Oat

open access text

Advanced Materials Science

Research Aricle

Structural improvement of a bio-inspired 3D globular
carbon foam by a continuously thermal treatment: A
comprehensive study

J Marx*, H Beisch, S Garlof and B Fiedler
Institute of Polymer Composites, Hamburg University of Technology, Denickstr. 15, 21073 Hamburg, Germany

Abstract

The manufacturing of a 3D interconnected globular carbon foam, called Globugraphite, is based on the replication of the zinc oxide (ZnO) template morphology
by carbon with simultaneous removing of the template material in the chemical vapour deposition (CVD - replica CVD (tCVD)) process. The growth mechanism
of the presented carbon foam affected the formation of defects at the atomic level which leads in the following to graphitic pieces instead of layers. This substructure
influences properties, such as electrical conductivity of the carbon foam negatively. By undergoing a temperature treatment at 1600°C, 1800°C, 2000°C and 2200°C
in a protective gas atmosphere the carbon structure heals at the atomic level. The connection of the sp%/sp® graphitic pieces to graphitic sp? layers due to the
thermal annealing is analysed via transmission electron microscopy (TEM) observation and Raman spectroscopy. Based on these analysis methods a model of the

graphitization progress is created which explains the clearly increase of the electrical conductivity and the oxidation temperature.

Introduction

Since the discovery of carbon nanostructures such as carbon
nanotubes (CNTs) [1] and graphene [2] the interest increases to use
such materials for several applications, e.g. sensors [3], bioimplantats
[4], composites [5-7] and batteries [8]. The development of 3D
carbon structures is the next step to generate more applications with
improved or specially designed properties. A variety of manufacturing
methods opens a new field of research. Manufacturing processes can
be distinguished between a template-based [9-11] and a template-
free [12] methods for the direct production of carbon aerogels. In
addition, assembly of graphitic structures [13-16] can be carried out.
One of these methods was the discovery of Aerographite [11]. Based
on a ZnO template with tetrapodal morphology, a carbon foam is
synthesized in a one-step CVD process by reduction of ZnO in gaseous
zinc (Zn) in combination of epitaxy and catalytic graphitization [17].
The unique properties of this 3D interconnected carbon foams, leads to
vary applications, such as supercapacitors [18,19], and basic structure
for the growth of nerve cells or sensors [20,21]. The growth process
of carbon nanostructures leads to the formation of defective points at
the atomic level during the arrangement of carbon atoms. These defects
reduce the mechanical [22,23] as well as the electrical [24] properties
of carbon structures. The high temperature annealing of carbon
structures especially of carbon nanotubes is a powerful tool to heal
structural defects [25]. Several groups investigated the influence of the
annealing on the morphology and improvement of properties of CN'Ts
[26] or Graphene [27]. It was shown that with increasing temperature,
the electrical resistance decreases and the oxidation temperature
increases at the same time [22,26]. In addition, to high-temperature
graphitization, first annealing processes with graphene could also be
observed at a temperature of up to 600°C [27]. Furthermore, several
groups showed that a temperature treatment of carbon structures
results in a reorientation of the graphitic layers. Raman spectroscopy is
an effective technique of measuring this structural change [25,26,28,29].
However, there are no comprehensive studies on the graphitization
process and the influence of temperature. In addition, the morphology
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and morphology change in carbon foams with regard to the healing
process is expected to lead to other mechanisms that need to be clarified.

In the present work, we show for the first time the effect of high
temperature annealing as a function of the treatment temperature on
the electrical and morphological properties of 3D carbon structures,
called Globugraphite. The manufacturing of these structures based on,
as described in previously works, the synthesis of Aerographite [11,17].
To heal the structure of Globugraphite at atomic level and analyze the
influence of the treatment temperature, the carbon foam were heat-
treated at 1600°C, 1800°C, 2000°C and 2200°C for 2 hours in an inert
argon atmosphere. The healing process of the graphitic layers is analyzed
via Transmission electron microscopy and Raman spectroscopy.
Furthermore, we examine the extent to which graphitization influences
temperature stability and the electrical conductivity. Based on the
analytical techniques a model of the graphitization progress in the
presented 3D carbon structures is created.

Materials and methods

Manufacturing of hierarchical ceramic templates

The manufacturing of these carbon structures is based on a two-
step process, as previously reported in more details [19]. The replication
process of the template morphology takes place in the rCVD method,
as previously for the reported for Aerographite [11,17]. In the first
process step, a porous ceramic is produced via mixing ZnO powder
(Sigma Aldrich, ReagentPlus,, purity of 99.9 %, 5 um) with a polymer
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binder (Polyvinyl Butyral-PVB, Mowital, B60 HH, Kuraray., purity:
99.5%). After the sample form has been prepared via the uniaxial press,
the sintering of the green body takes place, with a defined sintering
temperature at 400°C, so that only the sinter necks are formed. This
results in a porous hierarchical structure.

Synthesis of hierarchical carbon foam

In the second process step the replication of the template structure
takes place in the rCVD process. The CVD reactor (Carbolite HZS 12/-
/900) is heated up to 760°C, a gas stream being set with the process
gases argon (0.2 1/min) and hydrogen (60 ml/min). The precursor
(toluene, Alfa Aesar, 99.5%) is injected into the preheated zone with an
injection rate of 5 ml/h. After a toluene injection time of 60 minutes, the
temperature is increased to 900°C for 60 minutes, without the injection
of the carbon source. The process ends with cooling down without a
supply of hydrogen and with an argon flow of 0.4 1/min. The prepared
samples have a cylindrical geometry with a diameter of 11.75 £ 0.31
mm and a height of 1.33 + 0.05 mm.

Analysis methods

The graphitization was carried out in high-temperature furnaces
(Gasdrucksinterofen, Dieckmann and Gero HTK 8) for 2 hours in an
argon protective atmosphere at 1600°C, 1800°C, 2000°C and 2200°C.
Before the furnace was heated up to the appropriate temperature, the
furnace was repeatedly evacuated and purged with argon. The final
pressure in the furnace was about 100 mbar. The samples were heated
up and cooled down with 20 K/min.

The morphology was characterized via scanning electron (SEM;
Zeiss Supra VP 55, 5 kV acceleration voltage) and the influence on the
formation of the graphitic layers by using the transmission electron
microscope (FEI Talos F200X, 200kV acceleration voltage). The
samples for the TEM observations were prepared in accordance with
the sample preparation as described previously in [19]. The samples
were dispersed via the ultrasonic sonotrode (Bandelin Sonoplus)
in methanol (LC-MS, >99.9 %, Sigma Aldrich.), with 30-45% of the
maximum power for 30-45 seconds. Followed by this the solution was
dropped onto a TEM grid and dried at 80°C for 45 minutes on a heating
plate. Furthermore, the graphitization progress is analyzed by using
Raman spectroscopy (HORIBA Jobin Yvon HR 800, wavelength: 632
nm). The Raman spectra were obtained at room temperature with a
spectral width of 500-3000 cm™ and an acquisition time of 10 seconds
at several positions. The I /I, or D/G ratio ratio are calculated based
on the peak maxima of the fitted curves (Lorentz Fit). Moreover, the
grapitization is analysed by measuring the specific surface area (SSA)
via the Brunauer- Emmett -Theory (BET) method (AUTOSORB. iQ,
Hersteller Quantachrome Instruments,). The SSA is calculated based on
the quenched solid density functional theory (QSDFT). Additionally, the
oxidation temperature was investigated by using the thermogravimetric
analysis (TGA, TA instruments Q900 TGA). The samples were heated
up to 900°C with a heating and cooling rate of 20 K/min in a synthetic
air (20 vol% oxygen) atmosphere. Finally, the electrical conductivity is
measured at room temperature by using a four-wire configuration with
a defined current at the source meter of 1 mA (Keithley 2602 System
SourceMeter). The electrical conductivity o is calculated according to
equation (2) by using the measured geometry via equation (1).
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Where,
A = sample surface (m?) d = sample diameter (m) h = sample height (m)
R = electrical resistance (Q)

o = electrical conductivity (S/m)

Results and Discussion

The produced ceramic templates has an hierarchical structure with
macro pores of approximately 2-10 pm, meso pores between the carbon
shells with a width ofless than 50 nm, as can been see in Figure 1a. Figure
1b shows the formation of sintering necks between the ZnO particles
due to a specially set sintering process. This is resulting in a highly
porous structure with a high specific surface area as previosly reported
[19]. The macro pores are formed by burning out the binder in the
sintering process. The meso pores are formed by a specific adjustment
of the sintering temperature, so that a further diffusion is prevented
and thus a complete sintering is avoided. By replicating the template
morphology into a carbon structure via the rCVD process, the ceramic
structure is replaced by a few nanometer thick carbon shell as shown
in Figure 1 c-d. This structure has the same globular morphology as
the ZnO template, as shown in Figure 1b-d. The hierarchical structure
consisting of several planes of pore-like structures, such highly
specific surfaces, as Figure 1c shows. Furthermore, the carbon shells
are connected via the previously formed sintering necks (Figure 1d).
It should be mentioned that the morphology of Globugraphite is not
changed by the graphitization during the thermal annealing process.

To understand the graphitization of carbon structures it is
important to analyze the influence of treatment method on the atomic
arrangement of the graphitic layers. Untreated Globugraphite is
consisting of short graphitic pieces with gaps or micro pores of about
a nanometer, as Figure 2a shows. This atomic structure is based on
the growth mechanism of such structures. As growth process always
causes defects in carbon structure these affect the properties of these
structures. As already shown for the tetrapodal carbon foam, which
are also produced based on a ZnO template, a catalytic graphitization
is carried out during the synthesis of the structures. This leads to
the diffusion of the catalyst (Zn) through the graphitic layers which
cannot completely closed. This has an influence on the formation of
the defect density [17], which can be analyzed by means of Raman
spectroscopy. By annealing of the carbon foam, a reorientation and
further a connection of the individual graphitic pieces with increasing
of the annealing temperature to graphitic layers is observed, as shown
in Figure 2b-e.

Raman spectroscopy is a standardized technique to analyze the
influence of structural properties or modifications such as healing
processes by thermal treatments. The results from the Raman
spectroscopy fits well with the previously observed TEM imgaes. As
can be seen in Figure 3a, the Raman spectra of the untreated sample
shows two peaks, one at ~1330 cm’!, called the D-peak and a second
peak at ~1580 cm™, the G-peak [30-32]. As reported for Aerographite,
this carbon foams is consits of sp* and sp? carbon [11], which should be
the same behaviour for the presented carbon structure. By calculating a
ratio from both peaks, an intensity factor called D/G ratio or I /I ratio
can be determined. The untreated sample has an R-value of more than
1. This means that the structures produced have a high defect density.
For tetrapodal carbon structures, which are also produced based on a
ZnO template, the R value is also higher than 1, which is confirmed by
previously works [17,33,34]. This is due to the growth mechanism in
which zinc is used as the catalyst for the arrangement of the graphitic
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Figure 1. SEM image of the porous hierarchical ceramic structure after the sintering process (a) with its magnified area (b) and of the replicated carbon structure after the CVD process (c)

with is magnified area (d).

pieces. The diffusionn of zinc, some by-products through the carbon
wall and the catalysis leads to the formation of gaps between the formed
pieces [17]. Here, untreated Globugraphite do not have a G’-band or
2D-band called (~2660 cm™). The appearance of strong second order
peaks indicates that the tubes have a higher order in their structure,
similar the structure of graphite [35].

At first with increasing of the treatment temperature at 1600°C and
1800°C the D/G ratio increase continuously and reaches a maximum at
1.664, as shown in Figure 3b. The increase in the defect density can be
explained by the diffusion and reorientation of carbon atoms and the
simultaneously formation of defects in the formed sp? lattices. The D’-
peak describes and confirms the assumtion of the defects in sp? lattices
[32]. Furthermore, the ratio of G-band to D’-band decrease with
increasing temperatures, which indicates a reduction of lattices defectes
in the carbon layers. Besides, the splitting of the G-band into the D’-
band, as already detected in other high temperature annealing processes
by several groups [28,29]. This splitting is based on a transformation
into a graphitic structure and the formation of defects in the formed
sp? layers. Wehreas, the G’-peak describes the three-dimensional order
of the graphitic sp? layers [25]. Behler et al. (2006) interpreted the shift
of the G peak to ~1581 cm™ during the graphitization process with the
increasing graphitic arrangement of the carbon lattices in MWCNTs,
which correlates with the theoretical position in graphite [28]. This
shift from ~1585 cm™ to ~1581cm™ of the G-peak also occurs during
the thermal treatment in the here presented carbon foam. By a further
treatment stage of 2000°C and 2200°C, the D/G ratio decrease down
to its minimum at 0.57. As a result, the carbon structure has a high
order in the formation of the graphitic layers and the healing process
is completed. Contrary, several groups has been observed for CNTs a
continuous reduction of the D/G ratio with increasing of the treatment
temperature [26,28,29]. For the determination of the crystalline width

L , Knight and White developed the following empirical equation (3) [36].
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44
I, (3)
IG
Contrary to the increased D/G ratio leads the thermal treatment
to a reduction of the crystalline width, which begins to rise again at a
transition point at 1880°C with increasing temperature.

L=

Additionally, it should be mentioned that G’-peak is not split into
a 2D-1 and a 2D-2 peak as known from graphite [37]. This is because
of the number of layers (5-20 layers in Globugraphite) of the here
presented carbon structure which has more common with few- layered
graphene or multi-walled carbon nanotubes than with bulk graphite.

Additionally, to Raman spectroscopy and the determination
of the crystalline width, BET technique can be used to analyse the
graphitization progress in carbon structures, as present in Figure 3c.
In summary, it should be noted, that the graphitization progress takes
place in two key steps:

1. With beginning of the thermal treatment the carbon atoms start
to reorientate themselves, which leads to an increase in the defect
density and the specific surface area, as well as to a reduction of the
crystalline width. Resulting of the reorientation the graphitic pieces
are partial connected to larger graphitic areas.

2. By a further thermal treatment, the reorientation of carbon atoms
is completed, which is resulting to a reduction of the D/G ratio as
well the surface area. Consequently the graphitic pieces are healed
to graphitic layers, which is confirmed by a significantly increase in
the crystalline width, a minimal D/G ratio and TEM observations.

The thermal annealing of the 3D carbon structures is an effective
tool to improve and design the thermal and electrical properties of these
materials. The graphitization of the several carbon pieces leads to large
carbon layers, which was analyzed via TEM and Raman techniques.
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Figure 2. Dependency of the graphitization of the layers on the temperature: untreated (a), 1600°C (b), 1800°C (c), 2000°C (d), 2200°C (e), the inserts have a scale bar of 5 nm.
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Figure 3. Raman spectra of the globular carbon structures in dependent of the annealing temperature (a), comparison of the R (I./I;) and the D/G” value of the annealed structures (b) and

a schematic model of the graphitization process (c).

The measurement of the electrical conductivity is an effective method
to analyze the influence of the healing progress on the properties of
these structures, as shown in Figure 4.

It shows, that with an increase in the electrical conductivity is
associated with the treatment temperature. The untreated samples
have an electrical conductivity of 7.7 S/m. The treatment increases the
electrical conductivity from 9.4 S/m up to 23.86 S/m for temperature at
1600°C to 2200°C. The significant increase of the electrical conductivity
by annealing at 2200°C can be explained by the improved connection
of the graphitic layers between the individual globular structures at the
sintering necks to global connected graphitic layers which confirms
the previously created model of the graphitization process based on
the TEM and Raman observations. The formed sp® lattices leads to a
continiously increase of the electrical conductivity, notwithstanding
a partial increase in defect density with the treatment temperature, is
explained by an increase in the charge carrier density.

As a consequence of the observed phenomens an equation for the
discribtion of the total electrical conductivity (o, ) is created, which
is composed of the function of the conductive parths f(c) and the
conductivity at the sintering necks o, (4).

4
&)

O-loz = f(CTL) + O-SN

f(o,)=0cch+0op
Where,

O = Charge carrier density o, = defect density

Consequently, by the thernal treatment and the following key
steps of the graphitization process, the reorientation and healing at
the sintering necks is an essential parameter for the resulting electrical
properties. The reorientation of carbon atoms, especially at the sintering
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Figure 4. Dependency of the electrical conductivity of the treatment temperature.

necks leads to an increase in the D/G ratio and an higher amount
of charge carrier, which is resulting in the improved conductivity.
By the following healing, the sintering necks are formed to a high
orientated graphitic interface, which explained the clear increase in the
conductivity.

Additionally, the influence of the structural reorientation of the
graphitic layers was investigated by using the TGA technique, as Figure
5 shows. Up to a temperature of ~550°C for the untreated and 700°C
for the treated carbon foam, the structure are stabil against the set
temperatures. The improvement of the oxidation temperature can be
explained by the healing and orientation into sp® layers. The oxidation
temperature could be increased from 700°C for the untreated carbon
foam up to ~770°C for the treated samples, which means an increase
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Figure 5. TGA spectra of the globular carbon structure dependent on the annealing
temperature.

of 10%. A further increase of the temperature treatment of more than
1600°C has no significant effect on temperature stability. So, that already
1600°C is enough to generate an optimal improvement. A further
increase in the oxidation temperature with an increased treatment
temperature doesn’t leads to an improvement in the oxidation
temperature. Due to the formation of sp® hybridized carbon bonds
(regardless of the treatment temperature), the resulting surface area is
irrelevant relating to the oxidation temperature. The results from the
measurements of the temperature stability are in good agreement with
those of the TEM images and the Raman spectra. The mass increase
from a temperature between 700°C for the untreated and respectively
800°C for the treated samples can be explained by the oxidation of the
Zn residue to ZnO.

Conclusion

In this study, a thermal treatment at 1600°C, 1800°C, 2000°C and
2200°Cwas used to improve the physical properties of 3D interconnected
carbon foam with a hierarchical morphology. The thermal graphitization
via a heat treatment of carbon foams is a powerful tool to heal structural
defects on the atomiclevel. Asaresult, the graphitic pieces grow together
and form graphitic layers, which is confirmed by the determination of
TEM and Raman observations. Based on these analysis techniques, a
structure-property equation for the discribtion of influences on the
electrical conductivity was developed. The graphitization is carried out
in two key steps, firstly the reorientation of carbon atoms followed by
the healing of these crosslinkings and the connection of the sintered
necks. This leads to the improved electrical conductivity and the low
defect densities. Furthermore, it was shown that the analysis of Raman
spectra is a simple but extremely effective tool to determine the healing
process over the whole structure. Finally, the electrical conductivity
increases with increasing temperature up to 300% and the oxidation
temperature by 9%.
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