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a b s t r a c t

We report experimental studies of carbon nanofoam produced using a hydrothermal autoclave reactor
with a sucrose solution and a small added amount of naphthalene. The foam has an average density of
85 mg/cc and is uniform in its appearance. He-ion microscopy (HeIM), Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) were used to characterize the foam samples. These show good con-
sistency in the micro/nanostructure as well as in the elemental constitution. The vibrational and electron
core-level studies suggest an open cellular structure with curved graphene walls and basal-plane oxide
groups. We conclude that naphthalene-assisted hydrothermal processing of sucrose is a useful method to
produce high-quality carbon nanofoams.

© 2015 Elsevier Ltd. All rights reserved.
1. . Introduction

Nanofoams from various materials have been synthesized in
recent years. Among these are nanofoams from chemical elements
such as copper [1], silicon [2], nickel [3], gold [4], and silica [5]. Also,
various types of polymeric nanofoams have been produced since
their first synthesis in 1994 [6]. In addition, nanocomposite foams
have been investigated [7] which are interesting due to their su-
perior mechanical and thermal properties. Cu-nanofoams were
studied with respect to their possible use in energy applications [1].

There is an intense interest in nanocarbon for a variety of en-
gineering applications. Nanocarbon materials are thermodynami-
cally stable in different polymorphs which can adopt a wide range
of crystalline and non-crystalline structures with very interesting
properties. This is because of carbon's ability to form sp1- (poly-
meric-type), sp2- (graphite-like), and sp3- (diamond-like) hybrid-
ized bonds. Noncrystalline carbons usually are intermediate
between diamond and graphite since they contain variable
amounts of sp3-and sp2etype atoms. Hybrid graphite-diamond
structures have been theoretically developed [8], in particular for
the understanding of glassy carbons, carbon blacks, and diamond-
like carbon films [9]. The properties of these materials depend very
strongly on the sp3/sp2 ratio [10]. Mass densities typically range
from ~3.5 gcm�3 for diamond to about 1 gcm�3 for noncrystalline
carbon films.

Carbon nanofoam (CNFM) was first produced in 2002 by high-
repetition-rate laser ablation of a glassy carbon target in an Argon
atmosphere [11]. The foams were found to have very low densities
and high electrical resistivity. Carbon nanofoam has been consid-
ered as a potential hydrogen storage material [12] and as cathode
materials for metal-air batteries [13]. It was found that this material
contains both sp2 and sp3 bonded carbon atoms. It was suggested
that the foams consist of graphite-like sheets with hyperbolic
curvature, similar to the structure of “schwarzite”. Surprisingly,
ferromagnetismwas found for some of the foams up to 90 K, with a
narrow hysteresis curve and a high saturation magnetization [14].
Also, catalytic applications have been reported using carbon
nanofoams [15]. Atomistic simulations of carbon nanofoams reveal
a low-density nanoporous material [16]. A nanofoam-related
structure has also been suggested for carbon nanotube aerogels
[17]. Such carbon structures with complex topology related to the
coexistence of both sp2 and sp3 hybridized atoms, have attracted
considerable interest in recent years [18].

Porous carbon materials are usually produced by chemical
[19,20] or physical [21] routes. Among these, the mesoporous and
nanoporous carbons are attractive materials for a number of
different applications, such as methane gas storage [22], hydrogen
storage [23], as electrodes in supercapacitors [24,25], and as

mailto:sattler@hawaii.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2015.08.001&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2015.08.001
http://dx.doi.org/10.1016/j.carbon.2015.08.001
http://dx.doi.org/10.1016/j.carbon.2015.08.001


S.T. Mitchell et al. / Carbon 95 (2015) 434e441 435
matrixes incorporating metal particles for highly efficient catalysts
[26,27]. Porous carbon frameworks are also considered for capaci-
tive deionization [28], as sensors for metal ions [29] or as hosts for
the confinement of molecules [30].

In this work we report on the study of carbon nanofoams pro-
duced by hydrothermal processing of sucrose. Hydrothermal
carbonization (HTC), most often applied to biomass processing [31],
is an aqueous-phase route to produce carbon materials. High
temperature/high pressure (HTHP) synthesis has been shown to
lead to the production of a variety of carbon nanomaterials [32].
Separation of carbon species in structural and chemical pure form is
usually required but is often difficult to achieve. Our method of
hydrothermal processing reveals samples with uniform micro-
structure as recorded by helium ion microscopy (HeIM). Raman
spectra show the typical carbon G and D peaks, no structure in the
2D and 2G overtone range, but two peaks in the 700e1200 cm�1

range. The deconvoluted XPS spectra show three C1s peaks which
we assign to sp2/sp3 hybrid, CeOH, and C]O positioned carbon
atoms. In the O1s energy range, we identify three spectral features,
corresponding to oxygen bonded to aromatic (sp2), aliphatic (sp3),
and to carbon atoms in C]O bonds, with the latter presumably
from oxygen attached to carbons to the graphene-type basal-plane
of the cellular walls.
2. Instruments and methods

2.1. Hydrothermal synthesis

A 130 ml stainless steel autoclave was filled with a 5-molar
sucrose solution, and 3 mg of naphthalene was added. The auto-
clave then was tightly sealed and connected to the heating supply.
Subsequently the autoclave was kept at 155 �C for 5 h. After cooling
and opening, we extracted the foam which had formed in the
container. Thenwe separated the foam from the remaining sucrose
solution by rinsing the samples in hot water. After drying the
samples, their mass density was determined using a high-precision
balance and a pre-defined volume container. The density was
determined for several samples from the same experimental run.
The determined value gives an average of threemeasurements with
a standard deviation of 0.8%.
2.2. Helium ion microscopy

Helium ion microscopy images were obtained using the ORION
PLUS (Carl Zeiss) with an acceleration voltage of 34.9 eV and a beam
current of 0.6 pA. Secondary electrons were detected and an elec-
tron flood gun was used to compensate charging of the uncoated
samples. The foam was attached to the HeIM sample holder using
conductive carbon pads.

The helium ion microscope is a powerful instrument for struc-
ture research [33]. It produces a high-brightness, low-energy-
spread, subnanometer-size beam for imaging. A beam of He ions
with a diameter of typically less than one atom is focused onto the
substrate under investigation and the image is provided either by
ionoluminescence [34], Rutherford backscattering of the ions, or
secondary electron emission [35]. The high resolution is possible
due to the small subsurface ion beam spread [36]. Due to its very
high brightness it is particularly suitable for the imaging of low-
mass elements such as carbon. Besides imaging, elemental anal-
ysis can be achieved with the He-ion microscope [37]. In this work
we use the secondary electron emission setup for imaging of our
samples.
2.3. Raman spectroscopy

Raman spectra were recorded using a micro Raman spectrom-
eter (LabRAM ARAMIS) operated in the backscattering mode.
Measurements were performedwith a blue diode laser at 473 nm, a
10� microscope objective and a thermoelectrically cooled CCD
detector. The foam was mounted on conductive carbon tape.

In Raman spectroscopy, vibrational modes are studied by
measuring the energy of photons scattered from a sample which is
exposed to laser light. Raman spectra of bulk carbon materials
typically consist of a graphitic or G-band, and disorder from defects
and from the surface results in the D-band. By determining the ratio
between these two bands (ID:IG), a quantitative measure of defect
density can be obtained. In addition, this intensity ratio can be used
to determine the degree of graphitization of a sample.

2.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was performed in a multi-
chamber UHV system (Multiprobe, Omicron) at a chamber pres-
sure below 10�9 mbar. Monochromatic Al Ka irradiation, an elec-
tron analyzer (Sphera) with a resolution of 0.9 eV, and an emission
angle of 20� were used. The foam was attached to the XPS sample
holder by conductive carbon tape. For deconvolution of XP peaks a
Shirley background and symmetric Voigt functions were employed.

XPS measures surface composition by determining the binding
energy of photoelectrons ejected when a material is irradiated by
X-rays. The surface sensitivity of XPS is derived from the small
(<10 nm) inelastic mean free path of the ejected photoelectrons.
This allows the elemental composition of the near surface region to
be quantified.

In addition to compositional analysis, XPS can also provide in-
formation on the chemical environment of atoms based on the
peak-fitting of the spectral envelopes. This capability stems from
the fact that, although a photoelectron's binding energy is largely
determined by the element from which it originates, binding en-
ergies are also influenced by the local chemical environment (e.g.,
for carbon atom: CeC, C]C, CeO, C]O).

XPS has been used for a large variety of carbonmaterials, such as
nanostructured carbon films [38], carbon nanowall films [39],
diamond-like carbon films [40], amorphous carbon [41], tetrahe-
dral amorphous carbon films [42], nanoporous carbon [43], carbon
black [44], activated carbon [45], or carbon nanotubes [46]. The XPS
is an excellent instrument for chemical structure analysis [47], in
particular for the study of the chemical states with emphasis on the
sp2/sp3 hybridization ratio [41].

3. Results

3.1. Density

The density of the foam was obtained from averaging the data
using various foam samples of the same batch. This resulted in an
average density of 0.085 g cm�3. This value is distinctively below
the densities of diamond (3.515 g cm�3), graphite (2.267 g cm�3),
amorphous carbon (1.8e2.1 g cm�3), or carbon nanotubes
(1.6 g cm�3) [48].

Various types of ‘ultralight carbons’ have been fabricated with
densities typically between 100 and 300mg cm�3. Among these are
carbon aerogels [49e51], nanoporous carbons [52], amorphous
carbon nanoparticles [53,54], carbon nanotube scaffolds [55], and
carbon foams [56,57]. The densities of these carbon materials are
significantly different from ‘heavy carbons’ such as pristine
graphite (2.26 g cm�3), DVD grown carbon films (2.14 g cm�3 [58]),
or carbon nanotube forests (1.6e0.38 g cm�3 [59]). Some
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techniques allow the production of carbons in a wide density range
(0.20e1.4 g cm�3 [60]).
Fig. 2. Raman spectrum in the wavenumber range 750 cm�1 to 2300 cm�1.
3.2. Microscopy

Fig. 1a shows a He-ion microscopy image of a foam sample with
a 2mm field of view. It can be seen that the structure of thematerial
is quite uniform, at this level of magnification. Fig. 1b shows an
image of the sample with a 75 micron-sized field of view. At this
level of magnification, the sample consists of particles with di-
ameters between ~3 and 15 microns. The particles tend to be
spherical, with an eccentricity close to zero, but are often coalesced
forming larger species. In Fig. 1c, one of the micropearls is shown
enlarged, with a 15 micron field of view. It has a perfectly spherical
shape with a sharp edge. On this recorded length scale, the surface
of the pearl shows perfectly smooth appearance. However, with
further magnification and refocusing of the He ion beam (Fig. 1d,
with 1 micron field of view), additional structure can be observed
with features as small as ~25 nm in diameter. This may be the
diameter of the cavities in the cellular structure of the foam.
However, HeIM does not seem to resolve fully the individual pores
of the foam. In this respect we note that pore sizes for nanoporous
carbons are typically between 0.5 nm and 2 nm [61].
3.3. Raman spectroscopy

Raman spectroscopy is a powerful technique for the character-
ization of carbon nanomaterials and can be used to distinguish
between ordered and disordered atomic structure. The typical
features for carbon in Raman spectra are the G band at wave-
numbers around 1580 cm�1 and the D band at around 1350 cm�1.
The G band is usually assigned to E2g phonons of C sp2 atoms, and
the D band is due to the breathing mode of k-point phonons of A1g
symmetry [62]. The G band may also contain signatures from
polycyclic aromatic hydrocarbons (PAHs), often the precursors in
the growth of graphitic particles [63]. Carbon stretch vibrations in
benzene result in a peak at 1588 cm�1 [64], and PAH signatures are
at similar wavenumbers.
Fig. 1. Helium-ion microscopy (HeIM) images of carbon nanofoam, Fields of view: (a)
2 mm, (b) 75 mm, (c) 15 mm, showing a single micropearl, and (d) 1 mm, showing a
micropearl with internal structure.
Fig. 2 shows the Raman spectrum of our foam sample. We
identify the two characteristic peaks, the G band at 1589 cm�1 and
the D band at 1371 cm�1. The G band appears with much higher
intensity than the D band. Such intense G band indicates the sig-
nificant presence of a graphitic wall structure, presumably with
single- or few-layer thickness. The wavenumber of the observed G
band (1589 cm�1) is slightly shifted to a higher value compared to
that of the graphite G band (1580 cm�1), which may result from
high curvature of a graphene wall structure. The relatively low D-
band intensity indicates that the nanofoam samples contain few
carbons in hybridizations other than sp2. We further note that the
overtone of the D band, the 2D band, is usually located at about
2700 cm�1 [65]. In our sample, the 2D band is not present in the
extended spectrum.
3.4. XPS

XPS is a powerful method to investigate the character of the
near-surface region of carbonaceous materials. It is a surface sen-
sitive method in which the core level chemical shifts are measured.
This is valuable for understanding the local environment of an
atom, for example in finding whether a carbon allotrope is sp3 or
sp2 bonded. Apart from the chemical shift, the XPS investigation
can provide useful information such as elemental composition,
degree of disorder, compound formation, and surface functional
groups.

Using XPS, the identity and concentration of oxygen-containing
functional groups can, in principle, be obtained from spectral
deconvolution of the C1s and O1s XPS regions. Unambiguous
spectral deconvolution is, however, often complicated by the
presence of different species (e.g., CeH, CeO, C]O, COOH) with
similar binding energies. The C1s and the O1s spectral envelopes
are typically broad and featureless due to both the proximity of the
binding energies associated with different oxygen-containing
functional groups and the limited resolution of typical energy
analyzers.

In Fig. 3a and b, narrow-scan XPS spectra are provided for the
C1s and O1s peak distributions, respectively. The two energy ranges
cover the typical features present in the analysis of nanocarbon
materials.

For the distribution in Fig. 3a we used three-curve fitting. We
label the three peaks as C1, C2 and C3, and find the maxima and %
areas at 285.0 eV (57.0%), 286.2 eV (32.0%), and 288.6 eV (11.0%),
respectively. We assign the C1 peak to CeC bonds in a mixed sp2/



Fig. 3. XPS spectra showing the spectral regions of (a) C1s atomic carbon orbitals, and
(b) O1s atomic oxygen orbitals.
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sp3 hybridization state since this peak is located between the
graphite-type peak at about 284.3 eV and the diamond peak at
about 285.5 eV. The C1 peak, with 57.0% area, gives the dominant
contribution to the C1s region. The C2 and C3 peaks are assigned to
carbon atoms in CeO and C]O bond configurations, respectively.
The CeO peak has about half the area of the CeC peak, and the C]O
peak a much smaller fraction.

The spectrum in Fig. 3b gives the distribution of the O1s core
level energy with the oxygen atom in different bond environments.
Application of two fitting curves gives the best results. Two peaks
are identified, at 530.0 eV (O1) and at 532.2 eV (O2) with areas of
20.6% and 79.4%, respectively. We assign the broad peak, at
532.2 eV, to carbons in CeO bonds at sp2 and sp3 hybridized car-
bons, i.e. with the carbon atoms located in a diamond-graphite
hybrid environment. The fact, that both, sp2-and sp3-related
peaks are not separated in the O1s distribution suggests that there
is no phase separation between sp2 and sp3 regions in the sample, a
result which we also had obtain considering the location of the C1s
CeC peak at 285.0 eV.

It has been reported that oxygen atoms in carbonmaterials with
adsorbed water yield a peak in the 536e537 eV range (536 eV [96],
537.1 eV [66]). Since no such peak is found in our XPS spectrum, we
conclude that the water from the sucrose/naphthalene solution has
been completely extracted in drying the samples.
4. Discussion

We first discuss the Raman results. We find for our foam sample
that the D and G bands are distinctively separated, different from
the broad distribution of one unresolved peak observed for amor-
phous carbon [67]. This reveals that the foams have an ordered
atomic structure.

In a survey, values for the G-band position between ~1554 cm�1

and ~1595 cm�1 have been given for a range of graphene-, nano-
tube-, and fullerene-type carbon allotropes [68]. The G peak is
positioned at 1581 cm�1 [68] in pristine graphite. However, it is
usually shifted to higher values for the various nanocarbon mate-
rials. It was, for example, detected at 1593 cm�1 for carbon nano-
pearls [69], at 1591 cm�1 for carbon nanospheres [70] and
1595 cm�1 for graphene nanosheets [71]. The upshift of the Raman
band has been attributed to highly-curved structures and small
sizes of carbon species [68]. In our study of the carbon nanofoams
we find the G band at 1589 cm�1, which suggests that the nanofoam
has a wall structure composed of curved graphene walls.

Numerous studies have shown that the D-band lies at
~1350 cm�1 and is quite insensitive to the type of nanocarbons
considered. I has been located at this value for porous carbon
scaffolds (1350 cm�1, [72]), disordered nanocarbons (1350 cm�1,
[73]), nanopearls (1350 cm�1, [69]), carbon nanotubes (1349 cm�1,
[74]), and others. It was found at slightly higher values (1358 cm�1,
[75]) for cluster-assembled carbons, and at a lower value
(1337 cm�1, [70]) for carbon nanospheres. For the nanofoam sam-
ple in this study we find a value of 1371 cm�1 for the D band po-
sition which is consistent with the nanoporous structure of the
foam having a curved and strained wall structure.

The characteristic Raman band has been observed at
~1332 cm�1 for diamond films [76] and for nanocrystalline dia-
mond [77]. In the case of phase separation, separate diamond and
graphite areas would be present in the foam. However, no corre-
sponding feature is found in the foam spectrum. We conclude that
no indication for a phase separation of sp2 and sp3 regions is found.

We note that our foam samples show some structure in the
Raman spectrum for wave numbers ~1850e2140 cm�1, the range
where features due to carbon chains are usually observed [73]. In
this wavenumber range one expects a band originating from vi-
brations of carbon triple bonds, associated with the presence of
conjugated polyacetylenic bonds with a distribution of chain
lengths. The slightly enhanced intensity for wavenumbers
~1850e2140 cm�1, displayed in Fig. 2, indicates that carbon triple
bonds are included in the cell structure of the foam.

We don't have any indication for a 2D peak in our sample; if
present, its intensity is below the noise level. The 2D band, located
near 2700 cm�1, gives a very strong peak for pristine graphene.
However it is substantially reduced in finite graphene nanosheets
[78]. Also, its intensity is sensitive to the degree of order in the
sample. When exposed to Arþ-ion bombardment, this band
significantly decreases, as shown in a study where the distance
between ion impact-produced point defects was changed from
24 nm to 2 nm [79]. This reveals, that increasing degree of disorder
leads to a suppression of the 2D band. Therefore, this band is
usually not present in defective carbons such as graphene oxide
and graphene aerogels [80]. Another property influencing the
occurrence and height of the 2D peak is the curvature of the gra-
phene network. It has been shown that the 2D peak becomes
significantly lower when the diameter of a nanotube is reduced
from 20 nm to 3 nm [81]. These results indicate that the nanofoams
in our study have a strongly-curved defective graphene-type wall
structure.

The nanofoam samples show features in the Raman spectrum in
the wavenumber range of 800e1100 cm�1, as seen in Fig. 2 at
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847.5 cm�1 and 1043.9 cm�1. Two peaks in this range, at 860 cm�1

and 1100 cm�1, have previously been observed for carbon onions
[82]. A 1150 cm�1 mode has also been found for nanocrystalline
diamond [83]. A peak at 1190 cm�1 was observed for amorphous
hydrogenated carbon films produced by plasma deposition [84].
We conclude that our observed band at 847.5 cm�1 may originate
from structures similar to carbon onions. The 1043.9 cm�1 band is
well below the band for nanocrystalline diamond. Therefore there
is no indication for a diamond-graphite phase separation in our
samples.

Five bands characterize the Raman spectrum of naphthalene
(C10H8); at 513.8 cm�1, 763.8 cm�1, 1021.6 cm�1, 1382.2 cm�1, and
1464.5 cm�1 [85]. The Raman spectrum of our foam sample does
not show any sharp peaks at these wave numbers which points to
complete carbonization of the naphthalene in the hydrothermal
process of the sucrose/naphthalene solution.

Next we discuss the XPS results. Deconvolution of the C1s en-
velope for the nanofoams yields three peaks, labeled as C1, C2, and
C3 in Fig. 3a. We attribute the C1 component to CeC bonds, the C2
and C3 peaks to CeO and C]O bonds, respectively.

We consider the location of the C1 core line. There is a general
agreement (within þ/� 0.2 eV) about the binding energy of
284.3 eV for the 1s electron of a carbon atom in pristine graphite
[86]. This binding energy is also found for a variety of C-based
materials such as graphite oxide [87], multiwall carbon nanotubes
[88], amorphous carbon films [89], carbon blacks [66], thin films of
C60 [90], graphene [91], graphene oxide [92], and others. The
location of this peak has been shown to be quite insensitive to
strong changes in the carbon material's crystalline order. It was
found, that with intense Arþ ion radiation of highly-oriented py-
rolytic graphite (HOPG), the position of the C1 peak remained
almost unchanged while the width (FWHM) changed significantly,
from 0.6 eV to 1.5 eV [93]. Yet, small shifts to higher binding en-
ergies of 284.6 eV [94], 284.7 eV [95], and 284.8 eV [96] have been
observed for various graphene oxide materials. In our studies of
carbon nanofoams we also find an upward shift of the binding
energy and observe the CeC peak at 284.96 eV. This indicates that
the cellular walls of the foam in this study have structures related to
graphene oxide.

This shift in binding energy may be explained by the presence of
highly-curved and strained graphenewalls in the foam structure. In
fact, a value of 284.92 eV has been observed for strongly-curved
single-wall carbon nanotubes [88]. The observed peak position is
slightly below the sp3-originated C1s peak, which was found in the
range of 285.2 eVe285.8 eV for diamond [97], hydrogenated
amorphous carbon films [89], CVD diamond [89], and other
diamond-like structures [98]. Therefore we suggest that the foam
sample is characterized by a hybrid sp2-sp3 structure of cavities
with curved graphene sidewalls and with sp3 bonds providing the
links for the 3-dimensional graphene-like network. Hybrid
graphene-diamond structures have been previously suggested by
several research groups, with respect to their structural [99,100]
and electronic [8] properties, and to their phase stability [101].

Another area of discussion is the width of the observed XPS
peaks. For highly oriented pyrolytic graphite (HOPG) the crystals
have close-to perfect atomic structures and the C1s peak is narrow,
with a FWHM of 0.45 eV [93]. In defect-free graphite the electronic
environment is the same for all carbon atoms. Consequently, the
XPS spectrum of HOPG shows a narrow peak. Thewidth of the peak
is related to the heterogeneity of the electronic environment of the
carbon atoms. Differences in the nearest-neighbor configuration
will slightly shift the binding energy and cause a broadening of the
observed peak. For the foam sample we determine a full-width at
half maximum (FWHM) of 1.4 eV. We explain this by the
heterogeneity of the hybrid structure containing sp2-and sp3-type
carbon atoms without a major phase separation.

The C2 peak in the C1s distribution, at 286.2 eV, has an area of
32.0%. It has been assigned to CeOH bonds in a number of studies of
graphene oxidewith reported values of 286.4 eV [102] and 286.2 eV
[96]. It is typically found in the range of 285.5 eVe287.5 eV with
carbon samples prepared under various conditions [103]. The peak
receives its relatively largewidth from the coexistence of carbons in
sp2 and sp3 configurations.

The C3 peak, at 288.6 eV, has a relative area of 11.0% and can be
associated with C]O and carboxyl (COOH) groups [98,99]. These
two functional groups usually are strong features in graphene oxide
[104]. The C3 peak in our sample is well below the peaks at 290.6 eV
and 291.6 eV usually assigned to shake-up satellite (p -> p*) and
plasmon excitations, respectively [105]. In shake-up events the
emission process is accompanied by the promotion of an electron in
one of the highest occupied orbitals into one of the lowest unoc-
cupied orbitals. This leads to a photoelectron emitted from the solid
with lower kinetic energy and the appearance of a higher binding
energy for the C1s state. The lack of a plasmon excitation feature
shows the insulating character of the foam sample. Both excita-
tions, characteristic for HOPG, do not appear to be present in our
foam sample or are too weak to give a measurable signal in the XPS
spectrum. In fact, these features, related to the perfect crystal
structure of HOPG, disappear when HOPG is exposed to Arþ ion
radiation, i.e. with increasing degree of disorder [86].

One of the main objectives in the synthesis of new carbon ma-
terials is to find allotropes composed of carbon atoms in combined
hybridized states, such as sp-sp3, sp2-sp3, or sp-sp2-sp3. Also, car-
bon atoms may exist in intermediate states spn, where n is a frac-
tional number, with 1 < n < 2 for cyclo(N)carbons and 2 < n < 3 for
closed-frame structures [106]. On the other hand, two phases may
coexist side by side in different areas of a sample. For example, self-
formed C60 inclusions were found in hydrogenated carbon films
[107]. In this respect, it is interesting to ask if there is phase sepa-
ration between different hybridizations in the foam sample. For
example, clusters of sp3-bonded carbons could be incorporated in a
graphitic framework. If nanodiamond-type clusters were constit-
uents of the sample, one should observe a narrow C1s peak ac-
cording to these species. The 1s core level peak of pristine
nanodiamonds was observed at 289.07 eV [108], which is about
3 eV above the sp3 peak in bulk diamond. Since no such peak is seen
in our XPS spectra, we can exclude that nanodiamond areas are part
of the foam structure. The spectra rather indicate that the foam
scaffold is made of mixed sp2/sp3 bonding in a graphite-diamond
hybrid network.

Information provided by analysis of the O1s spectra can com-
plement the information from the analysis of C1s spectra. We note
that, because the O1s photoelectron kinetic energies are lower than
those of the C1s, the O1s sampling depth is smaller, and therefore
the O1s spectra are slightly more surface specific.

In Fig. 3b we display the O1s binding energy distribution in the
525 eVe545 eV region. The spectrum shows two main features; a
broad peak with relative peak area of 79.4% centered at 532.2 eV
and a narrow peak centered at 530.0 eV with 20.6 area%. The
observed maxima are very close to those found for oxygen-treated
carbon materials [109]. A peak at ~533 eV is usually assigned to
oxygen atoms bonded to carbon through aromatic sp2 orbitals. A
peak at ~531 eV is usually attributed to oxygen bonded to carbon
through aliphatic sp3 orbitals. The assumption of the coexistence of
two different oxygen functionalities in our sample is supported by
the very broad O1s peak at 532.2 eV, with a FWHM of about 3 eV.

The O1 peak, at 530.0 eV, is narrow and rarely seen in carbon
nanomaterials. However, it was observed in the studies of a single
layer graphene on Cu foil [110] with oxygen atoms adsorbed to the
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surface of the layer. In another study, this peak was found at
530.6 eV for graphene oxide and was assigned to oxygen atoms in
C]O bonds [111]. It is commonly observed, that the basal plane of
graphene in graphene oxide is functionalized mostly with epoxide
and hydroxyl groups, and the edges with carbonyl and carboxyl
groups. Therefore, for the foam samples in this study, we ascribe
the peak at 530.0 eV to oxygen atoms bonded to the basal plane of
graphene oxide walls forming the cavities of the nanoporous foam
structure.

We note that the type of oxygen functionalities present at the
carbon surface affects the electrochemical response of the carbon
material. It has been found that microporous carbon materials
cannot be fully wetted in aqueous solutions because of their hy-
drophobic character [112]. Higher oxygen content affects the elec-
tric field in the surface by changing local polarity, which leads to an
increase of the interactionwithwatermolecules [61]. The prospects
of future applications of carbon nanofoamsmay depend on the type
of oxygen functionalization in the foams, and basal-plane-attached
oxygen atoms may play a significant role in determining the elec-
trochemical properties.

It is not possible to directly determine if the micropearls seen in
the images of Fig. 1b are hollow with a thin graphite skin or if they
are solid with a cellular structure of cavities on the nanometer
scale. Both topologies could describe the ultralow density of the
foam. However, since we don't observe any water or sucrose sig-
natures in Raman and XPS spectra, the cellular structure with open
channels to the periphery of the foam seems to better describe the
foam morphology. These structures presumably have on the
nanoscale the topology of “negative-curvature” carbons (NCCs)
with graphene-thinwalls, similar to ‘schwartzites’, with sp2 and sp3

carbons forming an aperiodic space structure. N-gons larger than
hexagons may also contribute to the curved graphitic structure
[113]. Basal-plane hydrogenation and oxidation of the graphene
wall leads to out-of-plane corrugation and strain, as found in ma-
terials such as graphene oxide and graphane [114]. Similar struc-
tures seem to describe the walls of the nanofoams in this study.

5. Conclusion

We have shown with our investigations that a small amount of
naphthalene added to an aqueous sucrose solution, processed in a
hydrothermal reactor, leads to the formation of carbon nanofoam.
No traces of sucrose and naphthalene are detected in the foam and
we conclude that the sucrose/naphthalene solution has completely
been carbonized. The obtained foam has a continuous structure and
has ultralow mass density. He-ion microscopy studies show an
assembly of micron-sized carbon pearls as the structure of the foam
on the micrometer length scale. With further magnification, fea-
tures on as small as ~25 nm are observed. A porous structure on the
nanometer length scale is required in order to explain the ultralow
density of the foam. Raman and XPS studies of the foam sample
reveal the characteristic spectroscopic features of nanocarbons. In
addition, detailed analysis shows that signatures from aromatic and
aliphatic bonds are not separated but lead to combined peaks. This
observation helps to better understand the topologically complex
carbon foam structure. It indicates that there is no phase separation
between graphite- and diamond-like regions and that the foams
are structured as a network of carbons in a hybrid sp2/sp3 orbital
configuration. Further, the Raman and XPS results suggest that on
the nanometer scale the foams appear to be composed of a curved
graphene scaffold with oxygen functional groups at the basal-plane
of graphene. Neither water, sucrose, or naphthalene signatures are
seen in the spectra which suggests that the foam morphology does
not contain closed cavities but has channels open to the periphery
of the sample. Such an open cellular structure might be useful for
future applications of the material as a hydrogen gas or biomedical
liquid storage medium.
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