Diamond & Related Materials 97 (2019) 107426

journal homepage: www.elsevier.com/locate/diamond

Contents lists available at ScienceDirect

Diamond & Related Materials

Effect of ethanol soaking on the structure and physical properties of carbon

nanocoils

Check for
updates

Chenghao Deng™", Peng Wang”, Chengwei Li", Xinwei Wang®, Lujun Pan""

& Center on Nanoenergy Research, School of Physical Science and Technology, Guangxi University, Naning 530004, PR China
® School of Physics, Dalian University of Technology, No. 2 Linggong Road, Ganjingzi District, Dalian 116024, PR China
€ 2010 Black Engineering Building, Department of Mechanical Engineering, Iowa State University, Ames, IA 50011, United States of America

ABSTRACT

Carbon nanocoils (CNCs), which are quasi-one-dimensional nanomaterials, exhibit a unique helical morphology and polycrystalline-amorphous structure. In this
study, we investigated the effect of ethanol soaking on the structure and physical properties of CNCs. The CNCs were soaked in ethanol for up to one year. Structural
examinations revealed that ethanol permeated into the CNCs through defects and vacancies. The permeation of ethanol molecules increased the stress inside the
CNGs, resulting in the rearrangement of their sp? grains, which alleviated the stress. This improved the coherence of graphite grains. Meanwhile, the permeation of
ethanol molecules separated the sp® grains and graphite layers within the grains. Prolonged soaking resulted in a gradual change in the chemical structure of the
CNCs. After 346 days of soaking, the contents of both the C-O- and C=0 bonds increased, resulting in a decrease in the C:O atomic ratio from 48 to 29. The increase
in the C-O- and C= 0 bond contents facilitated the transformation of the sp? sites to other saturation sites. These physical and chemical changes in the structure of the
CNCs reduced the concentration of conduction electrons and enhanced the electron hopping barrier and phonon scattering, thus reducing their electrical conductivity

and thermal diffusivity significantly.

1. Introduction

The landmark discovery of carbon nanotubes (CNTs) by Ijima pro-
vided motivation for the development of one-dimensional (1D) nano-
materials [1]. The helical structure of CNTs was first theoretically
predicted by Ihara and Dunlpan [2], and was then demonstrated using a
transmission electron microscope (TEM) by Zhang et al. [3] Carbon
nanocoils (CNCs) are helical CNTs with more or less defects [4-6].
Owing to their helical morphology, CNCs find potential applications in
wearable devices [7,8], micro/nanoelectromechanical systems [9,10],
nanosensors [11,12], field emitters [13,14], wave absorbers [15,16]
and energy devices [17,18].

Chemical vapor deposition (CVD) is the most widely used synthesis
method for CNCs [19-21]. CVD-synthesized CNCs are a hybrid of sp?
nanograins and amorphous sp® networks, and exhibit a polycrystalline-
amorphous structure. The geometry and structure of CNCs can be
controlled by adjusting the growth conditions such as the catalyst and
substrate type and synthesis temperature. In order to realize their
practical applications, various approaches such as acidizing [22], an-
nealing [23,24], functional materials coating [25-27], and doping
[14,28] have been used to modify the surface or internal structure of
CNGs.

Annealing treatments such as furnace heating, joule heating, and
laser heating are carried out to modify the internal structure of CNCs. In
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carbon nanomaterials, annealing results in the reconstruction of carbon
atoms toward higher graphitization degrees. The effects of annealing on
the mechanical and electrical properties of CNCs have been investigated
systematically. The crystallinity of CNCs improves with an increase in
the annealing temperature from 1000 to 2600 °C. When annealed at
2600 °C, CNCs exhibit crystallinity comparable to that of graphite [24].
Apart from improving the crystallinity of CNCs, annealing also results
in the formation of a large number of loops at the edges of their sp?
grains [23]. High-temperature annealing significantly affects their in-
ternal structure, resulting in the transformation of their nanocrystalline
structure into the highly graphitized structure of helical multi-walled
CNTs. The order degree and size of sp? grains are all increased. After
annealing, the electrical conductivity of CNCs increases, while the shear
modulus decreases owing to the enhanced sliding of their graphite
layers.

Besides controlling the internal structure of CNCs, surface mod-
ification is another approach to realize their practical applications,
especially electrochemical applications [28]. The purpose of surface
modification is to break the C-C bonds on the surface of CNCs and in-
troduce other functional groups. The most widely used methods for the
surface modification of CNCs include acid treatment [29], doping [14],
and surface oxidizing [22]. These treatments break the C-C bonds and
increase the number of defects in CNCs. In addition, surface treatment
generates a large number of sites and functional groups, which facilitate
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Fig. 1. (a) Schematic of the TET characterization of the suspended CNCs. (b) Typical voltage evolution signal of the CNCs. The inset shows the partially enlarged

view.

the growth of other materials on the surface of CNCs.

Doping is an effective approach to modify the properties of CNCs.
Chung et al. carried out high-temperature nitrogen post-doping of
CNCs, which resulted in the formation of CN bonds in the CNCs and
increased the number of sp® clusters. Nitrogen doping significantly
improves the performance of CNC-based field emission lamps [14].
Jafri et al. used plasma nitrogen doping to modify CNCs, creating a
large number of pyrrolic nitrogen defects on their surface [18]. These
defects act as good anchoring sites for the deposition of Pt nano-
particles. Celorrio et al. carried out the liquid-phase treatment of CNCs
using nitric acid, sulfuric acid, perhydrol, and their mixture [22]. All
these liquids act as oxidants and introduce carboxylic and phenol
groups on the surface of CNCs.

In this study, we developed a novel ethanol soak treatment method
to modify both the internal structure and functional groups of CNCs.
Ethanol, which is a common solvent, is a very weak liquid oxidant.
Unlike acid or plasma treatments, the ethanol treatment was quite slow
and induced both physical and chemical changes in the CNCs. We
soaked the CNCs in ethanol for up to one year. The physical and che-
mical changes in the CNCs induced by ethanol soaking were examined.
Various studies have been carried out to investigate the physical
properties of CNCs. The relationship between the structure and physical
properties of CNCs has also been investigated, for example, in the
context of annealing. However, the relationship between the internal
structure and physical properties of CNCs is still unclear. By examining
the unique changes induced by ethanol soaking, we could analyze the
effect of sp? grains and sp® networks on the thermal and electrical
properties of CNCs, respectively.

2. Experimental
2.1. CVD synthesis and ethanol treatment of CNCs

The CNCs used in this study were synthesized using a CVD method
[30]. First, a 0.2mol/L solution consisting of Fey, (504)39H,0,
SnCl,-5H,0, and deionized water, which acted as the catalyst precursor,
was prepared. The catalyst was first dropped on the quartz substrate,
which was then calcined at 710 °C for 30 min under the flow of Ar (365
sccm). At last, the carbon deposits were achieved at 710 °C for 1h by
introducing acetylene (flow rate = 15 sccm) and argon gases (flow
rate = 325 sccm). After the CVD synthesis, the as-grown CNCs were
dispersed in ethanol through ultrasonication and were then soaked in it
for up to one year.

2.2. Structural characterization of CNCs

Raman spectroscopy and transmission electron microscopy (TEM)
were used to examine the internal structures of the CNCs in order to
analyze their structural changes induced by ethanol soaking. X-ray

photoelectron spectroscopy (XPS) was employed to characterize the
changes in the elemental composition and electronic structures of the
CNCs. For Raman analysis, a suspension of the CNCs was dropped onto
a glass substrate coated with a 36 nm-thick gold film, which acted as the
enhancing substrate. Numerous CNC clusters were deposited on the
substrate. These CNC clusters were irradiated with a 532-nm laser. The
exposure time and stacking fold were 10s and 4 times, respectively.
Raman measurements were carried out in groups of five CNC clusters.
The high-resolution TEM images and electron diffraction (ED) patterns
of the CNCs were obtained using a TEM to analyze the changes in their
size and the arrangement of sp” grains.

2.3. Electrical conductivity and thermal diffusivity of the ethanol-soaked
CNCs

Changes in the structure of CNCs induce changes in their physical
properties. The electrical conductivity of the CNCs was measured using
a source meter (Agilent B2092A). The thermal diffusivity the CNCs was
measured using the transient electro-thermal (TET) technique. The TET
method, which was developed by Wang et al., is a simple and effective
method for the thermal characterization of 1D or quasi-1D micro/na-
nomaterials [31] This method works on the principle of the tempera-
ture evolution (expressed as the resistance evolution when the re-
sistance of the CNCs changes with temperature) of CNCs under joule
heating in vacuum. A step current was applied to the CNCs and their
resistance evolution was recorded using an oscilloscope. The thermal
diffusivity of the CNCs could be calculated from their evolution curve.
The schematic of the TET process and the typical voltage evolution
curve of the CNCs are shown in Fig. 1. The inset in Fig. 1b shows a
partially enlarged view. The thermal characterization procedures used
in this study have been discussed in detail in our previous work [32].

3. Results and discussion

Fig. 2 shows the TEM images and ED patterns of the CNCs soaked in
ethanol for different durations. Like multi-walled CNTs, the CNCs
showed a hollow interior. The fiber diameter of the four CNCs shown in
Fig. 2 was around 300 nm. The CNCs exhibited a unique polycrystal-
line-amorphous structure with nano sp? grains embedded in amorphous
sp® networks. The ratio of sp? to sp® structures has been measured to be
4:1 through electron energy loss spectrum (EELS) by Chen et al. [33] X-
Ray diffraction (XRD) studies have revealed that the average sp2 grain
size of CNCs is around 3.5nm [32]. The sp2 grains of CNCs are not
uniformly aligned. As a whole, the internal structure of CNCs is almost
amorphous. With an increase in the soak time from 0 to 180 days, the
sp? grains showed slightly improved orientation coherence, as observed
from Fig. 2c. The ED patterns of the CNCs confirmed the improvement
in the sp® grain orientation. The ED patterns of the CNCs were circular,
indicating that they were almost amorphous. The innermost circle
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Fig. 2. (a) and (b) TEM images, (b) high-resolution TEM images and (c) ED patterns for the CNCs soaked for different durations (0-180 days). The insets in (d) are the
ED patterns after brightness and contrast adjustment showing the changes in the (002) planes.

corresponds to the (002) plane of graphite. With an increase in the soak
time, the ED patterns became finer, indicating the improvement in their
crystallization consistency. We adjusted the brightness and contrast of
the ED patterns through image processing software, as shown in the
inset. With an increase in the soak time, the ED patterns of the (002)
lattice plane transformed gradually from blurry circles to small arc-
shaped patterns and the orientation of the sp® grains became more
uniform.

From the ED patterns, we measured the interlayer spacing for the
(002) plane of the CNC groups with three samples each. The (002)
plane interlayer spacing increased (from 0.346 to 0.364 nm, increased
by 5.2%) with an increase in the soak time, as shown in Fig. 3. Almost
amorphous CNCs consist of a large number of defects, which facilitate
the permeation of ethanol into them. Ethanol molecules distend the
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Fig. 3. Interlayer spacing of the (002) lattice plane for the CNCs soaked in
ethanol for different durations.

graphite layers of CNCs, resulting in an increase in the (002) interlayer
spacing. The interlayer spacing for all sp? grains becomes uniform with
ethanol permeation, resulting in finer ED patterns. When ethanol fills
the space between the graphite layers and the vacancies, an internal
stress is generated. The sp® grains rearrange under this internal stress,
resulting in the formation of ordered structures with reduced stress.
This transformation improves the grain orientation.

Fig. 4 shows the XPS results of CNCs soaked in ethanol for 0 and
346 days. Using peak-fit processing, the characteristic spectra line for
carbon (C) could be divided into four peaks, as shown in Fig. 4a and c.
The two peaks around 284 eV correspond to sp and sp® carbons, while
the other two peaks correspond to CO- and COO- bonds. The char-
acteristic spectra line for oxygen (O) could be divided into three peaks
corresponding to the metal oxide and C=0 and CO- bonds. These
functional groups are similar to those of oxidized graphene [34]. The
graphite layer plane consisted of C-O-, C-O-C, and C-OH bonds. COOH,
COO-, and C= O bonds were observed at edge of the graphite layer. The
metal oxide peak can be attributed to the catalyst particles. With an
increase in the soak time, the metal oxide content decreased gradually.
The sample soaked for 346 days showed no metal oxide peak, as shown
in Fig. 4d. Ethanol soaking resulted in the removal of the catalyst
particles from the CNCs. With an increase in the soak time from O to
346 days, the CO- and C=0 bond contents increased by 90 and 125%,
respectively, as calculated using the peak height of sp® carbons as the
reference.

The C:O atomic ratio of the CNCs was calculated using the ratio of
the area of the C and O bonds, as shown in Fig. 5. With an increase in
the soak time from O to 346 days, the C:O atomic ratio decreased from
48 to 29 (by 39%).

With an increase in the soak time, ethanol gradually permeated into
the CNCs, resulting in an increase in their oxygen content. Along with
this physical permeation, some chemical reactions also proceeded
slowly. Ethanol molecules decomposed into hydrogen and alkoxyl
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Fig. 4. XPS profiles of the CNCs soaked for 0 [(a) and (b)] and 346 [(c) and (d)] days.
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Fig. 5. C:O atomic ratio of the CNCs, as measured from the XPS results.

radicals. These radicals combined with the unoccupied states of carbon
(sp and sp? carbon atoms), forming saturation states.

Raman spectroscopy was used to further examine the structural
changes occurring in the CNCs (Fig. 6a). Graphite-like materials show
two characteristic Raman peaks: D and G peaks [35]. The G peak cor-
responds to the in-plane bond-stretching motion of sp? carbon atom
pairs. This mode does not require the presence of six-fold rings. It oc-
curs at all sp? sites (not only in the rings). The D peak corresponds to the
breath mode of six-fold rings. It is forbidden in pristine graphite and

becomes active only in the presence of disorders. The intensity ratio of
D to G peaks (Ip/Ig) is inversely proportional to the in-plane correlation
length or cluster diameter.

Fig. 6b shows the Ip/Ig ratio of the CNCs as a function of the soak
time. With an increase in the soak time from 0 to 120 days (stage 1) the
Ip/I; ratio decreased from 1.16 to 0.86. With an increase in the soak
time from 120 to 180 days (stage 2) the Ip/Ig ratio increased from 0.86
to 1.20. In stage 1, the internal stress induced by ethanol permeation
and the improvement in the sp? grain orientation suppressed the breath
of six-fold rings, thus reducing the D peak intensity. Meanwhile, the
internal stress increased the bond energy of sp® atoms i.e., the wave-
number of the G peak. Stage 2 marked the onset of the chemical
changes in the CNCs. Prolonged ethanol soaking increased the number
of CO- and C= 0 bonds, which resulted in the transformation of the sp?
state of carbon atoms into the sp® state or another type of sp? state, in
which 5t electrons were closer to O atoms. This reduced the in-plane
bond-stretching (I;) intensity. Owing to the effect of & bonds, the C-C
bond energy of sp? sites was larger than that of sp® sites. The decrease in
the number of &t electrons and their localization resulted in a slight
decrease in the bond energy, thus reducing the wavenumber of the G
peak. It should be noted that the partial transformation of sp? sites to
other saturation sites resulted in an increase in the bandwidth of the G
peak (Fig. 6¢).

The physical and chemical structures of CNCs affect their physical
properties. The electrical conductivity of CNCs depends on the con-
centration of free electrons (unlocalized m electrons) and the hopping
barrier between sp? grains (localized states). The thermal diffusivity of
CNCs depends on boundary scattering, defects scattering, and phonon
frequencies. In order to investigate the effect of structural changes on
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Fig. 6. Raman characterization of the CNCs. (a) Typical Raman spectrum of CNCs. (b) The intensity ratio of D to G peaks (Ip/Ig) and wavenumber of the G peak for
the CNCs soaked in ethanol for different durations. (c) G peak bandwidth of the CNCs soaked in ethanol for different durations.

Table 1
Thermal diffusivities (a) and electrical conductivities (0) of the CNCs soaked in
ethanol for different durations; d is the fiber diameter of the CNCs.

Soak time (days) Sample d (nm) a (10”7 m?/s) 0 (10*S/m)
0 1 456 10.3 0.597
2 317 21.0 1.189
3 353 13.8 0.866
107 4 336 6.8 0.412
185 5 301 7.5 0.728
200 6 354 8.7 0.449

the physical properties of the CNCs soaked in ethanol for different
durations, their thermal diffusivities and electrical conductivities were
measured (Table 1).

As can be observed from Table 1, two groups of CNCs were ex-
amined. The CNCs in the first group were not soaked in ethanol. The
average thermal diffusivity and electrical conductivity of the three CNC
samples in this group were 15.0 X 10~ 7 m?/s and 88.4 S/cm, respec-
tively. The second group consisted of CNCs soaked ethanol for
100-200 days. These CNCs showed thermal diffusivities and electrical
conductivities significantly lower than those of the first group CNCs.
The average thermal diffusivity and electrical conductivity of this group
were 7.7 x 10”7 m?/s and 52.9 S/cm, respectively.

The physical changes increased the distance between the sp? grains,
thus increasing the hopping barrier of the electrons between the loca-
lized states and the defects scattering of phonons in the amorphous sp°
network. On the other hand, the chemical changes decreased the con-
centration of i electrons. The introduction of functional groups altered
the phonon distribution and increased the boundary-phonon and
phonon-phonon scattering significantly. The increased hopping barrier
and decreased concentration of st electrons reduced the electrical con-
ductivity of the CNCs, while the increased phonon scattering and the
altered phonon distribution decreased the thermal diffusivity of the
CNGs.

In order to examine the changes in the hopping barrier of the CNCs,
their temperature-dependent resistance was measured. Fig. 7a shows a
typical resistance-T curve of a single CNC. With a decrease in tem-
perature from 290 to 150K, the resistance increased from 232 to 274
kQ. The resistance of CNCs can be expressed as R = Roe™*T, where E,
is the hopping barrier for electrons hopping between the nearest sp?
grains and k is the Boltzmann constant. Fig. 7b shows the linear re-
lationship between Ln(R/Ry) and 1/T for four CNC samples. The slopes
correspond to Eo/k. The hopping barriers of the CNCs were calculated
from the slopes of their Ln(R/Ry) vs. 1/T curves. For comparison, the
intercepts of the linear curves were adjusted to the same value. The
samples with the hopping barriers of 3.13 and 3.75meV were not
soaked in ethanol, while those with the hopping barriers of 5.13 and
8.41 meV were soaked in ethanol for 228 days. Unlike the annealing-

induced improvement in the graphitization of CNCs, the improvement
in their sp? arrangement through ethanol soaking is a result of the in-
tention for reducing the inner stress brought by ethanol, which is pas-
sive. An increase in the internal stress results in the separation of sp?
grains and the graphite layers present in them. CNCs transform from a
close-packed structure to a relatively loose structure. The permeation of
ethanol improves the order degree of sp? grains and increases the dis-
tance between them. One may have a query, that is, whether this
physical change and ethanol permeation are invertible if we pump
ethanol molecules out from CNCs in vacuum. However, our results
obtained by carrying out experiments in vacuum (< 1 Pa) forup to 10 h
negate this hypothesis. During these experiments, the resistance of the
CNCs remained quite stable. Unlike the intense chemical reactions
triggered by acid or plasma treatments, the chemical changes induced
by ethanol are quite slow, and hence induce physical changes. In this
study, ethanol acted as a very weak oxidant. We believe that water
(H50), which is another common solvent, will exhibit similar effects on
the properties of CNCs. However, further investigation is required to
confirm this.

Ethanol soaking not only changes the electrical and thermal prop-
erties of the CNCs but also altered other physical properties. Owing to
their helical morphology, the mechanical properties of CNCs are af-
fected by the sliding of graphite layers and sp® grains. While the ar-
rangement of sp? grains improves and inner stress arises, the elastic
constant of CNCs would decrease. The introduction of functional groups
and the changes in the physical structure of CNCs affect their electronic
properties as well. Ma et al. recorded the photoluminescence spectrum
of CNCs and observed four emission peaks [36]. Since CNCs possess a
polycrystalline-amorphous structure, the localization of electrons in-
duced by sp? nano-grains and amorphous sp® networks plays an im-
portant role in altering their electronic structure. Ethanol soaking may
significantly affect the PL properties of CNCs.

4. Conclusion

The effects of ethanol (a common solvent) soaking on the structure
and physical properties of polycrystalline-amorphous CNCs were in-
vestigated. The CNCs were soaked in ethanol for up to one year. Ethanol
molecules permeated into the CNCs through defects and vacancies.
Initially, the permeation of ethanol generated an internal stress in the
CNCs, which resulted in the rearrangement of sp® grains to reduce the
internal stress. Ethanol molecules increased the distance between the
sp? grains and that between the graphite layers within the sp® grains.
However, the homogeneity of the (002) plane interlayer spacing also
improved. With an increase in the soak time, chemical reactions started
occurring slowly in the CNCs. The CO- and C=0 bond contents in-
creased, which facilitated the transformation of the sp? sites to other
saturation sites. This transformation reduced the intensity of the G peak
and its wavenumber, concentration of st electrons, and altered
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