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In reported high-temperature annealing of carbon nanocoils (CNCs), the samples studied before and after
annealing are different ones. This significantly hinders annealing effect understanding due to unknown
and remarkable sample-to-sample structure difference. Here using the transient electro-thermal tech-
nique (TET) and current-induced annealing, we report the first time in situ investigation of annealing
effect on the thermophysical properties for the same individual CNC. Our dynamic annealing track un-
covers an electrical resistance relation with annealing time as R ~ —RsIn(t). The reaction rate (R) shows
a normal distribution against the annealing power/temperature, proposing that the activation energy for
structure reconstruction in CNCs follows a normal distribution. After annealing at 5-35€uA, the average
thermal diffusivity () and electrical conductivity (o) of CNCs show respective 50-160% and 100-170% in-
crease. Normative linear relation between « and o is discovered, which proposes axial-direction parallel
structure in CNCs. The nonuniform temperature distribution along the sample during annealing creates
different annealing levels and provides a great advantage to study the relation between structure and
thermophysical properties. Our micro-scale Raman characterization reveals the nonuniform distribution
of grain size along the length direction of CNCs after annealing and finds a rapid grain size increase from
4.0 to 7.8 nm near the sample’s middle point. The middle point of the sample has the highest temper-
ature rise (Tc), largest thermal conductivity («x) increase, and the most dramatic structure improvement.
Its k shows a rapid improvement (8.7-fold maximum change) from 1200 K to 1800 K. A linear relation
between x~! and T. is observed and is attributed to the change of grain size during annealing. Using the
concept of thermal reffusivity (©=1/«), a 1-fold increase of average grain size and a 197 K decrease of
Debye temperature of CNCs after annealing are uncovered.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Among carbon nanomaterials family, there is a representative
quasi 1-dimensional material with unique helix morphology, called
carbon nanocoil (CNC) [1-6]. The helical geometry of CNCs distin-
guishes them from carbon nanotubes (CNTs) and carbon nanofibers
(CNFs), vesting them distinct advantages in mechanical [7,8] and
electromagnetic properties [9,10]. CNCs have potential applications
in wearable sensors [11-14], micro/nano electromechanical systems
[15,16], field emitters [17,18], electrochemical devices [19,20], wave
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absorption [21,22], templates for nanomaterials synthesis [23,24]
and so on.

Special morphology always corresponds to special internal
structure. Different from the perfect graphite structure of CNTs
and disordered structure of amorphous carbon, the polycrystalline-
amorphous structure of CNCs exhibits special effect on their phys-
ical properties [25-27]. CNCs’ sp? grains are embedded in their
amorphous carbon networks [7]. These sp? grains act like nanopar-
ticles and hop electrons from one grain to another, overcoming
certain barriers. Amorphous carbon networks are like insulative
media, blocking/reducing the transport of electrons and phonons.
They also work as spinning sites, impeding the propagation of slide
of sp? grains and graphite layers under stress, which improves the
mechanical strength of CNCs [28]. High-temperature annealing has
been employed to improve the graphitization degree of CNCs. It
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was found that even highly oriented CNCs annealed at 2873 K
still have a great number of unrepaired defects [29]. In simulation
models, the formation of CNCs is a result of periodically inserting
pairs of five-fold rings and seven-fold rings into homogeneous six-
fold rings of CNTs [30] .Even if CNCs have perfect crystal structure,
they are different from CNTs.

The annealing effect on electrical and mechanical properties of
CNCs has been well investigated. Different electron hopping mech-
anisms at different temperatures were proposed [25,31]. It was
found that larger grain size leads to smaller hopping energy for
electron transport [29]. Using high-temperature annealing in a fur-
nace, the relationship between electrical properties and internal
structures of CNCs were studied [29]. With annealing temperature
increased from 973 to 2473 K, the average grain size of CNCs in-
creases from 4 to 14 nm, its electrical resistivity decreases from
19 x 107 to 3.5 x 10~> © m and the average activation energy
for electron hopping decreases from 11 to 4.2 meV. However, even
though CNCs were annealed at temperatures up to 2873 K, the re-
sistivity of CNCs was still higher than that of some multiwalled
CNTs [32]. This may originate from different electrical conductance
mechanism between CNTs and CNCs. Also a great number of unre-
paired defects in annealed CNCs contribute to their poor resistiv-
ity. The mechanical strength of CNCs was found to be determined
by graphite grains slide [28,33]. High temperature annealing ex-
periments in a graphite furnace revealed the non-linear annealing
effect on correlation between crystallinity and oscillation of CNCs
[34]. Two types of energy dissipation were proposed, which are
structural anomalies for less crystalline CNCs and interlayer slip-
ping for higher crystalline CNCs.

In the past, we have measured the average room temperature
(RT) thermal conductivity (x) of as-grown CNCs to be 3 W/m K
using a transient electro-thermal (TET) technique [35]. Through ra-
diation spectrum, Ma et al. measured the « of a single CNC dur-
ing the process of field emission to be 38 W/m K, which corre-
sponds to a high annealing temperature up to 2000 K [36]. High
temperature annealing shows remarkable effect on thermal prop-
erties of CNCs. Considering the special polycrystalline-amorphous
structure of CNCs, it is of great importance to understand how the
crystallinity of CNCs affects their thermal properties. Aforemen-
tioned annealing effect research targeting electrical and mechanical
properties were relied on furnace heating, which were hindered by
sample-to-sample structure variation and were very cumbersome.
Besides furnace heating, current-induced annealing has also been
used for improving the crystallinity of nanomaterials. Benefitting
from the same device structure for TET characterization and Joule
heating annealing, we are able to complete the in situ annealing
and thermophysical characterization of a same single CNC sample.
This promotes much higher-level understanding of the annealing
effect on structure and thermal transport properties. In this paper,
individual CNCs were subjected to high-current induced Joule heat-
ing annealing. The RT thermal diffusivity (o) and electrical conduc-
tivity (o) of CNCs after different-level annealing were measured in
situ using the TET technique. The correlation among thermal prop-
erties, graphite grain size and annealing temperature were investi-
gated systematically.

2. Experimental
2.1. Sample preparation

CNCs were synthesized at 710 °C by using a chemical vapor
deposition (CVD) method with the assistance of Fe-Sn composite
catalysts using C,H; as carbon source [37]. Then individual CNCs
were extracted from as-grown CNC clusters and were then sus-
pended between two electrodes using silver paste, with the help of
micromanipulators and microprobes. The two-electrode micro de-
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Fig. 1. (a) Schematic for TET characterization and current induced thermal anneal-
ing. (b) Typical voltage evolution of a CNC sample (sample 1) during TET character-
ization. The total length of sample 1 (considering helical morphology) is 132 pm.
The inset in (b) is the SEM image of the suspended CNC sample.

vice consists of two separated iridium electrodes fixed on a glass
substrate, with 40-80 pum gap between them. The electrodes were
prepared by sputtering 100 nm thick iridium films on glass flakes.
Schematic and scanning electron microscope (SEM) image of indi-
vidual CNC device are shown in Fig. 1(a) and (b) respectively.

2.2. TET characterization

As schematically illustrated in Fig. 1(a), an individual CNC de-
vice is housed in a vacuum chamber, with pressure less than 1 Pa.
The « of individual CNCs was measured by using the TET method
[38]. In TET measurement, a step current generated by a cur-
rent source, ranging from 0.2-2 pA, was fed into the individual
CNC. Originating from negative resistance-temperature coefficient,
the resistance of CNCs decreases under Joule heating, presenting a
voltage evolution recorded by an oscilloscope. A voltage evolution
curve of a typical CNC sample (sample 1) is shown in Fig. 1(b).
This voltage evolution is determined by two competitive processes:
heating by the electrical current, and heat conduction along the
sample to the electrode. From the voltage evolution curve, the «
of an individual CNC can be determined by fitting it using a de-
veloped physical model that relates the normalized voltage evolu-
tion to sample’s «. The heat conduction in CNC samples can be
regarded as 1D thermal transport during TET characterization. The
governing equation is expressed as [39]
d(pcyT)  3*T(x) PR 4eop(T* - Tf) ()

at . “Taxz AL d :
where R, A, L d, k and pc, are coil’s electrical resistance, cross
sectional area, length, diameter, thermal conductivity and specific
heat. RT ¢, of CNCs has been measured to be 910 J/kg K [35]. I
is the current fed through the sample. The item 4eop(T* - Tj)/d
describes the effect of thermal radiation, where ¢ (=0.85) is sur-
face emissivity, o is the Stefan-Boltzmann constant. The normal-
ized voltage (V*) evolution is proportional to temperature rise, and
is related to the sample’s « as [40]:

Vi=(V-Vp)/(Ve = Vo)

96 i 1 —exp(-(2m — 1)2n2aefft/L2)
= 1
T m=1 (2m - 1)

Vpand V,, are the initial and final state voltage, and a. is the ef-
fective « that includes the radiation effect. The sample’s intrinsic o
can be calculated asat = oty — 16605TL2 /m%d pc). Detailed princi-
ples of sample preparation and TET characterization can be found
in our previous work [35].

: (2)

2.3. Annealing of individual CNCs using Joule heating

To address the effect of structure on thermal properties of CNCs,
current induced thermal annealing in a vacuum chamber was car-
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Fig. 2. (a) Resistance evolution curves under different annealing current for sample 1. (b) Log-vision of resistance evolution. (c) Variation of relative resistance change (5R)

and resistance changing speed (R;) with increased annealing power for sample 1.

ried out. As shown in Fig. 1(a), in the vacuum chamber, 5-35 A
current was applied to anneal individual CNCs through Joule heat-
ing. Resistance evolution during the annealing process was moni-
tored by an oscilloscope. The annealing lasted for 20 min till the
resistance became almost stable. RT « and o of the same CNC
sample were measured after annealing at each current. Low tem-
perature TET tests from 290 to 10 K for CNC samples before and
after annealing were carried out to investigate the annealing effect
on low temperature thermal behavior and grain size.

3. Results and discussion

3.1. Dynamic structure evolution and electron transport change by
annealing

The evolution of electrical resistance during annealing was first
characterized and investigated. Fig. 2(a) shows the resistance evo-
lution of sample 1 under different annealing currents. Every an-
nealing process lasts for 20 min, and then the annealing current is
changed to a higher level. It is found that the resistance decreases
rapidly in the first 100 s of each annealing process. Defining Ry and
Re as initial and final resistance of the annealing process, the rela-
tive resistance change (§R) is expressed as (Rg-Re)/Rg x 100% and is
used to characterize the process. It is worth noting that R, of each
annealing process (hot ending point) is larger than Ry of next an-
nealing process (cold starting), which is attributed to the negative
resistance-temperature coefficient of CNCs. Governed by the ther-
mal transport process, the annealing temperature is proportional
to the annealing power. Here we use Joule thermal power (IR.) to
describe the effect of annealing temperature on resistance of CNCs.
Fig. 2(c) presents R under different annealing power. §R increases
with increased annealing power until 30 uW, then it goes down.
To shed more light on the resistance change in the first 100 s, we
take the log-vision of time, as shown in Fig. 2(b). It is found that
the resistance evolution (t > 4 s) can be well fitted as

R =Ry — RsIn(t). (3)

The changing rate of resistance during annealing is given as
dR/dt = -Rs/t, which decreases with annealing time. With annealing
proceeding (t increasing), the improved crystallinity and decreased
electrical resistance under Joule heating are becoming saturated.

Within the first 4 s of annealing time, the changing rate of re-
sistance is much smaller than that of the region of t > 4 s. Anneal-
ing is the reconstruction of covalent bonds. In the annealing time
of the first 4 s, there may be some other physical processes (like
the rotation of sp? grains or the thermal expansion of sp? grains)
and reconstruction of bonds may have not started yet. As a propor-
tional constant, Rs reflects the changing speed of resistance, which
shows very similar variation trend to R with increased annealing

power [Fig. 2(c)]. Although the crystallinity of CNCs improves with
increased annealing temperature, the resistance does not change
linearly with crystallinity improvement. Ma et al. have reported the
annealing effect on electrical properties of CNCs achieved by high-
temperature furnace. It was uncovered that the electrical resistiv-
ity of CNCs decreases sharply from 1.9 x 10~% to 7.7 x 10~ Q€m
when the annealing temperature is increased from 973 to 1073 K,
then it is around 7.1 x 10~> Q€m in the temperature range of 1273
to 2473 K. This phenomenon accounts for the largest 6R at 30 uW
and the gradual reduction of 6R in the stage of 30-96 wW in our
work. R at 96 uW becomes almost zero. From another point of
view, with increased annealing power, the temperature is more de-
termined by radiation heat loss, resulting in more uniform temper-
ature distribution along the length direction of the sample and a
limited temperature increase for further annealing. It is worth not-
ing that, the value of Ry and R are influenced by the annealing
history. When a high current (30-50 wA) is fed into a virgin CNC
sample directly, larger Rs and SR will be observed. The normal dis-
tribution of Ry and SR with annealing power indicates that the ac-
tivation energy for structure reconstruction may follow a normal
distribution.

3.2. Correlation between electron and heat conduction

Fig. 3(a) shows the RT o and « measured using the TET tech-
nique for sample 1 [shown in Fig. 3(b)] after annealing at differ-
ent annealing power. With annealing power increased from 0 to
76 uW, the o and « of increase from 1.37 x 10% to 2.74 x 104 S/m
and from 1.48 x 1076 to 2.23 x 106 m?/s, respectively. They are
improved by 100% and 51% respectively. Both of them show rapid
increase in the power range of 20 to 40 uW. Under a given elec-
trical current, the heating effect induced by the current will be
affected by the cross-sectional area of CNC samples, which leads
to the difference among samples. To figure out this difference, we
employ power areal density and normalized change of o (§a) and
o (60) with respect to their original values. Power areal density
is equal to the ratio of Joule heating power to cross-sectional area
of CNCs. Fig. 3(c) shows the normalized S« and S« under differ-
ent power areal density of two CNC samples (sample 1 and 2). The
four parameters follow the similar variation trend. The total length
(L) and fiber diameter (d) of the two CNC samples are 132 um and
259 nm, 99 um and 301 nm, respectively, which are marked in
Fig. 3(b). Using a fitting and differential method, it is found that
the o and « of the two samples change fastest at the power den-
sity of 480 x 10 W/m2. This is expectable due to the normal dis-
tribution of activation energy uncovered in Fig. 2(c).

The o and « show almost identical variation trend with in-
creased annealing power, as depicted in Fig. 3(a). Their relation
is further studied by directly comparing the change of o and
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Fig. 3. (a) Variation of @ and o with increased annealing power. (b) Enlarged SEM images of samples 1 and 2. (c) Correlation between normalized change of « and o versus
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Fig. 4. Linear relationship between o and « of two CNC samples: (a) for sample 1
and (b) for sample 2. (c) High resolution TEM image of a typical CNC and schematic
representation for the internal structure of CNCs.

o. Figs. 4(a) and (b) uncover a linear relation between o and
o of sample 1 and 2. This linear relation is quite similar to
the Wiedemann-Franz law, but should be explained using dif-
ferent physics. The Wiedemann-Franz law describes the relation-
ship between thermal conductivity («) and electrical conductiv-
ity (o) of metal materials: k/o = L,T, where L, is Lorentz con-
stant with a value of 2.44 x 108 W Q/K2. Using the average
o (2.06 x 10% S/m) in Fig. 4(a) and temperature of 300 K, we es-
timate the electron thermal conductivity to be 0.15 W/m K. The
overall thermal conductivity is estimated as the product of aver-
age o (18.5 x 10~7 m2/s) and RT specific heat (910 J/kg K) of CNCs
measured in our previous work [35], getting 3.7 W/m K as a result.
The contribution of electron thermal transport to overall thermal
conductivity is less than 5%, which is negligible as a consequence.
Thus, we consider the linear relation between o and « is not gov-
erned by the physics of Wiedemann-Franz law but originates from
internal structure.

To address this issue, a high resolution transmission elec-
tron microscope (TEM) image of CNCs is presented in Fig. 4(c),
where the polycrystalline-amorphous structure can be observed.
sp? grains are embedded in sp3 amorphous networks. The elec-

trical and thermal transports of metals are all governed by free
electrons, determining the proportional relation between o and
k. For CNCs, the electron and phonon transports are all local-
ized by graphite nanograins and the amorphous networks between
them. On this account, hopping conduction mechanism for electron
transport has been proposed [29]. Electron transport is impeded
by hopping barrier between graphite nanograins. Like electrons,
we can define a phonon barrier for phonon transportation be-
tween nanograins. The « of sp? structured carbon can reach 300-
3000 W/m K, while that of amorphous carbon is always less than
0.5 W/m K [41]. The hugex difference between these two different
structures prompts a barrier when phonons transport between two
adjacent sp? nanograins. That is, both electron and phonon trans-
ports are more controlled by the size of sp? grains and the amor-
phous carbon gap between them.

Here we define the o and o of sp? grains as o and o4, while
those of amorphous carbon are «, and o,. sp? grains are layered
structures and show anisotropic ¢ and « within the layer and be-
tween the layers. Using TEM and electron diffraction, the (002) lat-
tice plane of sp? grains has been discovered almost parallel to the
coil axis [34], also can be observed from Fig. 4(c). When the sp?
grains are aligned, it is reasonable to express the o (o) of CNCs
as a linear combination of the « (o) of sp? grains and amorphous
carbon [42] as:

Ol=)’(¥a+(1*)/)(¥b (4)
o=yoa+(1-y)oy

where y is the volume fraction of sp? grains of a CNC.
High-temperature annealing will increase the value of y. From
Eq. (4) we get o0 = k(o — ap) + 03, where k= (04 — 03,)/(0ta — ).
sp3 amorphous carbon can be treated as insulating material whose
o (op) is almost zero. But the o («) is still non-trivial. Then we
have 0 = k(o — «p,). The two curves in Fig. 4(a) and (b) can be fit-
ted using this function, expressed as:

o1 =0.19(at; — 5.7), 03 = 0.11(atz — 1.0), (5)

where the units of ¢ and « are 10* S/m and 107 m?/s respec-
tively. The difference of k comes from the structural difference of
the two samples. The maximum changes of o0 and « of sample 2
after annealing are 172% and 163%. Compared to sample 1, sam-
ple 2 has a larger fiber diameter and resulting poorer crystallinity.
This result indicates that the o and o of less crystalline CNCs are
more sensitive to crystallinity improvement during the annealing
process, and reversely for more crystalline CNCs. Combining the
results of the two samples, it is found that ¢ shows greater im-
provement than « after annealing. Considering a limit case, the
a of the two samples become 5.7 x 10~7 and 1.0 x 10~7 m?/s
when their o reaches zero, which correspond to the residual «
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Fig. 5. (a) and (b) Localized « of the middle point (k) for the two CNC samples after being annealed at different temperatures. (c) Linear relation between 1/k. and T..(d)
Variation of sp? grain size (Lq) with increased annealing temperature from the work of Ma et al. [29] (reproduced with permission).

when the sample becomes an insulative material just like amor-
phous carbon. Using the measured specific heat of CNCs in our
previous work (910 J/kg K) [35], the limit thermal conductivities
of the two samples are 1.1 W/m K and 0.2 W/m K, which are close
to that of amorphous carbon [43]. Considering the electrical con-
tact resistance between CNC and electrodes, the measured o is ex-
pected to be smaller than its real value. When the contact resis-
tance is reduced, the linear curves in Fig. 4(a) and (b) will shift
upwards along the vertical axis, resulting in a decreased « limit.

3.3. Effect of nonuniform temperature distribution along CNC

In our annealing process, the sample has nonuniform temper-
ature rise: highest in the middle and lowest at the ends that are
contacted with the electrodes. This results in different x increase
at different sample locations, along with different structure im-
provement. To relate the intrinsic correlation between k increase
and annealing temperature, we conduct further analysis to deter-
mine the annealing temperature at the middle point of the sample
and the local k and study their correlation. The annealing tem-
perature is the highest at center of the sample, resulting in the
maximum k at the center, which is designated as «.. Since the
temperature at two ends changes very little during the annealing
process, the k at the two ends is set as the k of as-prepared sam-
ple («¢). For calculating the « distribution along CNC, we assumed
the « is linearly distributed along CNCs as k = kg + (kc-kg) x 2X[L
(x: the distance from the center of the sample). A finite difference
method (FDM) was employed to simulate the resistance evolution
curve during TET characterization. The length of CNC was divided
into 1000 grids. By varying the « of the center point, we obtain
different normalized temperature evolutions during TET measure-
ment. The value giving the best fitting of the experimental data is
taken as the value of «.

On the basis of obtained «, the temperature of the center point
(T¢) is evaluated from the steady-state heat conduction model dur-
ing annealing. In this model, thermal transport is independent of
p¢p. For TET characterization at RT, the effect of thermal radiation
is negligible [35]. For the annealing process at high temperatures,
the thermal radiation becomes a more and more important factor
for thermal transport. The emissivity of CNCs at RT is set as 0.85,
and it deviates from 0.85 with increased temperature. We found
that when the emissivity changes by +10%, the obtained T, shows
a 2% variation. [44] Therefore, the emissivity is set as 0.85 for the
whole temperature range in annealing modeling.

Fig. 5(a) and (b) show the relation between «. and T, of the two
samples shown in Fig. 4. The two samples show 2.1-fold and 8.7-
fold increase in k by annealing. CNCs were synthesized at 710 °C
in our work. Therefore the samples are expected to have dramatic

structure and properties change after the annealing temperature
is well above this point. This is confirmed in Fig. 5(a) and (b).
Both of them have a turning point around 1000 K (727 °C). Before
1000 K, the temperature is not high enough for crystallinity im-
provement to increase . From 1200 to 1800 K, «. shows a rapid
increase. After 1800 K, the increasing rate of k. slows down with
increased temperature because the improvement of crystallinity
becomes more and more saturated for increasingx. This result pro-
vides a direct guidance for choosing appropriate annealing temper-
atures to improve the « of CNCs. Fig. 5(c) reveals the linear relation
between 1/k. and T, which are fitted into 1/kc = —3.5 x 1074 x
(T, —2143) m K/W and 1/kc = —1.5 x 10~4(T, — 2533) m K/W for
sample 1 and 2 respectively. From the fitting curves, we speculate
that when the temperature is higher than 2143 K (2533) K, the
k of sample 1 (sample 2) will no longer increase. Therefore, we
call this point the saturated temperature. This correlation offers us
a quick method to predict the x with known annealing tempera-
tures.

The common relationship between T, and k. for CNC samples
can be expressed as1/k. = A x (T — T,). We still take «. as a linear
combination of the « of sp? grains and sp? networks, expressed
as k¢ = pCplycaa + (1 — Yc)ap]. Then we can obtain the correlation
between y. and T, represented as

__ B
Ve =T —To)

where B =1/[Apcp(0otg — ap)] and C=otp/(0tg — ). Y is the vol-
ume fraction of sp? grains, which is proportional to the size of sp?
grains. Thus, we can use Eq. (6) to describe the size of sp? grains
in a CNC under different annealing temperatures. Ma et al. have
reported the variation of sp? grain size probed by Raman spec-
troscopy for the CNCs annealed in a furnace under different tem-
peratures [29]. The plots are shown Fig. 5(d) (reproduced with per-
mission), which are fitted into:

Lo = 1.27 x 105/(3700 — T) — 0.31.

C, (6)

(7)

This equation demonstrates that the linear relation between 1/k
and T comes from the linear relation between 1/L; and T.

3.4. Grain size of CNC: uncovered by residual thermal reffusivity and
Raman spectrum

In our previous work, we have employed a new concept called
thermal reffusivity (®) to address the effect of defect scattering
on phonon transport in CNCs. Under the single phonon relaxation
time approximation, thermal reffusivity can be expressed as® =
3/v2t, where v is phonon velocity, T the average relaxation time
during two consecutive scatterings. vt corresponds to the mean
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Fig. 6. Thermal reffusivity-temperature curve of a CNC sample before and after
30 pA annealing along with the fitting (red curve) using Eq. (9).

free path (MFP) of phonons. According to the Matthiessen’s rule, it
is always a good approximation to linearly add all scattering events
together, expressed as

L ®)
T Tu Tp

where 7y and tp correspond to the relaxation times determined
by Umklapp scattering and defect scattering. Ty shows exponen-
tial variation with temperature, while 7p is only determined by
microstructure of materials. Excluding the effect of ty, it is possi-
ble for us to evaluate the defect level of a material. Consequently,
the model of thermal reffusivity based on phonon scattering can
be expressed as [14]

® = 0O +Aexp(—0p/2T), (9)

where ® is the residual thermal reffusivity at 0 K limit which
reflects the defect level. 6 is Debye temperature.

To investigate the effect of annealing on low temperature ther-
mal behavior, low temperature TET tests from 290 to 10 K for CNC
samples before and after annealing were carried out. Fig. 6 shows
the thermal reffusivity-temperature curves of another CNC sample
before and after 30 A annealing. The total length and diameter
of this sample are 67€um and 371 nm. Using the expression of
thermal reffusivity to fit these two curves, the ®y and 6 before
and after 30 1A annealing are calculated to be 3.8 x 10° s/m? and
689 K, 2.0 x 10° s/m? and 492 K, respectively. After annealing,
the residual thermal reffusivity shows a remarkable decrease. From
this result, we notice that the CNC sample with better crystallinity
after annealing shows a smaller Debye temperature. Debye temper-
ature reflects the interaction among atoms in a lattice. Here, we
attribute the Debye temperature reduction to the weakening of in-
teraction of nanograins. More research is needed to look into this
problem to uncover the underlying physics.

Excluding the effect of phonon-phonon scattering, MFP for
phonon transport at 0 K limit (l) is always quite close to the real
grain size of CNCs, and can be calculated as I[; = 3/®gv. Taking
4300 m/s as the value of v, which is taken from that of pyrolytic
graphite [45], I; of the CNC sample before and after annealing is
calculated to be 1.8 and 3.5 nm. It shows almost 100% increase, re-
sulting in an increase of RT o by 104%. Here the calculated I; is

(a)I l " o ‘,[‘I ‘

65%
60%
55%
52%

Intensity (a.u.)

45%

40%

37% seat Natty g
1000 1200 1400 1600 1800 30 40 50 60 70
Raman Shift (cm™) Position (%)

Fig. 7. (a) Raman spectrum of a CNC sample at different positions after being an-
nealed at 30 wA. (b) Extracted grain size from Raman spectrum at different posi-
tions of the CNC sample.

an average value along the coil axial direction since the sample is
annealed nonuniformly.

Due to nonuniform annealing, the graphite degree varies along
the axial direction of the CNC sample. The structural change of an-
nealed CNC was probed by Raman spectroscopy with 532 nm ex-
citation laser. After annealing in vacuum, a single CNC sample was
cut at the connection point, and was placed onto silver paste to
enhance the Raman signal significantly. Silver particles in the sil-
ver paste were used as the enhancing substrate, while the Raman
signal of suspended CNC was too weak to be detected.

Fig. 7(a) shows the Raman spectrum at different positions along
the length direction of another CNC sample after annealing at
30 wpA. The value of positions means the relative distance (the ra-
tio of real distance to sample length) of the measured point to one
end of the CNC sample. The G peak around 1581 cm~! and D peak
around 1355 cm~! are two characteristic peaks of graphitic materi-
als, representing the in-plane bond stretching motion of sp? atoms
and the breathing mode of 6-fold aromatic rings occurring when
disorders exist. The ratio of D to G peaks (Ip/I;) is used to calcu-
late the graphite grain size (L;) by an empirical formula, expressed
as Ip/lc = C(A)[Lg, where C(A) = —12.6 + 0.0331 [46].A is the
wavelength of excitation laser. The calculated L, at different posi-
tions along the length direction of the CNC sample are shown in
Fig. 7(b). Lg shows a sharp increase from 4.0 to 7.8 nm around the
center point within +£10% length range (from 40% to 60%). CNCs
were synthesized at 710 °C in our work. Thus, the temperature
must be higher than 710 °C to achieve annealing. Under 30 uA
current annealing, the temperature of the center point is around
1900 K based on our calculation. From the work of Ma et al. [29],
it is found that the average grain sizes of CNCs at RT and annealed
at 1900 K are 4.1 and 7.2 nm respectively, which are very close to
the results in this research. From Fig. 7(b), it is found that only
30% length part of the CNC is effectively annealed to have dra-
matic grain size increase. The rest 70% part of the sample may ex-
perience an improvement of arrangement for graphite nanograins
rather than size increasing.

4. Conclusion

Combining TET characterization and Joule heating annealing, in
situ investigation of annealing effect on the thermal and electri-
cal properties of CNCs was achieved for the first time. After being
annealed at 5-35 uA, the average RT o and o showed 50%—160%
and 100%—170% increase. The reaction/annealing rate against the
annealing power has a normal distribution, proposing a normal
distribution of the structure activation energy in CNCs. Interest-
ingly, « and o exhibited excellent linear correlation, which are
caused by the barriers of electrons and phonons when they trans-
port between grains. It is found that in the annealing temperature
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range of 1200-1800 K, the k of CNCs showed a rapid improvement,
which reached a maximum change up to 8.7-fold. Low temperature
tests revealed a 1-fold increase of average grain size and a 197 K
decrease of Debye temperature of CNC by annealing. Our residual
thermal reffusivity uncovered a dramatic grain size increase from
1.8 nm to 3.5 nm after 30 pA annealing. Our Raman characteriza-
tion quantified the nonuniform annealing level in the length di-
rection of a CNC sample and uncovered a rapid in situ increase of
grain size from 4.0 to 7.8 nm near the middle point. This research
illustrates the structural specificity of CNCs a step further and pro-
vides crucial guidance for structure manipulation to improve the
thermophysical properties of CNCs.
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