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ABSTRACT 
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Controlled-release fertilizers (CRFs) are sustainable alternatives as they can increase crop yield 

and minimize environmental contamination associated with conventional fertilizers. However, 

there remains a demand for the development of CRFs with high biocompatibility, and tunable 

morphologies and mechanical properties. Herein, a solvent-free mechanochemical method is 

developed for synthesizing urea-encapsulated metal–phenolic networks (urea–MPN matrices) 

as CRFs. The matrices exhibit tunable mechanical resistance, crystallinity, stiffness, and 

wettability properties via rearranging the internal structure of the MPNs and their subsequent 

interaction with the encapsulated urea crystals. Sample aging (7 days) leads to a higher degree 

of complexation of the MPNs, resulting in a material with increased elasticity and melting point 

relative to the as-synthesized sample. Thermal treatment (60 °C for 6 h) instigates structural 

reorganization of the urea crystals within the matrix, generating a more robust material with a 

51-fold increase in Young’s modulus. As CRFs, the urea–MPN matrices can be tuned to 

prolong the release of urea for up to 9 days depending on the treatment applied. As the 

mechanochemical synthesis of MPNs facilitates the tuning of physiochemical properties and 

has greater practicability for inclusion within large-scale processing, it has potential 

implementation within a broad range of industries. 

INTRODUCTION 

It is estimated that the global population will reach >10 billion people by 2050.1,2 As a result, 

the increase in food demand imposes a pressing challenge for the agriculture sector and the 

environment, where fertilizers, particular urea as the dominant nitrogen fertilizer, play a pivotal 

role in increasing crop production.1,3 However, the total utilization of urea by plants is reported 

to be as low as 30–45% owing to considerable loss to the environment through leaching and 

runoff, leading to the eutrophication of water bodies, and through gaseous ammonia and nitrous 

oxide emissions.4,5 The poor efficiency of nitrogen use by plants is often due to the lack of 

synchronicity between nutrient supply and plant needs. Therefore, substantial efforts have been 
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directed toward developing controlled-release urea (CRU) to improve utilization and ease the 

environmental impact of urea while maximizing crop yield.6–8 The main strategies that have 

been used to encapsulate urea for use as CRUs include spray coating of urea granules with a 

wide range of nonbiodegradable polymers (e.g., polysulfone, polyurethane, and polyolefins) 

and encapsulation of urea nanoparticles within a composite through mixing with biodegradable 

polymers (e.g., aliphatic polyesters and polysaccharides).9–12 However, these strategies have 

limitations. For example, hydrophobic and impermeable polymers may cause soil 

contamination if they are not fully degraded and encapsulation typically involves a multistep 

procedure, leading to high production costs.13,14 Moreover, encapsulation of urea using liquid 

mixing protocols requires the use of organic solvents at 40–130 °C and cross-linking agents, 

which complicates the process and presents challenges for large-scale production.15–17 

Therefore, the development of simple processes, which can also be upscaled, for producing 

CRUs is required.2 

The application of mechanochemical approaches, wherein chemical reactions are induced by 

mechanical energy, has attracted widespread interest in sustainable production as they afford 

solvent-free, energy-saving, one-step procedures that are characterized by high production 

yields and low processing temperatures.18 A wide range of organic molecules,19 metal–organic 

frameworks,20,21 supramolecular complexes,22 alloys,23 zeolites,24–26 main-group elements,27 

polymers,28 covalent organic frameworks,29 nanoparticles,30 and carbon materials31,32 have 

been synthesized via mechanochemistry at both bench and industrial scales for use in various 

fields. Although the mechanosynthesis of urea ionic cocrystals and mechanochemical 

activation of layered minerals have been extensively studied for slow-release applications, 

synthesizing a biomass-based CRU via the mechanochemical approach needs further 

development––a comprehensive understanding of the intermolecular interactions between 

biomass and fertilizers would promote the rational design of tunable advanced CRUs.33–38 
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Biomass polyphenols, such as tannic acid (TA), are a group of compounds found in plants 

that can control the dissolution rate of urea in different types of media (i.e., soil and water 

environments) owing to the superior adhesion between polyphenols and urea conferred by 

hydrogen bonding, electrostatic interactions, and π–π stacking.39,40 Moreover, this adhesion 

property facilitates the formation of biocompatible and scalable metal–phenolic networks 

(MPNs) through the chelation of catechol or galloyl groups of the phenolic ligands to metal 

ions on the urea surface.41,42 The wide choice of applicable metal ions and phenolic ligands 

holds promise for an array of applications in the environmental, gas storage, biomedicine, and 

catalysis fields.43 For instance, the investigation of MPNs as a controlled-release coating for 

urea granules has demonstrated how small environmental adjustments during MPN assembly 

influence MPN formation and growth on the urea granules, enabling tunable release profiles of 

urea.44 Moreover, the use of mechanochemistry approach for the formation of MPN coatings 

on metal surfaces has been briefly investigated;38 however, the underlying mechanism in 

enabling tunable engineering remains unexplored. Owing to the well-studied characteristics of 

MPNs and their demonstrated suitability to control the release of urea, the development of 

mechanochemically synthesized MPNs is desirable for integration into large-scale 

manufacturing streams. 

Herein, we report the one-step, solvent-free mechanochemical synthesis for the assembly of 

MPNs in the presence of urea using the ball-milling technique. In this process, solid urea serves 

as a mediator for facilitating the coordination of the catechol groups of TA with metal ions 

(e.g., TiIV) in the solid state via the introduction of mechanical energy, resulting in a urea-

encapsulated MPN matrix (i.e., urea–MPN matrix) (Scheme 1). The assembly of the MPNs 

leads to a decrease in the crystal size of urea and provides interfacial interactions (via 

noncovalent interactions including van der Waals forces, hydrogen bonding, and hydrophobic 

interactions), leading to the formation of a homogenous urea–MPN matrix. The bulk properties 
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(i.e., elasticity, melting point, and crystallinity degree) of the resulting urea–MPN matrix differ 

from those of pristine urea or TA owing to the formation of a hypoeutectic system. These 

differences are enhanced through aging and thermal treatments of the as-synthesized urea–

MPN matrix that influence the binding strength, stability, and wettability of the MPNs. These 

treatments also influence the crystal lattice of urea and configuration structure of the MPNs, 

resulting in a change in the mechanical resistance, morphology, and porosity of the bulk urea–

MPN matrix. Furthermore, the high oxidation state and formal charge of TiIV facilitates water 

trapping via the formation of a gel when the urea–MPN matrix is introduced in soil. The 

encapsulation of urea within the MPNs coupled with gelation formation that can occur in humid 

conditions make the urea–MPN matrices suitable as CRUs. The tunable and effective 

mechanochemical formation of such solid-state MPNs can potentially enable large-scale use 

within a broad range of industries.  

Scheme 1. Schematic of the Mechanochemical Coordination-Driven Assembly of MPNs for 

Encapsulating Urea Crystals.a  

 
aThe high friction conditions produced by mechanical grinding provide the required energy 

for TiIV–TA coordination in the solid state. The photograph shows the sample a few seconds 

after ball-milling. 

EXPERIMENTAL SECTION 
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Materials. TA (ACS reagent), titanium(IV) isopropoxide (Ti[OCH(CH3)2]4, 97%), iron(III) 

chloride hexahydrate (FeCl3∙6H2O, 99%), zinc(II) sulfate heptahydrate (ZnSO4∙7H2O, ACS 

reagent, 99.5%), zirconium(IV) chloride (ZrCl4, ACS reagent, 99.5%), urea powder (ACS 

reagent, 99–100.5%), 4-(dimethylamino)benzaldehyde (p-DMAB, 99%), trichloroacetic acid 

(TCA, ACS reagent, 99%), hydrochloric acid (HCl, ACS reagent, 37%), and ethanol (98%) 

were purchased from Sigma-Aldrich. High-purity (Milli-Q) water with a resistivity of 18.2 MΩ 

cm was obtained from an inline Millipore RiOs/Origin water purification system. All solutions 

were freshly prepared for immediate use for each experiment. 

Preparation of Urea–MPN Matrices. In a typical synthesis, TA (1.36 g), TiIV (0.24 g), and 

urea powder (2.4 g) were mixed for a few seconds using a glass spatula in a screw-capped 

stainless-steel jar along with a stainless steel ball bearing. The reaction vessel was then placed 

in a ball-mill machine, and components were ground with a frequency vibration setting of 25 

Hz for 10 min. After grinding was complete, the urea–MPN sample was removed from the jar 

and subjected to different treatments: aging for 1 week (wrapped with polyethylene plastic and 

left on the bench at 25 °C) or heating at 60 °C for 6 h in an oven. The MPN content in the urea–

MPN matrix was 40%. Unless specified otherwise, urea–MPN refers to matrices prepared with 

TiIV. 

Preparation of Urea–MPN Matrices with Different MPN Contents. To prepare urea–

MPN matrices with different MPN contents of 10, 20, and 40 wt%, respectively, TA (0.23, 

0.53, or 1.36 g) and TiIV (0.04, 0.10, or 0.24 g) were mixed with urea (2.4 g) in a screw-capped 

stainless-steel jar along with a stainless steel ball bearing. The samples are denoted as urea–

MPNX%, where X% is the wt% of MPN. Then, this reaction vessel was placed in a ball-mill 

machine, and components were ground with a frequency vibration setting of 25 Hz for 10 min. 

After grinding was complete, the urea–MPNX% sample was removed from the jar and heated 

at 60 °C for 6 h in an oven. 
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Preparation of Urea–MPN Matrices with Different Metal Ions. To prepare urea–MPN 

matrices with different metals ions and an MPN content of 40%, TA (1.41, 1.38, 1.36, and 1.37 

g) and ZrIV (0.19 g), FeIII (0.22 g), TiIV (0.24 g), and ZnII (0.23 g) were respectively mixed with 

urea (2.4 g) in a screw-capped stainless-steel jar along with one stainless steel ball bearing. The 

samples were then ground using the same protocol as described above. The synthesized 

samples are referred to as urea–MPNM, where M is the metal. After the grinding process was 

complete, the urea–MPNM sample was removed from the jar and heated at 60 °C for 6 h in an 

oven. 

Urea Release Studies. The urea release rates of the urea–MPN matrices were investigated 

in soil. The soil collected from the Wimmera region (Victoria, Australia) had the following 

characteristics: loamy sand, soil pH (1:5 H2O) 8.4, total C 2.1%, NH4+-N 14 mg kg−1, and 

NO3−-N 19 mg kg−1. The soil samples were first sieved (<2 mm particle size) to remove stones 

and air-dried to increase the homogeneity. After determining the water content of the soil 

samples via drying in an oven at 105 °C, the required amount of water was calculated to achieve 

a water-filled pore space (WFPS) of 60%. For each sample, soil (39 g) was placed in a 70 mL 

polypropylene container and preincubated for 3 days by hydrating the soil with the required 

water amount. After the preincubation period, the soil samples were treated by placing the 

urea–MPN samples on top of the soil with an application N rate of 840 mg kg−1 of soil. The 

treated soil samples were then incubated at either 10, 25, or 40 °C for 11 days. The soil moisture 

levels were kept constant by adding water based on weight loss every 3 days and samples were 

aerated at the same time. The urea–MPN matrices were sampled using a spatula at Day 1, 3, 5, 

7, 9, and 11. After each sample collection, the urea–MPN samples were crushed and immersed 

in water (100 mL) for 3 h to dissolve the remaining urea. The solution was filtered to measure 

urea content using a colorimetric method. The urea content measurements were performed on 

the same day as when sample collection was performed to minimize the impact of urea 
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hydrolysis. The urea release experiments were conducted with three replicates. To investigate 

the influence of soil moisture on the release rate of urea from the urea–MPN matrices, the 

WFPS of the soil was set at 30, 40, or 60%, and the same procedure as described above was 

followed.  

Water-Holding Capacity of Urea–MPN Matrices. The water absorbency of urea–MPNTi 

and urea–MPNZr matrices prepared with different MPN contents (10, 20, and 40%) was 

measured via changes in weight. The urea–MPNTi or urea–MPNZr matrix (1.0 g) was placed 

on a petri dish and stored in an incubator preset at 70% relative humidity (RH) at 25 °C. After 

6 h, the sample was removed from the petri dish and weighed. The percentage absorbency was 

calculated using Equation S1: 

Absorbency % = w2 – w1
w1

×100%  (Equation S1) 

where w1 is the weight of the dried sample and w2 is the weight of the wet sample. 

Water-Holding Capacity of Soil Treated with Urea–MPN Matrices. To investigate the 

water holding capacity of the soil when mixed with urea–MPN, dried soil (100 g) was 

thoroughly mixed with crushed urea–MPN samples at varying proportions (1, 2, and 3%) and 

the mixture was placed in a 4.5 cm diameter polyvinyl chloride tube with the base sealed with 

a 200 mesh nylon fabric and weighed (W1). Then, the soil was slowly drenched with distilled 

water using a peristaltic pump (2 mL min−1) to saturate the soil and weighed again (W2). The 

water-holding capacity of the soil was calculated using Equation S2: 

Water-holding capacity (%) =  W2 – W1
W1

×100%  (Equation S2) 

Water Retention of Soil Treated with Urea–MPN Matrices. To evaluate the water 

retention of soil when mixed with urea–MPN, soil (100 g) was mixed with urea–MPN sample 

(3 g) in a polypropylene container and weighed (W0). Then, the mixture was drenched with 

distilled water to reach 60% WFPS moisture content in the soil and the container was weighed 
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(W1). The container was incubated at room temperature and weighed every 2 days (Wi) for 14 

days. The water retention of the soil was calculated as follows (Equation S3): 

Water retention (%) = Wi – W0
W1 – W0

×100% (Equation S3) 

Urea Release Evaluated by Colorimetric Analysis. The concentration of urea was 

determined by UV–vis spectroscopy according to the methodology established by With et al. 

in 1961.45 In brief, an Ehrlich reagent was prepared by dissolving p-DMAB (5 g) in HCl (37%) 

(20 mL) and diluting with ethanol in a 100 mL volumetric flask. To analyze the concentration 

of urea, the sample (0.5 mL; either standard or unknown urea concentration solutions) was 

mixed with Ehrlich reagent (0.5 mL) in a cuvette. Then, TCA (10% in water, 2 mL) was added 

to the cuvette. Caution! TCA is corrosive and toxic to some organs and should be handled 

carefully. A curve of urea concentration (30–1000 ppm) in solution versus absorbance at λ = 

420 nm was obtained with R2 = 0.9997. 

Material Characterization. UV–Vis diffuse reflectance spectroscopy (UV–Vis DRS) was 

performed on an Agilent Cary 5000 spectrophotometer equipped with an integrating sphere. A 

center-mount attachment equipped with a custom-made powder holder was used, enabling the 

positioning of the samples within the integrating sphere. This measures reflectance/scattering 

losses and therefore the pure absorptive component of the prepared materials can be obtained. 

X-ray photoelectron spectroscopy (XPS) data were obtained on a VG ESCALAB 220i-XL 

spectrometer equipped with a hemispherical analyzer. Monochromatic Al Kα X-ray (1486.6 

eV) at 220 W (22 mA and 10 kV) was used as incident radiation. Pass energies were set at 100 

and 50 eV for the survey (wide) and high-resolution scans, respectively. Survey scans were 

accomplished at 1 eV step size and 10 ms dwell time, whereas high-resolution scans were 

obtained over a 20 eV binding energy range with a 0.05 eV step size and 100 ms dwell time. 

The base pressure in the analysis chamber was set to <8.0 × 10−9 mbar and a low energy flood 

gun was used to compensate for surface charging effects. CasaXPS software was used to 
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process the data, and calibration was performed based on the C 1s peak reference at 285.0 eV 

for energy calibration. 

Raman spectroscopy analysis was performed on a Renishaw system (inVia Qontor) equipped 

with a Peltier-cooled CCD detector and coupled to an Olympus BH-2 confocal microscope. A 

near-infrared diode laser with a wavelength of 532 nm was used as the excitation source. Laser 

power at the sample was set to 0.01 mW with 1 s step time and 10 min dwell time. The spectra 

were recorded over a range of 500–1800 cm−1 with a spectral resolution of 1 cm−1 using a 50× 

microscope objective. For sample preparation, the samples were placed on a quartz microscope 

slide. The collected raw spectra were smoothed using a Savitzky–Golay smoothing filter. 

Scanning electron microscopy (SEM; (Hitachi FlexSEM 1000) was used to study the 

morphology of the urea–MPN samples. A secondary electron detector and an accelerating 

voltage of 20 kV were used. The surface of the samples was coated with 10-nm gold using an 

ionization chamber sputter coater (Quorum K575X) before SEM imaging. For each specimen 

prepared, three samples were randomly chosen for imaging. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was 

performed on a Bruker TENSOR II system in the range of 400–4000 cm−1; a total of 64 scans 

were measured per run. 

X-ray diffraction (XRD) analysis was conducted on a Bruker D8 Advance X-ray 

diffractometer equipped with Ni-filtered Cu Kα radiation (1.54 Å, 40 mA, and 40 kV); a step 

size of 0.02 was used. 

Compression tests were performed to evaluate the mechanical properties of the samples using 

a 2 kN load cell on an Instron 5848 Microtester (Norwood, MA, USA). Compression was 

performed at 0.0166 mm s−1. Recordings started after 0.01 N preload was exceeded. 

Differential Scanning Calorimetry (DSC) analysis was carried out on a PerkinElmer Pyris-1 

DSC instrument. The samples were first heated from 20 to 150 °C at a heating rate of 20 °C 
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min−1, then cooled to 20 °C at a cooling rate of 20 °C min−1, and finally heated a second time 

from 20 to 150 °C at a heating rate of 20 °C min−1, then cooled to 20 °C at a cooling rate of 20 

°C min−1. 

Thermogravimetric analysis (TGA) was performed using a NETZSCH TG 209 F1 Libra 

analyzer and coupled to a Fourier transform infrared module (ALPHA, Bruker). The samples 

were heated in the range of 50–600 °C at a heating rate of 10 °C min−1 under an O2/N2 (80/20 

%) stream at a gas flow rate of 20 mL min−1. 

The water contact angles (WCAs) of the samples were determined using a Theta optical 

tensiometer (ATA Scientific, Australia) and a droplet of distilled water at room temperature. 

Micro-computed tomography (micro-CT) scanning was performed with a Phoenix Nanotom 

M nano-CT 3D scanner (Waygate Technologies) running on the xs control and Phoenix datos|x 

acquisition software (Waygate Technologies). The samples were placed in 2-mL plastic vials 

for micro-CT scanning and brought in close proximity to the X-ray source. The samples 

obtained after aging and heating treatments were scanned at a resolution of 7.0 µm using an 

energy of 60 kV. A current of 300 µA and a tungsten target were used to run the instrument in 

fast-scan mode. A total of 1200 X-ray projections were collected through a 360° rotation of the 

samples over the course of a 10 min scan (no averaging or skipped images and an integration 

time of 500 ms). Volume reconstruction of the micro-CT data was carried out using Phoenix 

datos|x reconstruction software, and applying a median filter and a region of interest filter 

during reconstruction. The data were exported as 16-bit volume files for analysis using the 

Avizo (Thermo Fisher Scientific) software suite. Samples were segmented using the interactive 

threshold tool of Avizo to create a binary image of urea–MPN (intermediate gray phase), and 

pore space within the sample (dark gray to black phase). The volume fraction of each phase 

was then determined by comparing the binary images of each phase to a sample mask using 

the Volume Fraction tool in Avizo. 
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Transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX) 

mapping were performed on a JEOL 2100F microscope equipped with an Oxford X-Maxn 5 

80T EDX detector Gatan OneView 4k camera. An acceleration voltage of 200 kV was used for 

imaging and mapping. Prior to analysis, the samples were first dispersed in acetonitrile (0.05 

wt% solution), then a single droplet was dropped onto a formvar carbon-coated copper TEM 

grid and then dried overnight at room temperature in a vacuumed desiccator. The concentration 

of urea in the soil studies was determined on an Agilent Cary 300 UV–vis spectrophotometer 

equipped with a diode array detector. 

The general instrumentation used is as follows. Mass measurements were performed using a 

highly accurate (±10 µg) analytical balance (Mettler Toledo XS205). A high-speed vibration 

machine (TissueLyser II, 300 W motor power) was used for grinding. The samples were placed 

in a 4.5 cm (diameter) by 5.5 cm (height) screw-capped stainless-steel jar along with one 

stainless steel ball bearing (1.5 cm diameter). An incubator (Thermoline Scientific, TLM-590) 

was used for the soil studies. The Smart Mist Top™ Connect Humidifier (Breville, Australia) 

was used for adjusting the RH of the incubator. RH values of the incubator were remotely 

monitored via humidity gauge (ThermoPro 260FT with ± 2% RH accuracy). A peristaltic pump 

(Gilson, Miniplus evolution) was used for the water-holding capacity studies. 

The software used is as follows. TEM image analysis was carried out using the Gatan 

Microscopy Suite 1.8.4. software. The d-space lattices of urea crystals from Gatan were 

identified and matched with the database using the Vesta software (V. 3.5.7). ChemDraw and 

Chem3D software (v. 21.0.0) were used to draw the molecular structure of components. 

Schematic illustrations were created using the Biorender online platform and the open access 

Blender software.  

RESULTS AND DISCUSSION 
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Mechanochemical Synthesis of Urea–MPN Matrix. A mechanochemistry approach was 

examined for the formation of MPNs under high friction conditions, where TiIV was chosen as 

the metal and TA, which is inexpensive and environmentally friendly was selected as the 

polyphenol (Scheme 1). From our preliminary evaluation, stable bis or tris TiIV–TA complexes 

were not obtained, indicating that a basic compound is required to form stable TiIV–TA 

complexes in the solid state. To evaluate this, urea, a mild alkaline compound, was used to 

mediate the complexation of TiIV–TA via the deprotonation of the catechol groups of TA 

(Figure 1a). To understand the role of urea, the chemical interactions that occur during MPN 

assembly were assessed.  

UV–vis DRS analyses of pure TA, urea, TiIV–TA, and urea–MPN matrix revealed 

considerable differences in their absorbance patterns (Figure 1b). TiIV–TA complexes obtained 

upon mechanical grinding in the absence of urea featured a weak ligand-to-metal charge-

transfer (LMCT) absorption band within the range of ≈450–700 nm, with a λmax of 570 nm, 

confirming the formation of TiIV–TA mono/bis-complexes.46 However, the resulting TiIV–TA 

complexes dissolved after immersion in water, confirming the need for an alkaline component 

to form stable MPNs in solid state. The formation of MPNs in the presence of urea (urea–MPN 

matrix) was confirmed by both an increase in the intensity of the absorbance peak and a shift 

to lower values within the range of 380–600 nm, indicative of stable bis and tris TiIV–TA 

complexes even after immersing the sample in water.47 

The formation of MPNs was further assessed by performing high-resolution XPS on the 

control samples (i.e., TA and TiIV–TA) and urea–MPN matrix (Figure 1c,d). The XPS pattern 

of TiIV–TA featured Ti 2p3/2 and Ti 2p1/2 signals at 458.4 and 463.8 eV, respectively, which 

shifted to slightly higher energies of 458.6 and 464.1 eV in the XPS pattern of urea–MPN 

matrix.48 The spin-orbit splitting of Ti 2p3/2 and Ti 2p1/2 is ~5 eV in both samples and could be 

assigned to the TiIV–O bonds in the TiIV–TA complexes.47 In addition, the core-level O 1s XPS 
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pattern of urea–MPN matrix featured peaks at 531.7 and 533.2 eV, which are characteristics of 

C=O and C–O/O–C–O bonds, respectively. These peaks shifted to lower energies relative to 

those of TA and TiIV–TA, indicative of coordination interactions between TiIV and TA.49,50 

To further examine the coordination structure of the urea–MPN matrix, Raman analysis was 

conducted on the urea–MPN matrix and compared to the control samples (urea–TA and TiIV–

TA) (Figure 1e). The Raman spectrum of urea–TA displayed strong bands at 1612 and 1716 

cm−1, which were attributed to the stretching vibration of the benzene ring and C=O stretching 

modes. The intensity of those bands decreased considerably upon interactions of TA with TiIV 

in TiIV–TA and urea–MPN matrix.51 The band at 1716 cm−1 was nearly absent from the spectra 

of TiIV–TA and urea–MPN matrix, whereas the band at 1711 cm−1 broadened and shifted to a 

lower wavelength as a result of complexation with TiIV. Furthermore, the spectra of TiIV–TA 

and urea–MPN matrix displayed three new bands at 630, 1360 (υ1), and 1495 (υ2) cm−1, which 

were attributed to the molecular reorganization of TA upon coordination of the galloyl and 

carboxylate groups with TiIV, respectively. The difference in the Raman shift of these two 

bands (Δυ = υ2 − υ1) decreased from 136 to 132 cm−1 after the addition of urea, suggesting that 

the structure of some of the carboxylate ester (–COOR)–TiIV interactions changed from 

bidentate bridging to chelating mode (Figure 1a).52 Moreover, the intensity ratio of υ2/υ1 

increased from 1.00 for TiIV–TA to 1.19 for urea–MPN matrix ; these observations confirm 

that metal–phenolic coordination is heavily influenced by the pKa of the precursors through the 

solid-state grinding process, where the ionization of phenol to phenolate groups induces a 

negative mesomeric effect through transferring pi-bond electrons from the conjugate system of 

the benzene rings to –COO−Na+ groups. Thus, the electron density of the conjugate system is 

reduced, which increases the bond order of the C=C bonds in the aromatic ring, and leads to a 

more intense υ2 band.51 Our findings reveal that the binding strength of the TiIV–TA complexes 

enhances, thereby improving the stability of the urea–MPN matrix. SEM analyses of TA, 
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ground urea, and urea–MPN matrix indicated that both TA and urea crystals underwent shape 

restructuring after coordination with TiIV metal ions during MPN assembly (Figure 1f–h). A 

few small urea crystals were observed in the urea–MPN matrix but they were smaller than the 

ground urea crystals (Figure 1g,h). The presence of TiIV–TA possibly further facilitates the 

breakdown and encapsulation of urea crystals within the MPNs via noncovalent interactions 

(e.g., van der Waals forces, hydrogen bonding, ionic bonding, and π–π stacking) and strong 

surface coordination and assembly (Figure 1a).53 For example, it is reported that the binding of 

urea with polyphenols under mechanochemical conditions is predominantly through hydrogen 

binding, where –NH2 of the amide binds to deprotonated catechol groups. Also, the formation 

of such an intermediate TiIV–NH2–TA complex is likely,33,54–56 in which urea can act as a 

catalyst to facilitate the formation of MPNs under solvent-free conditions. Furthermore, the 

temperature of the internal jar wall was ∼42 °C (recorded by an infrared thermometer gun). 

This localized heat can enhance the coordination between TiIV and TA, as well as intensify the 

interactions between urea crystals and MPNs. It is noted that this local temperature can be 

influenced by the milling frequency and the number and size of balls in the jar.57,58 

Additionally, EDX mapping of a high-angle annular dark-field (HAADF) image of a 

representative area of the urea–MPN matrix confirmed the homogeneity of the MPNs, with 

uniform distribution of Ti, N, and C throughout the structure (Figure 1i). Therefore, these 

findings reveal that TiIV–TA imparts properties to the urea–MPN matrix, including intercalated 

small urea crystals, that enable control over the release profile of urea, as discussed in Urea–

MPN Matrices as CRUs. 
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Figure 1. Urea-mediated coordination-driven assembly of MPNs via grinding. (a) Schematic 

of the assembled urea–MPN matrix via grinding and possible complexation states of TiIV–TA. 

(b) UV–Vis DRS spectra of urea, TA, TiIV–TA, and urea–MPN matrix; the highlighted area 

(400–700 nm) corresponds to the LMCT band of the TiIV–TA complexes. (c) Ti 2p XPS 

patterns of the TiIV–TA complexes and urea–MPN matrix. (d) O 1s XPS patterns of TA, TiIV–

TA complexes, and urea–MPN matrix. (e) Raman spectra of urea–TA, TiIV–TA complexes, 

and urea–MPN matrix. (f–h) SEM images of the surfaces of TA, ground urea, and urea–MPN 

matrix. Scale bars are 10 µm. (i) HAADF and EDX mapping images of urea–MPN matrix. 

Scale bars are 5 µm. 
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Aging and Thermal Treatment of Urea–MPN Matrix. A fundamental understanding of 

age- and heat-induced structural reorganization of MPNs could offer opportunities to rationally 

fine-tune the properties of materials and their overall performance in specific applications. 

Therefore, the effects of aging and heat treatments on the fabricated urea–MPN matrix were 

investigated. Samples were either aged for 1 week at 23 °C or heated at 60 °C for 6 h (aged 

and heated samples, respectively). Both treatments were compared with the as-synthesized 

urea–MPN matrices, promptly after preparation (fresh sample).  

From the UV–vis DRS results shown in Figure 2a, both aging and heating induced structural 

changes in the MPNs. Aging led to an increase in the absorbance of the metal–phenolic 

complexes without a shift in the LMCT band, indicating the similar complexation state of TiIV–

TA present in the aged and fresh samples. In contrast, heating resulted in an increase in the 

extent of coordination and transition of the dominant TiIV–TA complexation state from bis to 

tris-complexes. In addition, comparison of the XPS results of the fresh sample and the aged 

and heated samples (Figure 2b) revealed the shift of the N 1s core-level peak (400.1 eV), 

representative of the –NH2 group of urea, to lower energies (399.9 and 399.7 eV, in the aged 

and heated samples, respectively). This decrease in binding energy likely represents an increase 

in the strength of interactions of urea with MPNs via hydrogen bonding.44,56 Moreover, the 

XPS patterns of the C 1s core-level peaks showed that the C=O and C–O peaks underwent 

structural reorganization during sample aging and heating, as observed from the shift of the 

binding energies of 289.8 and 286.4 eV to a lower energy (by ≈0.9 eV) after heating (Figure 

2c). This observation is consistent with the Raman spectroscopy analyses of the TiIV–TA, fresh, 

aged, and heated samples, which showed an increase in the υ2/υ1 ratio from 1 (TiIV–TA) to 1.31 

(heated sample), leading to a decrease in Δυ from 136 to 125 cm−1 (Figure 2d). These 

observations likely suggest a higher level of deprotonation of the catechol/galloyl groups and 

a higher extent of bidentate TiIV–COO bridging mode involved in the samples through 
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structural rearrangement after aging or heat treatment.51 The broad peak at ≈3300 cm−1 in the 

FTIR spectra of urea–TA, fresh, aged, and heated samples was assigned to the –OH and –

COOR groups of TA; the intensity of the peak decreased in the order of urea–TA > fresh > 

aged > heated (Figure 2e); the incorporation of the –OH and –COOR functional groups of TA 

toward the formation of the TA–TiIV coordination complex can lead to a decrease in the peak 

intensity.59 

The degree of crystallinity within the urea–MPN matrices increased upon aging and heat 

treatments, while the crystal lattice of urea remained intact upon grinding (Figure 2f and Figure 

S1).60,61 Although this increase is likely due to the partial oxidation of TA, which alters the 

growth of the MPNs, the mechanism is unclear as the crystallinity of urea also needs to be 

accounted for. Moreover, the formation of by-product biuret was ruled out as investigated by 

XRD analysis of urea–MPN matrices following the grinding; the heat generated (<150 °C) 

during ball-milling is likely insufficient to result in biuret formation.62 

Overall, these results indicate that the physiochemical properties of the urea–MPN matrix 

are age- and temperature-dependent, displaying age- and heat-induced structural 

rearrangement. 
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Figure 2. Influence of aging (1 week at 23 °C) and thermal treatment (60 °C for 6 h) on the 

physicochemical properties of urea–MPN matrix. (a) UV–Vis DRS spectra and (b,c) high-

resolution N 1s and C 1s XPS patterns of fresh, aged, and heated urea–MPN matrices. (d) υ2/υ1 

ratio profiles (bar graph) and Δυ (black line) of TiIV–TA, and fresh, aged, and heated urea–

MPN matrices measured by Raman spectroscopy. (e) FTIR spectra of urea–TA, and fresh, 

aged, and heated urea–MPN matrices. (f) Degree of crystallinity of TiIV–TA, and fresh, aged, 

and heated urea–MPN matrices, as measured by XRD in the range of 2θ = 5–50°. 

Structural and Lattice Properties of Urea–MPN after Aging and Heat Treatments. To 

gain further insight in the underlying mechanism of the age- and heat-induced structural 

reorganization of the encapsulated urea in MPNs, we examined the nanoscale structure of the 

samples. SEM revealed the smoother surface of the urea–MPN matrix following heating 

relative to that of the aged urea–MPN matrix (Figure 3a,b). During heat treatment, it is likely 
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that the small individual urea crystals coalesce into a single larger entity within the MPNs, 

resulting in a uniform matrix. During aging, small individual urea crystals are still observed 

within the MPNs, which results in a rough surface morphology (Figure 3a,c).  

To elucidate the crystallographic properties of the matrices after aging and heating, TEM 

was performed. Figure 3d,h shows low-magnification images of the aged and heated urea–

MPN matrices, respectively; both aging and heating reduced the crystal size of urea. Selected 

area electron diffraction (SAED) analysis confirmed the crystallinity of the samples (Figure 

3e,i): the aged sample showed at least six diffraction rings, corresponding to the crystal planes 

i.e., (211), (002), (311), (222), (203), and (411) of urea and indicative of a poorly crystalline 

structure.63 In contrast, heating changed the crystallinity state from a poorly crystalline with 

small grain sizes to a highly crystalline structure with larger domains, as depicted from the 

distinct bright reflections associated with 001, 101, 110, and 200 indices, which are related to 

the tetragonal lattice with P421m space group of urea (Figure 3i).64 High-resolution TEM 

(HRTEM) was used to further investigate the crystalline properties of the samples (Figure 3f,j 

and Figure S2). Several small grain boundaries with varying orientations (assigned in random 

colors) were observed in the aged sample, which were embedded in an amorphous MPN 

matrix, confirming the hypothesis that small crystalline grains are present within the aged 

sample. In contrast, the heated sample was highly crystalline with larger crystal domains. 

Regardless of the degree of crystallinity of the samples, HAADF and elemental mapping 

revealed a homogeneous distribution of urea and MPN elements (i.e., C, N, and Ti) in both the 

aged and heated samples, indicating the successful encapsulation of urea crystals within the 

MPNs (Figure 3g,k). 
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Figure 3. Structure modulation of urea crystals in urea–MPN matrix via aging and thermal 

treatments. (a,b) SEM images of the surface of urea–MPN matrix after aging (a) and heating 

(b). (c) Schematic of structure reorganization of urea crystals in the urea–MPN matrix after 

aging and heat treatments. (d,h) TEM, (e,i) SAED, (f,j) HRTEM, and (g,k) HAADF–mapping 

images of urea–MPN matrix after aging (d–g) and heat (h–k) treatments. Insets in (f) and (j) 

show the lattice spacing in urea crystals. 

Bulk Properties of Urea–MPN Matrix Following Aging and Thermal Treatments. To 

further understand the influence of aging and heat treatments on the physical properties of 

urea–MPN matrix, the mechanical and thermodynamic behavior of the urea–MPN matrix were 

examined. A comparative analysis of the mechanical resistance of urea, and fresh, aged, and 

heated urea–MPN matrices was conducted via a diametral compression test (Figure 4a). 
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Relative to urea, which displayed a low compression strength of 127 Pa, all three urea–MPN 

matrices displayed significantly greater mechanical resistance. This observation highlights the 

major role of hydrogen bonding, ionic bonding, and π–π stacking within the samples (Figure 

1a), where increased molecular interactions between the encapsulated urea and MPNs and 

oxidation-based cross-linking of TA can provide additional mechanical strength.65,66 

Furthermore, both the fresh and aged samples showed high malleability, avoiding rupturing 

even after ≈75% deformation was reached. The pliability of these matrices may be attributed 

to the branched structure of TA and the overall lattice structure of urea within the fabricated 

MPNs. The strain required for the deformation of the aged sample in the elastic region, which 

corresponds to crystal deformation, markedly increased compared with that required for the 

fresh sample. A significant compression strength (≈400 Pa) was observed after heating the 

urea–MPN matrix in contrast to the plasticity observed for the fresh and aged samples. Hence, 

we propose that an intermolecular rearrangement between the galloyl groups of TA and TiIV–

TA building blocks leads to defects in the urea–MPN matrix.67 At a molecular level, this may 

suggest that the MPNs become more compact with cooling,67 leading to urea crystals adjoining 

into larger crystal lattices. Furthermore, the energy required for the deformation of 1 g sample 

was evaluated and enables comparison of the mechanical resistance of different samples. The 

normalized energy was achieved by integrating load–deformation plots up to a deformation 

point of 25% and dividing by the sample mass to ensure direct comparison (Figure 4b).68 

Relative to the fresh sample, both the aged and heated samples required more energy for 

compression. This different energy requirement is possibly because of the different content of 

the urea crystal lattice; the content increased in the order of fresh < aged < heated samples. The 

energy required for the deformation of a highly crystalline structure is typically higher than 

that required for a poorly crystalline material with smaller crystal lattices. The Young’s 

modulus (EY), a measure of stiffness, of the urea–MPN matrices before and after aging and 
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heat treatments was determined from the slope of the compression curves in their elastic 

regions (Figure 4c). The fresh urea–MPN matrix showed a lower stiffness, having an EY of 0.1 

MPa, than the aged and heated urea–MPN matrices, whose stiffness increased by ≈7 and 51 

fold, respectively. The increase in stiffness displayed by the treated urea–MPN matrices is 

ascribed to changes in the crystallinity of urea within the matrices and the increased degree of 

complexation of the TiIV–TA complexes. 

To better understand the relationship between sample stiffness and crystallinity, DSC and 

TGA were conducted. The DSC curves of the urea–MPN matrices all showed an endothermic 

peak at lower temperatures of 92–114 °C when compared with that of pure urea observed at 

135 °C (which is attributed to its melting point)69 (Figure 4d). The homogeneity of the urea–

MPN matrices results in the formation of a hypoeutectic system, which displays an overall 

lower melting point than that of each individual constituent of the matrix (Figure S3). For 

example, the melting point of the urea–MPN matrix increased from 92 °C (fresh sample) to 

100 and 114 °C, after aging and heating, respectively. The higher melting point observed for 

the heated matrix, aside from a change in the stiffness, potentially indicates the formation of a 

larger urea crystal within the MPN matrix.16 From the TGA results, an improvement in the 

thermal stability of the samples was observed suggesting that more energy was required for 

dissociation of the urea crystals and TiIV–TA complexes in the aged and heated samples 

compared with that required for the fresh sample (Figure 4e).  

The increasing hydrophobicity of the aged and heated samples, relative to the fresh sample, 

was assessed through surface wettability measurements. The aged and heated samples had 

larger WCAs of 60 and 68°, respectively, than the fresh sample (45°) (Figure S4), which is 

likely due to the structural rearrangement of the TiIV–TA complexes driven by an increase in 

π–π stacking among the aromatic rings in TA (Figure 4f).67 
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The urea–MPN matrix expanded upon heat treatment when compared to the aged sample. 

Thus, X-ray micro-CT was performed to better evaluate the bulk arrangement within the 

material matrix; both cross-sectional and computed void volume images were analyzed (Figure 

4g–i). The heated sample showed higher porosity than the aged sample, thus confirming the 

expansion observed upon heating (Figure 4g,h insets and Movies S1 and S2). This finding may 

indicate an important relationship between urea crystal rearrangement and phase change 

behavior within MPN structures, thus further fundamental studies on the solid-state formation 

of MPNs at different temperatures are needed.  
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Figure 4. Influence of aging and thermal treatments on the mechanical and bulk properties of 

urea–MPN matrices. (a) Compressive stress–strain curves, (b) calculated energy required to 

reach 25% deformation, and (c) corresponding Young’s modulus values derived from elastic 

regions of compression studies performed on urea, fresh, aged, and heated samples. (d) DSC 

and (e) TGA curves of the fresh, aged, and heated urea–MPN matrices. (f) WCAs of urea, 

fresh, aged, and heated samples. (g,h) Micro-CT images of urea–MPN matrices after aging (g) 

and heating (h); insets show the corresponding cross-sectional images. The porosity of the 

samples in the micro-CT images is displayed with randomized colors. (i) Volume 
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reconstruction of the micro-CT data of the aged and heated samples from ≈1200 scan 

projections. 

Urea–MPN Matrices as CRUs. The cumulative release profile of urea from the urea–MPN 

matrices in soil was evaluated and compared against that of pure urea; the experimental set-up 

is shown in Figure 5a. A colorimetric method was used to calculate the dissolution of urea from 

the urea–MPN matrix as a function of time. The WFPS percentage (representative of the water 

content of soil) and environmental temperature of the soil were kept constant at 60% and 25 

°C, respectively, in all experiments unless otherwise mentioned.  

The different urea–MPN matrices (fresh, aged, and heated) all showed a prolonged urea 

release profile in comparison to pure urea––urea release from the urea–MPN matrices was 

complete within 3–9 days, whereas that from pure urea took 1 day (Figure 5b). This finding 

confirms that urea-encapsulated MPNs can be implemented as a CRU. Specifically, the aged 

and heated urea–MPN matrices performed better for slow urea release, reaching >90% of urea 

release by 5 and 7 days, respectively, relative to pure urea (<1 day) and fresh sample (3 days). 

The slower urea release profile displayed by the heat-treated sample when compared with the 

aged sample may be attributed to the increase in the coordination interactions among TiIV–TA 

complexes from bis- to tris-complexes (Figure 2a). Furthermore, the heated sample exhibited 

a lag time in the release of urea in the first 3 days. Considering the changes observed in the 

bulk properties of the urea–MPN matrix after the heat treatment, the lag time in the release of 

urea may be attributed to the large amount of free space in the sample, where some of the 

dissolved urea may be confined inside the macropores throughout the urea–MPN matrix, 

thereby hindering the release of urea. The lag time observed for the heated matrix may also be 

a result of the higher hydrophobicity of the sample (relative to other samples), as lag periods 

are generally linked to water infiltration into a material.14,16,47 Considering the better 
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performance of the heated matrix, the latter was studied further in subsequent urea release 

studies.  

The content of MPN (10, 20, 40%) in the urea–MPN matrix also influenced the urea release 

profile. As observed in Figure 5c, the timeframe required to reach complete urea release 

increased from 3 to 9 days when increasing the MPN content from 10 to 40% in the urea–MPN 

matrices. The slower release rate observed can be attributed to an increase in the content of –

OH and –COOR in MPNs, as the MPN content increases, thereby leading to an increase in 

interactions with the urea molecules and consequently slower release of urea from the sample. 

Therefore, all subsequent release studies were performed using urea–MPN matrix with 40% 

MPN, unless otherwise mentioned. 

The effect of the metal ion type on the release profile of urea from the urea–MPNM matrix 

was investigated, where M refers to the metal ion (i.e., FeIII, ZnII, ZrIV, or TiIV) used during 

synthesis (Figure 5d). The release of urea from urea–MPNTi or urea@MPNZr was slower 

(reaching complete release within ~9 days) than that from urea–MPNZn or urea–MPNFe, which 

achieved complete release within 3 and 5 days, respectively. The slower release rate of urea–

MPNTi and urea–MPNZr is attributed to both the different coordination bonds between TA and 

varying metal ions and the higher oxidation state and formal charge of TiIV and ZrIV (relative 

to ZnII and FeIII). The latter facilitates the formation of a hydrogel system—which assists with 

the retention of urea within CRUs and subsequent slower release of urea––following absorption 

of water by the urea–MPN matrix from soil.12,13,70–75 Moreover, the heated urea–MPNFe, used 

as a model, showed a lower mechanical resistance than heated urea–MPNTi and urea–MPNZr, 

making it less stable in soil and exhibiting a faster urea release rate. It is noted that the metal–

phenolic structure can undergo degradation in soil, resulting in the release of metals.76–78 Zr 

and Ti are naturally occurring elements that are considered to have low toxicity and are 

commonly found in soils.79,80 However, the concentration of Zr or Ti elements used in the urea–
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MPN40% matrices is approximately 1 wt% (equivalent to ∼20 mg per kg of soil), which is lower 

than the concentration at which these elements are naturally present in soil.79–81 

The environment temperature of the soil also influenced the urea release profiles of urea–

MPNTi. As observed in Figure 5e, elevating the temperature from 10 to 40 °C resulted in shorter 

urea release profiles, with complete release achieved within 11, 9, and 3 days, respectively. 

The higher vapor pressure and RH of the urea–MPNTi matrix in soil system in the container at 

increased temperatures (i.e., at 40 °C) promote faster water diffusion throughout the sample 

and consequently an increase in the release rate of urea. In contrast, varying the moisture 

content of the soil (i.e., 30, 40, and 60% WFPS) had minimal effect on the release profile of 

urea from the urea–MPNTi matrix; complete release was achieved within 9 days for all WFPS 

values studied (Figure 5f). These findings show that vapor pressure has a greater influence than 

soil moisture on the release rate of urea. 
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Figure 5. (a) Schematic of the urea release experiment in soil from urea–MPN matrix. (b) 

Cumulative release rate of urea in soil from urea–MPN matrices subjected to different 

treatments. MPN content, 40%; metal ion, TiIV; environmental temperature of soil, 25 °C; soil 

moisture (WFPS), 60%. (c) Cumulative release rate of urea in soil from heat-treated urea–MPN 

matrices with varying MPN contents (10, 20, 40%). Metal ion, TiIV; temperature, 25 °C; WFPS, 

60%. (d) Cumulative release rate of urea in soil from heat-treated urea–MPN matrices prepared 

with different metal ions (ZnII, FeIII, TiIV, ZrIV). MPN content, 40%; temperature, 25 °C; WFPS, 

60%. (e) Cumulative release rate of urea in soil from heat-treated urea–MPN matrix at different 

environmental temperatures (10, 25, 40 °C). MPN content, 40%; metal ion, TiIV; WFPS, 60%. 

(f) Cumulative release rate of urea in soil from heat-treated urea–MPN matrix at varying WFPS 

(30, 40, 60%). MPN content, 40%; metal ion, TiIV; temperature, 25 °C. A colorimetric protocol 

was used for the urea release studies. Three experiments were performed for each sample, and 

data are shown as the mean ± standard deviation. 

Evaluating the nitrogen release profile of CRUs is essential for seedling survival and long-

term plant growth. Likewise, the water-holding capacity of soil in the presence of CRUs is an 

important factor to consider, as this can influence the frequency of irrigation required and/or 

plant survival in arid and semi-arid areas by creating a water reservoir (via swelling of the 

materials) near the plant root zone. Thus, the effects of the water-holding capacity of the urea–

MPN matrices on the water-holding capacity and water retention of soil were assessed (Figure 

6). The water-holding capacity of urea–MPNTi and urea–MPNZr with different MPN contents 

(i.e., 10, 20, 40%) were examined at 25 °C and 70% RH (Figure 6a). The water-holding 

capacity of the urea–MPNZr/Ti matrices compared to the dried samples improved from ≈20 to 

≈100% w/w by increasing the MPN content in the urea–MPNZr/Ti matrices, with urea–MPNZr 

displaying a slightly higher water-holding capacity than urea–MPNTi. These results 

demonstrate the potential of the urea–MPNZr/Ti matrices as hydrogel CRUs. After 
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homogeneously mixing the urea–MPNZr/Ti matrices with 40% MPN content at different levels 

from 1 to 3% with soil, the water-holding capacity of the soil increased from ≈10 to 25% 

compared to the control experiment (no added materials), further indicating that the urea–

MPNZr/Ti matrices can be used as a hydrogel system in soil (Figure 6b). In addition, a slower 

water evaporation rate at 25 °C was observed when 3% of urea–MPNTi or urea–MPNZr matrix 

(with 40% MPN content) was mixed with soil compared to nontreated soil (no added 

materials), indicating that the water retention of the soil was improved likely due to strong 

interactions of the urea–MPNZr/Ti matrices with inorganic and organic matters of the soil 

(Figure 6c). Therefore, the application of urea–MPN matrix as a hydrogel CRU could be an 

alternative practice in agriculture to increase the water-holding capacity of soil and improve 

the synchronicity between nitrogen supply and plant needs by controlling the release of urea. 

It is noted that the CRU introduced in the present study can be used for vegetable crops82,83 and 

is comparable (in terms of the urea release rate) to other controlled-release fertilizers 

manufactured from hydrophilic biomass compounds.84,85 Moreover, compared to commercial 

nonbiodegradable polymer-derived coatings for slow-release fertilizers, the process of 

developing slow-release fertilizers through mechanochemistry-generated MPNs offers several 

potential benefits. These include simplified and efficient scalability for continuous production, 

the elimination of problems linked to solvents, and the introduction of micronutrients into the 

soil.34,36,77,86 We are currently further developing the urea–MPN matrices to prolong urea 

release in extending their suitability for a broader variety of crops.  
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Figure 6. Changes in water-holding capacity and water retention following contact of urea–

MPN with water and soil. (a) Water-holding capacity of urea–MPNZr and urea–MPNTi matrices 

prepared using different contents of MPN. (b) Water-holding capacity of soil after the 

introduction of different contents of urea–MPNZr or urea–MPNTi matrix (MPN content, 40%) 

in soil. (c) Water retention of soil after mixing with urea–MPNZr or urea–MPNTi matrix (MPN 

content 40%). urea–MPNZr/Ti content in soil = 3%. The experiments were conducted at 25 °C 

and 70% RH. 

CONCLUSION 

MPNs were assembled from TA ligands and TiIV metal ions via a mechanochemistry method. 

In this process, solid urea was used as an alkaline mediator, resulting in urea-encapsulated 

MPN matrix (urea–MPN). Subjecting the as-prepared urea–MPN matrix to aging and moderate 

heating treatment resulted in a shift in the complexation state of the TiIV–TA coordination from 

bis to tris-complexes, which influenced the morphology of the resulting material. Heating 

altered the degree of crystallinity (crystal domain sizes) of the material, leading to changes in 

the physiochemical properties of the material, including compression resistance, wettability, 

and stiffness. The in-depth understanding of the mechanochemical synthesis of MPNs 

mediated by urea and the age-/heat-induced structural rearrangement of MPN and urea crystals 

within the matrix provide an opportunity to design tunable materials for numerous industrial 

applications. Urea–MPN matrices prepared from different metals (ZrIV, TiIV, ZnII, and FeIII) 
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were examined as CRUs. The release of urea could be prolonged for up to 9 days depending 

on the choice of the metal and treatment applied. This work not only addresses the need for the 

development of sustainable and scalable CRUs but also examines the implementation of MPNs 

as a CRU within the agricultural landscape. Further studies are being conducted to examine the 

hydrogel swelling behavior of these urea–MPN systems, which can further impact the release 

rate of a range of fertilizers.  
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