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Biotemplating of Metal Carbide Microstructures: The Magnetic Leaf**
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Biological microstructures display an unparalleled degree of
complexity that has long been a source of inspiration for both
artists and scientists.] In the burgeoning field of materials
synthesis, these fascinating structures have been employed as
templates to create exquisite replicas from a variety of metal
oxides” and noble metals.®! But these are not merely
curiosities. By incorporating features of the biological struc-
ture, such as porosity, high surface area, or even cellular
function,¥! the properties of the ceramic can be modified or
enhanced. Remarkably, although biotemplating techniques
are well-established in oxide synthesis, there are few corre-
sponding routes to metal carbide materials. Previous work,
pioneered by Greil etal.,’! has focused primarily on the
creation of SiC ceramics from precarbonized biological
structures and liquid or gaseous silicon. Herein, we present
a significant advance on these methods. Using aqueous iron
salts, we demonstrate the one-step synthesis of intricate,
hierarchical microstructures of magnetic iron carbide (Fe;C)
from a leaf skeleton. We also demonstrate the homogeneity of
this conducting Fe;C network by using the leaves as electro-
des for water splitting and electrodeposition of platinum.

Metal carbides offer a range of unique properties that are
not available to their oxide counterparts.’! As such, they have
found applications as diverse as hard coatings,” medical
implants,® and catalysis.”) Tron carbide in particular is more
magnetic than iron oxide,"”! chemically resistant, and owing
to the fact that it is a metallic conductor, a favorable choice
for electrode applications. However, the synthesis of carbide
materials can offer numerous challenges and so synthesis
routes often involve multiple steps, decomposition of a
complex starting material,"!! or synthesis temperatures
above 1000°C.'” Furthermore, there are few reported
routes for controlling the morphology or microstructure of
metal carbides compared to the array of methods available for
oxide synthesis.

The structural network of veins of a leaf contains bundles
of vessels and fibers that are responsible for mechanical
strength and also the distribution of water and nutrients to the
photosynthetic cells. These vascular bundles are particularly
well-suited as a biotemplate for ceramic synthesis because
they are rich in lignin.™®! This complex and abundant
biopolymer is resistant to degradation and, as a composite
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with cellulose, provides vascular plants with mechanical
strength. The softer tissue surrounding the vessels in leaves
can be digested quite easily, leaving the lignin-rich skeleton
behind. In this method, the leaf skeleton acts as both a
template and a carbon source for formation of the iron or iron
carbide material by carbothermal reduction of iron(II)
precursors. These networks could find applications as light-
weight magnetic materials or electrodes, but more impor-
tantly, this method offers a general new route to multiple
metal carbide microstructures with improved transport path-
ways. To be more specific, a leaf is an evolutionarily optimized
structure with respect to lightweight design for mechanical
stability, offering a maximal transport from and to an area
through a hierarchical tubing system. In the present context, it
does not matter if these are metabolites or electrons.

To prepare magnetic microstructures, leaf skeletons were
vacuum infilled with aqueous iron acetate, blotted to remove
excess liquid, and dried at 40°C in air. On heating to 700°C
under nitrogen, the leaf skeleton turned black but retained
the complete network-like structure. The resulting leaf replica
was strongly attracted to a permanent magnet (Figure 1a).
Powder X-ray diffraction (pXRD) confirmed the presence of
iron carbide (Fe;C) as a primary crystalline phase in the
sample (Figure 1b), with additional peaks corresponding to
metallic iron and graphite. Preliminary investigations of the
system suggested that the crystalline composition of the
product depended on reaction temperature and time, and also
on the precursor. For example, holding the sample for a
longer time at the maximum reaction temperature resulted in
an increased Fe:Fe;C peak ratio in the XRD (Supporting
Information, Figure S1). This observation is consistent with
previous reports of the decomposition of Fe;C to Fe on
sustained heating. Furthermore, changing the iron precursor
from Fe(CH;CO,), to Fe(NO;); lead to the formation of
almost phase-pure iron (Supporting Information, Figure S2).

Scanning electron microscopy (SEM) images revealed
that the vascular microstructure of the original leaf had been
replicated with remarkable accuracy. Figure 2 shows bundles
of tubular structures characteristic of xylem, the water
transport vessels of plants. In fact, multiple cellular structures,
including helical, pitted, and scalariform xylem could be
identified. Higher-resolution SEM images of the sample
suggested a uniform granular structure both on surfaces and
fractured cross-sections (Figure 2¢).

Preparation of the magnetic leaves in an inert atmosphere
provides an environment in which the lignocellulose structure
of the original biological template is carbonised, releasing CO
and/or CO,. In previous reports of metal carbide biotemplat-
ing, this is carried out as a distinct step, the resulting carbon
structure then in-filled with for example liquid or gaseous
silicon or silicon precursors.[”] Here, however, we used an
aqueous metal salt to create an even coating of the metal
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Figure 1. a) Magnetic replica of a rubber fig (Ficus elastica) leaf
attracted by a permanent magnet; b) powder X-ray diffraction pattern
of leaves synthesized from Fe(CH;CO,),, showing peaks for Fe;C (e,
ICDD 04-010-7474), Fe (¥, ICDD 04-008-1441), and graphite (x, ICDD
01-075-1621).

precursor over the original biological template. On heating,
the metal and biological precursors simultaneously decom-
pose, producing a series of intermediate iron compounds,
including Fe;O, (Figure 2f). The carbon-rich decomposed
leaf skeleton then induces carbothermal reduction of the iron
intermediates. In this way, we believe it is possible to form a
uniform Fe;C phase over the entire leaf network.

Fe;C is exceptional in that it displays high magnetic
saturation, stability, and metallic conductivity. By investigat-
ing the electrode properties of the leaf, we were therefore
able to determine the distribution of metallic Fe;C over the
structure. Carbide leaves were connected at the base to
copper wires using electrical solder. This “chimera” was then
dipped in an aqueous Na,SO, solution containing phenol-
phthalein for water electrolysis (Supporting Information,
Figure S3). Bubbles formed at both the anodic leaf and the
platinum cathode and the solution around the cathode turned
deep purple, indicating rise in pH (Figure 3 a,b). This result is
consistent with electrolytic water splitting, with production of
hydrogen at the cathode and simultaneous release of OH™
ions (2H,0+2e~ —H,+20H"). The solution around the
leaf anode remained colorless, indicating a lower pH,
consistent with the release of oxygen and concurrent for-
mation of H" ions (2H,0 —O,+4H"+4e"). It should be
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Figure 2. SEM images of the magnetic sacred fig (Ficus religiosa) leaf
replica, showing a) helical, b,d,e) scalariform, and c) pitted structures
characteristic of xylem vessels. f) Powder X-ray diffraction pattern of
the structure quenched at 500°C, with marked peaks corresponding to
Fe;O, (ICDD 2010, 04-011-5952). The unmarked peaks did not match
any patterns on the ICDD database and probably correspond to a
complex mixture of iron intermediate compounds resulting from
decomposition of the leaf biopolymers in the presence of iron.
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Figure 3. a) Image of the electrolysis experiment, showing bubbles
forming around both electrodes; b) a close-up of the leaf anode. The
purple color in (a) is phenolphthalein and indicates the release of
hydroxide ions concurrent with the formation of hydrogen at the
platinum cathode. The lack of color around the leaf anode is
consistent with the formation of oxygen and a drop in pH. c) An SEM
image of a leaf vessel, showing a layer of electrodeposited platinum;
d) powder X-ray diffraction pattern of the sample in (c) with marked
peaks corresponding to platinum.
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underscored that the production of oxygen often passivates or
destroys all non-noble nanostructured anodes, whereas
oxygen production from the Fe;C leaf was sustained for
1 hour without visibly slowing. The appearance of the
electrode was unchanged (Supporting Information, Fig-
ure S4).

In a second set of experiments, the lower half of the leaf
was then immersed in a K,[PtCl,] solution containing a
platinum counter-electrode and a voltage applied across the
cell. The immersed section of the leaf turned a light grey color
and bubbles were formed at the platinum anode, suggesting
electrodeposition of platinum on the leaf cathode. SEM of the
samples showed a homogeneous layer over the entire
immersed leaf section (Figure 3¢), which increased in thick-
ness when a higher concentration of K,[PtCl,] was used for
electrodeposition (Supporting Information, Figure S5a,b).
Control samples, dipped in K,[PtCl,] solution for the same
time without an applied voltage, showed a thinner and
considerably less homogeneous coating, consistent with
autoreduction of platinum (Supporting Information, Fig-
ure S5c,d). PXRD of a powdered sample of electroplated
leaf showed large, broad peaks that are characteristic of
platinum, giving an approximate particle diameter, by the
Scherrer equation, of 4 nm (Figure 3 d). Transmission electron
microscopy (TEM) showed clusters of nanoparticles (ca.
5 nm), with energy dispersive X-ray analysis (EDXA) con-
firming peaks for platinum (Supporting Information, Fig-
ure S6). Importantly, these data are consistent with a homo-
geneous conducting Fe;C phase over the whole leaf network.

In summary, we have prepared iron carbide replicas of a
leaf skeleton. By dispersing the iron precursor in solution
form over the template, the microstructure of the leaf veins
has been replicated with remarkable accuracy. Significantly,
the full structure of the leaf was intact after the heating
procedure. By demonstrating the use of these materials as
electrodes for water splitting and the electrodeposition of
platinum, we showed that a homogeneous coating of Fe;C has
been achieved over the whole structure. The importance of
magnetic leaf replicas lies not just in their intrinsic beauty and
as a proof-of-principle, but as a general procedure for
biological templating of metal carbide materials. This
method has great promise for the simple synthesis of a
variety of microstructured objects for catalytic and electro-
chemical purposes.

Experimental Section

An iron(IT) acetate precursor solution was prepared by dissolving
Fe(CH;CO,), (10% by weight) in deionized water. Similarly, an
aqueous iron(IIl) nitrate (Fe(NOs);, 50% by weight) precursor
solution was prepared. Leaf skeletons prepared from leaves of the
rubber fig (Ficus elastica) and sacred fig (Ficus religiosa) were soaked
in the iron precursor solutions under vacuum until all bubbling had

ceased. The leaves were then drained, blotted to remove excess liquid,
and dried in air at 40°C. Samples were calcined under a flow of
nitrogen at 2°C/min to 700°C and cooled to room temperature.
Electrodes were prepared by fixing ceramic leaves to sections of
copper wire with electrical solder. For electrolysis of water, a solution
of Na,SO, (0.5% by weight) was prepared containing a few drops of
phenolphthalein pH indicator solution. The leaf electrode was
connected to a circuit as the anode with a platinum cathode. Both
electrodes were dipped into the Na,SO, solution, and a potential of
5V was applied across the cell. For platinum deposition, the electrode
was connected as the cathode to a cell with a platinum counter-
electrode and Ag| AgCl | KCl reference electrode. The cell was filled
with K,[PtCl,] solution (1 mM or 5 mMm) so that the lower half of the
ceramic leaf was in contact with the solution. A voltage of 200 mV was
applied for 600 s before the leaf was removed, washed three times
with deionized water, and dried at 40°C.
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