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Pyrolysis

Two-dimensional carbon nanostructures, including carbon
nanoflakes that are formed from the disassembly of carbon
foams and carbon-metal composites, were directly synthe-
sized using the stem pith of the rice-paper plant (SPRP) as
the carbon precursor and also the synthesis template. SPRP
has a foamlike porous structure. SPRP was pyrolyzed to pre-
pare carbon foam with ultralow apparent density, and this
foam was ruptured to produce carbon nanoflakes with a lat-
eral size up to hundreds of micrometers and a thickness of
approximately 100 nm. Palladium and platinum were added
to the SPRP foams by wet impregnation, and the impreg-

nated foams were subsequently converted into composites
of metal nanoparticles and carbon in the form of foams or
nanoflakes. The composites were characterized using elec-
tron microscopy, energy-dispersive spectroscopy, X-ray dif-
fraction, and Raman spectroscopy. The metal nanoparticles
were found to be highly crystalline with diameters in the
range of several tens of nanometers (palladium) and several
nanometers (platinum), and were uniformly distributed
throughout the carbon nanoflakes. The amount of metal in
the composite was tunable by changing the impregnation
time and the concentration of the impregnation solution.

Introduction

Carbon-based materials have long been widely used in
industries and intensively studied in laboratories for various
purposes because of their superior thermal and chemical
stability, as well as their unique electronic properties. With
the recent discoveries of fullerene,!! carbon nanotubes,?
and graphene,Pl carbon-based materials with nanoscopic
features — for instance, nanoporous carbon and low-dimen-
sional carbon structures — have attracted ever-increasing
interest that arises from their additional properties unseen
in their bulk analogues.[*®l Carbon nanomaterials can be
obtained through different routes that can be simply classi-
fied into two categories: physical and chemical methods.
Chemical routes are advantageous over physical ones,
mainly in terms of cost efficiency and the possibility of
mass production.”®! In addition, mankind has a long his-
tory of carbonizing wood and other agricultural wastes for
the production of carbon products (e.g., charcoal and acti-
vated carbon), predominantly for use as fuels and absorb-
ents.[' 151 In recent years, biosourced carbon has expanded
its uses as gas-storage media,l'"!81 capacitors,!'”! and bat-
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tery-electrode materialsi?” for the sake of a low-cost and
stable supply of carbon precursors. On the other hand, as
many biomaterials possess regular, subtle architectures on
different scales from bulk down to the nanometer size, it is
well documented that, in using a large variety of biomateri-
als as templates,*!2 it is possible to produce inorganic
replica of their fine structures. Previously, we have success-
fully prepared titanium oxide replica from various biotem-
plates including cotton fibers,*” pollen grains,*”] and swim
bladders®® with the aid of supercritical carbon dioxide.
Similarly, it is highly attractive to discover suitable biomate-
rials as carbon precursors to fabricate carbon materials
with regular structures. We and others have reported some
works on the conversion of nano- and microstructured bio-
templates to carbon counterparts with corresponding fine
structures through the direct carbonization method.?*3!]
Biosourced carbons have superior advantages over fossil-
based carbon materials in some aspects. First, biosourcing
of carbon is usually low in cost and, more importantly, re-
newable, and therefore environmentally friendly. Second,
many biomaterials are mainly composed of cellulose and
semicellulose. They can be directly pyrolyzed to carbon in
inert environments without any pretreatment. Third, most
biomaterials have specific naturally endowed structural
features that can be transferred to the corresponding
carbon materials, and no template is needed as in the syn-
thetic approach. Last but not least, there is a large amount
of active groups — for instance, hydroxy, carbonyl, and
amino groups — in most kinds of biomaterials. These active
groups are able to bind metal ions and other chemical spe-
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cies through complexation and/or electrostatic interactions.
The metal-ion-bound biomaterials can further be converted
to composites of carbon and metals or metal oxides.

The first key point for the preparation of structured bi-
osourced carbon is to discover suitable biomaterials with
the desired structures. In the present work, we have investi-
gated the stem pith of the rice-paper plant (Medulla tetra-
panacis), which is denoted as SPRP below. SPRP has a
closed-cell foamlike architecture, and consequently an ultra-
low density. By using SPRP as the biotemplate and carbon
precursor simultaneously, we obtained two types of carbon
materials: carbon foams and carbon nanoflakes. Because of
their ultralow weight and applications as high-temperature
thermal insulators as well as highly thermally conductive
heat sinks, considerable efforts have recently been devoted
to carbon foams, but predominantly starting from fossil-
based precursors plus an additional foaming process.3>—37]
Carbon nanoflakes are expected to find applications as fil-
lers to improve the mechanical strength of materials and to
enhance their electrical and thermal conductivity. More-
over, since carbon-supported metal nanoparticles are widely
used as catalysts for organic synthesis and electrode materi-
als for fuel cells and lithium-ion batteries,*®3°! the major
efforts in the present work are dedicated to the incorpora-
tion of metal precursors including palladium and platinum
in biosourced carbon foams and nanoflakes for the prepa-
ration of metal-carbon composites.

Results and Discussion

Characterization of SPRP Fibers

We first used a FTIR spectrometer with an attenuated
total reflection (ATR) module to examine the chemical na-
ture of the SPRP fibers. As shown in Figure 1, evident
peaks at positions of 1239, 1434, and 1732 cm™! can be seen
clearly, which should be assigned to C-O bond vibration,
COO- symmetric stretching vibration, and the stretching
vibration of free C=0 groups, respectively.[*”] The peak
present at 3344 cm! is characteristic of -OH groups. There-
fore, we conclude that there are plenty of “active” species
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Figure 1. FTIR-ATR spectrum of pristine SPRP fibers.
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in the pristine SPRP fibers including carboxylic, hydroxy,
carbonyl groups, and so on, that have the capability of
strong complexation to bind metallic ions.

We then investigated the morphology and structure of
pristine SPRP fibers using scanning electron microcopy
(SEM). SPRP fibers are macroporous and possess a closed-
cell foamlike architecture, as can be observed under low-
magnification SEM. The size of the foam cells is around
100 pm in diameter and composed of thin flakes, as shown
in Figure 2 (a and b). Because of their highly porous struc-
ture, SPRP fibers are extremely light and have an apparent
density of approximately 0.08 gcm~>, and due to their rela-
tively hydrophobic nature, SPRP fibers can also remain
afloat on the surface of water for days.

50 pm

Figure 2. Cross-sectional SEM images of (a, b) pristine SPRP and
(¢, d) carbonized SPRP.

Carbon Foams and Carbon Nanoflakes

SPRP can be carbonized easily under the protection of
inert gas at high temperature. In the carbonization of natu-
ral cellular materials, complicated inter- and intramolecular
reactions including devolatilization, decomposition, cycliza-
tion, crosslinking, and so on take place, thereby resulting in
the loss of labile and low-molecular-weight components but
leaving the carbon-rich frameworks. The carbonized prod-
ucts maintain the original shape and profile of SPRP fibers,
as shown in Figure 3. There is a significant volume shrink-
age (ca. 80%), as well as a weight loss of also approximately
80%, thus indicating that carbonized SPRP preserves the
low density (ca. 0.08 gcm ) of the pristine SPRP. We fur-
ther examined the morphology of the carbonized SPRP
with SEM. As can be seen in Figure 2 (c and d), the foam-
like porous structure is also preserved well in the car-
bonized SPRP. When subjected to ultrasonication, most of
the cells of the ground carbon foams were broken into
pieces of fractured carbon flakes. The flakes are laterally
large with a size of tens of micrometers but extremely thin
with a thickness in the range 100-300 nm (Figure 4, a and
b). The carbon nanoflakes are homogeneous and non-
porous throughout their whole area, as revealed by TEM
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examinations (Figure 4, ¢ and d). The above analysis indi-
cates that the direct carbonization of SPRP is an effective
way for the fabrication of low-weight carbon foams, which
can be further disassembled into carbon flakes with nano-
meter-scale thickness.

Figure 3. Photographs of the (a) pristine SPRP and (b) carbonized
SPRP.

—
10 pm 200 nm

i §

500 nm

Figure 4. (a, b) SEM images and (¢, d) TEM images of carbon
nanoflakes of broken SPRP carbon foam.

Carbon—Pd Composites

As we demonstrated above, there are considerable
amounts of “active” carbonyl, carboxyl, and hydroxy
groups on the surface of SPRP. These groups can bind
metal ions through complexation and/or electrostatic inter-
actions.[*] We expect that the metal-ion-bound SPRP will
be converted to metal-carbon composites through the car-
bonization process. To this end, we first incorporated palla-
dium precursors into SPRP through a simple wet impregna-
tion method. In this method, short SPRP rods were im-
mersed in a 1:1 water/ethanol solution of Pd(OAc), in eth-
anol, which wet the SPRP pores well, then carbonized in
nitrogen using the same procedure for the carbonization of
the pristine SPRP. Similar to the carbonized products of
pristine SPRP, the carbonized Pd-loaded SPRP preserves
its macroscopic shape and structure accompanied by a sig-
nificant volume shrinkage. The foamlike porous structure
was also maintained as revealed by low-magnification SEM
examination. However, under closer SEM observation, as
shown in Figure 5 (a and b), we found there was a large
amount of particles with diameters ranging from 10 to
40 nm on the surface of carbon nanoflakes prepared by car-
bonizing SPRP impregnated with 0.3 wt.-% Pd(OAc), solu-
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tion for 8 h. These nanoparticles were uniformly distributed
throughout the entire surface, and were individually sepa-
rated from each other and no coalescence of neighboring
particles could be found. TEM results given in Figure 5 (¢
and d) further confirmed that nanoparticles were homoge-
neously dispersed throughout the entire area of the nano-
flakes, and these nanoparticles, especially bigger ones, were
roughly shaped, and entrapped in cavities that appeared in
lighter color in contrast to the gray background of the car-
bon flakes, as shown in Figure 4 (d). We think the bubble-
like cavities were caused by bubbling and erosion in soft-
ened or melt SPRP during the carbonization process by
erosive gas released from the decomposition of the metal
precursor at high temperature.

Figure 5. (a) SEM image, (b, c) TEM images, (d) HR-TEM image,
and (e) SAED pattern of nanoflakes of carbonized SPRP impreg-
nated with 0.3 wt.-% Pd(OAc), solution for 8 h.

We performed elemental analysis on the carbonized
products both from pristine and Pd-loaded SPRP using the
energy-dispersive spectroscopy (EDS) detector attached to
the SEM microscope, and found that the carbonized pris-
tine SPRP contained only carbon and oxygen, whereas the
carbonized Pd-loaded SPRP also had a substantial amount
of palladium (data not shown), thereby indicating that
nanoparticles absent on the carbonized pristine SPRP con-
sisted of Pd. Furthermore, we conducted high-resolution
TEM analysis of these nanoparticles. As shown in Figure 4
(d), we found these particles were single crystals, and their
crystal lattice can be clearly recognized. The distance of the
lattice constant is approximately 0.23 nm and corresponds
to the (111) plane of elementary Pd. Therefore we can draw
the conclusion that these nanoparticles are metallic palla-
dium, and the carbonization of Pd-loaded SPRP leads to
carbon-Pd composites. The crystalline nature of the Pd
nanoparticles was further confirmed by selected area elec-
tron diffraction (SAED), although the SAED pattern of the
carbon—Pd composite shows multiple concentric rings (Fig-
ure 5, e) instead of single-crystal-featured arrays of spots.
This is because the diameter of the electron beam of our
TEM, in the micrometer range, is much larger than the size
of a single Pd nanoparticle, and it covers many particles in
4369
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different orientations, thus resulting in a collective ringlike
SAED pattern. The XRD pattern given in Figure 6 (a) of
the carbon-Pd composite shows four strong crystalline
peaks at 40.1, 46.7, 68.1, and 82.2°, which correspond,
respectively, to the (111), (200), (220), and (311) planes of
cubic-phase Pd according to the standard literature values
reported for Pd (JCPDS, no. 65-2867), whereas in contrast,
there are no obvious crystalline peaks present in pyrolyzed
pristine SPRP.
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Figure 6. (a) XRD patterns and (b) Raman spectra of carbonized
products of (A) pristine SPRP, (B) carbonized SPRP impregated
in 1 wt.-% NaPtCly solution for 24 h, and (C) SPRP impregated in
1 wt.-% Pd(OAc), solution for 24 h.

Raman spectroscopy was used to characterize the pyroly-
sis products of pristine SPRP and metal-salt-loaded SPRP.
As shown in Figure 6 (b), there are two broad bands cen-
tered around 1335 and 1594 cm™!, respectively, which can
be assigned to graphitic and disordered carbon, respec-
tively, thereby indicating that pyrolysis of pristine and
metal-salt-loaded SPRP at 600 °C results in partially graph-
itized carbon.#!-42!

Tunability of Pd Content in Carbon—Pd Composites

The Pd content in the carbon-Pd composite from the
pyrolysis of Pd-salt-loaded SPRP can be tuned over a rela-
tively wide range, simply by changing the impregnation time
and/or the concentration of the Pd-salt solution. Figure 7
(a-1) present the TEM and SEM images of carbonized
SPRP flakes impregnated in Pd-salt solution with a concen-
tration of 0.3% for different periods of time from 0.5 h up
to 24 h. Clearly, the amount of Pd nanoparticles on carbon
flakes steadily increases with the impregnation time. EDS
measurements show that the amount of Pd in the composite
increases from around 3 wt.-% for the sample with 0.5h
impregnation, to around 9 wt.-% for the sample with 2 h
4370
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impregnation, and to around 14 wt.-% for the sample with
8 h impregnation, and finally reaches approximately 23 wt.-
% after 24 h impregnation. The metal-ion-binding process
is a liquid-solid reaction. Compared to the same reaction
that takes place in a complete liquid system, Pd ions dis-
solved in ethanolic water take a longer time to be captured
by the active groups present on solid SPRP templates. In
addition, the hydrophobic nature of the SPRP surface fur-
ther decreases the penetration of metal ions into SPPR al-
though the ethanol used facilitates the transport of metal
ions by wetting and swelling SPRP. Therefore, Pd ions grad-
ually diffuse inside the SPRP foam and have access to the
active groups in SPRP, and are subsequently captured by
these active groups. It is a time-dependent, diffusion-con-
trolled process. As a result, the amount of Pd ions captured
increases with the impregnation time until saturation. There
might be a metal-ion-concentration gradient distribution
along the thickness of the SPRP cell wall, but it should be
to a very limited degree since the cell wall is thin. In the
subsequent carbonization step, further immigration of
metal species takes place and neighboring metal ions aggre-
gate and are converted to elemental metal nanoparticles,
which both greatly eliminate the gradient distribution of
metal nanoparticles along the carbon-flake thickness. As
shown in Figure 7 (d), in which the cross section of a
broken carbon flake is exposed, nanoparticles could be ob-
served both inside the flakes and on both surfaces, and no
gradient distribution of particles was noticed. It follows
straightforwardly that more Pd ions captured by SPRP lead
to more metallic Pd particles. Therefore, we can continu-
ously tune the metal amount in the composites simply by

200 nm

s 200 nm

Figure 7. Electron-microscopy images of carbonized SPRP impreg-
nated in 0.3 wt.-% Pd(OAc), solution for (a, b, ¢) 0.5h, (d, e, f)
2h, and (g, h, i) 24 h; and electron-microscopy images of car-
bonized SPRP impregnated in 1 wt.-% Pd(OAc), solution for (j, k,
1) 24 h. (a, d, g, and j) SEM images; the others are TEM images.
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changing the impregnation time. On the other hand, with
the prolongation of impregnation time, the size of the Pd
nanoparticles increases slightly as their size distribution is
improved to some extent. This is probably because with
longer impregnation time, Pd ions distribute on SPRP
flakes more uniformly, which provides a more stable supply
of Pd source to form Pd nanoparticles in the carbonization
step.

Furthermore, the amount of Pd can also be controlled
effectively by altering the concentration of the Pd-salt solu-
tion. For instance, Figure 7 (j, k, and 1) display the TEM
and SEM images of carbon-Pd composite derived from
SPRP impregnated in 1 wt.-% Pd salt for 24 h. Compared
with the one prepared from SPRP treated in 0.3 wt.-% Pd
salt for the same period of time, SPRP impregnated in
1 wt.-% Pd salt gives many more Pd nanoparticles than that
impregnated in 0.3 wt.-% Pd salt. As revealed by EDS de-
termination, Pd content increases to about 40% for the
sample prepared in 1 wt.-% Pd salt, whereas, as stated
above, Pd content is 23 wt.-% for the one prepared in 0.3%
Pd salt. This is because a higher concentration of Pd ions
results in a stronger concentration contrast between that in
the bulk solution and inside the SPRP, thereby driving
more Pd ions to penetrate SPRP and react with its active
groups in the same period of time. Consequently, a larger
content of Pd in the carbonized sample was obtained.

Carbon—Pt Composites

In addition, this method can be easily adopted for the
fabrication of other carbon-supported noble metals, for in-
stance, platinum. After replacing Pd salt with a suitable Pt
salt, a carbon—Pt composite was prepared through the same
impregnation and subsequent carbonization protocol.
There is no difference in the macroscopical structure and
morphology of the carbonized Pt-impregnated SPRP and
carbonized Pd-impregnated SPRP or pristine SPRP. They
all are black and take a shrunken but unbroken, foamlike
form. Figure 8 (a and b, ¢) give the SEM and TEM images
of the carbon-Pt sample, respectively. TEM images show
that there are particles with a size of around 3-5 nm on the
carbon flake, whereas under SEM the carbon flakes are
very smooth and no particles can be detected because of
the limited resolution of SEM. EDS measurements indicate
that the pyrolysis product of the Pt-loaded SPRP is mainly
composed of carbon, oxygen, and platinum, which has a
content of around 9 wt.-% (data not shown). The HR-TEM
image shown in Figure 8 (d) confirmed that these nanopar-
ticles are crystalline with a lattice distance of 0.22 nm, thus
suggesting that they are composed of elemental platinum.
As already shown in Figure 6 (b), the carbon—Pt composite
gives a similar Raman spectrum to that of SPRP-derived
carbon-Pd composite, thereby indicating that carbon in the
carbon—-Pt composite is also partially graphitized. Com-
pared with the carbon-Pd composite prepared from iden-
tical metal-salt concentration and impregnation time, the
number of Pt nanoparticles in the carbon-Pt composite is
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significantly less and the particle size is much smaller. In
the XRD pattern of the carbon—Pt composite shown in Fig-
ure 6 (a), there is only a weak but wide XRD peak at 40°,
which is the characteristic peak of the (111) plane of fec
platinum, whereas its ED pattern only shows a halo due to
the small size and content of Pt in the composite (Figure 8,
e). We think the difference in the metal content present in
the carbon-Pd and carbon-Pt composites should be attrib-
uted to the oppositely charged nature of Pd** and [PtCl,]".
Pd?" is positively charged and is much easier to be attracted
by [COO] and polarized C-O and C=0O bonds in SPRP,
whereas [PtCl,] has an electrostatic repulsion to these neg-
atively charged species. Therefore, significantly fewer Pt
ions were captured by these active groups, mainly through
coordination interactions.

Figure 8. (a) SEM image, (b, c) TEM images, (d) HR-TEM, and
(e) SAED pattern of carbonized SPRP impregnated in 1 wt.-%
NaPtCl, solution for 24 h.

The success of the preparation of carbon-Pd and car-
bon-Pt composite using the wet impregnation plus thermal
pyrolysis protocol demonstrates the versatility of this
method, and furthermore it is straightforward to imagine
that other noble-metal nanoparticles (e.g., Ru, Ag, and Au)
supported on biosourced carbon can be obtained through
the same method. Moreover, if we start with salts of a less
inert metal, for instance, Fe, Cu, Zn, and so forth, compos-
ites of carbon and the corresponding metal oxides, which
are also intensively used as catalysts for organic synthesis
and the growth of nanomaterials, can be prepared using the
reported method in which these metal salts will be decom-
posed in the pyrolysis step and converted to oxides other
than elementary metals as in the case of salts of noble met-
als.

Conclusion

We investigated a kind of biomaterial, SPRP, which has
a macroporous foamlike structure and an ultralow density.
We directly pyrolyzed this biomaterial and obtained carbon
foam, which was correspondingly extremely light. We disas-
sembled the carbon foam and prepared carbon flakes with
4371
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nanometer-sized thickness and a large lateral size up to
hundreds of micrometers. More importantly, metal ions —
for instance, Pd and Pt — were anchored onto the active
groups in SPRP and converted to carbon—noble-metal com-
posites in which Pd or Pt nanoparticles with a size of tens
of nanometers or several nanometers were uniformly dis-
tributed in the carbon nanoflakes. The content of the metal
in the composite can be easily tuned over a relatively large
range by altering the concentration of metal salts and/or
impregnation time. This method is highly versatile, and we
believe it can be extended to the preparation of other
carbon-based catalyst materials with supported nanopar-
ticles of metals and metal oxides, provided suitable salt
sources are used.

Experimental Section

General: Dried SPRP was obtained from a local shop of traditional
Chinese medicines in the form of slightly yellowish fibers with a
diameter in the range of 3 to 6 mm. As-received SPRP was cut into
short rods with a length of 2-4 cm. SPRP rods (1.0 g) were im-
mersed into 0.3 wt.-% or 1 wt-% Pd(OAc), (Aldrich) or 1 wt.-%
NaPtCl, (Aldrich) solution (ca. 80 mL) in 1:1 ethanol and de-
ionized water under moderate agitation. After immersion for the
desired periods of time, SPRP rods were taken out from the solu-
tion and twice rinsed in copious amounts of 1:1 ethanol and water,
then dried at 80 °C for approximately 12 h. The Pd(OAc),- and
NaPtCly-treated and as-received SPRP were directly carbonized at
600 °C for 6 h under a flow of nitrogen. The FTIR spectrum of
the pristine SPRP fibers was obtained with a Bruker Tensor 27
spectrometer using the attenuated total reflection (ATR) module.
Scanning electron microscopy (SEM) was performed with a Hitachi
S4800 microscope operated at 10 keV. The as-received SPRP sam-
ple was first sputter-coated with a thin layer of gold-palladium
alloy before SEM observation, but all the carbonized samples were
examined directly without an additional coating of the conducting
layer. The energy-dispersive spectroscopy (EDS) results were ob-
tained with a Bruker EDS system attached to the SEM. For trans-
mission-electron microscopy (TEM), the carbonized samples were
ground into powders, followed by dispersion in ethanol under
ultrasonication. The suspensions were then deposited on holey car-
bon-coated copper grids and probed with a JEOL 1010 microscope
operated at 100 keV. High-resolution TEM images were obtained
with a JEOL 2010 microscope operated at 200 keV. X-ray diffrac-
tion (XRD) measurements were performed with a Philips X'pert
MRD diffractometer with a cradle and secondary monochromator
for Cu-K, radiation. Raman spectra were measured in reflection
mode with a Horiba Jobin Yvon LabRAM HR high-resolution
Raman microscope operating with a 632.81 nm laser. The optical
photographs were taken with a Kodak DX6340 digital camera.
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