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We present a versatile strategy to tailor the nanostructure of monolithic carbon aerogels. By use of an
aqueous colloidal solution of polystyrene in the sol-gel processing of resorcinol-formaldehyde gels, we
can prepare, after supercritical drying and successive carbonization, freestanding monolithic carbon
aerogels, solely composed of interconnected and uniformly sized hollow spheres, which we name carbon
spherogels. Each sphere is enclosed by a microporous carbon wall whose thickness can be adjusted by
the polystyrene concentration, which affects the pore texture as well as the mechanical properties of the
aerogel monolith. In this study, we used monodisperse polystyrene spheres of approximately 250 nm
diameter, which result in an inner diameter of the final hollow carbon spheres of approximately
200 ± 5 nm due to shrinkage during the carbonization process. The excellent homogeneity of the sam-
ples, as well as uniform sphere geometries, are confirmed by small- and angle X-ray scattering. The
presence of macropores between the hollow spheres creates a monolithic network with the benefit of
being reversibly compressible up to 10% linear strain without destruction. Electrochemical tests
demonstrate the applicability of ground and CO2 activated carbon spherogels as electrode materials.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Tailored porous carbon materials, especially with controllable
and uniform pore characteristics [1], are of high interest for energy
storage [2,3], drug delivery [4], separation or gas adsorption ap-
plications [5]. In particular, a network build-up of hollow spheres
with deliberately tailored sizes has several benefits due to the high
surface-to-volume ratio, possibilities for encapsulation, and
chemical stability [6]. Hollow carbon sphere powders have been
prepared via polystyrene templating or by use of St€ober silica
particles as scaffolds during hydrothermal processing of mono-
saccharides [7e10]. Polystyrene spheres as templates and
resorcinol-formaldehydewere used to producemesoporous carbon
foams [11]. Close-packed polystyrene spheres can be infiltrated by a
carbon source followed by carbonization, which results in periodic
porous carbons [12e15]. In a pioneering work, the gelation of
Elsaesser).
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resorcinol-formaldehyde in ordered mesopores of silica was shown
to result in structured carbon replicas of hexagonally ordered fiber
bundles (CMK-3) [16]. In a soft-templating approach, dissolved
polystyrene and mesophase pitch were processed via evaporation-
induced phase separation to create meso/macroporous carbons
[17]. Other routes for the synthesis of carbonmaterials composed of
hollow spheres are based on a rapid ultrasonic treatment of a
resorcinol-formaldehyde sol [18,19], a modified St€ober process [20],
or chemical vapor deposition (CVD) on self-assembled polystyrene
spheres [21]. By use of a CVD process involving ferrocene on silica,
annealing and silica etching, hollow carbon sphere materials with
uniform geometries (shell thickness of 30 nm) can be obtained [22].
The inner volume enclosed in the hollow carbon spheres may be
beneficial for many applications; for example, it can be used as a
sulfur reservoir for LieS batteries or encapsulate nanosized cata-
lysts [23]. The addition of nanometer-sized species into the interior
of carbon spheres, however, remains challenging. For example, a
vapor phase infusion method was successfully applied [24]. We
have shown in a previous study that the introduction of hollow
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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spheres into a carbon aerogel network by polystyrene templating
has also a considerable impact on the mechanical properties
(maximum compressive strength) [25]. A comprehensive prepa-
ration overview to hollow-sphere structured materials can be
found elsewhere [26]. Careful control of the sphere morphology,
chemical composition, and pore size distribution is beneficial for
energy applications by improved electrolyte filling, enhanced ion
mobility, and limited volumetric changes during charge/discharge
cycling. The sol-gel reaction of resorcinol-formaldehyde to organic
porous solids [27] shows severe limitations in structuring the
nanoscale morphology of the gels by use of various influencing sol-
gel parameters [28].

In this study, the synthesis of micro/macroporous carbon hollow
spheres from polystyrene templating is combined with the prep-
aration of carbon monoliths by simple sol-gel processing of resor-
cinol and formaldehyde. Contrary to conventional hollow carbon
sphere (HCS) materials in powder form described in the literature
[6], we obtain freestanding monolithic samples composed of a
network of uniformly sized hollow carbon spheres. It is expected
that these networks exhibit a very homogeneous structure with
macropores formed bet-ween microporous carbon shells. The
presence of macropores will have an impact on the mechanical
properties of these RF-based gels, thus resulting in carbonmaterials
exhibiting a reversibly compressible nature. In our previous work,
we have already shown that small amounts of individual hollow
spheres can act as templates for resorcinol-formaldehyde based
carbon aerogels affecting the reversibly compressible character
[25]. Electrochemical characterization, by use of the approach of
Ref. [32], is outlined in the Supporting Information. Now, by a
careful variation of the polystyrene sphere concentration, we
demonstrate the control of the shell thickness, hollow sphere size,
and sphere cohesion. To the contrary of previous reports on tem-
plated, powdered carbon materials [7,11] we achieve reversibly
compressible monolithic, low-density (0.06 g/cm3) carbon mate-
rials with very high control and variability of the pore structure. As
a direct consequence, our templating strategy expands the possi-
bility to tune the carbon aerogel structure in a wide range by the
formation of well-defined meso/macropores both in the core of the
spheres and between spherical particles in addition tomicroporous
carbon shells. We investigate structural and mechanical properties
by use of scanning and transmission electron microscopy (SEM and
TEM), small-angle X-ray scattering (SAXS), nitrogen gas sorption,
and mechanical compression testing. To demonstrate the principle
suitability of the material for energy storage applications, we per-
formed electrochemical investigations (cyclic voltammetry and
galvanostatic charge/discharge cycling) on activated, ground and
binder-treated electrodes.

2. Experimental section

2.1. Materials and synthesis

Aqueousmonodisperse polystyrene (PS) colloidal solutions with
a concentration of 2.0 wt%, 4.0 wt% and 7.2wt% (final samples
labeled CA_2, CA_4, and CA_7.2) were used as templating agents.
The PS spheres (Supporting Information: 250.8 nm, 0.015 PdI, Fig. S1
and SEM image in Fig. S2), were prepared by emulsion polymeri-
zation of styrene with potassium persulfate (KPS) as initiator and
polyvinylpyrrolidone (PVP) as a stabilizing agent, as described
previously [29]. The as-prepared reaction mixture contained 4wt%
PS, and the other two emulsions were prepared by dilution with
deionized water (W) or evaporation, respectively. Additionally, a
proof of concept sample was prepared by use of a commercial,
50 nm sized PS solution (ABCR, 1.5wt%). 25 g of each PS solution
was provided in a beaker followed by the addition of 1.25 g
resorcinol (R; molar ratio R/W¼ 0.008) and 1.84 g formaldehyde
solution (37wt%, F (stabilized with methanol); molar ratio R/
F¼ 0.5) as a sol. We used 25 g of distilled water for the CA reference
sample without PS templating. The initial resorcinol substitution
was catalyzed by sodium carbonate (Na2CO3; molar ratio R/C¼ 50)
while for the condensation process we adjusted the pH value to
5.45 by dropwise addition of nitric acid (HNO3). The gelation and
aging to cylindrical RF/PS aquagel monoliths were performed by
pouring the sol/PS solution into glass vessels, followed by storage of
the gels for seven days at 80 �C. Afterwards, the RF/PS aquagels
were immersed in an acetone bath (100mL), repeated three times
within three days, to allow a sufficient solvent exchange. These
organogels were dried with supercritical CO2 in an autoclave (Parr
Instruments) with a volume of 300mL at 12MPa and 60 �C. Sub-
sequently, the RF/PS specimenwere carbonized in a tube furnace at
800 �C under argon gas. A further carbon spherogel sample series
was synthesized for mechanical and electrochemical performance
investigations by the use of a 1.5wt%, 3.0 wt%, and 6.0wt% PS so-
lution (PS average sphere size: 273 nm; 0.030 PdI; labeled CA_1.5,
CA_3, and CA_6) following the same protocol. Prior to electro-
chemical characterization, these carbon spherogels were physically
activated by a constant flow of CO2 in a tube furnace at 925 �C for
2 h.

2.2. Materials characterization

The morpholgy of the carbon spherogels was analyzed with a
Zeiss Ultra Plus field emission scanning electron microscope (SEM)
using an in-lens secondary electron detector. The acceleration
voltage was adjusted between 2 kV and 5 kV. Transmission electron
microscope (TEM) images were recorded with a JEOL JEM F200
TEM, which is equipped with a cold field emission source, using a
TVIPS F216 2k by 2k CMOS camera. An accelerating voltage of
200 kV was used. Thermogravimetric analysis (TGA) was carried
outwith a NETZSCH STA 449 F3 Jupiter device from20 �C to 1000 �C
with a heating rate of 10 �C min�1 using an argon or synthetic air
atmosphere.

Nitrogen adsorption isotherms were obtained with a Quan-
tachrome iQ sorption apparatus at �196 �C. Degassing of the
samples was conducted at 300 �C for 12 h. By use of quenched solid
density functional theory (QSDFT) the specific surface areas (SSA)
and pore size distributions (PSD) were calculated. Dynamic light
scattering (DLS) and zeta potential measurements were performed
with a Malvern Zetasizer instrument. A light-backscattering angle
of 173� was adjusted to record the data. Each measurement con-
tains 30 separate DLS measurements with 3 sub-runs each of 10 s
duration.

Small angle X-ray scattering (SAXS) was done on a NANO-STAR
laboratory instrument (Bruker AXS), equipped with an ImS micro-
source (Incoatec) using Cu-Ka radiation and 300 mm SCATEX pin-
holes (Incoatec). The scattering patterns were measured using a
VÅNTEC-2000 detector (Bruker AXS) at sample-detector distances
of 1052mm and 675mm in order to cover a wide angular range.
Distances were calibrated by a silver-behenate standard [30]. 4 to
17 points of each specimen were sampled to check for in-
homogeneities of the structural parameters across the samples.
Transmission of the samples was determined for each measure-
ment point, and a background scattering pattern detected without
the samples was subtracted after correction for transmission ef-
fects. One dimensional scattering I(q) curves were computed from
the two-dimensional scattering patterns, where I is the measured
intensity, and q¼ 4p/l$sin(q/2) is the length of the scattering
vector, which depends on the scattering angle q, and the wave-
length l of the X-rays. The one-dimensional (1D) scattering curves
measured at the two detector positions were merged. The SAXS



M. Salihovic et al. / Carbon 153 (2019) 189e195 191
data were modeled theoretically by using a core-shell model [31].
This model was modified to include micropores in the walls of the
hollow spheres by assuming spherical micropores with a Gaussian
diameter distribution (see section “SAXS Model” in Supporting
Information).

The mechanical properties of the samples were investigated by
compression tests on a uniaxial universal testing machine (Zwick/
Roell Z-250) equipped with a 1 kN load cell. Each test cycle con-
sisted of 5 times repeated compression up to 10% strain at a rate of
5mmmin�1. The compressive Young's modulus was determined
according to our previous study [25].

3. Results and discussion

Our study comprises the build-up of monolithic carbon aerogels
composed only out of hollow spheres as a result of resorcinol-
formaldehyde gelation around PS templates, which we call spher-
ogels. We varied the concentration of aqueous colloidal polystyrene
solutions (2.0 wt%, 4.0 wt%, and 7.2wt%) as templating agents and
labeled these sphero-gels as CA_2, CA_4, and CA_7.2 as well as a
(pristine) reference sample without PS templating (by use of an
equal volume of distilled water). Thereby, we were able to modify
the network build-up of monolithic carbon aerogels after carbon-
ization of the supercritically dried resorcinol-formaldehyde/
polystyrene material (Fig. 1).

Apparently, the negatively charged outer surface of the PS
spheres (as confirmed by the negative Zeta potential of �18.5mV,
Supporting Information, Fig. S1B) is a preferred location for the
resorcinol-formaldehyde substitution reaction, thus resulting in
perfectly RF enclosed polystyrene spheres after gelation (Fig. 2).
Carbonization results in a slight linear shrinkage of the monoliths
of 20%, resulting in a bulk density of 0.06 g cm-3 for all samples.
Similar to our previous investigation about reversibly compressible
carbon aerogels [25], we also use a low resorcinol-to-water molar
ratio of 0.008. As seen in Fig. 3, the morphology of the final carbon
materials is shown via scanning (SEM) and transmission (TEM)
electron microscopy. Careful adjustment of the selected poly-
styrene concentrations in combination with a fixed resorcinol-
formaldehyde molar ratio yields a gel microstructure composed
solely out of spheres. As shown by the SEM images as seen in
Fig. 3AeC, the carbon shell of each sphere is partially fused with the
shell of neighboring spheres at a low initial polystyrene concen-
tration. In the case of higher polystyrene concentrations, the
Fig. 1. Photograph of monolithic, cylindrical RF/PS spherogels (upper row) and cor-
responding carbon samples (lower row) with varied PS concentrations in the starting
solution (2wt%, 4 wt%, and 7.2wt%). (A colour version of this figure can be viewed
online.)
spheres appear more isolated, sharing only a small overlap. The
corresponding TEM micrographs (Fig. 3DeF) reveal the ability of
our approach to create monolithic carbon spherogels with homo-
geneously sized hollow spheres and adjustable wall thicknesses by
use of varying polystyrene concentrations. A low polystyrene
concentration (2wt%) yields sphereswith 94± 2 nmwall thickness,
and higher polystyrene concentrations result in lower wall thick-
nesses of 45± 1 nm or 18± 2 nm for 4wt% and 7.2wt%, respec-
tively. The diameter of the hollow core remains constant with
approximately 200 nm, with variations of less than 3% for all con-
centrations (Table 1).

The concurrently occurring decomposition of polystyrene and
carbonization of resorcinol-formaldehyde not only allows for the
formation of hollow carbon spheres but also yields intact mono-
lithic structures composed of interconnected hollow particles
(Supporting Information, Figs. S2eS4). To confirm the homogeneity
of the diameters of the spheres for macroscopic sample quantities,
we performed small-angle X-ray scattering (SAXS) measurements.
The scattering curves of all core-shell samples show pronounced
oscillations (Fig. 4). The positions of the minima are directly related
to the shell thickness t, while the number of observable minima is
mainly determined by smearing of higher orders due to poly-
dispersity. The oscillations are completely absent in the non-
templated reference sample. Fitting a model to the experimental
SAXS curves measured at different positions within the monoliths
resulted in essentially the same mean thickness (Table 1). The
width of the size distribution is estimated to be Dt/tz 5% from the
number of visible minima. The curves show also aweak shoulder at
qz 2.5 nm�1, which is attributed to the presence of micropores;
the fit gives a mean radius of 0.4 nm (Table 1). This suggests a very
high degree of homogeneity of the shell thicknesses within each
monolith and the presence of ultramicropores in the pore walls.
While shell thickness obtained from TEM and SAXS agree very well
for the samples Ca_4 and CA_7.2, there is a significant difference of
the shell thicknesses obtained for CA_2 (Table 1). This is somehow
surprising, as bothmethods are very sensitive to the shell thickness.
Tentatively, we attribute this to a gradient in the density (and thus
the scattering contrast) within the shell for this sample. Indeed, a
decreasing density (due to, e.g., an increasing micropore amount)
from the inner to the outer side of the shell would be consistent
with the experimental findings and will be subject to further
investigations.

Nitrogen adsorption isotherms at�196 �C (Fig. 5A) of the carbon
samples were recorded to investigate the pore size distribution
(Fig. 5B), as well as the specific surface areas and the micropore
volume (Table 1). The type IV isotherms for the spherogels CA_2,
CA_4, and CA_7.2 with a hysteresis loop H4 correspond well to the
microstructure of the sample with macropores enclosed by a
microporous particle network. The isotherms also show the tensile
strength effect (TSE) [33e35], that is, the sudden evaporation of
nitrogen from the sphere interior is clearly indicated by the sharp
drop in the desorption isotherm at p/p0 of 0.5. The shape of the
isotherms of CA_2 and CA_4, indicates the presence of micro- and
macropores only, while CA_7.2 and the carbon aerogel reference
sample without polystyrene templating seem to contain also some
intermediate mesopores. While micropores are located in the car-
bon shells, the macropores originate from the hollow core, and the
mesopores are probably connected to the pores between the hol-
low spheres. The filling of the uniform 200 nm inner volume of the
spheres is clearly seen in the isotherms by the sharp adsorbed
volume increase at relative pressures close to one. The micropore
generation occurs during carbonization (evaporation of H- and O-
compounds) with a micropore volume in the range of 0.2 cm3 g�1.
Applying the quenched solid density functional theory (QSDFT) and
assuming slit-shaped pores, we obtain a specific surface area of



Fig. 2. Schematic representation of the synthesis of carbon spherogels that are composed solely of hollow spheres starting from polystyrene colloids and resorcinol and form-
aldehyde as carbon sources (sc¼ supercritical drying). (A colour version of this figure can be viewed online.)

Fig. 3. Scanning electron micrographs (AeC) and corresponding transmission electron micrographs (DeF) of polystyrene-templated carbon spherogels with 2wt% (CA_2), 4 wt%
(CA_4), and 7.2 wt% polystyrene (CA_7.2) as the templating agent.

Table 1
Physical and geometric properties of carbon spherogels templated with different polystyrene concentrations, including the reference sample (without polystyrene addition)
obtained from N2 sorption, TEM micrographs, and data calculated from SAXS measurements.

Sample SSA(QSDFT) Inner
diametera(TEM)

Wall
thicknessa(TEM)

Wall
thickness(SAXS)

Micropore diameter
(SAXS)

Specific pore
volumeb(QSDFT)

Micropore
volumec(QSDFT)

9bulk

(m2/g) (nm) (nm) (nm) (nm) (cm3/g) (cm3/g) (g/cm3)

Reference 584 e e e e 0.44 0.17 0.06± 0.01
CA_2 612 196± 3 94± 2 78± 0.3 0.76± 0.02 0.21 0.18 0.06± 0.01
CA_4 667 200± 5 45± 1 48± 0.9 0.78± 0.04 0.26 0.19 0.06± 0.01
CA_7.2 680 202± 3 18± 1 18± 0.6 0.72± 0.06 0.43 0.20 0.06± 0.01

a Determination of the inner diameter and wall thickness by evaluation of transmission electron micrographs of 15 spheres.
b <30 nm.
c <2 nm.

M. Salihovic et al. / Carbon 153 (2019) 189e195192



Fig. 4. SAXS curves of CA_2, CA_4, CA_7.2, and reference (no templating). The curves
are vertically shifted for better visibility. (A colour version of this figure can be viewed
online.)

Fig. 6. Bar chart illustrating the compressive moduli of spherogel monoliths with
decreasing sol PS concentrations (CA_6: 6wt% PS; CA_3: 3wt% PS; CA_1.5: 1.5 wt% PS)
and pristine reference sample (black). The average of 5 compression cycles up to 10%
strain, and the standard deviation error bar are shown. (A colour version of this figure
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580e680 m2g-1 for our samples with an increase of the total pore
volume from 0.21 cm3 g�1 (CA_2) to 0.43 cm3 g�1 (CA_7.2), which
we consider as a result of a clearly higher overall interior volume as
well as an increased number of pores between spheres for CA_7.2.

Our synthesis strategy further allows generating spherogels
with hollow sphere dimensions in the mesopore range. By use of
polystyrene spheres with 50 nm and a concentration of 1.5wt%, we
prepared a hierarchically structured carbon aerogel composed of
hollow spheres with an inner diameter of roughly 40 nm and a shell
thickness of 13 nm (TEM image in Supporting Information, Fig. S5).
In this case a commercial PS dispersion was used, apparently
exhibiting a broader size distribution, which is reflected in a carbon
spherogel consisting out of hollow spheres with an inner diameter
in the range of 35e45 nm. A corresponding nitrogen adsorption
analysis shows the pronounced hysteresis loop type H4 with a
sharp drop at p/p0 at 0.5, indicating the TSE and the flexible
adaptability of our route to different PS systems. Calculation of the
SSA and pore volume resulted in 620m2 g�1 and 0.6 cm3 g�1,
respectively.

We investigated the structure of the carbon spherogels by
Raman spectroscopy. The Raman spectra feature for all samples the
Fig. 5. (A) Nitrogen sorption isotherms measured at �196 �C and (B) cumulative pore size d
for carbon spherogels with different polystyrene concentrations and the pristine reference sa
(A colour version of this figure can be viewed online.)
presence of a D-mode at ~1345 cm�1 and a G-mode at ~1584 cm�1

with a full-width half maximum of 11 cm�1 and ~60 cm�1,
respectively, and thus verifies the incomplete crystalline character.
This is supported by an ID/IG of about 0.86 for all samples including
the non-templated (pristine) carbon aerogel (Supporting Informa-
tion, Fig. S6, and Table S1) and has been reported similarly on resol-
based carbon aerogels [36,37].

To explore the mechanical properties of the spherogels, we pre-
pared an additional series of polystyrene-templated CAs by use of
1.5wt%, 3wt%, and 6wt% PS with a comparable sphere diameter of
273± 8 nm (SEM micrograph analysis). The impact of PS concen-
tration, accompanied by the number of hollow spheres in the CA and
the content of macropores, on the mechanical properties of the CAs
was investigated by a five-times repeated compression test up to 10%
strain for each sample (Supporting Information, Fig. S7). As depicted
in Fig. 6, after increasing the PS concentration from 1.5% to 6%, we
observe a stiffening of the samples, indicated by an increase in the
compressive modulus of the samples from 0.086MPa to 0.149MPa.
Thus, the CA_6 sample with lower macropore content shows a
nearly three times stiffer behavior than the pristine reference.

We further explored the suitability of carbon spherogels for
istributions (symbols, left axis) and differential pore size distribution (lines, right axis)
mple. Pore size distributions were determine using QSDFT assuming slit pore geometry.

can be viewed online.)
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electrochemical applications, in particular, for potential use as
electrodes in supercapacitors. We performed first electrochemical
investigations by the use of activated and groundmonoliths, as well
as polymer-treated electrodes. Carbon spherogel samples CA_1.5,
CA_3, and CA_6 (and pristine sample) were physically activated
[38] with CO2 at 925 �C with the result of an increase of the SSA to
the range of 1681e1861m2 g�1. Concomitant, the total pore volume
was extended up to 1.1 cm3 g�1, and the micropore volume
increased to 0.74 cm3 g�1 (Supporting Information, Fig. S8, and
Table S1). SEM images of the activated samples (Fig. S9) reveal that
CO2 treatment does not cause the collapse or other structural
deterioration of the hollow spheres.

The general electrochemical performance of the crushed
monolithic carbon electrodes (Supporting Information, Fig. S10)
shows the ability of the material to be used as electrodes for elec-
trical double-layer capacitors. For a common organic electrolyte,
we have quantified the specific capacitance to be around 100 F g�1,
which is a value comparable to other activated carbon materials.
Crushing the initially monolithicmaterial was necessary to ensure a
homogenous electrode thickness and optimized contact with the
current collector; future work will explore the monolithic material
as free-standing electrodes.

4. Conclusions

In the present work, we have demonstrated a facile route to
monolithic carbon spherogels via polystyrene templating during
resorcinol-formaldehyde sol-gel processing. The gels are solely
composed of uniformly sized hollow carbon spheres, and the pro-
cess shows great potential to control the pore diameters and wall
thicknesses. We confirmed the excellent homogeneous of the
monoliths as well as sphere size uniformity by SAXS and TEM
measurements. The major advantages of this strategy towards
these spherogels are 1) the advantages of mild reaction conditions
during sol-gel processing, 2) the ease of modification of the syn-
thesis protocol (e.g., a variation of the polystyrene concentration or
resorcinol-formaldehyde amount), and 3) low cost and no equip-
ment barriers.

By use of polystyrene spheres with varying sizes and concen-
trations, the wall thickness of the spheres as well as the inner
volume is adjustable with a high level of control. Additionally,
reversible compressibility up to 10% without destruction is shown,
which can be related to the macropores enclosed between the
hollow carbon spheres. Furthermore, we demonstrate for crushed
carbon spherogels the principal suitability for electrochemical
applications.

Our strategy can be extended to various functional carbon ma-
terials by the use of hybrid polystyrene capsules [39] with the aim
to functionalize the inner volume with inorganic or metal nano-
particles. This would allow, for example, the use of nanosized
inorganic species as intercalation components in combination with
electrically conductive carbon for electrochemical applications.
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