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Abstract: A facile and sustainable synthesis of hollow carbon-
aceous nanospheres is presented, offering a scalable and
multifunctional route to the generation of useful nanocontainers,
which critically possess the stability not offered by polymeric
equivalents and functionality not afforded by other nanocarbons.
Carbonization temperature provides a subtle but elegant mech-
anism to control structure and thereby hydrophobicity, nanopar-
titioning, and permeation between the inner and outer space.

Future nanotechnology depends importantly on the ability to
synthesize new nanomaterials possessing distinct structural and
functional features.® In this context hollow nanospheres are unique
materials and have attracted much research and industrial interest,
due to their special shape, low density, and large void space fraction.
Hollow nanospheres are “processable voids”, possessing excellent
flow performance and high surface area, where the high internal
volume provides a unique storage space or artificial reaction “cell”.?
Applications of such hollow “bodies or pores” are diverse; they
can be utilized as delivery/protection devices for a wide range of
biologically/pharmaceutically important moieties (e.g., drugs,®
contrast imaging agents,* and DNA®), are attractive candidates for
the heterogenization and structure direction of catalysts (e.g., in
fuel cells),®” and find use as templates® and adsorbents/detoxifi-
cation media.®

In the context of the aforementioned applications, immense
research interest has recently focused on the production of new
high value hollow carbon-based nanomaterials, arising due to
anticipated enhanced mechanical and electronic application per-
formance. Current 2D and 3D carbon nanomaterials possess highly
curved condensed aromatic/graphitic wall structuring and include
nanotubes,'® fullerenes,***** onions,*? and nanocones.*® These
materials are however typically prepared in low yield, using
expensive high vacuum techniques such as laser vaporization,™*
resistive heating,*® or arc discharge methods,*® with the products
often lacking size or structure homogeneity, and hence are difficult
to isolate and purify.*” Furthermore, catalysts are often employed
to access these materials at lower graphitization temperatures.*®
Here, we will focus on derivatives of hollow (graphitic) carbon
nanospheres (HCS), owing to their proposed good electric con-
ductivity, outstanding thermal stability, low density, and oxidation
resistance at moderate temperature. In addition, we will describe
control of additional, application relevant properties (e.g., surface
functionality/degree of aromatic condensation (vis-a-vis surface
polarity)).

Our group has previously exploited the hydrothermal carbon-
ization (HTC) of a carbohydrate-based bhiomass under mild
aqueous conditions for the production of a variety of useful
functional carbonaceous nanomaterials,*® including hollow
micrometer-sized inorganic spheres,?° and also the first versions
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of hollow but still weakly controlled HCS.?* Given the techno-
logical importance of HCS, we decided to investigate the use
of inexpensive renewable carbohydrate precursors (e.g., D-
glucose) in combination with polymer latex templates, in the
production of HCS via HTC, thus providing a simple multifac-
eted economical synthetic route which offers material property
control in terms of surface chemistry/polarity, nanosphere size
and shell thickness (Scheme 1). Homodisperse latex nanoparticles
have been exploited previously for the synthesis of a wide range
of hollow (inorganic) sphere materials.?*2? Latex nanoparticles
can be readily prepared at a selectable size with a narrow size
distribution allowing in principle subtle control of the hollow
carbon nanosphere size over a wide range of diameters (e.g.,
below 150 nm). In this investigation hydroxyl terminated
polystyrene latex (PSL) nanoparticles were selected as a suitable
hydrogen bonding surface for the initial adsorption of HTC
decomposition products, while the presence of sodium dodecyl
sulfate (SDS) inhibits particle precipitation and association
during the process. This approach also negates hazardous reagent
use during the template extraction while the synthetic step is
performed under relatively benign HTC conditions.

Scheme 1. Synthetic Strategy for the Synthesis
Carbohydrate-Derived Hollow Carbonaceous Nanospheres
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An aqueous dispersion of PSL of the desired size (e.g., D =
100 nm) is mixed with p-glucose acting as the carbon precursor
(Scheme 1; Supporting Information). Our approach however is not
limited to this model monomer, and in principle a broad variety of
plant biomass-based products can be employed.?® The system is
then heated at 180 °C for 20 h. After reaction, the carbonaceous
product can be filtered off, followed by washing with excess H,O
and drying under vacuum. To remove the polymer template and to
graphitize the carbonaceous shell, the composite material is then
heated to the desired temperature above the template decomposition
point (e.g., >500 °C; Figure 1S Supporting Information) The

10.1021/ja107697s © 2010 American Chemical Society



COMMUNICATIONS

Table 1. Textural and Chemical Properties of MPG-C Hollow
Carbon Nanospheres?®

bSBETNzy cSareaHgy proreNzy cvporeHgy CPOI'OSityy % eo/f’ C,

Sample (Tp, °C) mg' mg' emig” mPg (%, gomd) EA
MPG-C100nm 39 - 0.01 - - —
MPG-C100nm-550 °C 367 346 0.60 553 92.3(0.17) 85.9
MPG-C100nm-1000 °C 389 - 0.65 - - 91.2
MPG-C130nm 52 — 0.01

MPG-C130nm-550 °C 466 435 1.60 3.84 86.5(0.23) 86.4

aSger = BET specific surface area. ® N, sorption data. © Hg intrusion
porosimetry data. ¢ Density. ¢ Elemental analysis data.

spherical hollow carbon nanosphere products are denoted as MPG-
CXnm-T,, where X = template size (nm) and T, = carbonization
temperature (°C).
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Figure 1. (A and B) N, sorption profiles for MPG-C hollow sphere
materials before and after removal of polystyrene latex template; (C and
D) Hy sorption pore size distributions for as-prepared hollow carbon sphere
materials prepared at 550 °C (i.e., after template removal; PDy.x indicates
pore size maxima).

N sorption profiles for representative template sizes investigated
(i.e., 100 and 130 nm) demonstrate elegantly the development of
material macroporosity as a result of template removal and the
accessibility of the internal hollow carbon surface (Table 1; Figure
1A and B). The precursor composite materials recovered after initial
HTC processing, MPG-C100nm and MPG-C130nm, show only a
limited external surface. As a result of template thermolysis, a near
10-fold increase in the surface area was observed accompanied by
a correspondingly large increase in pore volume, with specific
surfaces areas (Sger) calculated in excess of 350 m? g* for the
two sizes investigated (e.g., Vpore "2 > 0.6 cm® g~%; Table 1). Ink-
bottle-type 1V N, sorption profiles were observed, indicative of the
complete filling of the hollow sphere morphology through the
shell,>* with the corresponding hysteresis loop area (expressing
storage capacity) increasing as the template size enlarges from 100
to 130 nm (Figure 1A and B). Complementary Hg intrusion pore
size distributions demonstrate the favorable replication of PSL
nanoparticle template sizes used (Figure 1C and D). The maxima
of the pore size distributions correspond well with the template
size and distribution (e.g., MPG-C100nm-550 °C — 106 nm pore
diameter maximum) (Figure 2S Supporting Information). The
observed small shrinkage of the HCS diameter relative to template
size is believed to be the result of shell contraction during carbon

structure condensation at higher temperatures. The additional
microporosity (apparent as the Y-axis intercept of the sorption
isotherms) is indicative of small openings within the shell, which
are also required to let template decomposition products leave the
central cavity.

Figure 2. (A and B) SEM images of hydrothermal carbon/polystyrene latex
nanoparticle composites for 100 and 130 nm templates respectively; (C)
TEM images of MPG-C100nm HTC composite material (i.e., before
template removal); (D) MPG-C100nm-550 °C demonstrating polystyrene
latex template removal; (E, F, and G) HR-TEM images of MPG-C100nm-
1000 °C.

SEM and TEM images depict the uniform coverage of PSL
nanoparticles during HTC, demonstrating the MPG-C precursor
composites present no internal void or hollow structure and a
successful fusion of template and hydrothermal carbon, prior to
template removal, although for the 130 nm templated sample some
surface apertures are visible (Figure 2A—C). Carbonization at 550
°C results in complete template thermolysis yielding uniform
replication and hollow carbonaceous spheres (e.g., MPG-C100nm-
550 °C (Figure 2D). It could be anticipated that template decom-
position in the sphere interior during thermolysis/carbonization may
generate an associated pressure buildup within the sphere, and as
a consequence some apertures or shell fragmentation would occur.
Some shell rupture was observed but was by no means typical with
the majority of the material (i.e., ~90%) presenting uniformly
shaped hollow nanospheres, with a shell thickness of ~12 nm. This
is presumably thin enough to allow for decomposition product
escape through micropores without inducing significant shell
damage.

As a further demonstration of the utility of our presented
approach and also to investigate the thermal stability of the hollow
spheres after template removal, the samples were also carbonized
at 1000 °C (i.e., MPG-C100nm-1000 °C). The materials maintained
practically identical N, sorption characteristics to MPG-C100nm-
550 °C, with a slight increase in surface area/volume attributed to
further carbon condensation to a more graphitic shell structure and
a more thermally stable structure (Figure 2S Supporting Informa-
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Figure 3. (A) Silylation scheme for modification of MPG-C100nm-550
°C with (3-aminopropyl) triethoxysilane (APS), (B) ATR FT-IR spectra of
MPG-C100nm-550 °C and MPG-C100nm-550 °C + APS; and (C)
Photograph of MPG-C100nm-550 °C + APS in (right) pure H,O and (left)
1 M HCI (aq).

tion). HR-TEM imaging of MPG-C100nm-1000 °C indicates the
maintenance of near perfect replication and 3D material stability
after carbonization at this elevated temperature (Figure 2E—G).
Internal particle diameters of ~80 nm were measured, reflecting
the further decrease in size relative to the template and the lower
temperature material. The MPG-C100nm-1000 °C shell thickness
was measured as ~10 nm. Examination of the carbon shell by HR-
TEM and XRD indicated a weakly ordered, bended form of
graphitic carbon (Figure 2F and G and Figure 3S Supporting
Information). It is anticipated that the graphitic ordering can be
improved by altering the biomass source and/or coaddition of a
graphitization catalyst, important for the proposed electrochemical
applications.

Significantly the presented approach to HCS synthesis allows in
principle the shell thickness to be easily adjusted by simply altering
the relative ratio of sugar to latex template. Interestingly the
generation of thinner shells by reducing sugar concentration or
oppositely increasing template size would result in higher relative
porosity and potentially lead to foam-like insulation materials. For
modification of surface properties, miscibility or dispersibility, the
standard functional groups of hydrothermal carbon can be favorably
used to address a whole range of available functional groups.?®
This hydrothermal approach allows access to surfaces which are
still rather hydrophilic and rich in C=0 and C—OH functionalities.
For illustration, a simple silylation of the oxygen containing func-
tionality (e.g., —OH) at the MPG-C100nm-550 °C surface with (3-
aminopropyl)triethoxysilane (APS; product termed MPG-C100nm-
550 °C-APS) was used to introduce primary amine surface groups
(Figure 3A).

Postmodification FT-IR analysis indicated the appearance of
symmetric N—H and C—H stretching vibration bands in the
3000—2800 cm™* region confirming the successful introduction of
surface amino groups (Figure 3B), while elemental analysis
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confirmed the presence (4.1 wt % N) and loading density of the
modifying group onto the hollow carbonaceous sphere (446 ug
m~2). Introduction of these amine groups allows the facile redis-
persion of the hollow spheres under acidic conditions to yield a
stable aqueous dispersion (Figure 3C). It is emphasized that the
presented approach is rather flexible in application. Introduction
of secondary chemical additives to the HTC shell (e.g., a heteroatom
source for N- or B-doping) would allow further chemical manipula-
tion of the electronic properties of the hollow carbon nanospheres.
Furthermore, the high porosities/low densities make these materials
of particular interest for electrical and thermal/acoustic insulation
applications, as a result of the potential ability to disperse and
ultimately deploy these particles (e.g., pourable or sprayable
“pores”). Size, chemical functionality, and in principle wall
thickness can all be easily manipulated simply by variation of
component concentration.

In summary, a facile, inexpensive, and sustainable synthesis of
carbohydrate-derived hollow carbonaceous nanospheres was pre-
sented. This approach offers a relatively simple route to the
production of useful nanocontainers, which critically possess the
stability not offered by polymeric equivalents and functionality not
afforded by other nanocarbons. This approach provides the basis
for the generation of a simple yet multidimensional synthetic route
to tunable functional hollow carbons, where carbonization temper-
ature provides a subtle but elegant mechanism to control carbon
structure and thereby hydrophobicity, nanopartitioning, and per-
meation between the inner and outer space.
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