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The first use of diatom frustules as shape-dictating 3-D

templates for the syntheses of nanostructured, nanocrystalline

micro-particles of a non-oxide ceramic, boron nitride, is

demonstrated.

The fabrication of advanced nanocrystalline materials with well-

defined and controllable micro- and nanoscale features has been of

interest for chemical, catalytic, electronic, optical, medical, and

environmental applications.1 While top-down (litho-graphy

based)2 and bottom-up (self-assembly)3 microfabrication

approaches have proven useful for fabricating two-dimensional

(2-D) structures and devices, there is still a need for low-cost

methods of mass producing complex micro-to-nanoscale structures

with a variety of 3-D morphologies and with high degrees of

precision, reproducibility, and chemical tailorability. Nature

provides numerous examples of fine, intricate 3-D inorganic

structures reproduced with high fidelity and in large numbers by

micro-organisms.4 For example, diatoms (unicellular algae) form

silica microshells (frustules) with complex, nanostructured 3-D

shapes that are faithfully replicated upon cellular reproduction.5

However, the SiO2 frustule chemistry has limited the use of these

bioclastic structures. Several approaches for altering the diatom

frustule chemistry, while preserving the 3-D frustule shapes, have

been reported in recent years. Gas/silica displacement reactions6

have generated 3-D frustule replicas of non-silica-based oxides

(e.g., MgO, TiO2, and ZrO2). Hydrothermal reactions have been

used to convert frustules into silicates and non-silicates (e.g.,

BaTiO3).
7 Wet chemical coating or impregnation methods, with or

without dissolution of the underlying silica frustules, have yielded

replicas comprised fully or partially of silicates (e.g., Zn2SiO4),

other oxides (e.g., ZrO2, BaTiO3), polymers, carbon, or metals.8

Boron nitride is an important technological material with an

attractive set of properties,9 including high thermal conductivity,

low electrical conductivity, a low dielectric constant, excellent

thermal stability, and resistance to corrosion and oxidation

(relative to carbon) for chemical, electrical, structural, and thermal

applications (e.g., thermally-conductive fillers in composites,

combustion catalyst supports, selective gas adsorbents, corro-

sion-resistant materials, and electrical insulators).10 While boron

nitride meso- and microparticles with spherical11 or irregular10b

shapes have been produced by several methods, the synthesis of

nanostructured microparticles of boron nitride (or other non-oxide

ceramic particles) in intricate, uniform, and controllably variable

3-D shapes has not been demonstrated.

Owing to its solubility, low-temperature decomposition, high

ceramic (84–93%) and chemical (89–99%) yields, and an efficient

two-dimensional cross-linking ceramic conversion process

(Scheme 1), polyborazylene12 is an attractive chemical precursor

for synthesizing turbostratic BN. Prior work has shown that

conformal coatings of polyborazylene may be synthesized on

nano-porous alumina and silica bead templates. Subsequent

firing and selective template removal then yielded micro-to-

nanoscale boron nitride fibers, cylinders, and porous materials.13

Unfortunately, synthetic templates with a diverse, but controlled

range of complex 3-D morphologies and nanoscale features that

can be reproduced precisely, on a large scale, and at low cost are

not widely available. However, the frustules of diatoms may be

utilized as microscale nanostructured templates with intricate

and replicable shapes. Each diatom species forms a frustule with

a particular 3-D shape and with precise patterns of fine features

(e.g. nanoscale pores, channels, and protuberances).5 The tens of

thousands of extant diatom species provide a rich variety of

template morphologies.5 Sustained reproduction of a given

diatom species can yield enormous numbers of daughter diatoms

with frustules of identical shape (e.g. 40 sustained reproduction

cycles can yield 240, or more than 1 trillion, frustule replicas from

a parent diatom).14 We show here, for the first time, that the

polyborazylene precursor can be used to synthesize conformal

coatings of boron nitride on diatom frustules. Subsequent

dissolution of the underlying frustules then yield freestanding
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Scheme 1 Schematic illustration of the conversion of the polyborazylene

precursor into boron nitride

COMMUNICATION www.rsc.org/chemcomm | ChemComm

This journal is � The Royal Society of Chemistry 2007 Chem. Commun., 2007, 1177–1179 | 1177



boron nitride particles with micro- and nano-scale features

inherited from the starting frustule templates.

Representative secondary electron (SE) images of silica-based

frustules of the Aulacoseira diatom used in this work are shown

in Fig. 1(a) and (b). Aulacoseira frustules are cylindrical in shape,

with rows of fine pores (several hundred nm in diameter) and

narrow V-shaped channels present on the cylinder sidewalls.

Each complete frustule was comprised of two cylindrical half-

frustules joined end-to-end. The complete frustules werey15 mm

in length and y10–12 mm in diameter. A SE image of a frustule

after ion milling (Fig. 1(b)) revealed the surface morphology of

the inner walls. The rows of fine pores detected on the outside

frustule surface can be seen to penetrate through the thickness of

the frustule wall.

Boron nitride microparticles with morphologies derived from

Aulacoseira frustules were generated by: (i) vacuum filtering a

dilute solution of polyborazylene in glyme through the frustule

templates, (ii) pyrolysis of the coated frustules at 1250 uC, and (iii)

dissolution of the underlying silica in a 48% HF solution.{ Fig. 1(c)

shows a representative SE image of a conformal boron nitride

coating on an Aulacoseira frustule (prior to etching). Silica

dissolution yielded freestanding boron nitride microparticles

(Fig. 1(d) and (e)) that are negative replicas of the inside structure

of the starting frustules. Consistent with the dimensions of the

starting half frustules, the inverse replicas were 6 mm in length and

y8–10 mm in diameter. The rows of protrusions, with fine features

between 100–200 nm, as indicated by arrows in Fig. 1(d) and 1(e),

corresponded to infiltrated pores in the frustule templates that

were converted into boron nitride. The boron nitride micropar-

ticles thus possessed surface features that were negative replicas of

features of the starting frustules. A SE image of an ion-milled

section of a boron nitride microparticle is shown in Fig. 1(f). The

microparticles retained the hollow, thin-walled morphology of the

starting frustules.

The boron nitride microparticles were evaluated with X-ray

diffraction (XRD), diffuse-reflectance infrared Fourier-transform

(DRIFT), energy-dispersive X-ray (EDX), and high-resolution

transmission electron microscope (HRTEM) analyses. XRD

analysis (Fig. 2(a)) revealed diffraction peaks characteristic15 of

turbostratic BN. Scherrer analyses of these peaks yielded an

average crystallite size of y5 nm. HRTEM analysis (Fig. 2(b)) of

an ion-milled cross-section revealed lattice fringes (y0.33 nm

spacing) indicative of turbostratic boron nitride.15 The DRIFT

spectrum exhibited a broad B–N stretch at y1460 cm21 and a B–

N–B bending vibration at y800 cm21. EDX analysis revealed

characteristic peaks for boron (0.18 keV) and nitrogen (0.39 keV).

The unique hollow interior, and the nanometer-scaled channels

on the walls of the boron nitride microparticles, can be useful for a

number of applications, such as in the formation of ceramic or

polymermatrixcomposites.SiC/BNcomposites16 have beenshown

toexhibitenhancedmechanicalproperties(e.g., increasedtoughness

due to crack deflection), increased thermal conductivity, and

improved corrosion resistance. To demonstrate the feasibility of

preparing a composite comprised of boron nitride frustule replicas

within a SiC matrix, a mixture of 20 wt% boron nitride frustule

replicas inneatallylhydridopolycarbosilane(AHPCS,17aprecursor

to SiC) was prepared.{The AHPCS filled the interiors of the hollow

BN microcylinders, which remained dispersed in the AHPCS.

The mixture was then fired at 1450 uC and the resulting

composite was characterized by SEM, DRIFT, XRD and EDX.

SE images (Fig. 3(a)) revealed cylindrical boron nitride particles, as

indicated by the arrows, dispersed in the silicon carbide matrix

composite. A backscattered electron (BSE) image of a section of

the composite (Fig. 3(b)) indicated that the fine structural features

of the boron nitride microparticles were also retained in the

Fig. 1 SE images of: (a) a cylindrical Aulacoseira frustule; (b) an ion-

milled section of the frustule revealing the inner wall morphology; (c) the

frustule with a boron nitride coating; (d) and (e) free-standing boron

nitride microparticles obtained as negative replicas after etching with 48%

HF; and (f) an ion-milled section of the boron nitride microparticle.

Fig. 2 (a) XRD and (b) HRTEM analyses of BN replicas synthesized by

coating with polyborazylene, firing at 1250 uC, and dissolution of the

silica.
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composite. The XRD, EDX, and DRIFT spectra exhibited

characteristic peaks for b-SiC and BN.

In summary, nanostructured, nanocrystalline boron nitride

microparticles with diatom frustule-derived 3-D morphologies

have been synthesized for the first time. These negative replicas

inherited the hollow cylindrical shape and fine surface features of

the starting frustules. This conformal coating methodology may

now enable the large scale, reproducible syntheses of nanostruc-

tured non-oxide ceramic microparticles with well-controlled 3-D

morphologies for use as reinforcements in advanced ceramic– or

polymer–matrix composites.
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atmosphere for y2 h, the solution was removed by vacuum filtration and
the coated frustules were dried overnight under high vacuum. The frustules
were transferred, under an inert atmosphere, into a boron nitride boat and
placed in a tube furnace flushed with high purity argon. The sample was
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