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ABSTRACT
Introducing controlled porosity into crystalline materials endows them with properties not exhibited by their solid counterparts.
However, producing microparticles that combine submicron macroporosity and uniform particle shapes remains a significant
challenge. Here, we present a general strategy that yields unique single-crystal microparticles with closed-cell macropores (300–
500 nm), a size ideal for generating structural colour. Using a bioinspired approach,we occlude three distinct additives, polystyrene
microspheres, polymer vesicles, and amino acids, within 10–20 µm calcite (CaCO3) single crystals. Remarkably, after thermal
annealing, all systems are transformed into particles with well-defined shapes and macroporosity, while retaining their single-
crystal character. This is particularly surprising for the amino acids, which are originally distributed as individual molecules
throughout the crystal lattice. Mechanistic studies using solid state NMR and in situ TEM directly track pore formation and reveal
that co-occluded water associated with the amino acids is crucial in creating the pores. This simple method—where the occlusion
of amino acids is scalable and compatible with industrial calcite synthesis—delivers a new class of macroporous microparticles
suited to coatings, fillers and photonic applications, where their bright white appearance and intense broadband light reflection
makes them an environmentally-benign alternative to titanium dioxide for whitening applications.
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Introduction

orous solids represent one of the most important classes of
unctional materials due to their huge range of potential appli-
ations. These include vital processes such as catalysis, filtration,
dsorption, separation and thermal insulation [1–3], where the
bility to tailor the composition and structure—including the
orosity, size distribution, shape and connectivity of the pores—
s key to optimising properties and performance. High surface
reas and open pore structures are essential for applications
uch as catalysis that rely on chemical interactions at a surface,
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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while the reduction in density associated with the formation of
highly porous materials is beneficial for applications requiring
lightweight but mechanically robust materials, such as aircraft
components [4]. While exceptional control can be achieved when
synthesising micro- and meso-porous materials such as zeolites
[5–8], MOFs [9–11] and mesoporous silicas [12, 13], synthesis
of macroporous materials with well-defined pores in the sub-
micron range is far more challenging [4, 14, 15]. Approaches
including the partial sintering of powders, direct foaming, replica
methods, sacrificial pore formers, gel-casting, freeze-casting and
additive manufacturing are widely used, but vary significantly
se, which permits use, distribution and reproduction in any medium, provided the
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FIGURE 1 Schematic diagram of the strategy used to generate
macroporous single crystals.
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n terms of the porous structure generated and the ability to
cale-up the synthesis [4]. As a further consideration, while some
f these methods can be used to create macroporous monoliths
ith the desired morphology [1], it is extremely difficult to
enerate macroporous particles with well-defined external sizes
nd shapes.

ere, we present a novel strategy that produces inorganic
ingle crystals with well-defined macroporous structures (pores
izes 300–500 nm) and uniform shapes and sizes (10–20 µm).
hat these macroporous particles are single crystals and have
losed-cell porosity makes them structurally unique, where the
ir-filled pores are entirely enclosed within the impermeable
ost crystal. The method builds on an approach inspired by
iomineralization: the ability to incorporate additives within
ingle crystals. Biominerals are invariably composite materials,
here organic macromolecules are intimately associated with
norganic crystals [16, 17]. While this is readily achieved for
olycrystalline materials such as nacre, where organic molecules
an be located between the crystal units [18, 19], single crystal
iominerals such as the calcite (CaCO3) spines of sea urchins are
sually also composites, where protein aggregates are occluded
ithin the crystal lattice, enhancing mechanical properties [20–
2]. Despite crystallisation being used as a means of purification,
ature therefore demonstrates that it is possible to occlude foreign
pecies within single crystals.

uilding on this strategy, it is now established that multiple
oluble additives ranging from small molecules [23–26] and
roteins [20, 27], to organic [28–30] and inorganic [31–33]
anoparticles and even micron-scale particles [34, 35] can be
ncorporated within calcite single crystals using a simple one-pot
ethod in which calcium carbonate is precipitated from solution
n the presence of the additives. The additives are distributed
hroughout the crystal matrix, and the level of occlusion depends
n the crystal growth rate and the balance between the strength
f interaction between the crystal and the additive, where values
f 7 mol% have been reported for glycine [23] and ≈70 wt.% for
olymer-functionalised gold nanoparticles [36].

his bio-inspired strategy was used here to generate porous crys-
als, where we hypothesised that thermal annealing of composite
rystals containing spherical organic particles would burn off
he organic material, generating porosity. Three very different
ypes of additives—solid polystyrene (PS) microspheres, water-
illed polymeric vesicles and small amino acid molecules—are
ccluded within calcite single crystals, and these composite
rystals are thermally annealed to generate porosity, where the
ingle crystallinity of the host crystal is preserved after annealing
Figure 1). We demonstrate that each additive leads to a struc-
urally unique crystal whose porosity can be further tuned by
arying the annealing conditions. That macroporous crystals can
e generated from composite crystals containing small molecules
here amino acids) is particularly surprising, and the mechanism
f pore formation is characterised using in situ transmission
lectron microscopy (TEM) and solid-state NMR.

e then explore a potential technological application of these
articles, where their micron-scale dimensions, pore sizes of
undreds of nanometres and closed-cell porositymake them ideal
cattering agents whose properties are retained on immersion in
of 13
different media. While titania has been the traditional material of
choice of whitening agent [37] due to its high refractive index [38],
economic, regulatory, health and sustainability concerns are now
driving a global effort to identify alternatives [39–44]. Notably,
our macroporous crystals reflect strongly across the visible spec-
trum, achieving up to 70% efficiency with particles just 11 µm
in thickness. Introduction of porosity into calcium carbonate
therefore transforms the crystals into effective, environmentally-
friendly whitening agents that offer a real alternative to titania
(TiO2). With the recognised ability to incorporate additives into
a wide range of crystalline materials, this novel experimental
strategy represents a flexible, inexpensive and scalable approach
for generating macroporous particles with uniform sizes and
tunable porosities in the difficult-to-access sub-micron range,
and potentially creating materials that can address complex
performance standards.

2 Results and Discussion

2.1 General Strategy

Solid PS microspheres were selected as initial candidates, where
these were anticipated to generate voids of comparable size and
shape to the original particles. The optimal size and incorporation
level of particles for our target application of whitening agents
was estimated using reflectance simulations (see SI for details).
Spherical voids were employed in the models, and optimal
scattering was achieved for voids of 500 nm and a volume fraction
of ≈0.4 (Figure S1). 500 nm PS spheres were therefore used
in the experiments and the relationship between the additive
type, annealing conditions (heating rate, temperature, duration)
and porosity was investigated to optimise structure/ property
relationships and create highly reflective crystals that appear
white.
Advanced Functional Materials, 2026
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FIGURE 2 Porosity and optical properties of Calcite-PS crystals. (a) Calcite-PS crystal prepared at [Ca2+]= 1.25mm and [PS]= 2wt.% (i) before and
(ii) after annealing. (b) Areal pore density of annealed calcite-PS prepared using different [PS]. (c) FIB-SEM cross-section images of annealed calcite-PS
crystals prepared with [PS] (i) 0.01 wt.%, (ii) 1 wt.% and (iii) 4 wt.% (see full range of Calcite-PS FIBSEM images in SI). (c) Pore density of annealed
calcite-PS crystals prepared using different [PS]. (d,e) Reconstructed 3D FIB-SEM tomograms of annealed calcite-PS crystals prepared at (d) [Ca2+] =
1.25 mm and [PS] = 1 wt.%, where (d) shows the external crystal and (e) shows the internal porosity (see Movie S1 for the full FIB-SEM tomogram). (f)
Reflectance spectra of annealed calcite-PS crystals prepared at different [PS] and (g) integrated reflectance as a function of crystal thickness compared
with the simulated industry standard (shaded region).
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.2 Creating Porosity With Polystyrene (PS)
icrospheres

alcite crystals containing PS microspheres (Calcite-PS crys-
als) were synthesised by precipitating calcium carbonate from
alcium chloride solution in the presence of 500 nm high
cid content carboxylate-functionalised PS particles, using the
mmonia-diffusion method [45]. The surface charge density and
hemistry of these functionalised particles facilitates effective
inding to the calcite surface and incorporation within the
dvanced Functional Materials, 2026
crystals (Figure 2a) [34]. A range of PS concentrations ([PS])
were tested to create composite crystals with varying levels of
incorporation and samples were then annealed using a standard
protocol (heat at a rate of 5◦Cmin−1 and hold at 500◦C for 30min).
This causes the PS spheres to decompose, leaving highly uniform
500 nm spherical voids in place of the occluded PS spheres
(Figure 2a,b).

The porosity of the product crystals was characterised using
focused ion beam scanning electron microscopy (FIB-SEM)
3 of 13
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omography, and by analysing cross-sections of the crystals pre-
ared using FIB-SEM, such that datasets were typically derived
rom measurement of 100s to1000s of pores. The tomograms
emonstrated that the porosity is closed-cell such that the crystals
an be immersed in any medium while maintaining the air-filled
ores. The porosity was quantified by determining the areal pore
ensity (the number of pores present per µm2) and the pore
rea fraction (the percentage of the crystal cross-sectional area
ccupied by pores).

nnealed calcite-PS crystals grown at [Ca2+]= 1.25mmwere anal-
sed to determine the effect of the [PS] on porosity (Figure 2b,c;
igure S3). Crystals grown using [PS] = 0.005 and 0.01 wt.%
xhibited low incorporation and porosity, with very few pores
resent within the crystal. A uniform distribution of the pores
hroughout the crystals was achieved at [PS] = 0.1 wt.% and
bove, and a maximal pore density of 25 µm−2 at [PS] = 0.1 wt.%.
ittle change occurred on increasing the [PS] to 0.5 wt.%, but
he pore density dropped upon further increase of [PS] and
ltimately reached 5 µm−2 at [PS]= 5 wt.%. This reduction in pore
ensity can be attributed to greater PS occlusion with increasing
PS]. As a greater number of PS spheres are occluded, the
roximity between nearest neighbours decreases and occluded
S spheres are more likely to touch. This results in a higher
ncidence of large pores or channels after heating and reduces
he overall pore density. Measurement of the area occupied
y the pores yielded a maximum value of 36% for samples
repared with 2 wt.% PS spheres. Confirmation of uniform poros-
ty in 3 dimensions was achieved by constructing tomograms
ased on images of consecutive FIB-SEM slices (Figure 2d,e;
ovie S1).

he optical properties of the annealed calcite-PS crystals were
ssessed using micro-spectroscopy to determine the reflectance
s a function of the wavelength of the incident light (Figure 2f).
ecause the measured reflectance is also dependent on crystal
ize, the thickness of each particle was measured using SEM
o evaluate how reflectance varies with thickness across the
ull wavelength range. Unannealed calcite-PS composites and
nnealed calcite crystals were both poorly reflective (Figures
4 and S5), demonstrating that simple occlusion of the PS
pheres had a minimal effect on crystal reflectance. In contrast,
nnealed calcite-PS crystals exhibited a boost in reflectance
ue to the greater difference in refractive index between the
rystal and air-filled pore than between the crystal and PS
phere.

s expected, the reflectance of these crystals depends on their
orosity, with higher pore densities yielding higher reflectance.
nnealed calcite-PS with very low pore densities (prepared at
PS] = 0.005 and 0.01 wt.%) had poor reflectance comparable
o the annealed calcite crystals, while those with a uniform
istribution of pores ([PS] = 0.1–1 wt.%) had significantly greater
eflectance (a factor of 3–4 times at λ = 800 nm). This increased
urther to ≈10 times for [PS] = 2–5 wt.%. However, higher [PS]
as associated with a loss of broadband reflectance, with the
eflectance of crystals grown at [PS] = 2–5 wt.% dropping in
he blue wavelength region due to the absorption of light by PS
esidues. Thiswas attributed to residual polymers, whichwas also
pparent from the yellow colour of annealed calcite-PS crystals
ith higher [PS] (Figure S6).
of 13
Finally, the reflectance of the crystals was evaluated as a func-
tion of their thickness, and an analytical theory (Figure S2)
was used to compare them with the whitening agents used in
industry (Figure 2g). Importantly, the porous calcite micropar-
ticles are finite heterogeneous scattering media rather than
homogeneous pigment particles. Each microparticle consists
of a continuous calcite matrix containing air-filled inclusions.
These pores act as internal scattering centres, analogous to
scattering particles in a conventional white film, while the crystal
thickness defines the optical path length through the scattering
medium.

The performance of a material as a whitening agent is tradi-
tionally evaluated by estimating its scattering mean free path,
an intrinsic material property independent of thickness. Val-
ues of 1–2 µm are optimal for industrial applications as they
align with the performance range of state-of-the-art TiO2 pig-
ments [38] and emerging bioinspired alternatives, and were
used in the calculations [46–49]. This is shown as a shaded
area in the graph shown in Figure 2g and their performances
are referred to as the “industry standard”. This comparison
benchmarks the intrinsic scattering efficiency of the porous
crystal architecture, rather than constituting a direct mea-
surement of a formulated coating. Notably, several annealed
calcite-PS crystals prepared at [PS] = 2–5 wt.% had values
that are equivalent to, or even superior to the simulated
materials, demonstrating that our synthesis strategy deliv-
ers calcium carbonate particles that are effective whitening
agents.

2.3 Creating Porosity Using Vesicles

An alternative additive system was therefore explored to reduce
residual organics and eliminate unwanted absorbance. Calcite
crystals were precipitated in the presence of poly(methyacrylic
acid)-poly(benzyl methacrylate) (PMAA-PBzMA) vesicles of
diameter 365 ± 120 nm by direct mixing of the calcium solution
with sodium carbonate solution,where these polymer vesicles are
decorated with carboxylate-functionalised chains that facilitate
effective occlusion. As for calcite-PS, a range of vesicle concen-
trations ([Ves]) were tested and porous crystals were created by
annealing the resulting calcite-Ves composite crystals using the
standard protocol.

Cross-sections of annealed calcite-Ves crystals showed that the
vesicleswere uniformly occluded throughout the crystals and that
theywere removed by annealing to leave pores (Figure 3a). Unlike
the annealed calcite-PS crystals, the pores were seldom spherical,
which can be attributed to the significant water content of the
vesicles, which facilitates restructuring of the surrounding calcite
during annealing. Analysis of the FIB-SEM images showed that
pore density increased with [Ves] and reached a maximal value
of 27 µm−2 at [Ves] = 0.25 wt.% (Figure 3b), comparable to the
maximum pore density achieved in annealed calcite-PS crystals
(25 µm−2). A maximum area occupied by the pores of 27% was
recorded.

All annealed calcite-Ves crystals were more reflective than
annealed pure calcite, where crystals formed at [Ves] = 0.05 wt.%
reflected around 60% of the incident light (Figure 3c). Little
Advanced Functional Materials, 2026
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FIGURE 3 Porosity and optical properties of annealed Calcite-Ves crystals. (a) FIB-SEM cross-section images of a Calcite-Ves crystal prepared with
[Ves] = (i) 0.05 wt.%, (ii) 0.1 wt.% and (iii) 0.25 wt.%. (b) Areal pore density and (c) reflectance spectra of annealed Calcite-Ves crystals prepared using
different [Ves]. (d) Integrated reflectance as a function of crystal thickness and compared with the simulated industry standard (shaded region).
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 articles are governed by the appl
bsorbance occurred in the blue region, confirming the complete
emoval of the polymer. Annealed calcite-Ves crystals grown
t [Ves] = 0.1 wt.% exhibited a gradient in the reflectance
ith a minimum in the red region, where absorbance in this
egion produces a blue colour that enhances the perception of
right white [50]. Consideration of the integrated reflectance
s a function of thickness showed that a number of annealed
alcite-Ves crystals prepared at [Ves] = 0.05 and 0.1 wt.% were
ery close to the simulated industry standard (Figure 3d). With
ower initial polymer content than the calcite-PS samples and
uperior broadband reflection, the annealed calcite-Ves crystals
re competitive with those generated by PS occlusion.

.4 Creating Porosity Using Amino Acids

.4.1 Generating Porous Crystals

s our third category of porogen, we investigated the possibility of
reating porous calcite crystals by annealing crystals containing
mino acids [23, 51], where this process is cost-effective and
calable. As a precedent, calcite sea urchin spines have been
hown to become porous on heating [22, 52]. However, it is
oted that these biominerals are quite different in structure
rom synthetic calcite/ amino acids crystals, where they contain
ggregates of protein molecules [53, 54] and amorphous calcium
arbonate (ACC). In contrast, the synthetic crystals do not contain
dvanced Functional Materials, 2026
ACC and the amino acids are distributed as individual molecules
throughout the crystal lattice [23].

Crystals were grown at [Ca2+] = 1.25–10 mm and [amino acids]
= 10–50 mm, and incorporated up to 1.2 mol% Asp and 1.9 mol%
Gly (Figure S7). Cross-sectional FIB-SEM images showed that all
annealed crystals were highly porous. There was a broad range of
pore sizes and shapes, and some pores were faceted (Figures 4a
and 5a; Figures S8 and S9). Annealed calcite-Asp crystals grown
at [Ca2+] = 1.25 mm possessed low pore densities (2–4 µm−2)
(Figure 4a,b), while samples prepared at [Ca2+]= 5mm and [Asp]
= 50 mm had values of 13 µm−2. Further increase of [Ca2+] to
10 mm then reduced the pore density. This is attributed to greater
incorporation of Asp, which creates a higher number of pores
during the initial annealing, but their close proximity causes them
to coalesce as heating continues.

FIB-SEM tomograms of the annealed calcite-Asp crystals pre-
pared at [Ca2+]= 10mm, [Asp]= 10mmagain confirmed uniform
porosity (Figure 4b,c; Movie S2). For the annealed calcite-Gly
crystals, the pore density generally increasedwith both [Ca2+] and
[Gly] in the regimes [Ca2+]= 1.25–10mmand [Gly]= 100–200mm
(Figure 5b). One exception was crystals formed with [Ca2+] =
10 mm and [Gly] = 200 mm, which had lower pore densities
than those formed at [Ca2+] = 10 mm and [Gly] = 100 mm. The
maximum area occupied by the pores for calcite-Asp and calcite-
Gly samples prepared using the standard heating protocol was
5 of 13
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FIGURE 4 Porosity and optical properties of annealed Calcite-Asp crystals. (a) FIB-SEM cross-section of a calcite-Asp crystal preparedwith [Ca2+]
= 1.25 mm and [Asp] = 10 mm. (b) Variation of pore density with [Asp] and [Ca2+]. (c,d) Reconstructed 3D FIB-SEM tomograms of annealed calcite-Asp
crystals prepared at [Ca2+] = 10 mm and [Asp] = 10 mm), where (c) shows the external crystal and (d) shows the internal porosity (see Movie S2 for the
full FIB-SEM tomogram). (e) Reflectance spectra of annealed calcite-Asp crystals prepared at different [Ca2+] and [Asp] and (f) integrated reflectance
as a function of crystal thickness and compared with the simulated industry standard (shaded region).
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0% for samples prepared at [Ca2+] = 5 mm and [Asp] = 20 mm
nd 13% for those prepared at [Ca2+]= 10mmand [Gly]= 100mm.

.4.2 Influence of Annealing Conditions

nsight into the ability to control the porosity and thus the optical
roperties of the crystals by varying the annealing conditions was
ained by studying calcite-Asp crystals formed at [Ca2+] = 10 mm
nd [Asp] = 10 mm. The influence of the annealing temperature
as explored by heating samples to target temperatures of 300◦C–
00◦C at 5◦C min−1 and annealing for 30 min. The upper limit of
00◦Cwas selected to avoid decomposition of calcite into calcium
xide, which occurs at temperatures >600◦C, as confirmed
y thermogravimetric analysis (TGA) (Figure S10). The pore
ensities increased substantially between 300◦C (0.5 µm−2) and
00◦C (1.3 µm−2) and uniform porosity of≈1.5 µm−2 was achieved
fter annealing at 500◦C. Pore areas increased from 1% to 5% to
of 13
12% at 300◦C, 400◦C and 500◦C respectively, showing that pore
formation primarily occurs by 400◦C (Figure 6a,b).

The annealing times and heating rates also affected the porosity,
where the pore density decreased from 1.6 to 1.2 µm−2 and
the pore area fraction increased from 14% to 22% on extending
the annealing time from 30 min to 8 h at 500◦C (Figure 6c;
Figure S11). This is consistent with a combination of pore growth
and coalescence occurring at 500◦C. An increase in the heating
rate from 1◦C to 10◦C min−1 to a target temperature of 500◦C
resulted in an increase in the pore density from 1.2 to 2.2 µm−2,
with little change in the pore area (Figure 6d). With new pores
primarily occurring by 400◦C, this behaviour is consistent with
the formation of a similar number of pores across all heating
rates. However, the longer annealing times experienced by crys-
tals annealed at lower rates enables existing pores to coalesce,
reducing the pore density but maintaining a constant pore
area.
Advanced Functional Materials, 2026
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FIGURE 5 Porosity and optical properties of annealed Calcite-Gly crystals. (a) FIB-SEM cross-sections of a calcite-Gly crystal prepared at [Gly] =
100 mm and [Ca2+] = 10 mm. (b) Variation of areal pore density with [Gly] and [Ca2+]. (c) Reflectance spectra of annealed calcite-Gly crystals prepared
at different [Ca2+] and [Gly] and (d) integrated reflectance as a function of crystal thickness and compared with the simulated industry standard (shaded
region).
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.4.3 Optical Properties

ll of the calcite-Asp (Figure 4e) and calcite-Gly (Figure 5c)
rystals annealed under standard conditions exhibited superior
eflectance to annealed pure calcite and the vast majority dis-
layed excellent broadband reflectance. Analysis of the optical
erformance of annealed calcite-Asp crystals as a function of
hickness showed that many exceeded the simulated industry
tandard (Figure 4f). After taking the crystal thickness into
ccount, the annealed calcite-Gly crystals performed somewhat
ess well than the annealed calcite-Asp crystals. However, some
rystals prepared at [Gly] = 200 mm fell just below the simulated
ndustry standard, suggesting that the performance could be
urther optimised by varying the crystallisation and annealing
onditions (Figure 5d).

.5 Mechanism of Pore Formation

hat removal of the additives occluded within the individual
rystals is achieved while retaining their single crystal character
s surprising, where cracking could be expected as water and
rganic residues are released during annealing. The mechanism
nderlying pore formation was therefore investigated in detail,
ocusing on calcite-Asp crystals.

ransmission electron microscopy (TEM) was used to study pore
ormation in situ, where an 80 nm thick lamella of a calcite-Asp
rystal grown at [Ca2+]= 10mm and [Asp]= 10mmwas prepared
y FIB lift-out andwas imagedwhile heating at 5◦Cmin−1 (Figure
12; Movie S3). 3–5 nm spherical pores were observed to form
etween 150◦C–200◦C and are visible as lighter regions in the
dvanced Functional Materials, 2026
bright field TEM images. These did not move or visibly grow
when heating was continued to 500◦C (Figure S13). Markedly
different behaviour was observed in thicker (≈200 nm) regions
of the lamella lying close to its perimeter. This area contained
pores that were ≈25 nm in diameter and delineated by clear
facets, giving the square-like cross-sections seen in the FIB-SEM
images.

The formation of these geometric pores was further explored by
heating a stepped lamella with larger thicknesses ranging from
750–990 nm (Figure 7; Figure S14). The onset of pore formation
occurred at a higher temperature than in the 80 nm lamella,
where 5 nm spherical pores became visible at 300◦C (Movie S4).
A range of behaviours were observed, where the pores in the
stepped lamella were observed to (i) migrate through the lattice
and coalesce during heating, before ultimately reaching fixed
positions at 400◦C, and (ii) growing without coalescence.

As aspartic acid and glycine decompose at ≈250◦C under inert
atmospheres [55], the formation of pores at 150◦C cannot be due
to the degradation of the organic molecules and is attributed
instead to water molecules that are occluded together with the
amino acids (ie. the individual amino acid molecules do not fully
dehydrate during occlusion). This was confirmed using 1H solid
state NMR (SS-NMR), where crystals precipitated at [Ca2+] =
10 mm and [Asp] = 50 mm or [Gly] = 400 mm were analysed
after heating to 100◦C to remove water molecules bound to the
surfaces of the crystals (Figure S15). Broad peaks are observed at
about 5.2 ppm for both samples after heating to 100◦C,which arise
from low-mobility water molecules. This is consistent with water
entrapped within the crystal lattice. The asymmetric shape of
this peak for the calcite-Gly sample is attributed to some residual
7 of 13
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FIGURE 6 Influence of heating parameters on the porosity of Calcite-Asp crystals prepared at [Asp]= 10 mm and [Ca2+]= 10 mm. (a–d) FIB-SEM
cross-sections of Calcite-Asp crystals heated at 5◦C min−1 and held at the indicated target temperatures for 30 min. (e) Corresponding pore properties
of Calcite-Asp crystals, showing the effect of (i) annealing temperature, (ii) annealing time, and (iii) annealing rate. The blue bars show the areal pore
density in µm−2 (number of pores per µm2 of crystal) and the green bars show the pore area fraction in % (percentage of the crystal cross section area
occupied by pores).
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rea
urface-bound water on the crystals, which gives rise to a sharper
eak at a lower chemical shift.

ore extensive pore formation then occurs above ≈230◦C, when
he occluded amino acids degrade and release further water
olecules [55]. SS-NMR was again used to monitor the changes
n the water environment when the crystals were heated to
00◦Cand 500◦C. The band corresponding to the entrappedwater
olecules becomes sharper and shifts to a higher chemical shift
fter heating the crystals to 300◦C. This indicates that the water
olecule aremoremobile, which is consistentwith them residing
ithin pores rather than the crystal lattice. All water is lost after
eating to 500◦C, and the SS-NMR spectrum shows only peaks
rising from the decomposition of the amino acids.

Discussion

alcium carbonate is used in enormous quantities in industrial
pplications such as fillers and coatings due to its low toxicity
nd cost, its abundance, and ease of synthesis [56]. Control over
article size and shape is essential to many of these applications
57]. For example, smaller, more uniform particles enhance light
of 13
scattering and thus improve the brightness and opacity of paper
and paints, while specific shapes can enhance gloss, uniformity,
and processability, making it necessary to precipitate crystals
de novo rather than using ground calcium carbonate for many
applications [56, 58, 59]. Calcium carbonate is also often selected
for its white appearance, where the average refractive index of
n590 nm = 1.658 [60], is larger than most polymers. However,
this value is still considerably lower than that of titania (anatase
n = 2.55 [61], rutile n = 2.7 [62]). Therefore, if calcium
carbonate crystals or comparable minerals are to be considered
as alternatives to titania, their size, shape, and internal structure
must be controlled to enhance their ability to exhibit effective,
broadband scattering. Although it is straightforward to achieve
multiple scattering in particles larger than a few millimetres, it is
typically highly challenging in particles tens of microns or less in
size—the length scale most relevant to coatings and fillers [63].

The methodology presented here generates macroporous inor-
ganic particles with unique structures, where they are single
crystals with uniform sizes (10–20 µm) and well-defined external
shapes. The macroporosity falls in the difficult–to–access sub-
micron regime, and as single crystals with closed-cell porosity,
they are completely impermeable and can be immersed in any
Advanced Functional Materials, 2026
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FIGURE 7 TEM bright field images recorded while heating lamella. The lamella contains 3 steps of thickness 990, 750, 930 nm from left to right in
(a) and (b) (see also Figure S14). (a) The lamella at room temperature, (b) the lamella at 500◦C, and (c) magnified areas 1–3 (indicated by boxed regions in
(a) and (b)) during heating at 350◦C, 370◦C, 500◦C. These highlight pore movement, coalescence (arrows) and growth, with area 1 ultimately displaying
a faceted pore (see box). Scale bars = 100 nm. These data are also shown in Movies S4 and S5.
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edium without infiltration of the external fluid into the pores.
hismeans that the pores are not compromised during dispersion
n liquid media, milling, or compounding, making the system
xtremely robust. The sizes and shapes of the crystals can
lso be defined at the point of synthesis using well-established
ethods such as varying the supersaturation and temperature,
nd through the addition of crystal growth additives. While a full
ife-cycle assessment (LCA) comparing annealed porous calcite
ith TiO2 or simple calcite nanoparticle pigment production
ould be needed to quantify the net sustainability benefit of our
pproach, the improved scattering efficiency of our developed
aterial is expected to reduce the total material consumption.

t is interesting to compare the crystal structures generated
sing the three contrasting additives. The use of PS spheres as
acrificial templates yielded a uniformpopulation of pores closely
atching the size of the original spheres, while occlusion of
olymer vesicles resulted in awide range of pore sizes and shapes.
urprisingly, encapsulation of amino acids also gave extensive
orosity, despite their significantly lower levels of occlusion.
nvestigation of the mechanism of pore formation highlighted
he role of water co-entrapped within the crystal. Significant
mounts of water are entrapped within the vesicles, which facil-
tates recrystallisation during annealing, and the development
f irregular pore shapes. Water is also key to pore development
n the calcite/ amino acid system, where co-occluded water
olecules enable pore formation at temperatures well below the
ecomposition threshold of the amino acids.
dvanced Functional Materials, 2026
After small pores have formed, the system can reduce its energy
through growth of the pores, either via pore coalescence or an
Ostwald ripening mechanism in which larger pores grow at the
expense of smaller ones, reducing the entire surface area/ volume
ratio of pores in the crystal. These processes are driven by ion
migration, with surface diffusion at the pore/crystal boundaries
occurring at lower temperatures than diffusion through the bulk
of the crystal. Surface diffusion is expected to dominate once suf-
ficient micropores have formed to exceed a percolation threshold
[52]. The same energetic driving force also drives “healing” of
the crystal structure after water and decomposition products are
released, where the optical properties of themacroporous crystals
demonstrate that the pores are air-filled.

Comparable mechanisms have also been observed during the
annealing of sea urchin skeletal elements, where these biomin-
erals behave as calcite single crystals and develop porosity on
heating [54]. However, in contrast to the synthetic crystals gen-
erated here, they contain amorphous calcium carbonate (ACC)
and proteins [54]. Small angle x-ray scattering (SAXS) showed
that pores first formed around 170◦C in sea urchin spines, where
this was principally attributed to the release of water during
ACC crystallisation. The pores increased in number and size as
the temperature was increased to 450◦C and the decomposition
of organics dominated, and pore coarsening occurred via an
Ostwald ripening mechanism. That our synthetic composite
crystals also develop porosity demonstrates that occluded ACC is
not a prerequisite to pore formation.
9 of 13
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rea
ost previous work synthesising porous calcium carbonate has
elivered mesoporous particles. Mesoporosity often accompanies
he formation of vaterite particles, where these are almost exclu-
ively polycrystalline [64–67]. However, as a kinetic polymorph,
hey are also inherently unstable in solution and transform to
he more stable calcite or aragonite polymorphs [65]. A number
f alternative strategies such as transforming assemblies of ACC
anoparticles have also been explored [68, 69]. Considering
acroporous particles, hollow CaCO3 shells have been formed
y the templating of gas bubbles [70], and precipitation in the
resence of polymer/ surfactantmixtures [71–74]. However, while
hese fall in the required size regime to act as effective scatterers
75], they are often fragile and invariably permeable.

inally, it is useful to consider our strategy in light of the
ethods used to synthesise macroporous ceramics [1, 4, 14,
6]. Many of these are also based on templating approaches
77], where direct foaming creates macroporous structures by
ntroducing gas bubbles into a ceramic slurry, while replica
ethods typically coat a polymer foam with a ceramic slurry
nd subsequent annealing removes the polymer to generate a
eramic with a structure resembling the original foam [4]. Gel-
asting is a related process where organic gelling agents are
sed to template the porous ceramic. The approach most closely
elated to the strategy developed here is sacrificial templating,
n which pore-forming organic or polymeric substances such as
tarch or polymer beads are combined with ceramic powders,
efore annealing to eliminate the organics and generate porosity
78]. This offers a simple, adaptable means of controlling pore
tructure that is capable of generating both open and closed
ores. These techniques differ in scalability and deliver products
ith varying porosity, pore structure, and mechanical strength.
otably, while most can be shaped into monoliths of the desired
ize and shape, as required for many applications, none can
enerate macroporous particles with well-defined sizes and
hapes.

Conclusions

his work demonstrates a straightforward strategy that can
ransform single crystals into unique macroporous single crystals
ith defined external sizes and shapes. Using calcium carbonate
s a model system, PS spheres, vesicles, and amino acids were
ntrapped within calcite crystals using a simple one-pot method,
nd closed-cell macroporosity was created by annealing. The low
ost and ease of scale-up makes the occlusion of amino acids
articularly attractive, where pore formation can be attributed
o water co-entrapped with the amino acids. We then demon-
trate an application of these macroporous crystals as whitening
gents. Materials such as BaSO4, CaCO3 and kaolinite offer
nvironmentally-friendly alternatives to titania, but their lower
efractive indices render them inferior in terms of opacity and
rightness [37]. By introducing sub-micron macroporosity into
alcite single crystals, which enables the multiple scattering of
ight, we create crystals whose optical properties remain invariant
hen dispersed in different carrier fluids, and the uniformity in
ize and shape optimises properties such as opacity and gloss.
ith the ability to control the porosity and the size and shape of

he crystals, and to extend the strategy to alternative crystalline
aterials, many of which have already been shown to occlude
0 of 13
additives [27, 31, 79–81], this approach offers a powerful new
means of synthesising macroporous crystals.
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