exhibits  high  surface  roughness,  

which enhances air entrapment between the microparticles,  

forming an air cushion.[53,77] 

The micro-structured HSCG interface, with a low surface 

energy imparted by the modulation of fatty acids, conforms to 

the Cassie-Baxter wetting model,[78]  and exhibits superhydro- 

phobicity (Figure 3j). Surfaces in the Cassie-Baxter state typically 

exhibit  a low water  rolling-off angle  and minimal  adhesion 

force, enabling water droplets to easily roll off. 

In  the  subsequent  step,  the  UV-Vis-NIR  spectra  of  both  

HSCG and RSCG were measured to assess their optical proper- 

ties (Figure 4a and b). Both interfaces exhibited similar spectral  

patterns  across  the  measured  wavelength  range.  However,  

HSCG demonstrated significantly higher absorbance in the UV  

region, particularly in the UV-C and UV-B ranges, compared to  

RSCG  (Figure 4a).  As  the  wavelength  transitioned  into  the 
 
 

 

 

visible and NIR regions, the absorbance levels of both samples  

became nearly identical. The increased UV absorbance in HSCG  

can be attributed to the higher concentration of fatty acids on  

its surface, as confirmed by the XPS analysis. Unsaturated fatty  

acids are known to absorb UV radiation due to double bonds  

(π-π* transitions),[79]  dissipating the absorbed energy through  

non-radiative  processes  such  as  vibrational  relaxation.  For  

example, coconut and olive oil, rich in unsaturated fatty acids  

such as oleic and linoleic acids, have been shown to absorb UV  

rays in the UV-B region.[80-81] It should be noted that SCG is also  

abundant in such fatty acids. The absorption in the UV-B region,  

as  seen  in  HSCG,  suggests  potential  activity  as  a  natural  

sunscreen, further highlighting the role these fatty acids play  

on the surface in light absorption. Furthermore, the reflectance  

spectra of HSCG and RSCG (Figure 4b) were identical in the UV  

region,  indicating  similar  reflective  properties.  However,  a  

significant difference was observed in the NIR region, where  

RSCG  displayed  higher  reflectance  values  than  HSCG.  This  

divergence in reflectance could also be linked to the surface  

composition  and  structure  differences  between  the  two  

samples. 

Following the analysis of UV-Vis-NIR properties, we exam- 

ined the photothermal capabilities of SCG, particularly its ability  

to absorb sunlight and convert it into heat (Figure 4c). The  

photothermal properties of SCG arise from the presence of  

melanoidins.[82-83] Melanoidins, products of the Maillard reaction  

during the roasting of coffee beans, are distinguished by their  

characteristic brown color and a broad absorption spectrum  

spanning from UV to NIR wavelengths.[84] Aromatic rings within  

the melanoidin structure enable the transition of electrons to  

an excited π* state upon light absorption.[85]  As these excited  

electrons return to their ground state, a significant portion of  

the absorbed energy is released as heat through non-radiative  

relaxation mechanisms. The ability of melanoidins to efficiently  

convert absorbed light into heat positions them as promising  

materials for light-to-heat energy conversion applications. In- 

deed, we observed a remarkably rapid temperature increase on  

the RSCG interface under solar light irradiation (Figure 4d). The  

temperature  rose  to 60 °C  within  just 4 s of exposure and  

reached 70 °C after 10 s. These results confirm that RSCG, an  

interface composed of SCG microparticles with a thickness of 

60 μm,  exhibits  a  robust  photothermal  response,  effectively  

converting absorbed sunlight into heat (Figure 4e). It should be  

noted  that  during  the  assessment  of  the  interface’s  photo- 

thermal performance, the platform was placed in an open-air  

setting  to  simulate  outdoor  conditions,  where  the  interface  

would  be  exposed  to  direct  sunlight  without  surrounding  

barriers. Such an environment is more representative of real- 

world applications like solar energy harvesting, outdoor thermal  

management, or protective coatings, where efficient sunlight- 

to-heat conversion under atmospheric conditions is critical. The  

temporal temperature profile of the RSCG interface on alumi- 

num foil under one sun irradiation is illustrated in Figure 4f.  

Notably,  the  finely  micro-structured  interface  achieved  a  

temperature increase to 70 °C, eventually stabilizing at 72 °C  

during the 10-min test, resulting in a temperature difference 

(ΔT) of 48 °C after continuous irradiation. Figure 4g illustrates 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Optical and photothermal properties of RSCG and HSCG interfaces. UV-Vis-NIR a) absorbance and b) reflectance spectra of RSCG and HSCG, showing  

higher UV absorption in HSCG due to the increased concentration of surface fatty acids. c) Schematic representation of the photothermal conversion  

mechanism in SCG, driven by the presence of melanoidins. Structural representation of melanoidins is adapted from the work of Bruhns et al.[86] d) Thermal  

camera recordings demonstrating the rapid temperature increase of the RSCG interface under solar irradiation. e) Solar simulator setup. f) Temporal  

temperature profile of the RSCG under continuous one-sun irradiation. g) Photothermal cycling behavior of RSCG under on-off solar irradiation. 

 

 

the photothermal cycling behavior of RSCG under an on-off  

solar  irradiation  protocol (one  sun, 1000 W/m2)  over  eight  

cycles. The ΔT of 48 °C remained nearly constant throughout  

the repeated cycles, demonstrating the photostability of the  

micro-structured  SCG,  which  is  advantageous  for  long-term  

practical applications. 

We further investigated whether the solar-induced heating  

of  the  micro-structured  SCG  interface  could  serve  as  an  

alternative to the annealing process in inducing superhydro- 

phobicity. Given that the annealing process led to the migration  

of lipids to the surface of the SCG, a key mechanism underlying  

the observed superhydrophobicity, it was hypothesized that  

prolonged  solar  irradiation  might  replicate  this  effect  by 
 
 

 

 

similarly driving lipid migration through the heat generated 

during photothermal conversion. 

To  explore  this,  RSCG  was  subjected  to  extended  solar  

irradiation using a solar simulator, with systematic measure- 

ments  of  contact  angle  and  rolling-off  angle  taken  at 1h  

intervals over 6 h (Figure 5a). Remarkably, after 4 h of continu- 

ous irradiation, the RSCG exhibited a significant increase in  

hydrophobicity, achieving a contact angle of 138°. The observa- 

tion suggests that the heat generated during irradiation was  

sufficient to induce the modulation of fatty acids, much like the  

annealing process. By the end of the 6-hour irradiation period,  

the interface reached a level of superhydrophobicity compara- 

ble to that obtained through annealing (HSCG), with a contact 
 
 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Solar-induced superhydrophobicity of micro-structured SCG interface. a) Evolution of contact angle and rolling-off angle of RSCG under extended 

solar irradiation, showing the development of superhydrophobicity after 6 hours of irradiation b) Conceptual illustration of a roof coated with SCG  

microparticles, where prolonged sunlight exposure naturally induces a superhydrophobic surface. 

 

 

angle  of 151°  and  a  rolling-off angle  of  9°.  These  findings  

demonstrate the effectiveness of solar-induced photothermal  

heating  in  modifying  the  surface  properties  of  SCG  micro- 

particles  due  to  their  inherent  photothermal  properties.  A  

potential application is proposed in Figure 5b. A conceptual  

model of a house with a roof electrosprayed by SCG is depicted,  

where  prolonged  exposure  to  sunlight  naturally  induces  a  

superhydrophobic surface. Such an interface could enhance the  

self-cleaning properties of building materials, reducing main- 

tenance costs and extending the lifespan of structures. More- 

over, the ease of SCG electrospraying onto various surfaces,  

including  paper (Sup.  Figure 11),  demonstrates  the  broad  

applicability of this approach. 

 

4. Conclusions 

This study successfully demonstrated the potential of using SCG  

as  a  sustainable  material  for  developing  superhydrophobic  

interfaces. A green and sustainable approach was devised to  

obtain a stable suspension of fine SCG microparticles, highly  

suitable for electrospraying, by employing wet ball milling in  

ethanol.  The  suspension  was  subsequently  deposited  via  

electrospraying  to  form  a  micro-structured  interface.  After  

annealing, SCG interfaces exhibited a high contact angle and a  

low rolling-off angle, indicating the transition to superhydro- 

phobicity. Subsequently, efforts were made to understand the  

underlying  mechanism  driving  this  transition.  A  series  of  

analyses  were  conducted  to  determine  whether  the  core  

structural and chemical properties of SCG remained unchanged  

after annealing. The results confirmed that the bulk composi- 

tion and morphology of SCG were preserved, leading us to  

investigate potential surface-level modifications responsible for  

the observed change in wettability. XPS analysis revealed a  

higher concentration of fatty acids on the surface of annealed  

SCG  microparticles.  Based  on  this,  we  concluded  that  the  

transition to superhydrophobicity is driven by the combined 
 

 

 

effects of micro-structuring and surface chemistry modulation.  

Notably, the study also explored the potential for solar-induced  

heating  as  an  alternative  to  annealing.  Prolonged  solar  

irradiation (up to 6 h) led to similar superhydrophobic charac- 

teristics, with the contact angle reaching 151° and the rolling- 

off angle at 9°. Our experiments demonstrated that sunlight  

alone can induce the migration of SCG’s surface-active com- 

pounds, thus eliminating the need for energy-intensive thermal  

treatments.  The  implications  of  these  results  are  profound,  

particularly  in  the  context  of  sustainability  and  practical  

applications, and align with the United Nations’ Sustainable  

Development Goals[87] by reducing the need for external energy  

inputs and minimizing the environmental impact of material  

processing. Our approach’s sustainability is reinforced by using  

SCG, an abundant and renewable waste material, as the primary  

component of the interface. Moreover, achieving superhydro- 

phobicity through mere exposure to sunlight leverages natu- 

rally abundant solar energy to effectuate surface modifications,  

offering  a  low-cost,  environmentally  friendly  alternative  to  

conventional thermal treatment methods. Repurposing SCG in  

this innovative manner contributes to the circular economy,  

reducing  waste  while  producing  value-added  products  with  

enhanced functionality. 
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