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1. Introduction

Nanostructured carbon materials, including carbon nano-
tubes,[1,2] membranes,[3] and particles,[4–7] are an important na-
nomaterial for many applications in nanoelectronics,[8] sorption
and separation,[3] sensors,[9] catalysis,[7] and energy conversion

and storage (e.g., double layer capacitors,[10] and hydrogen
storage[11]). Varied methods have been developed to synthesize
nanostructured carbon materials, such as DC arc-discharge, la-
ser ablation, chemical vapor deposition,[2] templating,[6,12–19]

etc. However, direct fabrication of complex carbon nanostruc-
tures with controlled form (e.g., film, particle, tube, etc.),
dimension, and surface architecture remains a significant chal-
lenge. Recently we developed a simple and direct synthetic
method to prepare nanoporous carbon nanotubes with large
pores (> 20 nm) on the tube wall.[20] The method involved coat-
ing of porous anodic aluminum oxide (AAO) inner pore chan-
nel surface with block copolymer (polystyrene-co-poly(vinyl-
pyridine)) and carbohydrates in DMF solution. Drying of
DMF induced micro-phase separation of PS-PVP and forma-
tion of ordered PS and PVP/carbohydrate domains. Within the
coating, the carbohydrates stay specifically only in the pyridine
domains surrounding PS domains due to the interaction
between carbohydrates and pyridine blocks. After carboniza-
tion at high temperature in argon, PS fragments were removed,
forming the nanopores and carbohydrates were carbonized,
forming the framework of nanoporous carbon tubes within
AAO channels. Removal of AAO leads to the formation of
individual monodisperse nanoporous carbon nanotubes with
tube wall of ∼ 16 nm. Here, we extend this method by combin-
ing self-assembly of polymer and carbohydrates with two fabri-
cation procedures—spin-coating and aerosol processing—to
form nanostructured carbon films and particles with controlled
1–3 dimensional features. The formation of these nanostruc-
tured carbon materials was driven by the interaction between
polystyrene-co-poly(4-vinylpyridine) (PS-P4VP) and environ-
mentally benign carbohydrate precursors during phase separa-
tion that occurs in both fabrication processes. Subsequent high
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A simple and direct wet chemistry method is reported to simultaneously synthesize nanostructured carbon films and particles
through self-assembly of poly(styrene)-poly(4-vinylpyridine) (PS-P4VP) and carbohydrate precursors (turanose, raffinose,
glucose, etc.) in two fabrication processes—spin-coating and aerosol processing. Starting with a homogeneous solution contain-
ing PS-P4VP and carbohydrates, evaporation of solvent during either spin-coating or an aerosol process leads to the formation
of ordered mesostructured films and particles. High temperature treatment in argon atmosphere removes PS fragments, carbo-
nizes carbohydrates and partial PVP fragments, and results in ordered nanoporous carbon films and particles. SEM, TEM, and
GISAXS characterization indicates that these nanostructured carbon materials exhibit large nanopores (> 20 nm), controlled
1–3 dimensional structures, and controlled surface chemistry. Nitrogen sorption isotherms and electrochemistry characteriza-
tion indicates the accessibility of the carbon nanopores to both gas phase and aqueous phase. Results suggest that the
nanostructured carbon films and particles can be tuned through solvent annealing, precursor concentration, and choice of block
copolymers used. These carbon materials present varied practical applications for sorption and separation, sensors, electrode
materials, etc.
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temperature carbonization of the carbohydrate/polymer com-
posite in an argon environment leads to ordered and nanopo-
rous carbon materials. The ease with which these carbon mate-
rials can be fabricated, and the ability to tune forms,
nanostructures, and surface chemistry through the choice of
synthesis procedures, block copolymers used, and carboniza-
tion temperature, should facilitate investigations of varied
practical applications for sorption and separation, sensors, elec-
trode materials, etc.

Using a self-assembling solution, we developed a simple and
direct wet chemistry method to simultaneously synthesize
nanoporous carbon films and particles by combining hydrogen
bonding assisted self-assembly of PS-P4VP and carbohydrate
precursors with two fabrication processes—spin-coating[21] and
aerosol processing.[22] These nanostructured carbon materials
exhibit large nanopore (> 20 nm), controlled 1–3 dimensional
structures, and surface chemistry. Scheme 1 illustrates the hy-
drogen bonding driven self-assembly of carbohydrates and PS-
P4VP and the formation of ordered, nanoporous carbon mate-
rials. Carbohydrates (such as turanose, raffinose, sucrose, etc.)
are environmentally benign and often used as precursors to
synthesize carbon materials.[4,6] Under mild temperature (140–
180 °C), incomplete carbonization led to formation of carbo-
neous materials containing aromatic benzene rings and hydrox-
yl groups.[5] Complete carbonization occurs at higher tempera-
ture (> 400 °C).[4] To facilitate self-assembly and formation of
ordered nanoporous carbon materials, we chose PS-PVP block
copolymers where the PVP block has equal or larger fragment
sizes than PS in order to form a PS core surrounded by PVP
during micro-phase separation. Addition of carbohydrates and
their subsequent self-assembly with PVP fragments further in-
creases the volume fraction of polar species (PVP + carbohy-
drates), ensuring the PS core and PVP/carbohydrate shell
structure. Thus, ordered PS-PVP/carbohydrates nanocomposite
films are finally formed. After treatment at high temperature
(> 460 °C) in argon, the PS fragments were removed, forming

the mesopore; carbohydrates/PVP were carbonized, forming
the framework of nanoporous carbon films and particles.

2. Results and Discussion

Our carbon nanostructure preparation process begins with a
homogenous self-assembling solution containing block copoly-
mers and carbon precursors. In a typical preparation (see Ex-
perimental Sec. for more details), carbohydrate precursors
such as turanose, raffinose, glucose, etc. were added to dimeth-
yl formamide (DMF) for sonication. Before the addition of PS-
P4VP, the carbohydrates precursors were hardly soluble in
DMF at room temperature, even under the assistance of soni-
cation. After the addition of PS-P4VP, the carbohydrate pre-
cursors quickly dissolved in DMF. We believe that this is
caused by the formation of hydrogen bonds between the carbo-
hydrates and pyridine blocks, which promotes the dissolution
of carbohydrate precursors in DMF. Hydrogen bonds forma-
tion has been investigated and confirmed by FTIR studies. Fig-
ure 1 shows FTIR spectra of pure PS-P4VP, carbohydrate/PS-
P4VP films spin-coated by using a self-assembly solution with
and without heat treatment at 180 °C for three hours. Accord-
ing to previous FTIR studies, formation of hydrogen bonds be-
tween PVP and hydroxyl groups causes changes of the elec-
tronic distributions in the pyridine ring resulting in shifts for
the stretching modes of the pyridine ring.[23–25] In comparison
with the spectra of pure PS-P4VP, the PVP characteristic peaks
at 1597, 1415, and 993 cm–1 have shifted, suggesting the forma-
tion of hydrogen bonds between the hydroxyl groups of the
carbohydrates and nitrogen groups of the pyridines. In both
heated and unheated solutions, these shifts were observed. The
results also indicated that the samples that were heated at
180 °C showed more shifts than the unheated solutions. This
may suggest that heat treatment is favourable for the hydrogen
bonding and self-assembly process. The hydrogen bonding be-

haviour has been observed in other car-
bon precursors and polymer systems.[19,26]

The new peaks appeared between 1000–
1300 cm–1 after heat-treatment, suggesting
that Maillard reactions between the pyri-
dine blocks and carbohydrates may occur.
This could be another reason that the car-
bohydrates remain exclusively in PVP do-
mains, enhancing the self-assembly pro-
cess. Further detailed studies of these
reactions were in progress.

Nanostructured carbon films were de-
posited on (100)-silicon by spin-coating at
500–2000 rpm for two minutes. During
spin-coating, evaporation of DMF pro-
gressively enriches the concentrations of
the non-volatile constituents including
carbohydrates and PS-P4VP on the sub-
strates. Drying induces microphase sepa-
ration and formation of ordered PS-
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Scheme 1. Formation of nanostructured carbon materials through hydrogen bonding assisted self-
assembly of a, poly(styrene)-poly(4-vinylpyridine) (PS-P4VP) and b, environmentally benign carbo-
hydrates (e.g., sucrose, turanose, raffinose etc.) in two self-assembly processes. 1) Ordered nano-
porous carbon films were deposited on substrates (such as silicon wafer, glass slides, gold elec-
trodes, and other patterned surfaces) through spin-coating. 2) Spherical nanoporous carbon
particles were synthesized through an aerosol-assisted self-assembly process.
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P4VP/carbodryates composite films. The hydrogen bonding be-
tween carbohydrates and PVP blocks retains carbohydrates ex-
clusively in PVP phase, surrounding PS phase (see Scheme 1,
process 1). After annealing in DMF/benzene vapor at 80 °C
overnight, the final films were carbonized at higher tempera-
tures to produce 3-dimensional nanoporous carbon films. Ac-
cording to the thermogravimetric studies (Supporting Informa-
tion Fig. S1), significant weight loss of ∼ 64 % occurred from
200 °C to 450 °C, which are mainly attributed to the decomposi-
tion of turanose and some of PS-P4VP. Weight loss before
200 °C are attributed to solvents. These results suggest a mini-
mum temperature to remove PS-P4VP and to carbonize tura-
nose, creating pore structure at ∼ 450 °C. In this temperature
window, two losses were observed, which were attributed to
the carbonization of turanose and polymer. Based on TGA
curves at 600 °C, ∼ 40 % of carbon was from PVP and ∼ 60 %
was from turanose.

The nature of the carbon framework has been studied using
FTIR, 13C-NMR, and wide-angle XRD. FTIR spectra per-
formed on the carbonized films revealed the existence of
hydroxyl bands at the range of 3400–3700 cm–1 (Supporting In-
formation Fig. S2). Observed peaks at 3425, 3555, and
3633 cm–1 correspond to the stretching band of hydrogen
bonded and free—OH groups on an aromatic ring, respective-
ly. The –OH groups can be potentially used for further pore
surface functionalization through a variety of siloxane chemis-
tries.[21] What’s more, the high polarity of –OH groups could
potentially lead to fast and strong absorption and chemical se-
lectivity for sensors and/or purification and separation.[27] The
peak at 3058 cm–1 and 1600 cm–1 corresponds to the �C–H
stretch and C�C of a benzene ring, respectively. The single res-
onance at d = 110.6 ppm (Supporting Information Fig. S3) sug-
gests the existence of sp2 carbon species, which is consistent
with FTIR results. Wide-angle XRD (Supporting Information

Fig. S4) shows a broad peak at ∼ 40 °, suggesting an amorphous
carbon nature rather than graphitic structure. These results estab-
lish the final material framework to be non-graphitic carbon ma-
terials.[28]

Representative plan-view scanning electron microscopy
(SEM) images of nanoporous carbon films are shown in Fig-
ure 2a and b. The film is macroscopically smooth and free of
cracking. The films have large areas of regular in-plane hexago-
nal pore structure with the spatial period of ∼ 28 nm. The cell

parameter estimated from the high resolution SEM (Fig. 2) is
approximately 20 nm, which is consistent with the value deter-
mined from the GISAXS data (see below). The cell size and
pore wall can be controlled by the domain size of PS and the
volume fraction of added carbohydrates. By increasing the
amount of carbohydrates in the initial coating solution, the
pore-to-pore distance in the final nanoporous carbon film in-
creases (Supporting Information Fig. S5), which suggests that
the pore wall thickness increases. Figure 2d shows representa-
tive cross-sectional SEM image of nanoporous carbon film with
thickness of ∼ 100 nm. The film has an undulated lamellar
structure throughout the entire film thickness. The interlayer
d-spacing is between 4–6 nm which is further confirmed by GI-
SAXS studies (see below). Figure 2c shows a representative
plan-view TEM image that shows the film is uniform and has
local hexagonal arrays. The average cell size measured from
TEM image is approximately 21 nm. No graphitic microstruc-
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Figure 2. Representative plan-view and cross-sectional view scanning elec-
tron microscopy (SEM, a and b) and transmission electron microscopy
(TEM, c and d) images of 3-dimensional mesoporous carbon films. Image
b shows cross-sectional view of three individual films. These films were
prepared by using a homogenous DMF solution containing 8.7 wt % tura-
nose and 4.3 wt % PS-P4VP (polymer source, MPVP

n = 12 000 g mol–1,
MPVP

n = 11 800 g mol–1, with molecular size distribution of 1.04). The pre-
cursor solutions were heated at 180 °C for 3 h before spin-coating. After
spin-coating, all films were annealed at 80 °C for 1 day in DMF and ben-
zene vapor. The films were carbonized at 600 °C for 1 h in argon.

Figure 1. FTIR spectra of a) pure PS-P4VP (polymer source,
MPS

n = 12 000 g mol–1, MPVP
n = 11 800 g mol–1, with molecular size distribu-

tion of 1.04), carbohydrates/PS-P4VP films spin-coated by using solution
with (b) and without (c) without heat treatment at 180 °C for three hours.
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ture was observed in the high resolution TEM images, which
suggests that the pore wall is amorphous carbon. The cross-sec-
tional TEM image in Figure 2d shows undulated laminated
structure with interlay d-spacing of 4–8 nm. Both SEM and
TEM results confirm that the nanoporous carbon films exhibit
3-dimensional perforated lamellar pore structure.[29]

To better understand the self-assembly process and forma-
tion of ordered 3-dimensional porous carbon nanostructure, we
carried out GISAXS studies. We first studied the self-assembly
behaviour of PS-P4VP before and after addition of carbohy-
drates. GISAXS data for pure PS-P4VP films show only one
order of in-plane (x and y) scattering pattern at 23 nm
(Fig. 3a), a reflection of characteristic polymer micellar struc-
ture. The average separation distance between each domain
(PS) is 26.5 nm. Addition of carbohydrates induces hydrogen
bonding between carbohydrates and PVP blocks and leads to
much higher ordered film structure with respect to pure PS-
P4VP. GISAXS linescan data (Fig 3b) for the carbohydrate/
PS-P4VP film after spin-coating and drying shows two broad
peaks readily observable from in-plane diffraction at 20.3 nm,
attributed to local hexagonal structure. The average separation
distance between each domain (PS) decreases to 23.3 nm.
Upon annealing in DMF/Benzene vapor at 80 °C overnight,
the lateral/in-plane ordering of the films improves further.

Consequently, three orders of the in-plane diffraction peaks
are seen (Fig 3c). These orders are sharper than those before
the annealing process, corresponding to the (10), (11), and (20)
reflections of a 1-dimensional hexagonal lattice with a d100-
spacing of 27.3 nm. The GISAXS results further confirm the
hydrogen bonding self-assembly process between PS-PVP and
carbohydrates, explaining the enhanced solubility of carbohy-
drates in DMF after addition of PS-PVP block copolymers, and
support the conclusion from FTIR studies.

Figure 4 shows the GISAXS results of nanoporous carbon
films. The X-ray penetration depth can be controlled by the in-
cident angle, providing details on the depth dependence of the
thin-film structure. A critical angle, a, was first determined by
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Figure 3. GISAXS linescans: a) pure PS-P4VP, b) as-prepared film, and
c) after anneal at 80 °C overnight. bh and ch are high angle GISAXS data, bl

and cl are low angle GISAXS data. Sample b and c were prepared by using
a homogenous DMF solution containing 8.7 wt % turanose and 4.3 wt %
PS-P4VP (polymer source, MPS

n = 12 000 g mol–1, MPVP
n = 11 800 g mol–1,

with molecular size distribution of 1.04) (see Experimental section).

Figure 4. Grazing incidence small-angle X-ray scattering (GISAXS) charac-
terization of 3D nanoporous carbon films. Sample was prepared by using
a homogenous DMF solution containing 8.7 wt % turanose and 4.3 wt %
PS-P4VP (polymer source, MPS

n = 12 000 g mol–1, MPVP
n = 11 800 g mol–1,

with molecular size distribution of 1.04), carbonized at 600 °C in argon for
1 h. a) Data acquired at lower than the critical angle. b) Data acquired at
higher than critical angle with full film penetration, showing ordered fea-
tures from both xy- and z-directions (z-direction indicated as the dot cir-
cle). c, qy linescans. The carbon film sample shows consistent hexagonal
structures throughout the film thickness.
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reflectivity scans. A series of incident angles were then used to
achieve penetration depths from several angstroms to full pen-
etration into the film. Below a, as shown in Figure 4a, the (10)
and (11) scattering peaks of hexagonal arrays are clearly ob-
servable. As shown in Figure 4b, this in-plane order was main-
tained when the incident angle is above a, suggesting a consis-
tent, ordered pore structure through the whole film thickness.
In addition to (10) and (11) peaks, a third peak appeared and
can be indexed as (21). Based on hexagonal symmetry, the cal-
culated unit cell a = ∼ 27.1 nm. In the z-direction (vertical to
film/substrate), the carbon films show one scattering peak at-
tributed to a lamellar mesostructure with an average interlayer
spacing of approximately 5 nm. The GISAXS data further con-
firms the 3-dimensional perforated lamellar pore structure that
been observed in SEM and TEM images.

The microstructures of block copolymer films were very sen-
sitive to different solvent vapors and dependent on each block
fraction. We were able to tune the film microstructure by an-
nealing as-prepared carbohydrate/PS-PVP films in different
solvent vapors and changing fragment volume fraction. After
spin-coating and drying, we annealed the PS-P4VP/carbohy-
drate films in different solvents such as DMF, benzene, THF,
DMOS, and water at 80 °C. We found that DMF/benzene was
the best solvent pair in refining the ordering of PS-P4VP/car-
bohydrate films and facilitating the formation of ordered nano-
porous carbon films. In addition to 3-dimensional mesostruc-
ture, other structures, such as worm-like and foam like
structures, were prepared through annealing in different sol-
vent vapors (see Supporting Information Fig. S6). Film nano-
structures can be further tuned by using relative weight frac-
tions. We found that when less than 5 wt % of carbohydrates
were used, the 3-dimensional perforated lamellar mesophase
was obtained in general; increasing carbohydrates to 7 wt % or
more, the mesophase changed from 3-dimensional perforated
lamellar mesophase to swirling tubular channels (see Support-
ing Information Fig. S7).

A surface acoustic wave technique was used to determine
pore accessibility of the supported films.[30] Nitrogen sorption
isotherms of the carbonized films show a type IV curve with a
capillary condensation step at P/P0 = 0.5–0.8 and an H1-type
hysteresis loop, suggesting large mesopores (Fig. 5). The BET
surface areas, porosity, and average pore size calculated using
BJH model are 530 m2 g–1, 40 %, and 16 nm, respectively, dem-
onstrating the accessibility of the mesoporosity to the vapor
phase.

To demonstrate that the mesoporosity is accessible to an
aqueous phase and to prove viability for future applications,
the capacitance of the nanoporous carbon films was probed.
Figure 6 shows background subtracted cyclic voltammograms
(CVs) at various scan rates in 2 M H2SO4. These CVs first prove
that the carbon film has sufficient electrical conductivity and
adherence to the Au substrate to participate in applicable elec-
trochemical experiments. While these films do not exhibit per-
fect rectangular CVs (meaning double layer charging/discharg-
ing is not instantaneous) and have some pseudo-capacitance
(the small peaks ∼ 0.2–0.3 VSCE), the large current confirms
electrical double layer capacitance (EDLC) and the current in-

creases with increasing scan rate, as expected. Since capaci-
tance is dq/dE where q is the charge (coulombs) and E is the
potential (volts), taking the plateau current and dividing by the
respective scan rate should result in capacitance (farads). How-
ever, since there is a slight skew to these CVs (especially at
higher scan rates), the current was integrated as a function of
time and divided by the potential window (0.7 V). This re-

2714 www.afm-journal.de © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2007, 17, 2710–2716

Figure 5. Nitrogen sorption isotherms of 3D nanoporous carbon films pre-
pared by using turanose (7.1 wt %) and 0.1 g wt % PS-P4VP (polymer
source, MPS

n = 12 000 g mol–1, MPS
n = 11 800 g mol–1 with molecular size

distribution of 1.04). The measurement was conducted at 77 k using sur-
face acoustic wave techniques. The film was applied to ∼ 1 cm2 area of a
piezoelectric ST-cut quartz substrate with interdigitated gold transducers
designed to operate at ∼ 97 MHz. Mass change was monitored
(∼ 80 pg cm–2) as a functional of relative pressure using a surface acoustic
wave technique.
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Figure 6. Cyclic voltammograms for a 100 nm thick, 40 % porosity carbon
film on gold substrate (current density is normalized per geometric sur-
face area, 1 cm2). Electrolyte was 2 M H2SO4, scan rates were varied as fol-
lows: 5 mVs–1 (- - -), 20 mVs–1 (...), and 50 mVs–1 (solid line). The ex-
pected rectangular shape is slightly violated at higher scan rates.
Resulting specific capacitance is 81.3 Fg–1 or 14.8 lF cm–2 (surface
area = 550 m2 g–1), which compares very well to mesoporous carbon pow-
ders (∼ 10 lF cm–2). The specific capacitance of the nanoporous carbon
films was found using a standard three-electrode arrangement with a BAS
100B potentiostat, a saturated calomel electrode (SCE) reference elec-
trode, and platinum gauze as the counter electrode. A flat cell (PAR
KO235) was used which exposes 1 cm2 of the working electrode. Back-
ground cyclic voltammograms (CVs) were first performed on a Au sub-
strate in 2 M H2SO4 between 0 and 0.7 VSCE at scan rates varying from 5 to
50 mVs–1. CVs were then performed on a carbon film 100 nm thick with
40 % porosity on a Au substrate.
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sulted in a specific capacitance of (81.3 ± 2.8) F g–1, which com-
pares well to an example mesoporous carbon powder
(120 F g–1, 1257 m2 g–1, pore size 2.3 nm).[10] It is important to
note that the nanoporous carbon film has only a fraction of the
surface area of the carbon powder, meaning the carbon film
has almost 70 % of the specific capacitance of the mesoporous
carbon powder while having only 44 % of the surface area.
Thus, the carbon film has 50 % more capacitance per unit area
(14.8 versus 9.6 lF cm–2) than this example mesoporous car-
bon,[10,31] which is typical. Because the carbon film does not
need binders (which may block the 2.3 nm pores of the pow-
dered carbon) to make a usable electrode, more of the inter-
connected pores remain undamaged and available for capaci-
tance charging. Furthermore, the carbon film can be fabricated
to any shape/form factor and can potentially take advantage of
organic electrolytes because of the larger pore size.[32]

By combining the hydrogen bonding assisted self-assembly
with an aerosol process[22] (Scheme 1, process 2), we were able
to directly synthesize spherical nanostructured carbon parti-
cles. Our process started with the identical self-assembling so-
lutions that were used for the synthesis of nanostructured car-
bon films. Using an aerosol apparatus (Supporting Information
Fig. S8), we generated an aerosol dispersion within a tubular
reactor. In a continuous 6-second process, the aerosol particles
were dried, heated and collected. Evaporation of DMF during
drying enriched the particles in nonvolatile species of PS-P4VP
and carbohydrates, inducing PS-P4VP microphase separation
and successive co-assembly and formation PS and P4VP/carbo-
hydrates confined to solid spherical aerosol particle. Heat
treatment in argon at high temperature led to direct formation
of spherical carbon particles. The aerosol generator (TSI Inc)
produced spherical particles with a broad particle size from 1
to 10 lm; monodisperse particles can be produced using a vi-
bration orifice aerosol generator (VOAG). Figure 7 shows rep-
resentative TEM images of carbon particles. Depending on the
block copolymers used and carbohydrate concentrations, car-
bon particles with worm-like, vesicular, hollow structures were
attainable. At relatively low concentration of carbohydrates,
particles with worm-like mesostructure (Fig. 7a) were prepared
using PS-P4VP. Increasing carbohydrate concentration from

3.2 wt % to 7.3 wt % resulted in vesicular particle mesostruc-
ture (Fig. 7b). Distinct from related bulk[33] and thin film[34] la-
mellar structures that collapse on calcination, the three-dimen-
sional connectivity of the nested spherical shells comprising
the vesicular mesophase mechanically stabilizes the structure
against collapse during polymer removal. Hollow carbon parti-
cles were prepared when PS-PEO was used (Fig. 7c).

3. Conclusions

The hydrogen bonding assisted self-assembly described here,
and its elaboration in two different fabrication processes, is a
general and direct method to synthesize nanostructured carbon
materials. The method is simple and flexible, controlling mate-
rial form (films and particles), nanostructure, and surface
chemistry. The resulting nanostructured carbon materials with
3-dimensional accessible mesoporosity and controlled surface
chemistry are of great interest for sensors, sorption and separa-
tion, catalysis, control release etc. The method also holds great
promise for synthesis of hierarchical organized complex carbon
materials by combining the self-assembling solution with other
techniques such as soft lithography,[35] photolithography,[36] and
rapid printing techniques.[21,37] Through aromatic carbon pre-
cursors and higher carbonization temperature, more work is
underway to synthesize carbon nanostructures with graphitic
microstructures.[38] In addition to the synthesis of carbon mate-
rials, we believe that through hydrogen bonding self-assembly
between block copolymers with optically, electrically, and mag-
netically active building blocks such as hydrophilic nanocrys-
tals,[39–41] porphyrins,[42] etc., nanocomposite films, tubes, and
particles with precisely positioned nanocrystal and porphyrin
units equipped with new optical, electrical, magnetic, and cata-
lytic properties are possible.

4. Experimental

Synthesis of Nanoporous Carbon Films: 0.1 g of PS-P4VP
(MPS

n = 12 000 g mol–1, MPS
n = 11 800 g mol–1 with molecular size distri-

bution of 1.04, Polymer Source Inc.) was added into 2 g DMF followed
by addition of desired amount (3–10 wt %) of
carbohydrate precursors, including turanose,
raffinose, pentose, glucose, sucrose, etc. The so-
lution was sonicated for 30–60 min to form a
homogeneous solution. The samples are then
cast or spin-coated onto substrates (silicon wa-
fer, glass slides, gold electrodes, etc.) at
1000 rpm for 2 min. The films were allowed to
dry in the fume hood and then placed in a
sealed chamber in the presence of solvent va-
por such as DMF and benzene, DMF/THF, and
DMF/DMSO, etc. for 24 h. The samples were
removed and carbonized in an argon environ-
ment at 460 °C or higher for 1 h using a heating
rate of 1 °C min–1. To enhance hydrogen bond-
ing, the coating solution was heated to 180 °C
for 3 h in an autoclave. After natural cooling to
room temperature, the solution was used to
spin-coat films.

Synthesis of Nanoporous Carbon Particles:
0.1 g of PS-P4VP (MPS

n = 12 000 g mol–1,
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Figure 7. Representative TEM images of nanoporous carbon particles. a) Nanoporous carbon par-
ticles were prepared using 3.2 wt % turanose and 1.6 wt % PS-P4VP(polymer source,
MPS

n = 12 000 g mol–1, MPVP
n = 11 800 g mol–1, with molecular size distribution of 1.04), showing a

uniform pore size of ∼ 27 nm. Sample b was prepared using 7.3 wt % turanose and 1.6 wt %
PS-P4VP. Sample c was prepared using 0.2 g turanose and PS-PEO (polymer source,
MPS

n = 19 000 g mol–1, MPEO
n = 12 300 g mol–1, with molecular size distribution of 1.04).
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MPS
n = 11 800 g mol–1 or PS-PEO (polymer source, MPS

n = 19 000 g mol–1,
MPEO

n = 12 300 g mol–1, with molecular size distribution of 1.04) was
added into 6 g DMF followed by addition of 0.1 to 1 g of turanose. The
solution was sonicated for 30–60 min to form a homogeneous solution.
The solution was then heated at 180 °C for 3 h in an autoclave to form
homogeneous dark solution. Spherical carbon particles were prepared
using an aerosol reactor (Supporting Information Fig. S8) operated at
a volumetric flow rate of 2.6 L STP min–1. Under these conditions, the
flow is laminar (Reynolds number at 400 °C, 75) and the entrained
aerosol particles experience ∼ 3 s of drying at nominally room tempera-
ture followed by ∼ 3 s of heating at 400–500 °C and finally collection on
a filter maintained at ∼ 80 °C. Carbonization was conducted in argon at
600 °C for 1 h to create nanoporous carbon particles.

Characterization: SEM images were taken using Hitachi 5200 FEG
microscope. TEM was performed on a JEOL 2010 with 200 kV accel-
eration voltage, equipped with a Gatan slow scan CCD camera. A sur-
face acoustic wave (SAW) technique was used to characterize nitrogen
sorption isotherms of mesoporous thin film samples. The samples of
thin film for SAW measurement were deposited onto ST-cut quartz
SAW substrates followed by carbonization as described above. The
SAW devices (97 MHz) on ST-quartz with Ti-primed Au transducers
were designed and fabricated at Sandia National Laboratories. In a typ-
ical acoustic wave device, an alternating voltage applied to an interdigi-
tal transducer on a piezoelectric substrate generates an alternating
strain, which launches an acoustic wave. An ASAP 2010 instrument
was combined with the SAW device to control the relative pressure;
while the SAW device was used to determine the frequency. Mass
change was monitored (∼ 80 pg cm–2 sensitivity) as a function of relative
pressure, assuming that the SAW frequency is only perturbed by a mass
loading variation. The GISAXS experiments were performed at the
dedicated GISAXS beamline 8-ID-E at the Advanced Photon Source,
Argonne National Laboratory. The operating wavelength was 1.66 Å.
Images were recorded using a two-dimensional MAR-165 CCD camera
with a frame size of 2048 × 2048 pixels (each pixel is 79 lm) mounted
behind a vacuum flight path. The sample to detector distance was set to
be 1.97 m. The sample sits on a horizontal stage in a vacuum chamber.
The sample stage has high precision x–y–z and multiple-rotation mo-
tions and is equipped with in-situ heating and cooling elements.
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