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now substantial demand for improvements in their thermophysical properties, especially thermal

conductivity, thermal diffusivity and interface thermal conductance, as they are strongly affected by
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new scientific and engineering developments. This Special Issue targets the state-of-art research in
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Editorial

Perspectives on Energy Transport at the Micro/Nanoscale

Xinwei Wang

Department of Mechanical Engineering, Iowa State University, Ames, IA 50011, USA; xwang3@iastate.edu;
Tel.: +1-515-294-8023

Over the last two decades, with the fast development of micro/nanomaterials, includ-
ing micro/nanoscale and micro/nanostructured materials, significant attention has been
attracted to study the energy transport in them [1–3]. This energy transport can be sus-
tained by electrons and phonons, whose transport is strongly affected by micro/nanoscale
structure scattering. Numerous computer models based on first-principle, molecular dy-
namics, and lattice Boltzmann transport have been reported [4–6]. Also tremendous efforts
have been reported on development of new technologies to characterize the thermophysi-
cal properties at the micro/nanoscale [7,8]. Examples of such properties include thermal
conductivity, thermal diffusivity, and specific heat [9–11].

Thermophysical characterization at the micro/nanoscale is extremely challenging
due to the very small size of the sample under study. It is a non-trivial job to apply
a very well defined heat flux along the sample and characterize the temperature drop
over it. To overcome this challenge, new transient techniques have been developed by
applying transient Joule or photon heating, and track the material’s thermal response
using electrical or optical methods. Examples include the transient electro-thermal (TET),
transient photo-electro-thermal (TPET), pulsed laser-assisted thermal relaxation (PLTR),
time domain differential Raman (TD-Raman), frequency-resolved Raman (FR-Raman),
and energy transport state-resolved Raman (ET-Raman) techniques [7,8,12–16]. These
techniques provide quick and high-level measurement of thermal diffusivity/conductivity
of 1D and 2D materials down to atomic-level thickness [17].

This special issue includes some recent work on micro/nanoscale energy transport,
including research progress reports and reviews. These reviews are in great technical
detail since the authors have tremendous experience and expertise in the topics under
review. In the paper by Lin et al. [18], the TET technique was reviewed thoroughly,
especially about the differential TET concept. The TET technique measures 1D material’s
voltage/resistance change under step-current heating and can be used to measure thermal
diffusivity, conductivity, and specific heat. The differential concept is especially useful in
measuring materials of nm-thickness which is too thin to suspend between two electrodes.
The energy transport in 2D materials features very unique characteristics due to the extreme
phonon confinement and scattering. The review by Kalantari and Zhang [19] provides
excellent coverage, discussions, and perspectives on computer modeling and experimental
characterization. The works by Dai and Wang [20] and Liu et al. [21] are great additions to
the review by Mohammad and Xian, with focus on detailed experimental development. The
work by Zhou et al. [22] provides sound technical details on the photothermal technique for
measuring the thermal conductivity and interface thermal resistance of coatings. This work
covers the fundamental physical principles, mathematical solutions for data processing,
and typical examples of measurement.

Of the research progress reports covered by this Special Issue, the work by Xu et al.
provides inspiring measurement technique and knowledge about the dynamic thermal
diffusivity evolution during fast heating of corn leaves and ultra-high-molecular-weight
polyethylene (UHMW-PE) micro-fibers [23]. This indeed significantly extends the capability
of the TET technique and provides unprecedented knowledge about thermal diffusivity
evolution during fast heating. The work by Liu et al. presents pioneering efforts in studying
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the thermal conductivity variation of giant-scale graphene depending on temperature [24].
This work is very challenging since the thermal expansion mismatch between graphene and
the poly(methyl methacrylate) (PMMA) substrate could easily break the graphene layer
when temperature goes down. The experimental work by Wang et al. on the bolometric
response of MoS2 nanoflowers and multi-walled carbon nanotube composite [25], and
work on the effect of current annealing on thermal conductivity of carbon nanotubes by
Lin et al. [26] present welcome efforts on studying the structural and temperature effects
on energy transport. Nanoscale energy transport has tremendous applications in materials
synthesis. The work by Deng et al. [27] reports the microstructure and superior corrosion
resistance of NiTi-based intermetallic coatings. Such coating synthesis uses laser melting
deposition, which is a strong energy transport-controlled process. The work by Nunes et al.
reported detailed study of electrochemical behavior related to charge transport in double-
layer capacitors and pseudocapacitors [28]. An understanding of the physics of such
transport phenomenon is critical to the design and optimization of capacitor performance.

Energy transport at the micro/nanoscale is still a very active research area, and
current research is very diverse, including study of detailed phonon dynamics, structure,
and behaviors, material design to either enhance or suppress energy transport, and new
technology development to overcome challenges in characterizing special materials [29,30].

Funding: This research was funded by the US National Science Foundation (CBET1930866 and
CMMI2032464).
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Research on In Situ Thermophysical Properties Measurement
during Heating Processes

Chenfei Xu 1, Shen Xu 1,2,*, Zhi Zhang 1 and Huan Lin 3

1 School of Mechanical and Automotive Engineering,
Shanghai University of Engineering Science, Shanghai 201620, China

2 Mechanical Industrial Key Laboratory of Boiler Low-Carbon Technology, Shanghai University of Engineering
Science, Shanghai 201620, China

3 School of Environmental and Municipal Engineering, Qingdao University of Technology,
Qingdao 266033, China

* Correspondence: shxu16@sues.edu.cn

Abstract: Biomass pyrolysis is an important way to produce biofuel. It is a chemical reaction process
significantly involving heat, in which the heating rate will affect the yield and composition (or quality)
of the generated biofuel. Therefore, the heat transfer inside the biomass pellets is important for
determining the rate of temperature rise in the pellets. The accurate knowledge of the thermophysical
properties of biomass pellets is required to clarify the process and mechanism of heat transfer in
the particles and in the reactor. In this work, based on the transient thermoelectric technology,
a continuous in situ thermal characterization method for a dynamic heating process is proposed.
Multiple thermophysical properties, including thermal conductivity and volumetric heat capacity
for corn leaves, are measured simultaneously within a heating process. In temperatures lower than
100 ◦C, the volumetric heat capacity slightly increases while the thermal conductivity decreases
gradually due to the evaporation of water molecules. When the temperature is higher than 100 ◦C,
the organic components in the corn leaves are cracked and carbonized, leading to the increase in the
thermal conductivity and the decrease in the volumetric heat capacity against temperature.

Keywords: heating process transient electrothermal technique; thermal conductivity

1. Introduction

Biomass energy is the fourth largest energy source in the world after coal, oil and
natural gas in terms of total energy consumption [1], with the dual attributes of being
renewable and environmentally friendly. The rapid depletion of fossil fuel reserves makes
biomass energy the most promising renewable energy source. Agricultural and forestry
residues are the main source of biomass. Many rural areas often burn these agricultural
and forestry residues directly as conventional fuels, which are poorly utilized, pollute
the environment and endanger human health. Biomass pyrolysis is a key technology for
achieving biomass energy utilization [2–4]. The process involves rapid heating of biomass
under anoxic conditions to obtain high calorific value products, such as oil and natural gas.

During the pyrolysis process, the heating rate of biomass pellets determines the
process of the pyrolysis reaction and the quality of the product. Rapid heating can increase
the yield of oil and gas products. However, at the same time, the chemical structure in
biomass pellets is degraded to form structural defects that hinder the heat transfer inside
the biomass pellets, which is an important factor in determining the heating rate [5,6].
The biomass pellets are composed of several biomass material fragments, such as corn
leaves, stalks, woods, etc. The in-plane heat conduction of these fragments, rather than the
out-of-plane heat transfer among the fragments, contributes to the heat conduction inside
the pellets since the loose contact between the fragments will raise a large thermal contact
resistance and hinder the heat transfer crossing them. Thus, the in-plane heat conduction
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is more critical when determining the temperature rise, temperature distribution, and the
possible chemical reactions in the fragment. Also, when many researchers [7,8] proposed
computational models to elucidate the complexity of biomass pyrolysis, they found that
thermal conductivity of the fragments is an important parameter for model building.
Obtaining in situ real-time thermophysical properties (thermal conductivity, volumetric
heat capacity, etc.) of biomass in pyrolysis reactions has become particularly important to
study the heat transfer and temperature dynamic distribution in biomass pellets. Therefore,
we endeavor to measure the in-plane thermal conductivity and other thermophysical
properties of dried corn leaves undergoing the heating process (mimicking pyrolysis
in vacuum).

Various transient methods for quickly measuring thermophysical properties have
been successfully developed, including 3ω method [9], microfabricated suspended device
method [10], optical heating and electrical thermal sensing (OHETS method) [11] and
transient electrothermal (TET) technique [12], etc. These transient methods can measure
the thermophysical properties of materials in a very short time and are widely applied
to thermal measurement in dynamic processes. Among them, the TET method has the
advantages of high measurement accuracy, fast measurement speed and short measurement
period, which makes it widely used. It is effective to measure the thermal diffusivity of
solid materials (including conductive, semi-conductive or non-conductive one-dimensional
structures). The TET method has been used to successfully measure the thermal diffusivity
of ultra-thin metal films [13,14], silk [15], DNA fibers [16], graphene [17], etc. The method
exhibits the strong measurement ability for measuring the sample of different size ranging
from nanometer to millimeter.

In this work, the measurement of the thermophysical properties of dried corn leaves
in the heating process by using a continuous in situ thermal characterization method was
developed from the TET technique [12]. Furthermore, only a small piece of a corn leaf
sample is needed to fulfill thermal measurement and totally exclude the space effect in a
packed sample. Section 2 details the mechanism of the TET method and the continuous
in situ thermal characterization method for measuring the variation of thermal diffusivity,
thermal conductivity, and volumetric heat capacity against temperature. Section 3 describes
the verification of the method and investigation on a corn leaf sample and discusses
the results.

2. Method for Continuous Thermal Properties Measurement for Biomass Particles

2.1. Measurement Principle of the TET Method

The TET technique utilizes electrical heating to introduce uniform heating over a whole
suspended fiber, gathers the transient temperature variation based on voltage/resistance,
and determines the in-plane thermophysical properties based on a one-dimensional heat
transfer model (Figure 1a) [12]. By applying the TET technique, one can measure the
in-plane thermal diffusivity of a tape-like sample with a millimeter length quickly, typically
in several seconds. Specifically, the measurement principle is: Before measurement, non-
electrical conductive samples should be first coated with a thin metal coating (e.g., iridium
(Ir) coating, gold (Au) coating, etc.), so that it can be electrically conductive. A step
current then passes through the sample, which causes Joule heating in the metal coating.
The temperature rise of the sample can be measured by recording the overall resistance
variation of the metal coating, which also works as a temperature sensor based on the
effect of temperature on resistance in metal. Because the metal coating is very thin, usually
around several tenths of nanometers, the rate of the temperature-rise process of the sample
is related to the sample’s thermal diffusivity. For example, when the thermal diffusivity of
the sample is small, the temperature raises slowly, so it takes a long time to reach the stable
temperature. Applying a constant current after the current is on, the transient temperature
rise from the beginning to the thermally steady state is characterized by recording the
voltage change at both ends of the sample. Figure 1b shows a theoretical variation of the
voltage between both ends of the sample with time in the TET measurement. In most cases,
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metal has a constant resistance–temperature coefficient, and thus, one can monitor the
voltage change of the sample to measure its temperature change. By fitting the normalized
average temperature rise of the sample according to the variation of the voltage, the thermal
diffusivity of the sample can be obtained.

 
 

(a) (b) 

Figure 1. (a) Schematic of the experimental principle for the TET technique. (b) Voltage response to a
step heating current through the sample.

2.2. One-Dimensional Heat Transfer Model

Since the length of the tape-like sample is much larger than its diameter, a one-
dimensional heat transfer model along the axial direction (x direction) can be satisfied, and
the heat transfer equation along the x direction can be expressed as Equation (1):

∂
(
ρcpT

)
∂t

= k
∂2T
∂x2 + q0, (1)

where ρ, cp and k are the density, specific heat, and thermal conductivity of the sample. T
is the sample temperature. The effect of thermal convection is eliminated by employing a
vacuum environment, and the radiation effect is included in the conduction properties and
will be discussed and excluded later.

The initial condition is:
T(x, t = 0) = T0, (2)

and the boundary conditions are:

T(x = 0, t) = T(x = L, t) = T0, (3)

where T0 and L are the room temperature and the length of the sample.
By solving Equation (1) using Green’s function, the relationship between the normal-

ized temperature rise θ* [θ* = (T − T0)/(Tss − T0)] of the sample and time t can be obtained
as shown in Equation (4):

T∗ = 96
π4

∞

∑
m=1

1 − exp
[
−(2m − 1)2π2αt/l2

]
(2m − 1)4 , (4)

The TET thermophysical property measurement is carried out in a vacuum environ-
ment with a vacuum degree of 2 × 10−3 mbar, so the influence of convective heat transfer
can be safely ignored. In addition, the thermal radiation between the tested sample and the
environment and the metal coating on the non-conductive sample will affect the accuracy
of the thermal diffusivity measurement. For details, please refer to literature [12,17].
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The contribution to the measured thermal diffusivity from the thermal radiation is
denoted by αrad and can be expressed as Equation (5):

αrad =
1

ρcp

8εrσT3
0

D
L2

π2 , (5)

where εr is the effective emissivity of the sample, and σ = 5.67 × 10−8 W m−2 K−4 is the
Stefan–Boltzmann constant. The contribution caused by the metal coating, αcoating, can be
expressed as:

αcoating =
LLorenzT·L
RAWρcp

, (6)

where Aw is the cross-sectional area of the sample before being coated; LLorenz is the
Lorenz number for the metal coating; and R is the electrical resistance of the sample. After
removing the influence of αrad and αcoating from the measured thermal diffusivity, the actual
thermal diffusivity αreal of the sample can be obtained as αreal = αreal − αrad − αcoating.

Though the transient temperature rise contributes to the determination of the thermal
diffusivity, the temperature increase at the thermal steady state can help to calculate
the thermal conductivity directly, without the knowledge of other thermal properties,
like specific heat. According to Equation (4), when t goes to infinite, the steady-state
temperature has an expression as TSS = T0 + q0l2/12k. One can determine the thermal
conductivity k immediately with Equation (7):

k = I2RL × (dR/dT)/(12AW × ΔR), (7)

where I is the current; dR/dT is the electrical resistance–temperature coefficient of the
metal coating; and ΔR is the change of the electrical resistance of the sample during Joule
heating. Furthermore, from the definition of thermal diffusivity α: α = k/ρ·cp, the volume-
specific heat ρ·cp of the sample can then be obtained. That is, the temperature T, thermal
diffusivity α, thermal conductivity k and volumetric specific heat ρ·cp of the sample can be
obtained simultaneously in a single square wave period of the measurement.

2.3. Continuous Thermal Characterization Based on the TET
2.3.1. Mechanism of the Continuous in Situ Thermal Characterization

One important parameter in the TET method is the characterization time. From
Equation (4), it is clear that the normalized temperature rise θ* mainly depends on αt2/L,
which is a dimensionless parameter, Fourier number (Fo). Then, the characteristic time
tc has been defined when Fo equals to 0.2026. tc (=

√
0.2026L2/α) indicates the spent time

when the temperature of a specific sample (having a specific thermal diffusivity α) almost
reaches the thermal steady-state temperature after being heated. Thus, one can estimate the
possible time that one Joule heating and measurement may take. It depends on the thermal
diffusivity and length of the sample, and in turn, tc (as well as the TET measuring time)
can be adjusted by selecting the desired length of the sample. Based on this mechanism,
we cut samples into the suitable length, and the time for one TET measurement would be
much shorter than the heating process, as shown in Figure 2a.

2.3.2. A typical Experimental Setup

Figure 2b shows a typical experimental setup. The tape-like sample is fixed on a
lab-made sample stage. It is suspended between two electrodes, which are placed on
a slide of glass. Then, the sample stage is placed on a heating plate. The heating plate
is provided with a controllable heating source to generate a slow heating process. The
temperature-rise rate can be adjusted by the power source connected to the heating plate.
On the sample, another modulated square-wave current is fed to generate ‘fast’ Joule
heating and a small temperature increase in the sample to acquire the thermal diffusivity of
the sample. The oscilloscope is attached to the two ends of the sample and records the fast
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voltage variation due to Joule heating. A thermocouple is attached to the one electrode and
close to the sample end to monitor the real-time temperature of the sample. It is necessary
for calculating dR/dT of the nanometer thick coating, since the electrical properties of the
coating may be greatly different from its bulk counterpart.

  

(a) (b) 

V

Figure 2. (a) Mechanism of the continuous in situ thermal characterization method. (b) A lab-
developed, experimental setup for continuous thermal characterization.

3. Results and Discussions

3.1. Verification of the Method and Experimental Setup

First, an ultrahigh, molecular-weight, polyethylene (UHMW-PE) fiber is employed
to verify the method and experimental setup. UHMW-PE fibers have a high crystalline
content, >90%, so they work well in heat conduction along its axial direction. In previous
studies, the similar fibers were investigated at the room temperature and reported to have
a high thermal diffusivity of 1.1 × 10−5 m2/s. According to this high thermal diffusivity
and the definition of Fo (=0.2026) mentioned above, a one-millimeter fiber can almost
reach the new thermal steady state in 0.02 s after Joule heating begins. In other words, the
measurement duration is only about 0.02 s. Thus, we could set a heating process from room
temperature to 90 ◦C with a time span of 200 s. During the 0.02 s- measurement duration,
the temperature rise induced by the heating stage will be as low as 6.5 × 10−3 ◦C. It is safe
to neglect the heating stage raised temperature rise and directly record the voltage variation
and the temperature rise through the thermocouple to determine the thermophysical
properties change against time.

We prepare a thin UHMW-PE fiber as a standard sample, which is about 909.5 μm long
and 43.2 μm width, as shown in Figure 3a,b. It has been coated with 20 nm Ir film and fixed
on a sample stage. Silver paste is applied to its two ends to guarantee a good electrical and
thermal connection between the sample end and the electrode. In the measurement, the
Joule heating current is 4 mA and modulation frequency is 10 Hz. The room temperature is
around 23 ◦C. Figure 3c shows a typical voltage rising curve against time (bottom panel)
and data fitting [18] (top panel) at a certain temperature during the Joule heating. The
determined thermal diffusivity is 1.13 ± 0.03 m2/s. The variation of thermal diffusivity for
the UHMW-PE fiber is shown in Figure 3d. It linearly decreases against temperature.

Furthermore, it is important to note that we can obtain the electrical resistance of
the sample at the very beginning of Joule heating, since the current is constant. That
means the real temperature of the sample can be derived through this electrical resistance,
and the relationship between the electrical resistance of the Ir coating against time can be
recorded. As shown in the bottom panel in Figure 3d, the resistance of the coating increases
linearly against temperature. The electrical resistance–temperature coefficient (dR/dT) is
determined to be 0.737 Ω/◦C. With the obtained thermal diffusivity and dR/dT, we can
calculate the thermal conductivity and volumetric heat capacity, as shown in Figure 3d. The
thermal conductivity decreases linearly against the rising temperature, and the volumetric
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heat capacity keeps almost constant in this temperature range. When the temperature is
above 90 ◦C, the fiber begins to melt, and the coating is broken at the same time, which
causes the loss of the voltage signal. However, before the melting of fiber, the measured
thermal properties agree well with the value and the varying trend reported in previous
work [19]. It verifies this method that the experimental setup works well for thermal
characterization during the heating process.

  
(a) (b) 

  
(c) (d) 

Figure 3. Verification of the method by using a UHMW-PE fiber. (a) Length and (b) width of the
sample UHMW-PE fiber. (c) A typical measured voltage variation (bottom) and thermal diffusivity
determination (top). (d) The variations of thermal diffusivity α, thermal conductivity k, volumetric
heat capacity ρ·cp, and electrical resistance R for the UHMW-PE fiber against temperature.

3.2. Thermal Characterization for Corn Leaves during Heating

To investigate the thermophysical properties’ variation in heating processes, a corn
leaf is used as a typical biomass sample. The corn leaf is freeze-dried and cut into tape-
like shape. Then, a layer of Ir film (40 nm thick) is coated on the leaf surface to make it
conductive, and its two ends are fixed on the electrode with the silver paste as that in the
UHMW-PE fiber sample preparation. However, obviously different from the UHMW-PE
fiber, the corn leaf fiber has a low thermal conductivity/diffusivity. It needs more time
to reach the criteria of Fo = 0.2026. To ensure that the heating stage temperature rise is
negligible in the Joule heating duration, the sample is prepared into a short length, and
it can quickly reach the thermal steady state during one Joule heating and measurement
duration. The length of the corn leaf sample prepared as shown in Figure 3 is about
0.65 mm, and the time required for the sample to reach the thermal steady state is about
0.85 s. Different from the above, the UHMW-PE fiber having a round cross-section, the corn
leaf is a flat film with a width of 0.45 mm. Its length is much larger than its thickness (less
than 0.06 mm), and the time duration for Joule heat to propagate in the thickness direction
and to reach, a thermal steady state (~0.02 s) will be much shorter than that required to
propagate along the length and reach a thermal steady state (~0.85 s). Therefore, when
applying the TET method to measure the corn leaf sample, it is reasonably assumed that the
temperature is uniform along the thickness direction, and Joule heat mainly transfers along
the length of the sample, which agrees well with the one-dimensional heat transfer model.
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Under the condition of a heating rate of 0.87 ◦C/s, the measured thermal diffusivity
of corn leaves is shown in Figure 4. At room temperature, the thermal diffusivity of corn
is about 1.2 × 10−7 m2/s, which is similar to the thermal diffusivity of biomass materials
reported in the literature [20,21]. As the temperature increases, the variation of the thermal
diffusivity of the corn leaf sample shows a trend of first decline and then rise, and reaches
the lowest value near 110 ◦C. The electrical resistance–temperature coefficient of the 40 nm
Ir coating on top of the corn leaf shows a good linearity in the temperature range from room
temperature to 225 ◦C. Below 225 ◦C, dR/dT is fitted to be 0.01345 Ω/◦C, while above
225 ◦C, the Ir coating may be broken by the chemical reaction in the corn leaf, and the
electrical resistance becomes unstable. The value of dR/dT is abnormal, and the thermal
conductivity and volumetric heat capacity cannot be defined then. The thermal conductivity
k of the sample can be obtained below 225 ◦C, as shown in Figure 4b. The measured k
here is lower than that reported in other literature. This is because the sample is dried in
advance and is measured in the vacuum, where different environmental conditions may
cause the lower k than others [22–24]. k has the same varying trend as that of the thermal
diffusivity. When the temperature is lower than 100 ◦C, it decreases with the increase in
temperature, which is mainly due to the small amount of water remaining in the corn
leaf samples. Because the thermal conductivity of water is much higher than the organic
components in corn leaves, heating and evaporation of water molecules reduces the overall
thermal conductivity of the sample corn leaf. As the temperature further rises, the organic
matter in the corn leaves is cracked, the carbonization gradually occurs at a lower heating
rate, and the carbon in the solid residue increases. The thermal conductivity of carbon
is higher than the organic components in corn leaves (including cellulose, hemicellulose,
lignin, etc.), so the increment in carbon content will increase the thermal conductivity of
the entire solid phase residue. Therefore, the overall k of the sample corn leaf increases [25].

 

(a) (b) 

Figure 4. Continuous thermal characterization of corn leaves. (a) Length (top), width (top), and
thickness (bottom) of the corn leaf sample with Ir coating. (b) The variations of thermal diffusivity
α, thermal conductivity k, volumetric heat capacity ρ·cp, and electric resistance R for the corn leaf
sample against temperature. The dash lines show the varying of the properties.

Then the volumetric heat capacity of the corn leaf is calculated by using α= k/ρ·cp,
and the result is shown in Figure 4b. ρ·cp first rises against temperature, and after the
temperature is higher than 120 ◦C, it declines. Volatilization of a small amount of water has
little effect on the density of solid-phase components in the initial heating stage, and ρ·cp
shows a slight increasing trend against temperature. When the temperature is higher than
100 ◦C, due to carbonization of bio-organic molecules, small gas molecules are generated
and leave the solid structure, which produces a loose porous structure in solid, reduces the
density of the solid phase components, and results in a decrease in ρ·cp with temperature.

4. Conclusions

In this work, we have developed a continuous in situ thermal characterization method
and established a corresponding experimental setup for the continuous thermal diffusivity,
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thermal conductivity, and volumetric heat capacity measurement for UHMW-PE fibers and
corn leaves during heating processes. The verification by using the UHMW-PE fiber showed
a good measurement ability of the method and the experimental setup. Furthermore, by
applying the new method, the thermophysical properties’ variation of corn leaves has
been investigated in a slow heating process. In a vacuum, the thermal diffusivity first
decreased from 1.2 × 10−7 m2/s to 0.5 × 10−7 m2/s below 100 ◦C and then increased
to 1.2 × 10−7 m2/s until the coating broke. The thermal conductivity showed the similar
varying trend as the thermal diffusivity. It decreased from 0.035 W/m·K to 0.028 W/m·K
and increased to 0.04 W/m·K. The volumetric heat capacity changed inversely. It increased
first from 2.2 × 105 J/m3K to 3.0 × 105 J/m3K and then decreased to around 2.2 × 105

J/m3K. Both dehydration and carbonization on the thermophysical properties of biomass
materials contributed to these variations. However, the time resolution for the measurement
of corn leaves was somehow limited by the sample size/characteristic time. In a sample
with a much smaller size, further work could be conducted on faster heating processes,
such as fast pyrolysis, in the future.

Author Contributions: Conceptualization, S.X.; writing—original draft preparation, C.X., Z.Z. and
S.X.; writing—review and editing, S.X. and H.L.; supervision, S.X.; funding acquisition, S.X. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China, grant number
52106220 (for S.X.).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Saxena, R.C.; Adhikari, D.K.; Goyal, H.B. Biomass-based energy fuel through biochemical routes: A review. Renew. Sustain.
Energy Rev. 2009, 13, 167–178. [CrossRef]

2. Wankhade, R.D.; Bhattacharya, T. Pyrolysis oil an emerging alternate fuel for future (Review). J. Pharmacogn. Phytochem. 2017, 6,
239–243.

3. Whalen, J.; Xu, C.C.; Shen, F.; Kumar, A.; Eklund, M.; Yan, J. Sustainable biofuel production from forestry, agricultural and waste
biomass feedstocks. Appl. Energy 2017, 198, 281–283. [CrossRef]

4. Williams, C.L.; Westover, T.L.; Emerson, R.M.; Tumuluru, J.S.; Li, C. Sources of Biomass Feedstock Variability and the Potential
Impact on Biofuels Production. Bioenergy Res. 2016, 9, 1–14. [CrossRef]

5. Mettler, M.S.; Vlachos, D.G.; Dauenhauer, P.J. Top ten fundamental challenges of biomass pyrolysis for biofuels. Energy Environ.
Sci. 2012, 5, 7797–7809. [CrossRef]

6. Bridgwater, T. Challenges and Opportunities in Fast Pyrolysis of Biomass: Part I. Johns. Matthey Technol. Rev. 2018, 62, 118–130.
[CrossRef]

7. Rezaei, H.; Sokhansanj, S.; Bi, X.; Lim, C.J.; Lau, A. A numerical and experimental study on fast pyrolysis of single woody biomass
particles. Appl. Energy 2017, 198, 320–331. [CrossRef]

8. Zhang, K.; You, C.; Li, Y. Experimental and numerical investigation on the pyrolysis of single coarse lignite particles. Korean J.
Chem. Eng. 2012, 29, 540–548. [CrossRef]

9. Lu, L.; Yi, W.; Zhang, D.L. 3ω method for specific heat and thermal conductivity measurements. Rev. Sci. Instrum. 2001, 72,
2996–3003. [CrossRef]

10. Kim, P.; Shi, L.; Majumdar, A.; McEuen, P.L. Thermal Transport Measurements of Individual Multiwalled Nanotubes. Phys. Rev.
Lett. 2001, 87, 215502. [CrossRef]

11. Hou, J.; Wang, X.; Guo, J. Thermal characterization of micro/nanoscale conductive and non-conductive wires based on optical
heating and electrical thermal sensing. J. Phys. D Appl. Phys. 2006, 39, 3362–3370. [CrossRef]

12. Guo, J.; Wang, X.; Wang, T. Thermal characterization of microscale conductive and nonconductive wires using transient
electrothermal technique. J. Appl. Phys. 2007, 101, 063537. [CrossRef]

13. Lin, H.; Xu, S.; Li, C.; Dong, H.; Wang, X. Thermal and electrical conduction in 6.4 nm thin gold films. Nanoscale 2013, 5, 4652–4656.
[CrossRef] [PubMed]

14. Lin, H.; Xu, S.; Wang, X.; Mei, N. Thermal and Electrical Conduction in Ultrathin Metallic Films: 7 nm down to Sub-Nanometer
Thickness. Small 2013, 9, 2585–2594. [CrossRef]

15. Liu, G.; Xu, S.; Cao, T.T.; Lin, H.; Tang, X.; Zhang, Y.Q.; Wang, X. Thermally induced increase in energy transport capacity of
silkworm silks. Biopolymers 2014, 101, 1029–1037. [CrossRef]

12



Nanomaterials 2023, 13, 119

16. Xu, Z.; Wang, X.; Xie, H. Promoted electron transport and sustained phonon transport by DNA down to 10 K. Polymer 2014, 55,
6373–6380. [CrossRef]

17. Lin, H.; Xu, S.; Wang, X.; Mei, N. Significantly reduced thermal diffusivity of free-standing two-layer graphene in graphene foam.
Nanotechnology 2013, 24, 415706. [CrossRef]

18. Karamati, A.; Hunter, N.; Lin, H.; Zobeiri, H.; Xu, S.; Wang, X. Strong linearity and effect of laser heating location in transient
photo/electrothermal characterization of micro/nanoscale wires. Int. J. Heat Mass Transf. 2022, 198, 123393. [CrossRef]

19. Zhu, B.; Liu, J.; Wang, T.; Han, M.; Valloppilly, S.; Xu, S.; Wang, X. Novel Polyethylene Fibers of Very High Thermal Conductivity
Enabled by Amorphous Restructuring. ACS Omega 2017, 2, 3931–3944. [CrossRef]

20. Pandecha, K.; Pongtornkulpanich, A.; Sukchai, S.; Suriwong, T. Thermal properties of corn husk fiber as insulation for flat plate
solar collector. Int. J. Renew. Energy 2015, 10, 27–36.

21. Czajkowski, Ł.; Wojcieszak, D.; Olek, W.; Przybył, J. Thermal properties of fractions of corn stover. Constr. Build. Mater. 2019, 210,
709–712. [CrossRef]

22. Kustermann, M.; Scherer, R.; Kutzbach, H.D. Thermal conductivity and diffusivity of shelled corn and grain. J. Food Process Eng.
1981, 4, 137–153. [CrossRef]

23. Chang, C.S. Thermal Conductivity of Wheat, Corn, and Grain Sorghum as Affected by Bulk Density and Moisture Content. Trans.
ASAE 1986, 29, 1447–1450. [CrossRef]

24. Hays, R.L. The thermal conductivity of leaves. Planta 1975, 125, 281–287. [CrossRef] [PubMed]
25. Williams, C.L.; Westover, T.L.; Petkovic, L.M.; Matthews, A.C.; Stevens, D.M.; Nelson, K.R. Determining Thermal Transport

Properties for Softwoods Under Pyrolysis Conditions. ACS Sustain. Chem. Eng. 2017, 5, 1019–1025. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

13





Citation: Liu, J.; Li, P.; Xu, S.; Xie, Y.;

Wang, Q.; Ma, L. Temperature

Dependence of Thermal Conductivity

of Giant-Scale Supported Monolayer

Graphene. Nanomaterials 2022, 12,

2799. https://doi.org/10.3390/

nano12162799

Academic Editors: Alberto Fina and

Gyaneshwar P. Srivastava

Received: 16 July 2022

Accepted: 11 August 2022

Published: 15 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Article

Temperature Dependence of Thermal Conductivity of
Giant-Scale Supported Monolayer Graphene

Jing Liu 1, Pei Li 1, Shen Xu 2, Yangsu Xie 3, Qin Wang 3 and Lei Ma 1,*

1 College of New Materials and New Energies, Shenzhen Technology University, Shenzhen 518116, China
2 School of Mechanical and Automotive Engineering, Shanghai University of Engineering Science,

Shanghai 201620, China
3 College of Chemistry and Environmental Engineering, Shenzhen University, Shenzhen 518055, China
* Correspondence: malei@sztu.edu.cn

Abstract: Past work has focused on the thermal properties of microscale/nanoscale suspended/supported
graphene. However, for the thermal design of graphene-based devices, the thermal properties of giant-scale
(~mm) graphene, which reflects the effect of grains, must also be investigated and are critical. In this
work, the thermal conductivity variation with temperature of giant-scale chemical vapor decomposi-
tion (CVD) graphene supported by poly(methyl methacrylate) (PMMA) is characterized using the
differential transient electrothermal technique (diff-TET). Compared to the commonly used optother-
mal Raman technique, diff-TET employs joule heating as the heating source, a situation under which
the temperature difference between optical phonons and acoustic phonons is eased. The thermal con-
ductivity of single-layer graphene (SLG) supported by PMMA was measured as 743 ± 167 W/(m·K)
and 287 ± 63 W/(m·K) at 296 K and 125 K, respectively. As temperature decreased from 296 K to
275 K, the thermal conductivity of graphene was decreased by 36.5%, which can be partly explained
by compressive strain buildup in graphene due to the thermal expansion mismatch.

Keywords: giant-scale graphene; thermal conductivity; supported by PMMA; compressive strain

1. Introduction

The discovery of graphene created explosive growth in research on the various prop-
erties of graphene [1–4]. Due to its high thermal conductivity (k) [5], ultrahigh electron
mobility [6], and remarkable mechanical strength [7], graphene is regarded to have broad
and promising applications including flexible electronics [8,9], photovoltaic devices [10],
batteries [11], and so on [12]. With the increasing intense heat of electronics, graphene with
super-high k has potential applications for the thermal management of microelectronics. A
massive amount of work has focused on the experimental and theoretical calculation of the
k of suspended and supported graphene, and great progress has been achieved [13–17]. The
effect of various parameters such as system size [17], defects [18–20], substrates [21,22], and
grain size [23–25] on the k of graphene has been deeply studied. Last but not least, since
temperature affects the phonon propagation, the k of graphene shows strong temperature
dependence. It has been reported that the k of supported graphene increases with increas-
ing temperature, with the peak k appearing around 300 K [14]. When the temperature is
lower than 300 K, the phonon-substrate scattering dominates the phonon scattering [14].

Thermal property measurement is critical to the application of graphene in thermal
management. Since graphene is extremely thin, the commonly used thermal conductivity
measurement techniques of graphene are optothermal Raman spectroscopy [26–28] and
the micro-bridge method [14]. For optothermal Raman spectroscopy, the accuracy of the
measured k depends on the absorbed laser power and the temperature coefficient of the
Raman shift of the G peak [29]. Li et al. developed the laser-flash optothermal Raman
technique, which eases the laser absorption coefficient uncertainty in the measurement of
thermal conductivity [29,30]. It is assumed that optical phonons and acoustic phonons are
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in thermal equilibrium under intense laser irradiation. However, Ruan et al. first reported
that the phonon branches were in strong thermal non-equilibrium by employing density
functional perturbation theory. The temperature of out-of-plane acoustic phonons (ZA) is
14.8% lower than that of transverse optical phonons (TO) [31]. Under this situation, the k
of graphene will be overestimated. Wang et al. first detected the lumped temperature
difference between optical and acoustic phonons by nanosecond energy transport state-
resolved Raman spectroscopy [32]. Seol et al. developed the micro-bridge method to
measure the k of supported graphene. The micro-bridge method uses joule heating as the
heating source. In the experiment, the graphene supported by SiO2 acts as the thermal
bridge between the heating part and the temperature-sensing part [14]. In principle, the
micro-bridge method is feasible, but its measurement accuracy is guaranteed when the
thermal resistance of the sample is comparable to that of the resistance thermometer in the
experiment setup. In addition, it is technically challenging and time consuming to fabricate
the whole measurement device [33].

So far, most thermal conductivity measurements of graphene focus on microscale
samples. It is reported that the k of suspended graphene is size/geometry dependent.
The k of graphene has a ~log L (L: sample length) dependence which was confirmed by
experiments (up to 9 μm) [17] and theoretical simulations [34]. Although the k of supported
graphene is less sensitive to the length size due to substrate coupling [21,35], the k of
macroscale supported graphene is critical, since the edge-phonon scattering usually leads
to a great reduction in k. Furthermore, graphene has important applications in the field of
flexible electronics, which calls for the thermal properties of graphene supported by flexible
materials. To date, seldom work has been conducted on the temperature dependence of the
thermal conductivity of millimeter-scale graphene on soft substrates, yet such knowledge
is essential to graphene-based device design and optimization.

In this work, the temperature dependence of the thermal conductivity of millimeter-
scale SLG supported by poly(methyl methacrylate) (PMMA) is characterized by a differen-
tial transient thermoelectrical technique (diff-TET) [36]. The diff-TET employs self-heating
as the heating source, which ensures the thermal equilibrium among phonon branches. The
sample size is approximately 2–3 mm in width and 1–3 mm in length, which significantly
suppresses the effect of size on thermal conductivity. The k of PMMA is much lower than
that of graphene. Choosing extremely thin (~457 nm) PMMA as the substrate can ensure
the contribution of graphene to the overall thermal conductivity is comparable to that
of PMMA. Thus, it is feasible to measure the k of graphene with high accuracy. The k of
supported SLG is reported to be 743 ± 167 W/(m·K) at 296 K, which is 23.8% higher than
that of micro-scale SiO2-supported graphene measured using the micro-bridge method [14].
The k of supported SLG is reduced to 287 ± 63 W/(m·K) when the temperature is 125 K,
partly due to the strain-induced rips in the sample.

2. Sample Preparation and Characterization

2.1. Sample Preparation

SLG supported by PMMA characterized in this work was obtained from Jiangsu Xian-
feng nanoscale materials company. The samples used in this experiment were fabricated
using the chemical vapor deposition (CVD) method. The graphene is grown on a copper
(Cu) in a controlled chamber pressure CVD system. At first, a clean Cu foil was annealed
at 1077 ◦C with a H2 flow rate of 500 sccm. Then, the H2 flow rate and chamber pressure
were adjusted to 70 sccm and 108 Torr, respectively. By introducing 0.15 sccm CH4 into
the chamber, the graphene starts to grow. The copper was etched off after PMMA was
coated on the graphene. Finally, graphene supported by PMMA was transferred to a filter
substrate. The layer number of graphene was provided in the product technical data.

The as-received graphene was cut into the desired size by scissors. Then, the experi-
mental sample was suspended between two electrodes, as shown in Figure 1a. The effective
k of these samples will be measured by diff-TET without any further processing. The
thickness of PMMA (δp) is necessary to determine the k of graphene when subtracting the
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effect of PMMA. Atomic force microscopy (AFM) was used to determine the thickness of
PMMA. The supported graphene was transferred to a silicon substrate; then, the thickness
of PMMA was determined with AFM. Figure 1b shows the AFM image of the as-received
supported graphene. The thickness of PMMA was determined to be 457 nm.

Figure 1. (a) Topology of S3 under microscope; (b) AFM image of the as-received SLG supported
by PMMA.

2.2. Structure Study Based on Raman Spectroscopy

Even though the layer number of the as-received sample was given in the technical
data sheet, the layer number of the as-received graphene on PMMA was verified with
confocal Raman spectroscopy (Horiba, LabRam Odyssey). In total, 30 random spots were
tested. In the Raman spectroscopy test, a 532 nm laser with ~0.45 mW was focused on the
graphene under 50× objective. The integration time was 10 s. Spectra of the as-received
sample are shown in Figure 2. No D peak (~1340 cm−1) can be observed in the Raman
spectra, indicating that the supported graphene has rare D band-related defects. Peaks
at 1588.3 cm−1 (G band) and 2681.5 cm−1 (2D band) can be observed. We used a ratio
(IG/I2D) of the intensity of the G band to the intensity of 2D band to evaluate the layer
number of the as-received sample [37]. It was found that the layer number of each tested
spot is 1. Thus, we can verify that the layer number of graphene in the whole sample is 1,
and the graphene distributes on the PMMA uniformly. Since the to-be-measured sample
was cut from the as-received sample, we can confirm that the graphene layer number of
each to-be-measured sample is 1. The PMMA thickness, graphene layer number, length,
and width for the four samples are summarized in Table 1.

Figure 2. (a,b) Raman spectra of as-received sample.
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Table 1. PMMA thickness, graphene layer number, length, and width of S1, S2, S3, S4, and S5.

Sample S1 S2 S3 S4 S5

PMMA thickness(nm) 457 457 457 457 457
Graphene layer number 1 1 1 1 1

Length (mm) 1.73 1.53 2.35 2.25 2.09
Width (mm) 1.92 1.85 3.20 2.80 0.74

3. Thermal Transport Characterization of Giant-Scale Graphene Supported by PMMA

The thermal diffusivity of graphene supported by PMMA was characterized by diff-
TET [36]. As shown in Figure 1a, the sample was suspended between two electrodes. Silver
paste was used to eliminate the thermal contact resistance and electric contact resistance
between the sample and the electrodes. The whole sample was placed in a vacuum chamber
(Janis CCS-100/204N) to eliminate the convective effect on the measurement of the thermal
diffusivity. During the experiment, a step current provided by Keithley 6221 was fed
through the sample to induce joule heating. The rise of the temperature led to a change in
resistance and voltage. The voltage evolution of the sample was recorded by an oscilloscope
(Tektronix MDO32). The normalized temperature rise obtained from the experiment is
determined as T∗ = (V − V0)/(V1 − V0). Here, V0 and V1 are the initial voltage and
steady-state voltage over the sample, respectively. The environmental temperature was
controlled by the temperature controller which ranges from 7 K to 300 K. Since most of the
samples were broken at 125 K with a sudden jump resistance to a very high value, we did
the experiments from room temperature (RT) down to 125 K in 25 K steps. During the joule
heating, the thermal transport in the sample can be regarded as one-dimensional, thus the
energy governing equation can be expressed as:

∂(ρcpT)
∂t

= k
∂2T
∂x2 +

.
q (1)

where ρ, cp, and k are the density, specific heat capacity of the sample, respectively.
.
q is

the heating power per unit volume, which equals to I2Rs/AL. Here, A and L are the cross-
sectional area and length of the sample, respectively. I and Rs are the fed-in current and the
sample resistance, respectively. Since the two electrodes are much larger than the sample,
the temperature of the two electrodes can be regarded as environmental temperature. Thus,
the boundary conditions can be depicted as: T(x = 0, x = L) = T0 (T0: room temperature). The
theoretical normalized temperature rise is defined as: T∗(t) = [T(t)− T0]/[T(t → ∞)− T0] .
The theoretical solution to Equation (1) is solved as:

T∗ = 48
π4

∞

∑
m=1

1 − exp[−(2m − 1)4π2αe f f t/L2]

(2m − 1)4 (2)

A Matlab program created based on Equation (2) was used to fit the normalized
temperature rise obtained by the experiments. The trial value of αeff which gives the best fit
of the experiment data was taken as the sample’s effective thermal diffusivity. Figure 3b
shows the normalized voltage evolutions and the fitting curves for S1 at 275, 200, and 125 K.
Magnificent fitting was obtained. The TET technique has been rigorously proven to be a
quick and effective method to measure the thermal diffusivity of various conductive and
non-conductive micro/nanoscale samples. More details can be found in references [13,36].

The effective thermal diffusivity (αeff) includes the radiation effect (αrad) which can be
expressed as:

αrad = 8εkBT3L2/(π2δρcp) (3)

where ε, kB, and δ are emissivity, the Stefan–Boltzmann constant, and thickness of the
sample, respectively. The emissivity of the sample is taken from [36] as 0.08. After obtaining
the real thermal diffusivity (αreal), the effective thermal conductivity (keff) can be obtained
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as keff = αreal·(ρcp)p. The volumetric heat capacity of PMMA was used for the whole sample
with high accuracy due to the extremely low mass proportion of graphene. In part 2,
the Raman spectroscopy study of graphene showed that the graphene is distributed on
the PMMA uniformly and all the graphene in samples is found to be a single layer. The
relationship between effective thermal conductivity and thermal conductivity of PMMA
and graphene can be depicted as:

ke f f =
kgδg + kpδp

δg + δp
(4)

Here, δp and δg are the thickness of PMMA and graphene, and are taken as 457 nm and
0.335 nm, respectively. kp and kg are thre thermal conductivities of PMMA and graphene,
respectively. The temperature-dependent volumetric heat capacity and thermal conduc-
tivity of PMMA are taken from references [38,39]. The test methods of the heat capacity
and k of PMMA are the vacuum calorimeter and the 3ω method, respectively [38,39]. The
thermal conductivity of SLG supported by PMMA is obtained from the average graphene
thermal conductivities of the four samples. Two critical points should be explained here.
In thermal characterization, the graphene is first heated by the electrical current, then the
thermal energy is transferred to the PMMA. Work by Liu et al., has proven that graphene
and PMMA reached thermal equilibrium in the cross-sectional direction during thermal
characterization [36]. Additionally, the interface thermal resistance (~10−2 K/W) between
graphene and PMMA is neglectable in comparison to the thermal resistance (~106 K/W) of
PMMA. More details can be found in [36].

Figure 3. (a) Schematic setup of the TET measurement (not to scale); (b) Normalized voltage evolution
and the fitting curve for S1 at 275, 200, and 125 K.

4. Results and Discussion

4.1. Abnormal Temperature Coefficient of Resistance for Graphene Supported by PMMA

The normalized resistance (R* = R/R0, R0: resistance at RT) variation against the
temperatures of S1, S2, S3, and S4 is presented in Figure 4a. The resistances of the four
samples jump to very high values at 100 K, which indicates severe fractures in the sample.
Thus, the normalized resistance is shown to be between RT and 125 K. It has been reported
that the resistivity (ρe) of graphene is linearly proportional to T, as temperature is higher
than the Bloch–Gruneisen temperature (ΘBG) of graphene and is proportional to T4 in
the opposite case (T < ΘBG) [40]. However, the R* of the four samples decreases slightly
as temperature decreases, then increases as temperature is decreased from RT to 125 K.
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The turning point is in the range of 250–275 K. The R* of S2 and S4 is increased by 35%
and 23%, while the R* of S1 and S3 is decreased by 0.012% and 0.0075% as temperature
changes from RT to 125 K. To obtain more details on the resistance of supported graphene,
the temperature dependence of R* of S5 was measured every 10–25 K for three rounds.
Figure 4b shows the normalized resistance of three rounds for S5. As temperature decreases
from RT to 150 K, the R* trends of S5 are similar to that of S1 and S3. As temperature
continues to decrease from 150 K, the R* of S5_r1 and S5_r2 first decreases and then
increases with temperature, while the R* of S5_r3 continues to increase. Hinnefeld et al.
studied the resistance of graphene supported by PDMS under strain and it was found that
the tensile strain in the supported graphene can lead to rips in the graphene. These rips
cause the resistance of the supported graphene to increase significantly with increased
strain [41]. As temperature decreases, the graphene will expand and PMMA will contract.
However, as the graphene is adhered to PMMA by van der Waals forces, the graphene will
contract. The Raman spectra study of the experimental sample in the following part also
confirms that the compressive strain builds in graphene as the temperature decreases from
RT to 125.

Figure 4. (a) Normalized resistance of S1, S2, S3, and S4. (b) Normalized resistance of S1, S3, S5_r1,
S5_r2. and S5_r3. (c) Temperature coefficient of resistance of S5. The TCR was obtained based on the
data of S5_r3. (d) Thermal expansion coefficient of PMMA (Reprinted/adapted with permission from
Ref. [39]. Copyright 2013, Elsevier) and suspended graphene (Reprinted/adapted with permission
from Ref. [40]. Copyright 2011, American Chemical Society). The data in blue square are obtained
through experiment while the data shown in black square are estimated values.

The temperature coefficient of resistance (TCR) of graphene supported by PMMA is
further discussed based on the data of S5_r3. The TCR of S5_r3 is shown in Figure 4c. The
inset gives a close up to the TCR as temperature is in the range of 7–180 K. Apart from
the intrinsic TCR of relaxed graphene, the overall TCR of the sample is affected by the
thermal expansion of PMMA and graphene. The overall TCR of the whole sample can be
described by the following equation: TCR = TCRi + (βp − βg)γ. Here, TCRi and γ are the
intrinsic TCR of relaxed graphene and a positive constant, respectively. βp and βg are the
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thermal expansion coefficients (β) of PMMA and graphene, respectively. Figure 4d shows
the TEC of graphene [40] and PMMA [39]. As graphene and PMMA are held together
by van der Waals forces, the compressive strain/stress will build in graphene. As shown
in Figure 4c, βp decreases with decreasing temperature and remains positive when the
temperature is above 0 K. βg remains negative when temperature is lower than RT. In the
entire temperature range, TCRi remains negative [42,43]. When the temperature is close to
RT, βp is relatively large, which helps maintain a positive TCR in supported graphene. As
temperature is decreased, the difference between βp and βg becomes smaller in comparison
to the effect of TCRi, causing the TCR of supported graphene to be negative.

4.2. Thermal Properties of SLG Supported by PMMA

The real thermal diffusivity without the effect of radiation of four samples is shown in
Figure 5a. As temperature is decreased from RT, the αreal of S1, S2 and S4 decreases first,
then the αreal of S2 remains constant while the αreal of S1 and S4 increases slightly. The
change in the αreal of S3 is relatively small when compared to the other three samples. The
k of SLG supported by PMMA is presented in Figure 5b. For comparison, the k of SLG
supported by SiO2 [14,27] and bilayer graphene with PMMA residue [42] are shown in
Figure 5b. At RT, the k of supported SLG is 743 ± 167 W/(m·K), which is smaller than that of
SiO2-supported SLG (840 W/(m·K)) [27]. In [27], the k of supported graphene is measured
by a comprehensive Raman optothermal method which eliminated the laser absorption
uncertainty [27]. However, this work did not take the thermal non-equilibrium between
different phonon branches into account. In this situation, the k of supported graphene is
overestimated. The k in this work is larger than two literature values (~600 W/(m·K) for
SiO2-supported SLG [14] and 560 W/(m·K) for bilayer graphene with PMMA [42]). The
differences in the k of our work and above two differences may be attributed to the different
interface coupling strength.

Figure 5. (a) Real thermal diffusivity without radiation effect for S1, S2, S3, and S4; (b) Thermal
conductivity variation against temperature of SLG supported by PMMA. For comparison, the ther-
mal conductivities of SLG supported by SiO2 (Reprinted/adapted with permission from Ref. [14].
Copyright 2010, The American Association for the Advancement of Science) and bilayer graphene
with PMMA residue (Reprinted/adapted with permission from Ref. [42]. Copyright 2011, American
Chemical Society).

As temperature decreases from RT to 275 K, the k of supported SLG first decreases by
36.5%, which is much larger than the k reduction in [14,27]. As discussed in Section 4.1,
there is compressive strain that builds in the graphene as temperature decreases from RT.
There is limited work about the strain effect on the k of graphene supported by a flexible
substrate. As such, we turn our attention to the effect on the k of suspended graphene.
As reported in the literature, compressive strain in suspended graphene suppresses ther-
mal conductivity [43]. This is attributed to the fluctuant structure created in graphene
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under compressive strain, under which the phonons can be scattered significantly more
often [43,44]. With −0.05% strain in suspended graphene, it has been reported that the k
can be reduced by 26% [43]. We speculate that the compressive strain induced by the TEC
mismatch between graphene and PMMA results in a large k reduction when temperature
decreases from RT to 275 K. Thus, Raman spectroscopy is used to investigate the G peak
under different temperatures. The graphene sample suspended between two electrodes
was placed in a cryogenic cell where the temperature can be controlled between 77 and
300 K. A confocal Raman is used to collect the Raman spectra of graphene under different
temperatures.

Figure 6a shows the frequency shift of the G peak (ΔωG) of SLG on PMMA as a
function of temperature. The G peak blueshifts as temperature goes down from RT. The
temperature dependent frequency shift of the G peak is attributed to three parts: thermal
expansion of the lattice (ΔωE

G); anharmonic effect (ΔωA
G ), changing the phonon energy;

and compressive strain (ΔωS
G), induced by the TEC mismatch between graphene and

PMMA [45]. Thus, ΔωG can be given by [45]:

ΔωG(T) = ΔωE
G(T) + ΔωA

G (T) + ΔωS
G(T) (5)

Figure 6. (a) Frequency shift of the G band of SLG supported by PMMA. (b) Temperature dependence
of the strain buildup in graphene due to the TEC mismatch between graphene and PMMA.

The G-band frequency shift due to the strain induced by the TEC mismatch can be
expressed as [45]:

ΔωS
G(T) = βε(T). (6)

where β is the biaxial strain coefficient of the G band. The biaxial strain coefficient of the G
band has been determined to be around −70 cm−1/% at RT [46]. Since the temperature
dependence of the G-band frequency is more reliable than the TEC of graphene and PMMA,
the G-band frequency shift due to temperature variation (ΔωE

G + ΔωA
G ) obtained from

theoretical calculations [47] are subtracted from ΔωG to obtain ΔωS
G(T). Strain buildup

in graphene is calculated according to Equation (6). Figure 6b shows the temperature
dependence of the strain buildup in graphene between graphene and PMMA. At 275 K,
the strain is −0.047%, which indicates that compressive strain was built in graphene [46].
Li et al. reported that the k of suspended graphene can be reduced by 26% with −0.05%
strain in graphene [43]. However, whether the −0.047% strain is sufficient to explain the
large k reduction at 275 K is still doubtful. It also has been reported that the k of graphene
nanoribbons are insensitive to compressive strain [48]. For graphene supported by flexible
substrate, the effect of compressive strain on k still needs more theoretical calculations. As
temperature continues decreasing from 275 K, the variation of k is not obvious, especially
in the range of 150–225 K. We interpreted this trend from the structure of the sample. The
SEM figure of S3 after cryogenic test is obtained and shown in Figure 7. A lot of micro-scale
rips are observed. We speculate that there are micro-rips in the graphene when temperature
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is lower than 225 K. The rips suppress the k of graphene as compared to the k of supported
graphene without any rips [14,42]. At lower temperatures, the effect of rips on thermal
conductivity dominates, which keeps the changes in the k of graphene small.

Figure 7. SEM figure of S3 after the cryogenic test. Many micro-scale rips can be observed.

5. Conclusions

In summary, we first reported the resistance–temperature relationship for supported
graphene since this relationship is critical for explaining the behavior of graphene in
thermal characterization. The TCR of our sample reduced from a positive value at RT to
a negative value at low temperatures, while the free-standing graphene has a negative
TCR throughout the entire temperature range. The abnormal R–T relationship is due
to the TEC mismatch between graphene and PMMA and rips in graphene appearing at
lower temperature. Using the diff-TET technique, the temperature dependence of the
thermal conductivity of graphene supported by a flexible substrate is obtained. Through
monitoring the blueshift of the Raman peak, compressive strain is confirmed to be built
up in the graphene. The large reduction in k as temperature decreases from RT to 275 K
is partly due to the compressive strain built up in graphene. This work can provide some
guidance on the design of graphene-based electrothermal devices.
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Abstract: A nickel–titanium (NiTi)-based intermetallic coating was in-situ synthesized on a Ti–6Al–4V
(TC4) substrate via laser melting deposition (LMD) using Ni–20Cr and TC4 powders. Scanning
electron microscopy, X-ray diffraction, a digital microhardness tester and an electrochemical analyzer
were used to evaluate the microstructure, Vicker’s microhardness and electrochemical corrosion
resistance of the intermetallic coating. Results indicate that the microstructure of the intermetallic
coating is composed of NiTi2, NiTi and Ni3Ti. The measured microhardness achieved is as high as
~850 HV0.2, ~2.5 times larger than that of the TC4 alloy, which can be attributed to the solid solution
strengthening of Al and Cr, dispersion strengthening of the intermetallic compounds, and grain
refinement strengthening from the rapid cooling of LMD. During the electrochemical corrosion of
3.5% NaCl solution, a large amount of Ti ions were released from the intermetallic coating surface
and reacted with Cl− ions to form [TiCl6]2 with an increase in corrosion voltage. In further hydrolysis
reactions, TiO2 formation occurred when the ratio of [TiCl6]2− reached a critical value. The in-situ
synthesized intermetallic coating can achieve a superior corrosion resistance compared to that of the
TC4 alloy.

Keywords: laser melting deposition; nickel–titanium coating; in-situ synthesis; corrosion resistance

1. Introduction

Nickel–titanium (NiTi) alloys are widely used in aerospace, electric, chemical, and
biological medicine applications due to their shape memory effect, high strength, good wear
resistance, pseudo-elasticity and biocompatibility [1–4]. In particular, NiTi alloys exhibit
excellent corrosion resistance because of the formation of a stable and dense titanium
oxide passivation film on their surface to prevent further corrosion [5–7]. However, the
passivation film is susceptible to damage and even being detached from NiTi alloys in a
harsh corrosion environment (e.g., highly acidified chloride solutions) [8–11].

NiTi-based intermetallic coatings have been developed to improve the corrosion
resistance of NiTi alloys and reduce the material costs by decreasing the usage of expensive
NiTi alloys. For instance, Zhou et al. prepared NiTi-based intermetallic coatings on a Cu
substrate by low pressure plasma spraying (LPPS) [12]. They found that the coatings were
composed of NiTi, NiTi2, Ni3Ti, and Ti, and possessed higher anti-cavitation performance
than coatings of pure Ti. Bitzer et al. prepared NiTi-based intermetallic coatings by LPPS
on a 42CrMo4 steel and found that the NiTi-based intermetallic coatings were composed
of NiTi, oxygen-containing NiTi2 and Ni4Ti3 [13]. Such coatings showed significantly
improved cavitation resistance compared with the UTP 730 stainless steel. However,
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defects, such as porosity and microcracks may deteriorate the corrosion resistance of
LPPS-produced NiTi-based intermetallic coatings [14].

Laser surface modification techniques have been demonstrated to reduce the defects
produced in NiTi-based coatings. Hiraga et al. produced dense NiTi-based intermetallic
coatings using laser-plasma spraying hybrid cladding [14,15]. They found that the NiTi and
Ni3Ti intermetallic compounds formed in the Ni50Ti50 coating, while NiTi, Ni3Ti and NiTi2
appeared in the Ni60Ti40 coating. As a result, the corrosion resistance of the NiTi-based
intermetallic coatings was ~40 times higher than that of the TC4 alloy. Cui et al. [16] studied
the corrosion resistance of NiTi-based intermetallic coatings produced by laser remelting
and laser gas nitriding. The corrosion resistance of the coatings were enhanced by the
formation of a TiN phase on the coating surface. Moreover, Hu et al. [10] added TaC
particles in NiTi/NiTi2 composite coatings prepared by laser cladding for the enhancement
of the corrosion resistance of the coatings. The TaC particles contributed to the formation
of SiO2 and Ta2O5 thereby hindering the further corrosion of the composite coatings.

In this paper, we report a laser melting deposition (LMD) method of preparing the
in-situ synthesized NiTi-based intermetallic coatings for surface modification. We consider
LMD as an innovative and effective process for producing high-performance NiTi-based
intermetallic coatings. LMD, characterized by a rapid cooling rate up to 106–107 K/s, is a
new and promising laser surface treatment technique for strengthening pure metals, alloys,
and metal matrix composites [17,18]; it has been shown to be effective in improving the
mechanical and wear properties of a number of metals and alloys because of its capability to
impart desirable refined microstructures and reinforced phases through rapid solidification
and chemical reactions. Another advantage for laser deposition would be the achievement
of very complex geometries and customized designs [19]. Although some published works
that did report that fine microstructure and superior wear resistance of NiTi-based inter-
metallic alloy coatings in-situ synthesized through LMD can be achieved [1,20], surprisingly
few have reported on the electrochemical corrosion behavior of the in-situ synthesized
NiTi-based intermetallic coatings.

In this work, Ni–20Cr and TC4 powders were utilized and mixed as the cladding mate-
rials to reduce the cost of raw powders. The microstructure and mechanics of a NiTi-based
intermetallic coating in-situ synthesized by optimized LMD process were characterized
using scanning electron microscopy, X-ray diffraction, and digital microhardness tester.
Furthermore, for the first time, the corrosion behavior of the intermetallic coating was
evaluated by electrochemical corrosion and immersion tests, and the underlying mecha-
nism of the enhanced corrosion resistance of the in-situ synthesized NiTi-based coating
was discussed.

2. Materials and Methods

2.1. Materials

A TC4 alloy with dimensions of 100 × 60 × 10 mm3 was used as the substrate for the
coating. The chemical composition of the TC4 alloy is listed in Table 1. Ni–20Cr (wt%) and
TC4 powders with a weight ratio of 4:1 were mechanically mixed at a speed of 300 rpm for
1 h in an alcohol atmosphere in a planetary ball mill (TJ-2L, procured from a company in
Tianjin, China, TECHIN Ltd.). The powder-to-ball mass ratio was set as 1:3. The mixed
powder was dried at 373 K for 2 h and then used as the cladding material.

Table 1. Chemical composition of TC4 powder used in this work.

Element C H O N Fe Al V Ti

Composition (wt%) 0.08 0.015 0.2 0.05 0.4 6.05 4.02 Bal.

2.2. LMD Coating Process

Prior to LMD, the surface of the TC4 substrate was polished and cleaned with alcohol.
The LMD process was carried out using an IPG fiber laser with a wavelength of 1070 nm. A
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shielding of argon gas was used to protect the molten pool of LMD and deliver the mixed
powders into the molten pool. A schematic configuration of LMD is depicted in Figure 1.
The processing parameters were optimized to obtain the crack-free NiTi-based intermetallic
coating by LMD: the laser power of 1 kW, the laser scanning speed of 600 mm/min, powder
feeding rate of 0.8 g/min, the spot diameter of 2 mm, and overlapping rate of 50%. The
height and width of NiTi-based intermetallic coating were ~1 mm and ~7 mm, respectively.

Figure 1. Schematic drawing of laser melting deposition.

After LMD, all the samples were cut from the substrate, polished, and then etched by
Kroll’s solution (10 mL HF, 15 mL HNO3, and 75 mL H2O). The microstructure of the NiTi-
based intermetallic coating prepared by LMD was examined by field emission scanning
electron microscopy (SEM, ZEISS Sigma 300) equipped with an X-ray energy-dispersive
spectrometer (EDS). The phases were investigated by a D/MAX-2500 X-ray diffraction
(XRD, Cu Kα at 40 kV and 40 mA, scanning rate of 0.02◦/s). The microhardness of the
intermetallic coating was tested using a HV-1000 Vickers digital microhardness tester with
a load of 1.96 N and a dwelling time of 10 s. The reported microhardness was averaged
from three samples for each condition.

The electrochemical corrosion resistance of the NiTi-based intermetallic coating was
measured by a CHI604E electrochemical analyzer (Chenhua, Shanghai, China) in a 3.5 wt%
NaCl solution. A standard three-electrode cell was composed of a working electrode made
from a composite specimen with an exposed area of 1 cm2, a platinum counter electrode,
and a saturated calomel reference electrode. All the samples were immersed into the
3.5 wt% NaCl solution at room temperature for 1 h to stabilize the open circuit potential
(OCP). Potentiodynamic polarization scanning was varied from −1.5 V to 4.0 V at a sweep
rate of 5 mV/s. Electrochemical impedance spectroscopy (EIS) testing was performed at the
OCP potentionstatically by scanning a frequency range from 10−2~105 Hz with a voltage
perturbation amplitude of 10 mV. The corresponding Nyquist and Bode plots were fitted
by impedance spectrum data using Zsimpwin software. All potentials were measured at
least three times.

Prior to immersion testing, the samples were ground with waterproof silicon carbide
papers up to 2000 grits under running water, then cleaned in acetone, ethanol for 30 min
using ultrasound, and finally dried at room temperature. The static immersion testing was
conducted using 3.5% NaCl solution for 7 days at room temperature. Three samples were
tested for each group.
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3. Results and Discussion

3.1. Microstructure of the NiTi-Based Intermetallic Coating

Figure 2a shows the XRD pattern of the NiTi-based intermetallic coating in-situ syn-
thesized by LMD. The results indicate that it consists of a dominant NiTi2 phase with a
face-centered cubic (fcc) structure, while the other two intermetallic phases of NiTi and
Ni3Ti have primitive hexagonal crystal structures (Figure 2a). The grain sizes of each phase
can be determined from the Bragg peak width at half of the maximum intensity using the
Scherrer formula [21]:

D =
0.9λ

Bcosθ
, (1)

where D is the grain size, λ is the wavelength of the X-ray radiation, B is the peak width at
half of the maximum intensity, and θ is the Bragg diffraction angle. The grain sizes of NiTi,
NiTi2 and Ni3Ti were calculated as ~30 nm, ~17 nm and ~25 nm, respectively. According to
the previous works [22,23], the volume fractions of the NiTi, NiTi2 and Ni3Ti phases can be
calculated as ~20%, ~52% and ~28%, respectively, (as shown in Figure 2b).

 
Figure 2. (a) X-ray diffraction (XRD) pattern; (b) The estimated volume fraction of phase constituents
in the intermetallic coating.

Figure 3 shows the microstructure of the NiTi-based intermetallic coating in-situ
synthesized by LMD. As shown in Figure 3a, the presence of three distinct regions (as
marked by I, II and III) can be observed from the top to the bottom of the coating. The
petal-like dendritic microstructure is formed in region I, with a grain size of a maximum of
~20 μm in length (marked as A). Based on the XRD results (Figure 2a) and EDS analysis
(Table 2), the petal-like dendrites can be identified as NiTi, while the intermetallic (marked B)
located between the petal-like dendrites is identified as Ni3Ti. Moreover, region II is mainly
composed of equiaxial or columnar dendrites (marked as C and D), which can be identified
as NiTi2. The length of the oriented dendrites is measured as ~80 μm and the main stems are
angled ~30◦ toward the normal direction of the coating-substrate interface (marked as D).

Generally, thermocapillarity caused the violent stirring and convection in the molten
pool [24], thus, increasing the longer lifespan in the center of the molten pool than that at the
bottom of the molten pool; this, in turn, resulted in the non-uniform distribution of solutes
and the temperature in front of the solid/liquid interface. Therefore, the growth direction
of dendrites can deviate from the normal direction of the coating/substrate interface.
However, coarse dendritic arms can be formed because of a relatively slow solidification
speed at the bottom of the molten pool [25]. It is seen that large secondary dendritic arms
appear at the bottom of region II (marked E), and the lateral growths of dendrites occur near
the coating/substrate interface (marked F); these phenomena are attributed to a relatively
larger specific surface area of the smaller dendritic arms, facilitating the growths of larger
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dendritic arms by way of consuming the smaller dendritic arms to reduce the total surface
energy. The longer time the dendrites coarsening takes, the larger spacing the dendritic
arms possess. Hence, an increase in the distance from the coating/substrate interface can
decrease the spacing of secondary dendritic arms.

  

  

Figure 3. SEM images showing the microstructure of the in-situ synthesized NiTi-based intermetallic
coating via LMD: (a) Cross-sectional morphology; (b) Region I; (c) Region II; (d) Region III.

Table 2. Element compositions of the intermetallic coating from EDS measurement.

Location
Composition (wt%)

Al Ti V Cr Ni

A 2.98 44.33 1.63 8.01 43.01
B 3.93 56.61 1.87 4.93 32.66
C 3.59 56.79 1.61 6.86 31.16
D 4.1 47.27 4.27 16.95 27.41
E 1.84 58.99 1.48 3.42 34.27
F 5.14 56.86 1.49 3.89 32.62

In addition, planar growths are seen at region III; such features indicate that the
metallurgical bonding is generated at the coating/substrate interface. According to rapid
solidification theory, the characteristics of the microstructure growths are related to the ratio
G/R, where G is the temperature gradient and R is the solidification front rate. The R value
is related to the laser scanning speed VS directly and can be described as follows [26,27]:

R = Vscos θ (2)

where θ is the angle between VS and R, h is the cladding height, and A is the spot diameter,
as schematized in Figure 4. Prominently, R starts off with zero at the bottom of the molten
pool but increases rapidly to the maximum value. However, G starts off with the largest
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value at the bottom of the molten pool while decreasing gradually toward the surface of
the molten pool. Therefore, the G/R value approaches an infinite value at the bottom of the
molten pool just corresponding to the planar growths. With the increasing distance far away
from the coating/substrate interface, the G/R value decreases, inferring the presence of a
constitutional supercooling ahead of the solidification front. Hence, the planar solid/liquid
interface becomes unstable, resulting in the formation of dendrites (Figure 3d).

 
Figure 4. Schematic diagram of angle relationship between the solidification front rate and the laser
scanning speed.

During LMD, there was a rapid phase transformation from the liquid phase to β-Ti for
the cladding powders. According to the phase diagram of Ni-Ti alloy (Figure 5) [28], when
the thermal diffusion continued, Ni3Ti and NiTi formed with a eutectic reaction occurring
in the liquid phase at a temperature of 1583 K.

L → NiTi + Ni3Ti (3)

 

Figure 5. Phase diagram of Ni-Ti alloy showing phase transformation at different temperatures [28].
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As the atom ratio of Ni to Ti is 77.99:86.33 (less than 1:1) in this work, a peritectic reac-
tion between the liquid phase L′ and the formed NiTi in the titanium-rich side can proceed,
resulting in the formation of another intermetallic compound NiTi2 at a temperature of
1257 K [28–30]:

L′ + NiTi → NiTi2 (4)

For Ni-Ti binary system at different temperatures, NiTi (formation enthalpy
ΔH = −67 kJ/mol), NiTi2 (ΔH = −83 kJ/mol), Ni3Ti (ΔH = −140 kJ/mol) intermetallic
compounds can be formed with exothermic reactions occurring [31–33]. Ni3Ti can be
formed firstly during LMD because of its minimum formation enthalpy. According to
Equation (4), when cooling proceeds, NiTi2 can be produced from the interaction between
the formed NiTi and the residual liquid phase L′. This is the reason to explain the presence
of dominant NiTi2 phase constituent in the intermetallic coating (Figure 2).

The formation mechanism of the petal-like dendrites can be explained as follows. The
intermetallic compounds (NiTi and Ni3Ti) can grow rapidly at the initial stage of rapid so-
lidification due to constitutional supercooling. Afterward, the Ni3Ti grows rapidly into the
coarse dendritic branch and the Ti atoms diffuse into the liquid phase. The supersaturated
Ni-based phase containing rich Ti atoms is precipitated, as the subsequent phase trans-
forms into a NiTi intermetallic and grows on the surface of the primary Ni3Ti intermetallic.
Consequently, the duplex phase nucleation sites with the interface of the intergrowth are
formed, supplying the atoms for the neighboring phase to grow harmoniously, which
depends on the diffusivity of the solute atoms, such as Ni, Cr and Ti to diffuse continually
on the interface of Ni3Ti and NiTi intermetallics. Moreover, the eutectic Ni3Ti and NiTi
phases are characterized by the non-facet growth of the unshaped interface. As such, the
eutectics are formed by the intergrowth of Ni3Ti and NiTi, both of which present different
crystal structures (Figure 3b). Therefore, the petal-like eutectic intermetallics grow in terms
of the intergrowth model of layer and slice during LMD.

3.2. Microhardness of NiTi-Based Intermetallic Coating

Figure 6 shows the microhardness of the NiTi-based intermetallic coating in-situ
synthesized by LMD. It was observed that the average microhardness of the NiTi-based
intermetallic coating is ~850 HV0.2, which is ~2.5 times that of the substrate (~350 HV0.2);
this can be attributed to the formation of NiTi2, dispersion strengthening, solid solution
strengthening, and grain refinement strengthening. First, the very important factor is the
presence of the dominant NiTi2 phase in a face-centered cubic (fcc) structure with high
hardness (HV700) and strong atomic bonds, thereby, increasing the overall hardness of
NiTi-based intermetallic coating. In addition, these intermetallic compounds, such as NiTi
and Ni3Ti (Figure 2) derived from the in-situ reactions of Ni and Ti atoms during LMD
of Ni-20Cr and TC4 powders, are dispersedly distributed in the NiTi-based intermetallic
coating, creating the dispersion strengthening effect. Moreover, the diffusion of a large
number of alloying elements, such as Al and Cr into the NiTi, NiTi2 and Ni3Ti, results
in their lattice distortions and solid solution strengthening. Finally, the formation of fine-
grained dendrites in the intermetallic coating due to rapid solidification is essential to
increase the overall hardness as well.

3.3. Electrochemical Corrosion of the NiTi-Based Intermetallic Coating

Figure 7 shows the anodic polarization curves of the NiTi-based intermetallic coating
and Ti6Al4V alloy in 3.5% NaCl solution at room temperature. A distinct passivation
behavior can be observed between the intermetallic coating and TC4 alloy, and the passiva-
tion region of the TC4 alloy is significantly larger than that of the NiTi-based intermetallic
coating. The presence of a stable passivation platform for the TC4 alloy initiates from the
corrosion voltage reaching around −0.3 V. However, the stable passivation of the inter-
metallic coating is formed at a corrosion voltage beyond 3 V, and a successive fluctuation of
the curve in the range of −0.3 V to 3 V can be observed. This fluctuation can be attributed
to the formation of different passivation films on the intermetallic coating surface, which is
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derived from different distributions of the intermetallic phases, such as NiTi2, NiTi and
Ni3Ti. As a result, the polarization curve is changed from a passivation state to an active
state, resulting in the instability of the passivation platform [34].

Figure 6. Microhardness of the NiTi-based intermetallic coating. HAZ represents heat affected zone.

Figure 7. Potential dynamic curves of the NiTi-based intermetallic coating and TC4 alloy in the
3.5 wt% NaCl solution.

The corrosion potential Ecorr, corrosion current density Icorr, and passivation current
density Ip are the important parameters to evaluate the corrosion resistance of materials,
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as shown in Table 3. The Ecorr value of the NiTi-based intermetallic coating is higher than
that of the TC4 alloy, indicating much better stability of the passivation film formed in the
coating [35,36]. The intermetallic coating obtains the Icorr value of 1.977 × 10−7 A/cm2,
which is slightly smaller than that of the TC4 alloy (2.068 × 10−7 A/cm2). A lower Icorr indi-
cates a smaller corrosion rate of the passivation film and better corrosion resistance [37,38].
In addition, when the corrosion voltage is less than 1 V, the Ip value of the intermetallic
coating is smaller than that of the TC4 alloy. A larger Ip results in the faster dissolution of
the passivation film. Therefore, the intermetallic coating is beneficial for improving the
corrosion resistance of the TC4 alloy substrate.

Table 3. Corrosion parameters of the intermetallic coating and TC4 alloy in Figure 7.

Sample Ecorr (V) Icorr (A/cm2) Ip (A/cm2)

Immiscible coating −0.854 1.977 × 10−7 −6.2 ± 0.01
TC4 alloy −0.943 2.068 × 10−7 −5.8 ± 0.01

To further study the corrosion characteristics of the intermetallic coating and TC4
alloy, electrochemical impedance spectroscopy (EIS) was measured in a 3.5% NaCl solution.
The Nyquist results of EIS are illustrated in Figure 8a. It is seen that a similar semicircle
capacitive impedance loop exists in the Nyquist curves of both the intermetallic coating and
TC4 alloy. However, the radii of the capacitive impedance loop of the intermetallic coating
are larger than that of the TC4 alloy. The larger the radius of the capacitive impedance
loop indicates the higher corrosion resistance [39,40]. Figure 8b,c show the Bode results of
EIS. The maximum |Z| value of the intermetallic coating and TC4 alloy present a linear
change with a slope of ~−1 in the low-frequency region (10−2–100 Hz) and the intermediate
frequency region (10−2~103 Hz).

Figure 8. EIS results of the NiTi-based intermetallic composite coating and TC4 alloy in the 3.5 wt%
NaCl solution: (a) Nyquist curves; (b,c) Bode curves; (d) Equivalent circuit.

The phase angles of the intermetallic coating and TC4 alloy increase, and the phase
angle of the intermetallic coating (~90◦) is slightly higher than that of TC4 alloy, indicating

35



Nanomaterials 2022, 12, 705

a typical capacitance behavior. The greater angle values of the coating indicate its better
corrosion resistance, which is consistent with the results of polarization curves (Figure 7).
This can be confirmed by the equivalent circuits shown in Figure 8d. To obtain the optimal
fitting results, the equivalent circuits chosen χ2 (chi-squared) must be in the range of
10−4–10−3 and the results are listed in Table 4. As shown in Figure 8d, Rs can be regarded
as the solution resistance, Rt is the resistance of the passivation film on the TC4 alloy surface
during electrochemical corrosion, and Rct is defined as the charge transfer resistance. The
values of Rs and Rt of the intermetallic coating are smaller than those of the TC4 alloy, while
the Rct value of the intermetallic coating is much larger than that of the TC4 alloy. The higher
Rct indicates the higher charge transfer resistance and resultant better corrosion resistance.

Table 4. Electrochemical results obtained from equivalent circuits fitting of the intermetallic coating
and TC4 alloy in the 3.5% NaCl solution.

Sample RS (Ω cm2) Rt (Ω cm2) Rct (Ω cm2)
Cd1

(F cm−2)
Q1-Y0

(Ω−1 cm2sn)
n1 χ2

NiTi-based coating 6.931 23.99 5.69 × 105 4.94 × 10−6 2.63 × 10−5 0.8628 8.6 × 10−4

TC4 alloy 14.82 2.459 × 105 1.33 × 105 3.27 × 10−5 4.29 × 10−5 0.8548 1.2 × 10−4

The equivalent circuit of the intermetallic coating is mainly composed of the double
layer capacitance and constant phase angle. This indicates that double layer capacitance Cdl
consists of the NaCl solution and coating, and the constant phase angle (CPE) is composed
of the coating and TC4 substrate. Generally, CPE is defined as ZCPE = [Z0(jw)n]−1, where
Z0 is the constant of CPE, j2 = −1 is imaginary, w is the angular frequency (w = 2πf),
and n is the index of CPE (−1 ≤ n ≤ 1) [41–43]. As shown in Table 4, the n value of
the intermetallic coating (0.8628) is slightly greater than that of the TC4 alloy (0.8548),
indicating that the passivation film on the intermetallic coating is denser than that on the
TC4 alloy. Furthermore, the χ2 (chi-squared) values of the intermetallic coating and the
TC4 alloy are all in the order of ~10−4, showing a good fitting result.

During electrochemical corrosion, the different concentrations of Cl− ions agglomerate
together on the surface of the intermetallic coating to replace the internal O ions, resulting
in pitting. The schematic of the pitting formation process is illustrated in Figure 9. The
corrosion current density increases quickly following the pitting process. With an increase
in the corrosion voltage, the passivation platform of the intermetallic coating is punctured
and a large amount of Ti ions are released to react with Cl− ions and form [TiCl6]2−.
When the corrosion voltage is increased to ~3 V, [TiCl6]2− reaches a certain critical value
in the solution, and hereby, TiO2 is produced from the hydrolysis reaction to protect the
intermetallic coating from further corrosion [5,44]. Moreover, slight pitting can be found
on the surface of the intermetallic coating (Figure 10a), while it becomes serious on the
surface of the TC4 alloy (Figure 10b). This confirms that the intermetallic coating has
superior corrosion resistance than the TC4 alloy during the electrochemical corrosion of
3.5% NaCl solution.

The intermetallic coating and TC4 alloy were immersed into the 3.5 wt% NaCl solution
for 7 days to validate the results of polarization curves and EIS. Figure 11 shows the surface
morphology of the intermetallic coating and TC4 alloy after the immersion testing. The
surface of the intermetallic coating is relatively smooth and only slight pitting can be
observed on the surface of the intermetallic coating (Figure 11a). Comparatively, the sizes
and amounts of the pits on the TC4 surface are much larger than those on the surface of
the intermetallic coating (Figure 11b). Therefore, the immersion results also demonstrate
better corrosion resistance for the intermetallic coating than that of the TC4 alloy, which is
in good agreement with the results of polarization curves and EIS.
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Figure 9. Schematic illustration of the pitting of the NiTi-based intermetallic coating in the 3.5 wt%
NaCl solution.

 

Figure 10. SEM images showing the morphology of the samples after electrochemical corrosion:
(a) NiTi-based intermetallic coating; (b) TC4 alloy.
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Figure 11. SEM images showing the morphology of the samples after immersing test in the 3.5 wt.%
NaCl solution for 7 days at room temperature: (a) NiTi-based intermetallic coating; (b) TC4 alloy.

4. Conclusions

This work investigates the microstructure, mechanical properties, and electrochemical
corrosion resistance of a NiTi-based intermetallic coating in-situ synthesized by LMD. The
main findings are presented as follows.

(1) The NiTi-based intermetallic coating was in-situ synthesized on the TC4 substrate
by LMD using a mixed powder of Ni-20Cr and TC4. The phases of the coating are
composed of the intermetallic compounds of NiTi2, NiTi, and Ni3Ti, and their volume
fractions are ~52%, ~20% and ~28%, respectively.

(2) The microhardness of the intermetallic coating is ~850 HV0.2, which is ~2.5 times
larger than that of the TC4 alloy. The high microhardness can be attributed to the solid
solution strengthening of Al and Cr, dispersion strengthening of the intermetallic
compounds, and grain refinement strengthening from the rapid solidification.

(3) The intermetallic coating exhibits better corrosion resistance than the TC4 alloy. With
the increase in the corrosion voltage, a large amount of Ti ions react with the Cl−
ions to form [TiCl6]2− in the solution. When [TiCl6]2− reaches a certain critical value,
TiO2 is formed by hydrolysis reaction to protect the intermetallic coating from further
corrosion. Slight pitting appears on the coating surface, while large pits can be
observed on the TC4 surface.
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Abstract: A double-channel transmission line impedance model was applied to the study of super-
capacitors to investigate the charge transport characteristics in the ionic and electronic conductors
forming the electrode/solution interface. The macro homogeneous description of two closely mixed
phases (Paasch–Micka–Gersdorf model) was applied to study the influence of disordered materials
on the charge transport anomalies during the interfacial charge–discharge process. Different ex situ
techniques were used to characterize the electrode materials used in electrical double-layer (EDLC)
and pseudocapacitor (PC) devices. Two time constants in the impedance model were adequate
to represent the charge transport in the different phases. The interfacial impedance considering
frequency dispersion and blocked charge transfer conditions adequately described the charge storage
at the interface. Deviations from the normal (Fickian) transport involving the ionic and electronic
charge carriers were identified by the dispersive parameters (e.g., n and s exponents) used in the
impedance model. The ionic and electronic transports were affected when the carbon-based electrical
double-layer capacitor was converted into a composite with strong pseudocapacitive characteristics
after the decoration process using NiO. The overall capacitance increased from 2.62 F g−1 to 536 F g−1

after the decoration. For the first time, the charge transport anomalies were unequivocally identified
in porous materials used in supercapacitors with the impedance technique.

Keywords: impedance models; disordered electrode materials; anomalous charge transport;
supercapacitors

1. Introduction

According to the literature [1–7], the electrochemical properties exhibited by different
types of porous/nanostructured carbon-based materials used in supercapacitors can be
considerably improved after their decoration using different transition metal oxides (TMOs)
(e.g., NiO, Co3O4, Nb2O5, NiCo2O4, and MnO2). However, as recently discussed by some
of the present authors [1,8–12], the electrochemical characterization of composite materials
containing different carbon structures and TMOs is not easy due to the porous/disordered
nature of the electrode and the presence of reversible solid-state Faradaic reactions resulting
in pseudocapacitive behavior (e.g., pseudocapacitors, PCs).

The use of electrochemical impedance spectroscopy (EIS) can be quite helpful for
the study of complex electrode materials since some fundamental processes observed in
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the frequency domain cannot be accessed using the other electrochemical techniques [1].
Commonly, complex (e.g., porous/disordered) electrode materials exhibit distributed ca-
pacitance in the time and frequency domains due to hierarchically interconnected structural
defects, which is usually modeled by an assembly of identical cylindrical pores (e.g., De
Levie’s model). Alternatively, different electrode materials can be studied using a “macro
homogeneous description of two closely mixed phases” to account for the “disordered
behavior” foreseen from different nanostructured materials (e.g., the Paasch et al. and Bis-
quert et al. models—see further discussion). Also, some interesting insights were recently
reported regarding the influence of mass transport and ohmic resistances on capacitive
behavior [13].

Unfortunately, in different literature reports, the study of porous/disordered elec-
trodes, as is the case of those used in supercapacitors, is accomplished using the EIS
technique based on ad hoc equivalent circuit analogs (ECs) containing the diffusive War-
burg element (W), which fits the experimental data well but fails to provide a physical
correspondence with the fundamental processes occurring at the electrode/electrolyte
interface, as well as in the liquid and solid phases (e.g., the presence of anomalous transport
characteristics) [1]. Modified versions of the Randles–Ershler circuit (e.g., RΩ(Cedl[RctW])C,
RΩ(Cedl[RctWC]), etc.) are commonly used, with the incorporation of an additional capaci-
tive element (in bold) to simulate the impedance response of a blocked electrode, as is the
case with supercapacitors (SC). A typical misuse of irrational equivalent circuit analogs
using the Warburg element in the absence of a charge transfer resistance was recently found
in the literature [14] when a circuit containing only serial elements (e.g., L–Ro–ZW) was
used. This is nonsense since the Warburg impedance must always appear in series with
the charge transfer resistance resulting in the Faradaic impedance (ZF), which appears in
parallel to the electrical double-layer capacitance [15]. Unfortunately, several speculative
analyses using the EIS can be found in the literature [16]. This critical question was recently
discussed by some of the present authors [1].

The main source of confusion in the EIS reports involving the diffusive elements
comes from the mathematical equivalence existing between the distinct theoretical models
proposed for studying the porous electrode behavior (e.g., De Levie’s model for blocked
interfaces where charge transfer is absent) and the diffusive mass transport coupled to
Faradaic reactions (e.g., the Warburg and Kruger models for unblocked interfaces with a net
charge transfer). These different models predict the same impedance behavior characterized by
a phase angle of ≈ −45◦ since a mathematical equivalence arises from the general solution
presented for second-order partial differential equations.

Physical interpretations of complex-plane (Nyquist) plots for EDLCs were recently
presented by Mei et al. [17] using simulations accomplished based on the modified Poisson–
Nernst–Planck (MPNP) model for binary and symmetric electrolytes. Good qualitative
findings were achieved by these authors without the use of conventional circuit models.
However, the porous nature of real EDLCs was not considered in the theoretical model.
Even so, the impedance profiles obtained by these authors are practically the same as
those simulated using other robust impedance models [18–21]. Therefore, choosing the
appropriate theoretical impedance model is a great challenge in EIS studies.

Transmission lines (TLs) are special classes of equivalent circuits formally derived from
fundamental laws according to particular transfer functions (TFs) representing the intrinsic
properties of the studied system. Only after the pioneering TL model proposed by De Levie
in 1963 [22] was a plausible physical meaning proposed for the dispersive capacitive effects
verified at high frequencies for porous electrodes and characterized by a phase angle (ϕ)
close to −45◦. In this case, the accepted hypothesis is the dependency of the penetration
depth of the sinusoidal wave inside the narrow pores with the applied frequency instead
of a normal (Fickian) diffusive effect intrinsically coupled to a Faradaic reaction.
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Outstanding contributions to the study of porous electrodes using the EIS were made
in the last three decades by Lasia [18], Paasch et al. [19], Srinivasan and Weidner [20],
Bisquert et al. [21], and other prominent authors [23–25]. A general literature survey of the
impedance response of porous electrodes was recently reported by Huang et al. [26]. In
particular, Bisquert et al. [21] proposed several impedance models to study different elec-
trode materials considering the anomalous transport for the charge carriers in disordered
media (e.g., semiconductors, some mixed oxides, and conducting polymers).

From the above considerations, we applied in this study a robust and generic impedance
model for the study of complex electrochemical systems, which represents an effective
macro homogeneous description of two closely mixed phases (Paasch–Micka–Gersdorf
model) and provides a reliable description of the different physicochemical events occur-
ring during the charge–discharge processes in porous electrodes used in SCs. The model
contains two time constants (τ) representing the different events occurring in the liquid
(Z1) and solid (Z2) phases, and a lumped impedance (Z3) describing the charge storage
process at the solid/liquid interface. As a result, we can identify fundamentally different
events occurring in supercapacitors. It is worth mentioning that the formalism introduced
to the impedance model proposed by Bisquert et al. [21] and used in this work does not
depend on the particular pore geometry, as is the case with the De Levie’s model [18], where
evenly distributed identical cylinders compose the pores. It is worth mentioning that the
influence of the physicochemical properties of porous electrode materials used in superca-
pacitors (e.g., intrinsic conductivities of the solid and liquid phases) was comprehensively
incorporated by Srinivasan and Weidner in their well-known impedance model available
in ZView® software (Scribner Associates Inc., Southern Pines, USA), coded as DX-Type
#8 [19]. However, the latter impedance model has a drawback since it demands previous
knowledge of different properties obtained in independent (complementary) studies. In
addition, various combinations of the intrinsic materials’ conductivity and capacitances
can produce similar impedance spectra, leading to simulation findings that are difficult
to interpret.

To the best of our knowledge, this is the first time that the Paasch–Micka–Gersdorf
model has been used to study symmetric coin cells containing porous electrodes in the
presence and absence of pronounced pseudocapacitance, considering the influence of the
abnormal transport of the ionic and electronic charges. Using carbon nanofibers (CNF)
and composite (CNF@NiO) electrodes housed in symmetric cells, we aim to instigate the
charge transport in the electronic and ionic phases in intimate contact. At least in principle,
the impedance model discussed in this work can be applied to different porous electrode
materials used in SCs since the intrinsic chemical properties related to the electrode material
are not incorporated in the present impedance model, i.e., only the structural material
characteristics affecting the charge transport and frequency (capacitance) dispersion are
relevant in the current context. Additional experiments were accomplished using cyclic
voltammetry (CV) and galvanostatic charge–discharge (GCD) techniques to verify the
internal consistency of the experimental findings.

2. Experimental Details

2.1. Preparation of the Composite Electrodes

The composite electrodes (model PC system) used in the symmetric coin cells consisted
of carbon nanofibers grown by chemical vapor deposition on a porous carbon fabric
substrate [27] and decorated with NiO particles using the incipient wetness impregnation
method [8]. HexForce 3K carbon fabric fiber (Hexcel Co., Stamford, USA), composed of
bundles containing carbon fibers with an average diameter of 7.5 μm, was applied as the
current collector, which we used to grow carbon nanofibers. The pristine carbon fabric
was cut into 5 cm × 3 cm pieces (e.g., ~1.0 g) and cleaned using a 63% (w/w) HNO3
solution for 1.0 h to remove the residues from the fabrication process. After drying in air
at 110 ◦C for 12 h, the material was immersed in a 10 g dm−3 Ni(NO3)2·6H2O (Acros Co.,
New Jersey, USA), purity of 98%, alcoholic solution (e.g., 50% (v/v) ethanol-water) and
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subsequently dried for 12 h at 110 ◦C. Afterward, the fabric samples impregnated with
nickel were calcinated in a pre-heated oven at 350 ◦C for 1.0 h using a quartz tube reactor
where the samples were inserted and purged with argon gas at a volumetric flow rate of
100 cm3 min−1 for 10 min. In the sequence, under reductive atmospheric conditions to
induce the formation of NiO nanoparticles, using a hydrogen flow rate of 200 cm3 min−1,
the temperature inside the quartz tube was increased by 10 ◦C min−1 until it reached
400 ◦C. After 1.0 h at this temperature, to foster the correct conditions for the growth of
the carbon nanostructures (nanofibers) using an ethane flow rate of 50 cm3 min−1 (e.g., the
carbon source), the temperature inside the quartz tube was increased by 10 ◦C min−1

until it reached a final value of 700 ◦C, where it was held for 30 min. As a result, the
nanofibers (e.g., CNFs) were grown on the surface of the carbon fabric substrate. After
cooling the as-prepared material using an inert argon atmosphere, 14 mm diameter discs
were cut from the modified carbon fabric and the samples were again impregnated with a
0.1 mol dm−3 Ni(NO3)2 alcoholic (e.g., 50% (v/v) ethanol–water) solution for 48 h. After
immersion, samples were immersed in deionized water. After drying at 80 ◦C for 2 h,
the discs were subjected to thermal treatment in a pre-heated oven at 350 ◦C for 2 h in
an ambient atmosphere for the formation of NiO nanoparticles on the carbon nanofibers
(e.g., NiO@CNFs). We will henceforward refer to porous carbon-based materials as CNFs
and the composite electrode material as NiO@CNFs.

The overall masses of the CNF (model EDLC system) and NiO@CNF (model PC
system) electrodes housed in the different symmetric coin cells were 12.3 and 12.6 mg,
respectively. The specific capacitances reported in the electrochemical study were calculated
using these masses.

2.2. Structural and Surface Morphology Characterization Studies

The surface morphology of the samples was examined using a FEI Inspect F-50
(Thermo Fisher Scientific, Hillsboro, USA) at 20 kV and with ETD detector. High-resolution
images were obtained using a model 2100 MSC high-resolution transmission electron
microscope (JEOL Inc., Peabody, USA). Samples were dispersed in isopropanol using an
ultrasound bath and dropped on a TEM lacey carbon film fixed on the copper mesh.

Raman spectra of the samples were performed on a Renishaw inVia spectrometer
(Michigan, USA) using a 488 nm (Argon ion) laser, with an integration time of 60 s and
a 50× LWD objective lens in the range of 100 to 2500 cm−1. The spectra analyses were
accomplished by proper subtraction of the baseline signal. At the same time, the curve
fitting procedure was performed in the region from 300 to 1750 cm−1 using the Lorentzian
and Gaussians functions available in the software Fityk (Open Free).

The surface chemistry of the composite samples was analyzed using the K-alpha
radiation with the aid of a Thermo Scientific (Massachusetts, USA) X-ray photoelectron
spectrometer.

The structure of the composite material was characterized by X-ray diffraction anal-
ysis, performed with a model PAN analytical X’Pert PRO X-ray diffractometer (Malvern,
UK) using Co-Kα radiation (λ = 0.178901 nm) in a Bragg–Brentano θ/2θ configuration
(Goniometer PW3050/65). The diffraction patterns were collected at steps of 0.04◦ and the
accumulation time of 5 s per step within the 2θ-scale range from 20◦ to 80◦.

The specific surface area (SSA/m2 g−1) obtained according to the BET method was
measured using nitrogen at 77 K with a Micromeritics ASAP 2010 instrument (Norcross,
USA). Before measuring, 100 mg of the active powder carbon fiber material was degassed at
100 ◦C for 12 h. Finally, the powder sample was conditioned at 200 ◦C to obtain a constant
pressure of 0.02 μm Hg.
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2.3. Electrochemical Characterization Studies

All electrochemical experiments were performed using a model CR2032 coin cell in the
symmetric configuration containing a cellulosic filter paper soaked with a 1.0 mol dm−3

Li2SO4 aqueous solution to avoid short circuiting and to provide ionic conduction. A 302N
potentiostat–galvanostat with an FRA module from AUTOLAB® (Utrecht, The Netherlands)
was used throughout.

The study in the frequency domain was accomplished using the EIS technique,
whereby a fixed cell potential corresponding to the open circuit cell potential (OCCP)
was applied while the frequency of the superimposed alternated cell potential was swept
from 100 kHz to 10 mHz using a low sinusoidal signal of 10 mV (peak-to-peak). The
quantitative analysis of the impedance data was carried out based on the double-channel
transmission line model denoted as Bisquert #2 using NOVA® software from AUTOLAB®

(Utrecht, The Netherlands), where the fitting/simulation procedure was conducted using
the complex nonlinear least squares (CNLS) method. Very good simulations were obtained
in all cases (r2 ≥ 0.998), with a relative error for each model’s parameter of less than 2%.
Please see further details in the discussion section.

Cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD) experiments
were also performed using the symmetric coin cells. Voltammetric curves (VCs) were
obtained at different scan rates (e.g., 5, 25, and 50 mV s−1) for the pseudocapacitive voltage
range of 1.0 V, while the GCD curves were measured at 4 A g−1. The specific capacitance
(C/F g−1) was also determined from the galvanostatic charge–discharge using the equation
C = I/m(ΔV/Δt), where I is the negative (cathodic) current, m is the overall electrode mass
(cathode and anode), and ΔV/Δt is the negative slope of the discharge curve.

3. Results and Discussion

As already emphasized, our intention with this work is to obtain electrochemical infor-
mation concerning the fundamental events during the charge storage process, i.e., charge
transport anomalies involving the ionic and/or electronic charge carriers, which are affected
by the disordered electrode materials used in EDLC and PC symmetric devices. However,
to provide further information about the synthesized model materials, we present in this
section an ex situ characterization.

3.1. Ex Situ Characterization Studies
3.1.1. Surface Morphology Analysis: SEM and TEM Studies

Figure 1 shows SEM and TEM micrographs of the CNF (Figure 1a–c) and NiO@CNF
(Figure 1d–f) materials. Figure 1a,d presents SEM images of the carbon fabric macrostruc-
ture before (a) and after (d) the presence of the as-grown CNFs. Obviously, at this magnifica-
tion, no significant changes in the surface morphology can be detected due to the presence
of CNFs. Figure 1b shows an image with higher magnification, where we can verify the
formation of CNFs with a spaghetti-like structure, i.e., CNFs were grown on fabric fibers in
an entangled way. After immersion of the CNFs into the nickel nitrate aqueous solution,
the fibers of the CNF tend to join together, forming a sponge-like electrode surface (see
Figure 1e). Figure 1d–f shows SEM and TEM images of the CNFs’ structures after decora-
tion with NiO nanoparticles to obtain the composite electrode material (e.g., NiO@CNFs).
As seen, TEM micrographs (Figure 1c,f) evidenced the presence of NiO on the CNF surface.

As verified from the TEM analysis, the modified CNFs are highly defective, with a
nonlinear structure. The CNFs diameter range from 10 to 90 nm. At the same time, NiO
exhibited quasispherical nanoparticles with diameters ranging from 1 to 5 nm.
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Figure 1. SEM and TEM data of CNFs (a–c) and NiO@CNFs (d–f).

3.1.2. Raman and XPS Studies

Raman spectra of CNFs and NiO@CNFs are presented in Figure 2. Raman spectra of
CNFs (Figure 2a) were deconvoluted into four peaks referring to the G and D bands: G
(~1600 cm−1), D (~1360 cm−1), D1 (~1270 cm−1), and D2 (~1530 cm−1). G and D bands
were assigned to the sp2 in-plane carbon vibration and out-of-plane vibrational modes,
respectively [28]. D1 and D2 bands were ascribed to the C-C and C=C stretching modes
(e.g., sp3 and sp2 bonds) and to the amorphous carbons containing different organic species,
respectively [29]. Figure 2b shows the Raman spectrum of the NiO@CNFs composite,
which was deconvoluted into seven peaks. The spectrum of NiO@CNFs also contains
three additional characteristic bands due to the presence of NiO. The bands were located
at ~370 cm−1, ~498 cm−1, and ~740 cm−1. The 498 cm−1 peak is assigned to a lack of
symmetry, i.e., defects due to high nickel vacancy concentration, around the atoms normally
participating in the formation of phonons in a perfect crystal [30,31]. The 370 cm−1 peak
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is attributed to TO, and 740 cm−1 is harmonic 2TO modes [30–33]. From this analysis, we
concluded that nickel oxide nanoparticles are highly defective due to the intensity of the
498 cm−1 peak.

Figure 2. Raman spectra of CNFs (a) and NiO@CNFs (b) obtained at 488 nm.

A comparison of the XPS findings obtained for the two different samples was per-
formed. In this sense, Figure 3 shows the long-range XPS spectra (Figure 3a,d), as well as the
short-range spectra for the different chemical species: C1s (Figure 3b,e), O1s (Figure 3c,f),
and Ni2p (Figure 3g).

Different deconvolutions were accomplished using Gaussian and Lorentzian functions
with the Shirley baseline correction. Figure 3a,d shows the individual long-range region
spectrum for the different materials. It is possible to verify the presence of the Ni2p peak for
the NiO@CNFs, while it is absent for the CNFs, as expected. Although the CVD synthesis
of CNFs uses nickel as the catalyst, its concentration in the sample is too low to be detected.
This analysis is consistent with the Raman findings (see Figure 2). Figure 3b,c shows the
main peak at ~284.8 eV, attributed to the C=C bond, which confirmed the presence of sigma
and π bonds characteristic of the graphene structures present in the CNFs [34]. The C=O
and C−C=O bonds, and π−π* transitions, were verified for the two distinct samples [35].
However, the C-OH bond was only verified for the CNFs and C-O-C only for NiO@CNFs.

The C1s region of the spectrum showed minor changes in the carbon structure due to
the presence of nickel oxide nanoparticles, as previously observed from the TEM analysis
(see Figure 1). On the contrary, the O1s region of the spectrum revealed a considerable
increase in the XPS signal from 2 to 8 at. % after the decoration of CNFs with NiO. To
identify the presence of Ni–O, the XPS spectra of the O1s and Ni2p regions were used. In
the O1s region, the spectra were deconvoluted into two bands for the CNFs sample. The
presence of C=O, C-O, and C-OH bonds was confirmed for the C1s region [36].

The formation of NiO nanoparticles occurred after the annealing process of CNFs,
carried out at 350 ◦C in the presence of oxygen and Ni2+ species, as confirmed by the C−O
and Ni−O bonds found in the XPS spectra. It is worth mentioning that the presence of
the H−O−H bond in the XPS spectrum comes from air humidity. At the same time, the
presence of the C=O bond was assigned to the carbonyl bonds, while the occurrence of the
CO3

2− was ascribed to the carboxylic groups, and Ni–O is due to the oxide formation.
Figure 3g shows the Ni2p region of the XPS spectrum obtained for the NiO@CNFs

composite. Even considering that the amount of nickel oxide nanoparticles present in the
carbon structure is small, it was possible to obtain a high-resolution Ni2p spectrum to
observe the Ni2p(3/2) and Ni2p(1/2) regions. The Ni2p(3/2) region was composed of two
peaks and it was possible to observe two oxidation states for nickel (e.g., Ni2+ and Ni3+),
i.e., we observed the formation of NiO and Ni(OH)2 species (e.g., Ni2+ comes from the
multiplet splitting referring to NiO) [37]. The Ni2p(1/2) region is a doublet of the Ni2p(3/2)
region, so we have the same peaks. These data are in agreement with the Raman findings
already discussed in this work (see Figure 2b). All energies (B.E.) referring to different
chemical bonds are shown in Table 1.
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Figure 3. XPS spectra took for the CNFs (a–c) and NiO@CNFs (d–g) samples.
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Table 1. XPS data obtained for the CNFs and NiO@CNFs samples.

Sample Element Functional Groups B.E./eV

CNFs
C1s

C-C 284.6
C-OH 285.6
C=O 287.2

O-C=O 288.8
π–π* 290.6

O1s
C-O 531.3
C=O 533.0

NiO@CNFs

Ni2p

NiO 854.2
NiO 856.0
Ni3+ 861.1

NiO(OH)2 864.6
NiO 872.8
NiO 875.0
Ni3+ 879.2

NiO(OH)2 881.8

C1s

C-C 284.8
C-O-C 286.0
C=O 287.8

C-C=O 289.6
π–π* 291.8

O1s

Ni-O 529.7
CO3

2− 531.6
C=O 533.3
H2O 535.4

3.1.3. XRD and BET Studies

We performed X-ray diffraction (XRD) on CNFs and NiO@CNFs to characterize the
crystalline structure. Figure 4 shows the XRD patterns obtained.

Figure 4. XRD patterns of (a) CNFs and (b) NiO@CNFs.
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The analysis of Figure 4a confirms the existence of carbon (sp2) structures (PDF# 01-
089-8487), with the peaks corresponding to the (0 0 2) and (1 0 1) hkl-planes. In Figure 4b the
peaks correspond to two different crystalline phases, i.e., the sp2 carbon structure and NiO
(cubic crystal system and the Fm-3m spatial group), in agreement with the (1 1 1) and (2 0 0)
hkl-planes (PDF# 00-001-1239). These findings agree with the XPS, and Raman analyzes
and confirm the presence of carbon and NiO phases. The presence of the (2 0 0) hkl-plane
corroborates the interplanar spacing of 0.208 nm in the TEM study.

Figure 5a,c shows the volume of N2 corresponding to the adsorption/desorption
processes as a function of the relative pressure used to obtain the isotherms according to
the BET analysis, while Figure 5b,d shows the incremental pore size distribution calculated
using the BJH model.

Figure 5. BET and BJH analyses of the adsorption/desorption nitrogen isotherm curves obtained for
the CNFs (a,b) and NiO@CNFs (c,d).

The N2 adsorption/desorption isotherms are shown in Figure 5a. The isotherm
obtained for the CNFs exhibited an IV type according to the IUPAC classification; there
is a region (e.g., ~0.6 to 1.0 P/P0) where the relative pressure slightly varied when the
adsorbed volume increased. These isotherms indicated the presence of slit-type pores. Due
to the capillary condensation process, there was a hysteresis loop in the range of ~0.6 to
1.0 P/P0 that can be classified as H3 type, i.e., in this case, we have complete filling of the
mesopores at relative pressures lower than 1.0 P/P0. The profile showed in Figure 5a was
mainly characterized by two relatively vertical asymptotic branches at P/P0 = 1, which are
associated with a nonrigid aggregation of the plate-shaped particles, giving rise to slit pores,
thus showing a higher specific surface area for CNFs of ~53 m2 g−1 (see Figure 5a) [38]. The
pore size distribution (see Figure 5b inset) revealed the presence of micropores (d < 2.0 nm),
mesopores (2 nm < d < 50 nm), and macropores (d > 50 nm) [39]. Therefore, it can be
concluded that the largest contribution to the total specific surface area is due to mesopores.
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Accordingly, the corresponding value obtained from the NiO@CNF sample was
~41 m2 g−1 (see Figure 5c). From these findings, we can affirm that some pores of the
carbon structure were clogged during the oxide formation, thus reducing the specific
surface area compared to the CNFs sample. As seen in the case of the NiO@CNF sample,
the major contribution to the specific surface area is due to mesopores (Figure 5c). The
isotherm obtained for the composite material exhibited an IV type with a characteristic
hysteresis loop in the range of ~0.8 to 1.0 P/P0 of the H3 type.

3.2. Frequency Domain Analysis Using the EIS Technique: Identification of Charge Transport
Anomalies during the Charge Storage Process in EDLC and PC Devices

Figure 6 shows the complex plane (Nyquist) plots obtained for different symmetric coin
cells containing the (a) CNF or (b) NiO@CNF electrodes, and the (c) generic double-channel
transmission line model, where each impedance Z is composed of a circuit containing an
ohmic resistor (R) in parallel to a constant phase element (CPE) representing the different
dispersive effects. As can be seen, the impedance response was characterized by the
following characteristics: (i) the presence of a resistive/capacitive arc in the high-frequency
range; (ii) the occurrence of an inclined line with a phase angle close to −45◦ at medium
frequencies, and (iii) the presence of an almost vertical straight line in the low-frequency
range with a phase angle close to −90◦. According to [19], this type of impedance behavior,
in the absence of irreversible Faradaic reactions (e.g., water splitting), is in agreement with
the theoretical predictions of the porous electrode model, with the additional inclusion of
the anomalous transport phenomenon for the ionic and/or electronic charge carriers. The
anomalous transport effects occur from the medium- to the high-frequency interval of the
impedance spectrum [21].

Figure 6. Complex plane plots (a,b) and the generic double-channel transmission line model (c),
including the anomalous transport for porous/disordered electrodes. Plots (a) and (b) refer to CNF
and NiO@CNF electrodes, respectively. Impedances Z1 and Z2 are composed of a circuit containing
an ohmic resistor (R) parallel to a constant phase element (CPE). A CPE represents the interface
(Z3) impedance.
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More specifically, when the intermixed solid (Z1) and liquid (Z2) phases have a sim-
ilar dc resistance, the influence of the disordered solid phase on the electronic transport
commonly appears as an arc in the high-frequency region of the impedance spectrum (see
Figure 6a,b). However, it is worth mentioning that the interfacial (parallel) impedance (Z3),
including the electrical double-layer capacitance and pseudocapacitive effects, can also
affect this region of the spectrum.

Inspired by the classical solid-state physics studies regarding the anomalous charge
transport in disordered solids, Bisquert et al. [21] proposed a robust generic impedance
model for the study of different types of electrochemical systems with disorder/dispersive
characteristics (e.g., a power law behavior or dispersive effects). In addition, Bisquert [40]
also discussed some particular cases of great interest for studying the different electro-
chemical systems used in technological applications. The total impedance (Ztotal) for the
porous or mixed-phase electrodes, considering the presence of anomalous transport and
the additional influence of the uncompensated ohmic resistance (RESR) intrinsic to the
supercapacitors, is given by the following transfer function [21]:

Ztotal = RESR +
Z1Z2

Z1 + Z2

⎡⎣L +
2λ

sin h
(

L
λ

)
⎤⎦+ λ

(
Z1

2 + Z2
2

Z1 + Z2

)
coth

(
L
λ

)
, (1)

where:

λ =

(
Z3

Z1 + Z2

)1/2
(2)

Z1 =
r1

1 + r1q1(jω)n (3)

Z2 =
r2

1 + r2q2(jω)s (4)

Z3 =
1

q3(jω)β
. (5)

The parameter L is the length of the intermixed (porous) phase, and is commonly
unknown. From the point of view of the macro aspects of the impedance model (see
further discussion in this section), the particular L-value is irrelevant for most applications.
However, to obtain internal consistency between the unities of the transverse and parallel
impedances, the apparent length of the porous electrode layer is given in the current work
by the equation L = m/ρA, where m is the mass of the active layer, ρ is the apparent density
of the electrode layer, and A is the geometric surface area of the porous electrode.

The individual (macroscopic) parameters measured are R1 = Lr1 (e.g., the total dc
electrolyte resistance inside the irregular ionic channels), Q1 = q1/L (e.g., the information
about the anomalous ionic transport mechanism or the transversal electrolyte capacitive-
like effects), R2 = Lr2 (e.g., the total dc electrode resistance), Q2 = q2/L (e.g., the anomalous
electronic transport in the electrode material or the transverse electrode capacitance), and
Q3 = q3L (e.g., the constant phase element coefficient (Qedl*), which is representative of
the nonideal overall electrical double layer, including pseudocapacitance). As emphasized
by Bisquert et al. [21], impedances Z1 and Z2 represent “single transport mechanisms”
rather than a conventional association of resistive and capacitive elements used in purely
electrostatic processes.

In light of the theoretical analysis proposed by Paasch et al. [19], the impedance model
represented by Equation (1) agrees with the effective macro homogeneous description of
two closely mixed phases. The latter is more appropriate for practical applications than the
traditional view, where the porous electrode model is derived based on the presence of a
perfect cylinder geometry whose pore length is longer than its diameter. As it is a common
practice in EIS studies to facilitate the numerical analysis of the experimental findings, the
transfer function described by Equation (1) can be represented by the equivalent double-
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channel transmission line shown in Figure 6c. In this model, Z1 and Z2 are impedances per
unit length (Ω m−1) transverse to the macroscopic outer surfaces, while Z3 is the impedance
length (Ω m) parallel to the macroscopic surfaces. The impedance Z3 represents the
capacitance or pseudocapacitance of the electrode/solution interface, i.e., Z3 = 1/Q3(jω)β.
For convenience, the transverse and parallel impedances are represented using gravimetric
quantities (e.g., Z1/Ω g−1, Z2/Ω g−1, and Z3/Ω g), since, as discussed above, L ∝ m.

The anomalous charge transport across narrow pores filled with the electrolyte can
be understood considering the impedances Z1 and/or Z2 must be frequency-dependent,
exhibiting a power law behavior (e.g., n < 1 and/or s < 1; see Equations (3) and (4)). These
particular impedances must be lower at high frequencies than at lower frequencies due to
the effect of narrow ‘throats’ and bottleneck structures that restrict the long-range (e.g., low-
frequency) ionic motion, as well as the presence of disordered structures in the solid phase,
which affects the electronic transport [21]. In general, the dispersive effects commonly
found for semiconductors and conducting polymers and represented by the power law
expressions (see Equations (3) and (4)) due to the anomalous charge transport in disordered
phases being associated with discrete transitions between localized states that originated
from the different types of structural disorder/defects present in porous electrode materials,
which can be characterized by a characteristic time constant or relaxation time (τc) [41].

To overcome the difficulties involving the specification of a particular conduction
mechanism, Bisquert et al. [21] considered the problem of anomalous charge transport using
the concept of a model-independent macroscopic phenomenological theory based on a
generalized constitutive equation and the general Einstein relationship for diffusional
processes. As a result, different types of electrode materials that exhibit dispersive effects
for charge transport can be studied using the proposed model. In this sense, the porous
electrodes operate by simultaneous transport of electronic and ionic species occurring in the
solid and liquid phases, respectively, to attain the principle of local electroneutrality. In this
scenario, the solid phase provides a continuous path for the transport of electrons, but the
dimensions of the structural elements in the disordered solid are quite small, especially in
the presence of nano-sized domains. Accordingly, the electrolyte penetrates the accessible
void regions present in the solid phase, resulting in very narrow liquid channels that
exhibit a high degree of tortuosity. As a result, the electrode system is characterized by two
closely mixed phases with a possible degree of disorder for the electronic and ionic charge
carriers [21].

The results of the CNLS simulation are summarized in Table 2. As can be seen, the
decoration of the CNFs with NiO caused strong changes in the electrochemical charac-
teristics of the composite electrode. The major impedance parameters accounting for the
performance of supercapacitors are RESR and Qedl. As seen, the RESR value decreased after
the decoration process, which is very good for the overall performance of the coin cell.

Table 2. Impedance parameters obtained from the CNLS simulation according to the effective macro
homogeneous description of two closely mixed phases.

Electrodes
RESR

(Ω g)
Rionic

(Ω g−1)
Qionic

(F sn−1 g)
Relectronic

(Ω g−1)
Qelectronic

(F ss−1 g)

Qedl or Qpc *

(F sβ−1 g−1)

CNFs 0.21 3.48 × 103 1.45 × 10−4

(n = 0.42) 2.16 × 102 4.92 × 10−4

(s = 1.00)
2.62

(β = 0.95)

NiO@CNFs 0.04 4.32 × 102 2.22 × 10−7

(n = 0.92) 1.11 × 102 3.02 × 10−3

(s = 0.98)
5.36 × 102

(β = 0.96)

* Qpc is the pseudocapacitance for NiO@CNFs, while Qedl is the electrical double-layer capacitance for CNFs.

In principle, these findings indicate that the spontaneous hydration of the nickel
oxide (e.g., NiO + H2O → Ni(OH)2) promoted an increase of the wettability of the inner
surface regions of the porous electrode, thus increasing the overall cell conductivity. As
seen, the apparent (fractal) electrical double-layer capacitance verified for the carbon-based
scaffold or the apparent (fractal) pseudocapacitance observed for the decorated electrode
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was characterized by a dispersive exponent very close to 1 (e.g., β ≥ 0.95). This implies
with great accuracy that Q ≈ C. It was verified that the decoration process using NiO
strongly increased the coin cell charge storage characteristics from 2.62 to ≈ 536 F g−1

(since β ≈ 1), promoting an enormous improvement in the device’s performance. These
findings explicitly reveal the paramount importance of the reversible solid-state redox
reactions (RSR) to the overall charge storage process.

Considering the lower specific surface area exhibited by the composite material com-
pared to the carbon-based scaffold, one can propose that the main contribution to the
overall specific capacitance is a bulk-like or near-surface pseudocapacitance instead of
the purely surface electrostatic process. We can argue that the strong electrochemical ac-
tivity exhibited by Ni(OH)2 for the charge storage process is due to the presence of RSR
involving the Ni2+/Ni3+ redox couple [42]. According to the literature, the redox reaction
involving Ni(OH)2 is a solid-to-solid transformation [43]. We present the well-known
Bode’s reaction scheme to represent the electrochemical behavior of Ni(OH)2 during the
charging–discharging process [44]:

α-Ni(OH)2 → γ-NiOOH + H+ + e− (6)

β-Ni(OH)2 → β-NiOOH + H+ + e−

α-Ni(OH)2 → β-Ni(OH)2

γ-NiOOH → β-NiOOH.

In short, the α ↔ γ and β ↔ β pathways, involving the solid-state redox transitions
of the type Ni2+/Ni3+, are of interest to the reversible charging–discharging process in
supercapacitors. The α → β phase change only occurs under potentially extended cycling,
while the γ → β transformation occurs at the expense of excessive charge insertion.

For convenience, the gradual changes in the Ni(OH)2 material occurring during proton
intercalation/deintercalation can be simplified as follows [45]:

Ni(OH)2 ↔ NiOx(OH)(2 − x) + xH+ + xe−, (7)

where it is commonly assumed that the β ↔ β pathway of the Bode’s scheme is dominant.
It is worth mentioning that, due to the nature of amphoteric oxide, the issue of whether the
species that diffuses through the Ni(OH)2 structure is H+ and/or OH− remains open to
discussion [46].

Another possible origin for the pseudocapacitive behavior involving Ni(OH)2 might
be the intercalation/deintercalation of Li+ ions into the hydrated oxide structure. According
to [45], the intercalation/deintercalation of Li+ in Ni(OH)2 is more probable in a concen-
trated LiOH aqueous solution or in rigorously anhydrous electrolytes (e.g., LiClO4 + PC
(propylene carbonate)). According to Faria et al. [47], who proposed the occurrence of an
exchange reaction, when different cations are present in the solution the proton intercalation
can govern the overall charging–discharging processes comprising a mixed intercalation
process, involving to a minor extent the intercalation/deintercalation of species like Li+.
Thus, it is plausible to consider for the hydrated oxide the following parallel process
involving a substitutive solid-state redox reaction:

Ni(OH)OxHy + zLi+ ↔ Ni(OH)OxLi(y − g) + gH+ + e−. (8)

Therefore, it is prudent to consider for aqueous solutions that the overall pseu-
docapacitive process is a combined process given by the above solid-state reactions
(Equations (7) and (8)) [46].

The other set of impedance parameters presented in Table 2 involves the ionic and
electronic transport characteristics in the disordered phases. The ionic resistance inside
the irregular pores decreased about 5-fold in the presence of Ni(OH)2, while the exponent
(n) representing the anomaly degree increased from 0.42 to 0.92, i.e., the anomalous ionic
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transport practically disappeared for the composite electrode. In addition, we found for the
decorated electrode that Rionic(CFs) > Rionic(NiO@CNFs). In principle, these findings suggest
the occurrence of a Grotthuss-like mechanism for protons and/or Li+ species inside the
hydrated (gel layer) structure that formed during hydration of the nickel oxide. As a result,
there is the formation of more regular paths for the ionic transport during the charge–
discharge events and, therefore, the overall ionic transport in both liquid and solid (gel
layer) phases behaves similarly to a normal (Fickian) process. On the contrary, for the
carbon-based electrode, the transport of protons and/or Li+ species is abruptly interrupted
at the blocked electrode/solution interface, resulting in a severe anomaly during the fast
charge–discharge process. Also, the more disordered structure of the carbon material
creates zig-zag paths that decrease the mean free paths in narrow channels, thus reducing
the overall ionic conductivity.

According to [48], the diffusion coefficients for protons (DH
+) in the bulk liquid phase

and the hydrated nickel oxide (DH
+

(NiO)) are 9.32 × 10−5 cm2 s−1 and ≈3 × 10−10 cm2 s−1,
respectively. Therefore, at least in principle, the Faradaic intercalation reaction during
the charge storage process can be controlled by the slower ionic transport on the solid
phase, which is sometimes indirectly verified in several battery-like systems by the irre-
versible peaked shape voltammograms obtained at low scan rates (e.g., ν ≤ 10 mV s−1)
and/or the pronounced voltage plateau verified in the GCD curves [49]. It was verified
in the current work that n(NiO) = 0.92 for ionic transport in the hydrated composite elec-
trode and, therefore, we can consider that the overall proton diffusion in the two closely
mixed phases is practically a nondispersive (Fickian) event. Thus, in the presence of a
concentrated supporting electrolyte to sustain the migration current, there is the general
phenomenological relationship J = D(ΔCH

+/Δx) for Nernst’s layer, where ΔCH
+/Δx is

the concentration gradient driving the flow (J), and D/Δx = kmt is the diffusion mass
transport coefficient. In addition, from the continuity condition, we know that the three
different coupled flows involved in the Faradaic (pseudocapacitive) process must be equal
(e.g., J(e

−
) = J(H

+
) = JH

+
(NiO)). Therefore, considering that DH

+ >> DH
+

(NiO), we propose
that k(mt)-H

+
(NiO) is not so different from k(mt)-(H

+
), i.e., as already mentioned, the composite

electrode material can provide many alternative routes for the ionic and electronic charges,
thus resulting in short-range paths (Δx) for proton transport. As a result, the flow of ionic
charge considerably increases in the hydrated oxide structure. The electrochemical system
behaves like a real capacitive system instead of a battery-like one.

Sharma et al. [50] recently reported on tuning the nanoparticle interfacial properties
and stability of the core shell structure in Zn-doped NiMoO4@AWO4 electrodes. They con-
sidered Zn-doped nickel molybdate (NiMoO4) (ZNM) as a core crystal structure and AWO4
(A = Co or Mg) as a shell surface. They verified the ability to tune the core shell nanocom-
posites with surface reconstruction as a source for surface energy (de)stabilization. It was
verified that the performance of the core shell is significantly affected by the chosen intrinsic
properties of metal oxides with high performance compared to a single-component system
in supercapacitors. The constructed asymmetric device (e.g., Zn-doped NiMoO4@CoWO4
(ZNM@CW)||activated carbon) exhibited superior pseudocapacitance, delivering a high
areal capacitance of 892 mF cm−2 at 2 mA cm−2 and excellent cycling stability (i.e., 96%
capacitance retention after 1000 charge–discharge cycles). Sharma et al. [50] presented
theoretical and experimental insights into the extent of the surface reconstruction to explain
the storage properties in SCs.

The diffuse or drift effects in a disordered solid phase containing many traps are
correlated with the number of electrons effectively contributing to the charge flux, which
in turn depends on the frequency. Thus, the presence of dispersive (anomalous) effects
can be identified through the dispersive exponent (s) in Equation (4) [51]. Using the
Nernst–Einstein relationship, we can verify that, for most crystalline electronic conductors,
the diffusion coefficient for the electrons (De) is in the range of 7 to 241 cm2 s−1 [52,53].
However, in some cases involving disordered electronic materials where s << 1, the De
values can be drastically reduced by up to two orders of magnitude due to the pronounced
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multiple trapping events caused by the structural inhomogeneities present in the solid
phase. On the contrary, we observed a nearly 2-fold improvement in the electronic trans-
port process after the electrode decoration with NiO. Since s ≥ 0.98, we verified that the
anomalous transport in the solid electrode structure is practically absent for the different
materials. These findings indicate that, in the nano-sized domains of the electrode material,
the electronic transport behaves like a normal one. A comparison of the experimental
findings revealed that Rionic/Relectronic = 16. This small discrepancy in the resistance val-
ues is responsible for the presence of a well-defined straight line in the complex plane
plot (see Figure 6b) in the medium-frequency range with a phase angle close to −45◦, as
is theoretically predicted when Z1 ≈ Z2 [21]. By contrast, when this resistance ratio is
very high (e.g., Rionic/Relectronic > 100), the transmission line behavior is dictated only by
the high impedance channel, i.e., the double-channel transmission line is converted to a
single-channel one, and the complex plane plot exhibits a different profile to that shown
in Figure 6b.

The overall DC resistance (e.g., the purely resistive impedance) incurred by the normal
and/or anomalous transports of the electronic and ionic charge carriers in the two channels
of the transmission line representation can be determined from the low-frequency limit
(ω → 0) of Equation (1) (the physical model) [54]:

Zd.c.(ω → 0) =
χ1χ2

χ1 + χ2
L =

RionicRelectr.
Rionic + Relectr.

. (9)

Thus, the impedance of the transmission line is characterized by two ohmic resistances
in parallel. It is predicted that the almost vertical capacitive straight line verified at very
low frequencies for blocked electrodes, as is the case with supercapacitors, can be displaced
more or less to the right-hand side of the complex plane plot, depending on the magnitude
of the ohmic resistances imposed by the liquid and solid phases in intimate contact. Obvi-
ously, if R1 >> R2, Zd.c.

∼= R2. On the other hand, Zd.c.
∼= R1. These conditions imply that a

single ohmic resistor describes the overall DC resistance. However, this is not the case in
the present study since we verified that R1 ≈ R2. We found that the Zd.c. values for the CNF
and NiO@CNF electrodes were 203 Ω g−1 and 88 Ω g−1, respectively. These findings reveal
that the dissipative effects caused by ohmic losses are lower for the decorated electrode.

The crossover frequencies (ωc) between DC and AC regimes for the transverse (e.g., Z1
and Z2) impedances of the two closely mixed phases are as follows [53]:

ωc(Z1) =
1

(r1q1)
1/n =

1

(RionicQionic)
1/n (10)

ωc(Z2) =
1

(r2q2)
1/s =

1

(Relectr.Qelectr.)
1/s . (11)

Thus, considering the relationship between the time constant (e.g., τc(1) = (RQ)1/n and
τc(2) = (RQ)1/s), and the characteristic frequency (f c) given by f c = 1/τc, one can evaluate these
quantities for the ionic and electronic transport phenomena using Equations (10) and (11),
respectively, as shown in Table 3.

Table 3. Characteristic frequencies and time constants for the ionic (Z1) and electronic (Z2) transports
according to the theoretical impedance model represented by Equation (1). The exponents n and s are
obtained from Equations (3) and (4), respectively.

Electrode f c(Z1)/s−1 f c(Z2)/s−1 τc(Z1)/s τc(Z2)/s

CNFs 0.81
(n = 0.42)

1.50
(s = 1.00)

1.25
(n = 0.42)

0.67
(s = 1.00)

NiO@CNFs 3.71 × 103

(n = 0.92)
0.49

(s = 0.98)
2.70 × 10−4

(n = 0.92)
2.06

(s = 0.98)
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The analysis of the data in Table 3 revealed two distinct scenarios for the different
electrode materials used in the symmetric coin cells. In the case of the CNF electrodes,
the time constants (τc) were not so different for the distinct charge transport in the ionic
(τc(1) = 1.25 s) and electronic (τc(2) = 0.67 s) phases. The very close characteristic frequencies
of 0.81 s−1 and 1.50 s−1 revealed that the transition between DC and AC regimes for
the ionic and electronic phases is coupled and occurs in the low to medium frequency
range of the impedance spectrum. Therefore, the formation of a well-defined semicircle
at the high frequencies characterized by a given time constant was not observed (see
Figure 6a inset). For comparison, using a multiscale impedance model to study different
supercapacitors using carbon-based porous electrodes, Huang et al. [14] recently reported
τc(1) values in the range of 0.16 s to 2.35 s for their different electrodes. However, due to the
limitations of the model, they did not evaluate the τc(2) values and the eventual presence of
anomalous transport.

The analysis of the other case comprising the NiO@CNF composite electrodes re-
vealed very different time constants of τc(1) = 2.70 × 10−4 s and τc(2) = 2.06 s for the ionic
and electronic charge transports, respectively. Thus, we obtained different characteristic
(crossover) frequencies of 3.71 × 103 s−1 and 0.48 s−1 representing the transition regions
in the complex plane plot for the ionic and electronic transports, respectively. As a result,
three different regions can be clearly identified in the impedance spectrum (see Figure 6b):
(i) the well-defined semicircle at high frequencies; (ii) the false Warburg-like straight line
localized in the medium–low-frequency region, and (iii) the capacitive/pseudocapacitive
straight line at very low frequencies. It is worth noting that the physicochemical origin
of the high-frequency semicircle in the case of porous blocked electrodes is not due to
a Faradaic (charge transfer) reaction. On the contrary, this behavior, which is predicted
by the theory represented by Equation (1), is due to a combination of two factors: (i) the
penetration depth dependency of the sinusoidal perturbation on applied frequency, and
(ii) the presence of an “abnormal charge transport” phenomenon involving the electronic
and/or ionic charge carriers in disordered media, i.e., the different phases being in intimate
contact along the porous electrode surface. Unfortunately, this vital aspect, which has
been known about for a long time, is ignored in most literature reports dealing with SCs.
Commonly, authors not acquainted with the theoretical aspects of EIS misuse equivalent
circuit analogs without a physicochemical meaning.

In fact, with rare exceptions, most of the circuit analogs used in EIS studies are merely
statistical devices used as part of a trial and error method to obtain a good simulation
of the impedance data using the different analog circuits present in commercial software
packages. The impedance data are often simulated with good statistics. However, as
expected, this nonphysical approach fails to provide a physicochemical meaning to the
used circuit’s parameters. For more details, please see the excellent books by Barsoukov and
Macdonald [54], Orazem and Tribollet [55], and Lasia [18], which constitute a trustworthy
source of knowledge about the impedance method of analysis. Unfortunately, as can be seen
in several papers, the current literature using the EIS technique for dealing with energy
storage devices is full of fundamental errors that are propagated in several important
articles published by different research groups.

A possible explanation for the large difference in the time constants verified for
the electron transport in the different electrode materials (e.g., τc(carbon material) = 1.25 s
and τc(composite) = 2.70 × 10−4 s) is the pronounced occurrence of the RSR involving the
Ni2+/Ni3+ redox couple, i.e., due to the Faradaic nature of the charge storage process, a
great fraction of the transported electrons taking part in the RSR process is subjected to an
activation barrier, involving the presence of entropic (dissipative) effects, as predicted by
the transition state theory (TST) [56]. As a result, the overall flux of electrons measured in
the impedance experiments is partially suppressed by an energetic barrier in the case of the
composite electrode, thus decreasing the time constant.
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In general, the above discussion involving the EIS technique conveys the importance of
using relevant physicochemical models represented by a transfer function (or the equivalent
transmission line representation) for the detailed analysis of the significant events occurring
during the charge storage process in SCs. Therefore, it becomes evident that the use of
equivalent circuit analogs, commonly derived from modified versions of the well-known
Randles–Ershler circuit, which was further improved by Grahame and Sluyters with the
concept of Faradaic impedance for the study of different electrochemical reactions on
the mercury electrode, must be used with great caution to avoid speculative discussions
involving solid electrodes used in different energy storage devices that exhibit different
dispersive effects.

3.3. CV and GCD Analyses

Obviously, there are several important parameters determined using EIS that are not
available from the CV and GCD experiments. However, to verify the internal consistency
of the specific capacitance experimental findings obtained using different electrochemical
techniques, we also conducted studies using the CV and the GCD techniques. As will be
seen, good agreement was found since the CV and GCD profiles are representative of true
supercapacitors instead of undesirable battery-like systems. Also, the specific capacitance
values determined from the EIS and GCD findings are similar.

Figure 7 contrasts the CV and GCD findings obtained for CNFs and NiO@CNFs in
two distinct symmetric coin cells filled with a 1.0 M Li2SO4 aqueous solution. As seen in
Figure 7a, we obtained a capacitive/pseudocapacitive voltage window of 1.0 V for both
cells. Two important features ensured that our coin cells behaved as true supercapacitors:
(i) the voltammetric curves were almost rectangular, with a “mirror-like” shape even at
50 mV s−1 (e.g., the absence of the peaked-shape voltammograms characteristic of “battery-
like” systems), and (ii) the GCD profiles were almost triangular (e.g., the absence of the
voltage plateau verified for “battery-like” systems). In addition, the retention of capacitance
was excellent even after 30,000 cycles (see Figure 7e,f). The small oscillations verified for the
capacitance values can be ascribed to the progressive activation of the inner surface regions
by deeper penetration of the electrolyte ions [36]. In any case, the coin cell maintained
high capacitance retention (e.g., >95%) during the long-term charge–discharge experiments,
which is typical for well-behaved supercapacitors. These important findings revealed that
the solid-state redox process involving the nickel species in the hydrated oxide (e.g., gel
layer structure) is highly reversible.

A comparison of the VCs in Figure 7a,c,d revealed an enormous increase in the specific
voltammetric current for the composite containing Ni(OH)2. For the applied scan rates of
50, 25, and 5 mV s−1, the specific capacitances obtained for CNF electrodes were 4.2, 5.0,
and 5.6 F g−1, respectively. At the same time, the corresponding values for the NiO@CNF
electrodes were 500, 520, and 620 F g−1, respectively. These findings are similar to those
for Ni-based oxide electrode materials used in SCs [1,8–12]. As previously verified by
Fantini and Gorenstein [57], the CV profiles for nickel hydroxide thin films are practically
identical in neutral and alkaline solutions. Therefore, the absence in the present study
of the pronounced peaks/bands commonly verified for battery-like Ni(OH)2 composite
materials in alkaline solutions can be understood considering the occurrence of a strong
synergism in the composite, i.e., the pseudocapacitive process was spread over the entire
voltage window where the electrolyte is stable due to the presence of a uniform distribution
in the porous electrode structure of reactive sites with different activation energies for the
charge transfer reaction [3,28,33]. As a result, the electrochemical response is quite similar
to that commonly verified for EDLCs. These are very important findings since, in most
studies, the authors are interested in fabricating a composite material that exhibits the
intrinsic characteristics of well-behaved supercapacitors. This featureless voltammetric
profile verified for a hydrated transition metal oxide (TMO) is not new. For example,
similar findings are commonly verified for the well-known RuO2·xH2O system in acidic
and neutral solutions [58]. In addition, in the case of two-electrode cells, the faradaic
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current is distributed on a more flattened pattern in the voltammetric curves since the
voltage for the working electrode (anode) is not measured against a true reference electrode
having a potential benchmark that is constant during the experiments.

Figure 7. Electrochemical findings for CNFs (left) and NiO@CNFs (right) electrodes in symmetric
coin cells filled with a 1.0 M Li2SO4 aqueous solution: (a,c,d) the scan rate is indicated in the figure;
(b) GCD profiles obtained at 0.4 A g−1 for CNFs and 4 A g−1 for NiO@CNFs; (e,f) the cyclability test
performed at 20 A g−1 for both cells. All experiments were carefully performed using the capacitive
cell potential/voltage range where the electrolyte was stable (e.g., in the absence of water electrolysis).

The analysis of Figure 7b evidenced a huge increase in the discharge time when
Ni(OH)2 was incorporated in the carbon-based scaffold. As a result, the specific capacitance
was strongly increased. Table 4 gathers the specific capacitances determined using the GCD
findings for the different electrodes and normalizing factors. As seen, the overall specific
capacitance for the two-electrode (coin cell) case is in good agreement with that verified in
the EIS study (see Table 2). We chose to use the specific capacitance values corresponding to
the individual (single) electrodes (e.g., the specific capacitances obtained in three-electrode
cells) in addition to the two-electrode case obtained for the symmetric coin cell.

Table 4. Overall specific capacitances in the unities of F g−1 obtained from the GCD findings.

Conditions NiO@ CNFs CNFs

Single electrode 2548 16
Two electrodes 637 4
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Obviously, the specific pseudocapacitance values of practical importance are those
referring to the two-electrode case, as in the current EIS study. However, to facilitate a
comparison with the literature regarding the use of traditional three-electrode cells, we
calculated the capacitances obtained from GCDs for the individual electrodes. In this sense,
using the experimental masses of 12.3 mg (CNFs) and 12.6 mg (composite), we verified
a very small specific capacitance of 16 F g−1 for CNFs. On the contrary, we verified an
enormous specific pseudocapacitance of 2548 F g−1 for NiO/Ni(OH)2 that is very close
to the predicted theoretical value of ~2600 F g−1 [59]. The maximum specific energy
and power obtained for the NiO@CNF composite electrodes were 88.47 Wh kg−1 and
20,833 W kg−1, respectively. The maximum specific energy and power obtained for the
CNF electrodes were 0.56 Wh kg−1 and 96.78 W kg−1, respectively. These GCD findings
were obtained at 1 mA.

It is worth mentioning that it is not correct to normalize the capacitance using very
small electrode masses for extrapolation purposes since the electrochemical data probably
would not scale up with the larger masses used in practical electrodes [60]. Moreover, we
would like to emphasize that, in several studies, the pseudocapacitance values reported for
single- and two-electrode cases are illusory (incorrect), i.e., different battery-like electro-
chemical systems were erroneously characterized as true pseudocapacitors. As recently
discussed by some of the present authors [1], this important issue arises from the incorrect
distinction between the capacity (Ah g−1) and capacitance (F g−1) concepts [61].

4. Conclusions

Different symmetric supercapacitors (EDLC and PC) were used as “model systems”
to apply a robust impedance model to understand the influence of disordered electrode
materials on the transport anomalies occurring in the ionic and electronic conductors.
For the first time, deviations from Fick’s law were identified and quantified during the
charge storage process in SCs using the electrochemical impedance spectroscopy (EIS)
technique. The use of an impedance model containing two time constants was adequate to
represent normal and anomalous charge transports in the different channels (phases) in
intimate contact.

Abnormal charge transport in the ionic and electronic conductors was quantified
by the dispersive parameters (n and s) extracted from the different time constants. The
anomaly degree verified for the ionic transport inside the narrow pores was pronounced for
the EDLC system (n = 0.42). In contrast, in the case of the NiO@CNF (composite) system, the
ionic transport was practically regular (n = 0.92). At the same time, the electronic transport
was nearly regular (s ≥ 0.98) for the different solid-state conductors. The analysis of the
exponent (β) representing the capacitance and pseudocapacitance dispersions revealed a
low degree of deviation (β ≈ 0.95) for the different electrode materials compared to the
ideal case (β = 1).

It was verified that the specific capacitance increased from 2.62 to 536 F g−1 after
decorating the carbon substrate (CNF—carbon nanofibers) using NiO nanoparticles. These
findings support the occurrence of a strong synergism in the composite, where the porous
electrode structure of CNFs propitiates a fast ionic transport towards the hydrated oxide
structure (NiO·xH2O) where the solid-state pseudocapacitance is localized. In addition,
CNFs act as localized current collectors that promote a rapid capture of the electrons that
originated from the solid-state redox reaction. Voltammetric and galvanostatic studies
corroborated the very good capacitance and pseudocapacitance behaviors exhibited by
the different symmetric coin cells, i.e., the presence of rectangular voltammetric profiles in
conjunction with the triangular galvanostatic charge–discharge curves confirmed the strong
capacitive behavior observed in the EIS study. Obviously, charge transport anomalies can
only be identified using the impedance technique.
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Abstract: Due to their broadband optical absorption ability and fast response times, carbon nan-
otube (CNT)-based materials are considered promising alternatives to the toxic compounds used
in commercial infrared sensors. However, the direct use of pure CNT networks as infrared sensors
for simple resistance read-outs results in low sensitivity values. In this work, MoS2 nanoflowers
are composited with CNT networks via a facile hydrothermal process to increase the bolometric
performance. The thermal diffusivity (α) against temperature (T) is measured using the transient
electro-thermal (TET) technique in the range of 320 K to 296 K. The α-T curve demonstrates that
the composite containing MoS2 nanoflowers provides significant phonon scattering and affects the
intertube interfaces, decreasing the α value by 51%. As the temperature increases from 296 K to
320 K, the relative temperature coefficient of resistance (TCR) increases from 0.04%/K to 0.25%/K.
Combined with the enhanced light absorption and strong anisotropic structure, this CNT–MoS2

composite network exhibits a more than 5-fold greater surface temperature increase under the same
laser irradiation. It shows up to 18-fold enhancements in resistive responsivity ((Ron − Roff)/Roff)
compared with the pure CNT network for a 1550 nm laser at room temperature (RT).

Keywords: CNT network; MoS2 nanoflowers; bolometer; uncooled; photothermal performance

1. Introduction

Fast and sensitive infrared (IR) detectors operating at room temperature are of tremen-
dous interest for industrial, scientific, and military applications, including in security,
environmental monitoring, remote controls, optical communication, thermography, and
astronomy, as well as for the latest technologies, such as in self-driving cars and for obstacle
avoidance in robots [1–5]. Traditional bolometers consist of an absorber and a sensor.
During detection, thermal radiation is absorbed by the absorber, leading to a temperature
increase, subsequently resulting in a change in electrical resistance in the sensor, which can
be measured using electrical circuits. Then, through electrical signal processing, the temper-
ature of the target object is obtained. Nowadays, the main commercial uncooled thermistor
materials are amorphous silicon (a-Si), vanadium oxide (VO2), and germanium–silicon–
oxide [6–8]. However, a-Si shows long response times of tens to hundreds of ms [9,10].
The production of VO2 causes great environmental pollution [11,12]. Furthermore, the
commercialized uncooled bolometers require sophisticated designs such as micro-bridges
or thermal insulation layers to obtain good thermal insulation [13,14], as well as an extra IR
absorption layer [15] to ensure good photon absorbance. Thus, although high performance
can be achieved with the above complex designs, more accessible uncooled bolometric
materials with self-absorbing, self-thermal-insulating, and self-sensing properties are in
great demand to increase the application of bolometers in real life.

Due to their broadband IR absorption and fast responses of up to picoseconds resulting
from the ultrahigh carrier mobility and weak electron–phonon scattering, carbon nanotubes
(CNTs) and their composites have attracted wide attention as some of the most promising
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candidates for flexible IR detectors [16–20]. However, the TCR (temperature coefficient
of resistance) of CNTs is low, which makes simple resistive read-outs difficult. Itkis et al.
reported a large bolometric photoresponse of suspended single-walled CNT (SWCNT)
films with TCR values of 1% at 330 K and 2.5% at 100 K [21], which were close to those
of a VO2 bolometer [22,23]. However, the large-scale production of single-walled carbon
nanotubes (SWNTs) of high quality and purity is expensive and challenging, which limits
their application [24,25]. The relatively cheaper price of MWCNTs and compromised but
still excellent optical, electrical, and mechanical strength makes them a good candidate
for bolometer applications. Randomly assembled MWCNT films synthesized by vacuum
filtration is some of the most accessible forms of bulk CNT materials suitable for large-scale
production and application. Nevertheless, for MWCNT films, the TCR was reported to
be only 0.088%/K [26]. The high k and low TCR of pure MWCNT films result in weak
temperature sensitivities and lead to poor bolometric performance. It would ideal if CNT
bolometers could be used with simple resistive read-outs and could be manufactured
without the use of high-quality CNTs or delicate microfabrication processes.

To improve the bolometric performance of CNTs, photothermal materials with high
light absorption and TCR can be composited with CNTs such as graphene [17,18] and
metal oxides (ZnO, VO2) [20,27–29]. Lu et al. achieved novel exciton dissociation of a
graphene–MWCNT hybrid film through heterojunctions self-assembled at the graphene–
MWCNT interfaces. This method significantly improved the responsivity of the CNTs
in the near-infrared region [18]. Nandi et al. used a spray coating method to prepare a
suspended bolometer based on an MWCNT coated with vanadium oxide. The suspended
bolometer showed a high TCR of ~−0.41%/K, which was ~4.86 times higher than that of the
previously reported suspended MWCNT film [22]. Recently, it was reported that MoS2 with
a flower-like or spiral-like shape showed excellent light absorption performance [30–32].
Tahersima et al. reported on the rolling of Van der Waal heterostructures of molybdenum
disulfide (MoS2)–graphene (Gr)–hexagonal boron nitride (hBN) into a spiral solar cell,
leading to strong light matter interactions and allowing for solar absorption up to 90% [31].
Yang et al. prepared an ultrathin 2D porous film for solar steam generation based on
MoS2 nanosheets and an SWCNT film. Even at an ultra-thin thickness of about 20 nm,
its absorption rate across the entire solar spectrum range exceeded 82% [30]. Thus, it is
advantageous for CNTs to be composited with flower-like or spiral-like MoS2 to improve
the bolometric performance.

In this work, MoS2 nanoflowers are composited with a CNT network via a facile
self-assembling strategy. The CNTs act as a thermally and electrically conductive network,
while the MoS2 nanoflowers not only enhance the broadband absorbance, but also influence
the intertube coupling in the CNT network, resulting in an improved TCR value. The
thermal and electrical transport properties over the temperature range of 296 K–320 K are
investigated. The figures of merit of the free-standing composite network, including the
photothermal performance, resistive responsivity [(Ron − Roff)/Roff], detection sensitivity
to a wide spectrum ranging from ultraviolet to near-infrared, and response times are
studied and compared with the pure CNT network in detail.

2. Materials and Methods

2.1. Preparation of the CNT–MoS2 Composite Network

The CNT network was purchased from XFNANO and was prepared from CNT powder
by vacuum filtration. A piece of the CNT network with lateral dimensions of about 1 cm × 1
cm was cleaned with N2 plasma (200 W, 120 s). Sodium molybdate (Na2MoO4) and thiourea
(CH4N2S) were dissolved in deionized water with magnetic stirring for 30 min to form
precursors with two different suspension concentrations (Table 1). The resulting solutions
were denoted solution 1 and solution 2, respectively. Next, the CNT network and the
prepared mixture were put into a 100 mL autoclave and reacted at 200 ◦C for 24 h. The
samples were then removed and washed with deionized water and dried in an oven at
60 ◦C for 12 h. This hydrothermal process can be used to assemble MoS2 flakes with
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flower-like or spiral-like nanostructures in the nm–um size range, which can significantly
improve the light absorption performance [30,32–34]. Finally, the CNT–MoS2 composite
network was annealed in a tube furnace at 900 ◦C under Ar atmosphere for 2 h with a
heating rate of 2 ◦C/min. The reaction routes can be expressed as follows [35]:

Na2MoO4 2H2O + CH4N2S + H2O → MoS2 + NH3 + CH3COOH + NaOH

Table 1. Different concentrations of precursors used for synthesizing the CNT–MoS2 composite
network.

Solution Na2MoO4 2H2O (g) CH4N2S (g) DI Water (mL)

1 0.1210 0.1142 30
2 0.2420 0.2284 30

2.2. Structural Characterization Methods

In order to characterize the micro-structures of this composite network, we used X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and
scanning electron microscopy (SEM). The SEM images were taken using a JSM-7800F TEAM
Octane Plus instrument with a voltage of 10 kV. The XRD spectroscopy was carried out by
using an Empyrean diffractometer (PANalytical, the Netherlands) with Cu Kα radiation
(λ = 1.54 Å) at a generator voltage of 45 kV and a generator current of 40 mA. The elemental
composition and functional group analysis were tested using a Thermo Scientific K-Alpha
XPS instrument. The Raman spectra were obtained using a Horiba LabRAM HR Evolution
instrument. The UV–Vis–NIR spectrometer was used to characterize the absorbance of
samples in the range of 300–2000 nm. The instrument was equipped with an integrating
sphere to measure transmittance (T) and total reflectance (R), and finally to obtain the
absorbance values (A = 1 − T − R).

2.3. Characterization of the Thermal Diffusivity and TCR

The transient electro-thermal (TET) technique was used to characterize the thermal
diffusivity (α) of the samples. The CNT–MoS2 composite network was cut into long
rectangular strips, then suspended between two aluminium electrodes (the size of the
measured samples in this work is presented in Table 2). A small amount of silver paste was
used to fix the ends of the strip onto the electrodes and to reduce the contact resistance [1].
Before the measurement, the sample stage was installed on a cold head in a closed-cycle
cryostat system (Janis, CCS) where the environmental temperature was controlled from
320 K to 296 K. The environment temperature, provided through the temperature of the
cold head of the cryogenic system, was used to for the characterization of the electrical and
thermal properties. At the same time a vacuum environment was provided, in which the
air pressure was maintained below 10−2 Pa. The electrodes were connected in parallel with
a current source (Keithley 6221) and an oscilloscope (Tektronix MDO 3054).

Table 2. Details of the samples measured in this study.

Sample Length (mm) Width (mm) Thickness (μm)
Density

(kg·m−3)

S1 (Low MoS2
composite density) 5.74 ± 0.01 0.68 ± 0.01 33 ± 2 1470 ± 50

S2 (High MoS2
composite density) 6.90 ± 0.01 0.76 ± 0.01 36 ± 2 1889 ± 50

Unannealed CNT
Network 6.49 ± 0.01 0.73 ± 0.01 21 ± 2 702 ± 50

Annealed CNT
Network 6.49 ± 0.01 0.45 ± 0.01 21 ± 2 365 ± 50
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During the measurement, a step current was fed to the sample through a current
source, causing a small and fast joule heating. Here, a one-dimensional heat transfer model
can be assumed reasonably. Within a small temperature range, it can be assumed that the
TCR of the sample is constant. Then, the normalized temperature can be obtained from
the normalized voltage profile as: T* = V* = (Vsample − V0)/(V∞ − V0), where V0 and V∞
are the voltage of the sample before the joule heating and when it reaches steady state,
respectively. Thus, the averaged normalized temperature T* = [T(t) − T0]/[T(t→∞) − T0]
can be derived as [36,37]:

T∗ =
48
π4

∞

∑
m = 1

1 − (−1)m

m2
1 − exp

[−m2π2αmeasuret/L2]
m2 (1)

where m is the normalized parameter, αmeasure is the thermal diffusivity of sample, t is time,
and L is the suspended length of the sample. Based on Equation (1), the αmeasurecan be
obtained using MATLAB and via the least squares fitting of the V-t data. Different trial
values of α are used for the fitting. The fitting errors were determined to be ±10% or better
in our previous work based on the TET technique [36]. During the measurement, R is
measured using the current source and the oscilloscope in 2-point configurations, with a
small bias current (I) applied and voltage (V) probed. R is then calculated by R = V/I. TCR
is then obtained by differentiating the R-T curve.

2.4. Test of Bolometric Response

In this process, the composite sample (S2, details shown in Table 2) is suspended
between two silicon electrodes using the same method as that described in the TET char-
acterization. Before the photodetection test, the whole sample is installed in a vacuum
chamber, whose optical window is made of fused quartz. During the test, the suspended
sample is fully covered by the laser spot. The laser power irradiated on the sample is
adjusted using the laser output and an optical filter. The laser power is measured using
an optical power meter (from Thorlabs company in this study). The power density is
calculated by P/(πd2/4), where P is the laser power and d is the measured laser beam
diameter, as illustrated in Figure S1 in the Supporting Information. The resistance response
of the sample is collected using a 7 1

2 digital multimeter (KEITHLEY DMM7510). Upon
laser irradiation, the resistances when the laser is turned on and off are denoted as Ron and
Roff, respectively.

2.5. Measurement of the Response Time

To measure the transient resistive responses to the lasers, the 405 nm, 860 nm, 1064 nm,
and 1550 nm laser outputs are used as the optical sources. The laser outputs are modulated
to a 0.2 Hz square wave using a function generator. By applying a small DC current to the
sample, with which no appreciable heating occurs, the two-point voltage profiles under the
square-wave laser illumination can be recorded using the oscilloscope. In the comparative
experiment, to measure the transient resistive response to the joule heating, a square-wave
current of 16 mA in amplitude and 0.2 Hz in frequency is applied to the sample using the
current source to check the response and to compare it with the response to the modulated
laser. The transient resistive response (V-T profiles) is measured using the oscilloscope.
Then, the normalized voltage can be obtained from V* = (Vsample − V0)/(V∞ − V0), where
V0 and V∞ are the voltages of the sample before the heating or illumination and when it
reaches the steady state, respectively. From the V*-t curve, the response time is identified
when V* is decreased by 0.95.

3. Results

3.1. Material Synthesis and Structural Characterization

Figure 1a shows the schematic of the synthesis process of the CNT–MoS2 composite
network. The details can be found in the experimental section. In this process, the N2
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plasma-cleaned CNT network is placed into the mixture of sodium molybdate and thiourea
for hydrothermal treatment at 200 ◦C for 24 h, then it is thermally annealed at 900 ◦C in
Ar atmosphere for 2 h. The hydrothermal method is chosen to synthesize MoS2 because
it can assemble the MoS2 nanoflakes with different structures in the nm–μm size range.
During the process of hydrothermal treatment, the amorphous MoS2 nanoflakes grow on
the surface and in the interlayer space of the CNT network. As the concentration of the
mixture of sodium molybdate and thiourea increases, the shape of the MoS2 changes from
randomly arranged nanoflakes to a spherical assembly anchored at the surface and in the
interlayer space of the CNT network (Figure S2). After the thermal annealing treatment,
the amorphous MoS2 is transformed into well-crystalized MoS2 [30].

Figure 1. (a) Schematic illustration of the synthesis process of the CNT–MoS2 composite network.
(b) The SEM images of the unannealed CNT network. (c,d) The SEM images of the CNT–MoS2

composite network with low to high magnification. (e) The SEM of the cross-section of the CNT–
MoS2 composite network. (f) HRTEM images of the CNT–MoS2 composite network. The inset shows
the SAED pattern. (g) XRD spectrum of the unannealed CNT network and CNT–MoS2 composite
network.

The SEM images of the unannealed CNT network and the CNT–MoS2 composite
network are shown in Figure 1b, c, respectively. From Figure 1b, it can be observed that
the diameter of the CNTs ranges from 20 to 30 nm. These tubes are tightly entangled,
displaying a randomly packed network [38]. Figure 1c shows the low-magnification SEM
images of the CNT–MoS2 composite network, where the 3D flower-like MoS2 nanoflakes
are grown on the surface and in the interlayer space of CNT network [39]. Under SEM at
high magnification (Figure 1d), it can be clearly observed that the MoS2 flowers with lateral
sizes of 500 nm–3 μm assemble with each other [30]. Figure 1e shows a cross-section of
the CNT–MoS2 composite network, where it can be seen that the carbon nanotubes and
MoS2 spheres are well combined. The high-resolution transmission electron microscopy
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(HRTEM) image of the CNT–MoS2 composite network is shown in Figure 1f. The low-
resolution TEM is shown in Figure S3. The TEM image shows a typical lattice spacing of
0.62 nm, corresponding to the (002) plane of MoS2. Four peaks are shown in selected area
electron diffraction (SAED) patterns (inset in Figure 1f), which correspond to the (002),
(100), (103), and (110) crystal planes of MoS2, respectively, indicating the high crystallinity
of MoS2 [30,40,41].

Figure 1g shows the XRD patterns of the unannealed CNT network and the CNT–
MoS2 composite network. The pure CNT network only displays a typical diffraction peak
at 22.8◦, which corresponds to the (002) crystal planes [30,42]. In comparison, the CNT–
MoS2 composite network shows five peaks at 14.4◦, 22.8◦, 32.7◦, 39.5◦, and 58.3◦. The
diffraction peak at 2θ = 22.8◦ corresponds to the CNTs [42] and the other peaks can be
attributed to the (002), (100), (103), and (110) crystal planes of the hexagonal phase MoS2,
respectively [30,35,43]. The sharp peaks reveal that MoS2 has a well-developed crystalline
structure [41]. The (002) d-spacing of MoS2 is calculated to be 0.62 nm according to the
diffraction peak at 2θ = 14.4◦ using Bragg’s equation, which agrees well with the TEM
results [41]. These results demonstrate that the well-crystalized MoS2 has been successfully
composited within the CNT network.

The Raman spectra of the CNT network and the CNT–MoS2 composite network
are shown in Figure 2a, where the pure CNT network shows two pronounced peaks at
1341 cm−1 and 1588 cm−1. The G mode originates from the stretching of the C-C bond,
which is usually assigned to zone center phonons of E2g symmetry. The D peak character-
izes the disordered degree of the sp2 hybrid bond structure in the graphite structure [44–46].
The intensity of the D peak to that of the G peak (ID/IG) can be used to estimate the density
of disorders of the carbon materials. The ID/IG of the original CNT network is 0.039, while
the ID/IG is 0.028 after annealing treatment, which shows a small decrease, indicating that
the structure of the CNTs is purified by the thermal annealing process. The full width at
half maximum (FWHM) of the original CNT network is 27.2 cm−1, which is larger than
the CNT network after thermal annealing (22.3 cm−1). The low ID/IG indicates that the
defect density of the original CNT network is low. The thermal annealing treatment further
reduces the defects density. After the MoS2 deposition, two obvious peaks at 384 cm−1 and
409 cm−1 appear corresponding to the E1

2g and A1g modes of the hexagonal MoS2, respec-
tively. The E1

2g and A1g modes represent the molybdenum and sulphur atoms displaced in
the layer, respectively. The frequency difference between A1g and E1

2g modes is 25 cm−1,
indicating that the MoS2 in the CNT–MoS2 composite network is multi-layered [47,48]. The
D peak and G peak of the CNT network cannot be observed using Raman spectroscopy
due to the MoS2 composite layer covering the surface and the interlayer space of the CNT
network.

The elemental composition and functional groups of the CNT–MoS2 composite and
CNT network are characterized and compared here using XPS. The XPS spectrum of the
CNT–MoS2 composite network reveals the existence of C, O, Mo, and S (Figure 2b). It can
be observed that the intensity levels of O1s and C1s show an obvious weakening trend
with the MoS2 composite. The main reason for this phenomenon is the large amount of
MoS2 composite, which is consistent with the Raman spectra results [49]. Figure 2c shows
the O1s spectrum, which can be deconvoluted into two peaks at 530.8 eV and 534.0 eV,
corresponding to the C-O and O-C=O, respectively. As shown in Figure 2d, the peak of
C1s can be deconvoluted into three peaks at 284.8 eV, 285.3 eV, and 286.9 eV, corresponding
to C-C, C=C, and C-O, respectively. Figure 2e, f further proves the existence of the MoS2.
Figure 2e shows a high-resolution Mo3d spectrum with two peaks at 229.1 eV and 232.3 eV.
These peaks correspond to the binding energies of Mo3d5/2 and Mo3d3/2, respectively, and
confirm the presence of Mo4+ [50]. Furthermore, the weak peak at 226.3 eV is attributed to
S2s. The peaks of S2p are located at 161.8 eV and 162.9 eV (Figure 2f), which are related to
S2p3/2 and S2p1/2, respectively. These XPS data further confirm the formation of MoS2.
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Figure 2. (a) Raman patterns of the unannealed and annealed CNT networks and CNT–MoS2

composite network. (b) XPS survey of the unannealed CNT network and CNT–MoS2 composite
network, as well as the high-resolution deconvoluted (c) O1s, (d) C1s, (e) Mo3d, and (f) S2p spectra
of the CNT–MoS2 composite network.

3.2. Thermal Properties and Temperature Sensitivity

To study the effect of the MoS2 composite concentration, we prepared samples with
different composite concentrations. In this work, the transient electro-thermal (TET) tech-
nique was used to measure α values of the CNT–MoS2 composite network [36,37,51,52].
For comparison, the pure CNT network after the thermal annealing was also studied. The
details for the measured samples are presented in Table 2. Figure 3a shows a schematic of
the experimental setup used for measuring the α and electrical resistance (R) values of the
network using the TET technique. The details can be found in the experimental section.

To study the effect of the MoS2 composite concentration, we prepared samples with
different composite concentrations, as shown in Table 1, where S1 is the composite network
with low MoS2 composite density and S2 is the composite network with high MoS2 com-
posite density. Figure 3b shows the normalized voltage V* = [V(t)v− V0]/[V∞ − V0] versus
time for the unannealed CNT network and the CNT–MoS2 composite network. According
to Equation (1), when the suspended length is constant, the higher α, the shorter the time
taken to reach the steady state. It can be seen that the characteristic time (the time when V*
reaches 0.8665) [36] of the CNT–MoS2 composite network with the high composite density
is much longer than that of the unannealed CNT network. The characteristic time of the
unannealed CNT network is longer than the CNT–MoS2 composite network with the low
composite density [36,37,51,52]. As shown in Figure 3c, as the concentration of the MoS2
composite increases, the α of the composite network first increases and then decreases. The
α increases from 1.29 ± 0.13 × 10−5 m2/s for pure CNTs to 1.50 ± 0.15 × 10−5 m2/s for
S1, which is a 1.2-fold increase. As the MoS2 composite concentration further increases,
the α decreases to 6.36 ± 0.64 × 10−6 m2/s, which is a 51% reduction compared with the
unannealed CNT network. Therefore, to ensure a good thermal insulation effect, S2 with
the much higher MoS2 composite and lower α was chosen for the bolometric performance
study, which is denoted as the CNT–MoS2 composite network in the following section. The
fitting process for these TET signals was conducted using MATLAB. Different trial values
of α were used for the fitting. The fitting errors were determined to be ±10% or better, as
studied carefully in our previous work based on the TET technique [36].
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Figure 3. (a) Schematic of the experimental setup used for measuring the α and electrical resistance
values from 296 K to 320 K. (b) The normalized voltage curves of TET signals and the characteristic
times of the unannealed CNT network and the CNT–MoS2 composite network with low and high
MoS2 composite density, respectively. (c) A comparison of the measured α value at RT against the
MoS2 composite density. (d) The measured α value. The measurement uncertainty of α based on the
TET technique is ±10%, which is omitted in the figure for better comparison. (e) A comparison of the
resistivity and (f) TCR values of the samples at different temperatures (296 K–320 K).

In order to study the underlying phonon propagation mechanisms, α values of the
unannealed CNT network, annealed CNT network, and composite network (S2) were
further measured in the temperature range of 320 K to 296 K (the details of the samples
in this work are presented in Table 2). As shown in the Figure 3d, for the unannealed
CNT network, α decreases from 1.29 × 10−5 m2/s to 1.24 × 10−5 m2/s when the tem-
perature increases from 296 K to 320 K. This trend is similar to the previous reports for
carbon-based materials [37]. However, the α of annealed CNT network increases from
2.62 × 10−5 m2/s to 2.73 × 10−5 m2/s when the temperature increases from 296 K to 320 K.
For the CNT–MoS2 composite network, as the environmental temperature increases from
296 K to 320 K, the α value of the CNT–MoS2 composite network gradually increases from
5.43 × 10−6 m2/s to 6.08 × 10−6 m2/s. The unusual α-T behavior of the annealed CNT
network and CNT–MoS2 composite network indicates that the effect of phonon scattering at
intertube interfaces dominates the thermal transport within them [51]. As the temperature
goes down, the thermal expansion of the CNTs could deteriorate the contact among CNTs
and contributes to the decreasing α. The detailed data for CNT–MoS2 composite network
can be found in Supporting Information in Figure S4.

Figure 3e and Figure S4 shows the measured ρ-T curves of the CNT network and the
CNT–MoS2 composite network. Since the maximum test temperature of the closed-cycle
cryostat system (Janis, CCS) can only reach 320 K, we could not obtain data above 320 K. In
the future, a new testing chamber will be required to measure the TCR at higher tempera-
tures. As shown in the figures, the resistivity of the unannealed CNT network increases
with the rising temperature from 296 K to 315 K, showing a metallic behavior [53]. As the
temperature increases from 315 K to 320 K, the resistivity of the unannealed CNT network
decreases a little. The resistivity of the annealed CNT network increases monotonously
with the increasing temperature. For the CNT–MoS2 composite network, the resistivity
increases monotonously and nonlinearly with the increasing temperature across the whole
temperature range from 295 K to 320 K. The ρ-T curve can be fitted well using a quadratic
function (Figure 3e). The temperature coefficient of resistance (TCR) is the key characteristic
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used for evaluating the bolometric performance, which can be calculated using the formula
TCR = dR/(dT·RT), where RT is the resistance at temperature T. To reduce the fluctuation
of the TCR curve, the Savitzky–Golay function is used to smooth the resistance curves
first. As shown in Figure 3f, the TCR of the CNT–MoS2 composite network increases with
the increasing temperature. At 296 K, the TCR is about 0.03–0.04%/K for both the pure
CNT network and the composite network, which is consistent with the reported values in
the literature [54]. The TCR for the pure CNT network stays around or below 0.05%/K in
the temperature range of 296 K to 320 K. For the composite network, as the temperature
increases from 296 K to 320 K, the TCR increases from 0.04%/K to 0.25%/K, which is 6 times
higher.

Compared with the pure CNT network, the CNT–MoS2 composite network shows
a metallic electrical resistivity of stronger temperature dependence. As the temperature
increases from 296 K to 320 K, the relative TCR of the CNT–MoS2 composite network
increases from 0.04%/K to 0.25%/K. From the XPS data, the CNTs are not chemically
doped by S. Thus, the existence of the MoS2 nanoflowers mainly affects the physical
structure of CNT network. The 6-fold higher TCR at 320 K indicates that the thermal
strain effect becomes more significant in the electron transport of CNTs due to the MoS2
composite, leading to a much higher TCR. For CNT–MoS2 composite network, the CNTs
play the role of an electrical connecting network. When the temperature changes, the
thermal expansion of the MoS2 and CNTs is different, which leads to thermal strain on
the CNTs. It has been reported that the electrical properties of CNTs are not only affected
by intrinsic factors, but also extrinsic factors such as the thermal strain and the significant
intertube contact resistance [55–59]. The positive TCR of graphene under strain has been
illustrated in the literature [51,60,61]. For CNTs, first-principle calculations have shown
that the electronic band structures and the electron–phonon scattering rates are strongly
correlated with axial strain [62,63]. However, due to the much larger diameter, the intrinsic
conductivity of MWCNTs is expected to be less affected by the strain. The strain can affect
not only the intrinsic electrical transport of CNT, but also the intertube interface contact
resistance, which could be the main reason for the nonlinear temperature dependence of
the network resistance. Liu et al. reported an abnormal temperature coefficient of resistance
for PMMA-supported graphene [61]. The combined effects, including the positive thermal
expansion of the PMMA, negative thermal expansion coefficient of graphene, and intrinsic
resistance change of relaxed graphene against temperature, determined the observed strong
nonlinear R-T jointly. In our previous work, we found a very strong nonlinear temperature
dependence of resistance for ultra-light graphene aerogels, where the interfaces played
a dominating role in thermal transport. The strong nonlinear behavior resulted from the
temperature-sensitive interconnection among graphene flakes [51]. In the literature, it
was found that the temperature coefficient of resistance of graphene nanowall–polymer
films changed from around 6%/K at 25 ◦C to 180%/K at 40 ◦C due the thermal strain
effect [64]. Thus, the strain effect on CNTs is expected to contribute to the higher TCR of
the CNT–MoS2 composite network. For the carbon nanotube bolometer, the TCR values
at room temperature were found to be about −0.07%/K and −0.03%/K for 90-nm-thick
purified and 100-nm-thick COOH-functionalized SWCNT films, respectively [65]. Lu et al.
prepared a SWCNT bolometer with a TCR of 0.17%/K and a MWCNT bolometer with
a TCR of 0.07%/K [19]. Kumar et al. prepared a bolometer based on the MWCNT film
with TCR of 0.088%/K at RT [26]. Although the TCR of the CNT–MoS2 composite network
was still lower than that of commercial thermistor materials, the TCR of the CNT–MoS2
composite network at 320 K was improved significantly compared to the pure MWCNT
films reported in the literature.

3.3. Photothermal Performance

The resistive bolometric responses to the laser illumination in ultraviolet to near-
infrared wavelength ranges were measured in this work. Figure 4a shows the experimental
setup. To compare the light absorbance of the CNT network, for the pure MoS2 and the

73



Nanomaterials 2022, 12, 495

CNT–MoS2 composite network, the UV–Vis–NIR spectra characterization was conducted,
where the absorption spectra from 300–2000 nm were measured. As shown in Figure 4b, the
absorption of the composite network is higher than the CNT network and MoS2 powders.
The unannealed and annealed CNT networks show absorption in the ranges of 83–87% and
72–82%, respectively, while the MoS2 exhibits an absorption range of 74–92%. The MoS2
composite increases the absorbance of the CNT–MoS2 composite network to 85%-94% over
the whole range of 300–2000 nm. Yang et al. [30] also reported that in the wavelength range
of 300 nm to 2500 nm, the photon absorption capability of a CNT–MoS2 composite network
was significantly higher than that of a CNT network, which increased from 40–88% to
90–95%. The main reason for this phenomenon can be attributed to the synergistic photon
absorption effect of the MoS2 and CNT, as well as the higher thickness of the samples after
the MoS2 composite.

Figure 4. (a) Schematic of the experimental setup used for measuring the bolometric response at
room temperature. (b) Comparison of UV–Vis–NIR absorption spectra for the CNT, MoS2, and
CNT–MoS2 composite networks. (c) A photograph of the two suspended samples. Infrared images of
the suspended (d) CNT network and (e) CNT–MoS2 composite network under the same uniform laser
irradiation. The coordinate axis shows the temperature distribution along the horizontal direction.

To investigate the photothermal performance of the composite network, the temper-
ature increases of the CNT network and the CNT–MoS2 composite network under the
36.8 mW uniform laser irradiation were measured using an infrared camera (Fotric 227s) in
air. The CNT network and CNT–MoS2 composite network were cut into rectangular shapes
of the same length and width. Then, the two samples were suspended between two silicon
electrodes. Silver paste was used to connect the samples with the electrodes. Figure 4c
shows a digital photograph of the suspended samples. The infrared images of the samples
under 36.8 mW uniform 405 nm laser irradiation as their temperature reached steady state
are shown in Figure 4d, e, respectively. The inset figures show the temperature distributions
along the horizontal direction for the two samples. It can be seen that at the steady state,
the surface temperature of the pure CNT sample increases from 23.8 ◦C to 25.6 ◦C, while
the surface temperature of the CNT–MoS2 composite network increases from 23.8 ◦C to
32.9 ◦C. The surface temperature increase for the composite network (9.1 ◦C) is more than
5 times that of the CNT network (1.8 ◦C). This can be attributed to the higher photon
absorbance and the stronger anisotropic structure of the composite network. According to
Figure 4b, it can be seen that MoS2 has strong light absorption in the ultraviolet wavelength
and gradually weakens in the infrared wavelength, while CNTs can absorb the light in
the infrared wavelength. The light is mainly absorbed by the top layer of the network.
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When the temperature of the top layer is increased as a result of the absorbed light, the
thermal energy is then conducted to the electrodes and the bottom layer. In addition, the
thermal energy is dissipated through thermal radiation. As can be seen in Figure 1e, the
MoS2 is composited on the surface and in the interlayer space of the CNT network. As a
result, along the thickness direction, the thermal conduction could be greatly impeded by
the porous MoS2 nanoflowers as well as the resulting interlayer voids. As a result, heat is
localized significantly near the top layer of the CNT network. This means the temperature
of the top layer is very high, resulting in higher thermal energy loss through thermal
radiation. However, the bottom surface shows a smaller temperature rise. Therefore, the
amount of thermal radiation from its lower surface is reduced compared to CNT network.
It should be noted that since the infrared image was taken in air, the air convection effect
was not avoided. For the bolometric sensing, the sensor was equipped in a vacuum, which
further reduced the heat loss through air convection and led to much higher temperature
increases.

3.4. Bolometer Performance

The resistive bolometric response to the laser illumination in ultraviolet to near-
infrared wavelength ranges was measured. Figure 4a shows the experimental setup. The
details of the experiment can be found in the experimental section. We chose 405 nm,
860 nm, 1064 nm, and 1550 nm lasers, which can represent the UV–Vis–NIR range. The
resistances when the laser is turned on and off is denoted as Ron and Roff, respectively.
The Ron and Roff results are summarized in Figure 5. Figure 5a shows the raw data for the
resistance response of the CNT–MoS2 composite network to the 405 nm laser. In the first
round of testing, the laser power increased from 14 mW to 93 mW. The corresponding Ron
and Roff are denoted as I-ON and I-OFF, respectively, in the figure. When the laser was
turned on, R showed a liner increasing trend as the laser power increased (I-ON). To study
the repeatability of the response, the resistance response was measured again as the laser
power was reduced from 93 mW to 14 mW. The corresponding Ron and Roff are denoted
as D-ON and D-OFF, respectively, in the figure. As is shown in Figure 5a, the data of the
decreasing round shows good consistency with that of the increasing round. This proves
that the bolometric response of the composite network has good repeatability. The relative
resistive responsivity per mW of power dR/(P·R) is calculated using (Ron − Roff)/(Roff·P),
where P is the incident laser power [1]. As shown in Figure 5b, as the incident laser power
increases from 14 mW to 93 mW, the corresponding responsivity changes from 0.114%/mW
to 0.149%/mW.

Figure 5. The R-P curves of the CNT–MoS2 composite network under laser irradiation at different
wavelengths: (a) 405 nm; (c) 860 nm; (e) 1064 nm; (g) 1550 nm. The relative resistive responsivity per
mW of power dR/(P·R) curves under laser irradiation at different wavelength: (b) 405 nm; (d) 860 nm;
(f) 1064 nm; (h) 1550 nm.
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In addition, Figure 5c,e,g show the original data for the resistance responses to the
860 nm, 1064 nm, and 1550 nm lasers, respectively. All of the resistance responses show
a similar trend, whereby the resistance increases linearly with the increasing laser power.
The two rounds of data show good repeatability. Figure 5d,f,h show the relative resistive
responses to the 860 nm, 1064 nm, and 1550 nm lasers, respectively. To check the bolometric
response to lower laser power densities, the laser power was further reduced to 3 mW.
Figure S5 shows that the CNT–MoS2 composite network also exhibits good repeatability
and high responsivity to low laser powers of 3–20 mW. It should be noted that the R-P
curve appears to be linear in Figure 5. However, the R-P curves were measured under lower
laser power. As can be seen in Figure S5, the dR/dP value under the lower laser power is
lower than that under higher laser power. Under higher laser power, the dR/dP values
of the 405 nm, 860 nm, 1064 nm, and 1550 nm lasers are 0.0192 Ω/mW, 0.0319 Ω/mW,
0.0335 Ω/mW, and 0.0321 Ω/mW, respectively. However, under the lower laser power,
the dR/dP values of the 405 nm, 860 nm, 1064 nm, and 1550 nm lasers are 0.0150 Ω/mW,
0.0156 Ω/mW, 0.0208 Ω/mW, and 0.0178 Ω/mW, respectively. This indicates that the
dependence of the network resistance on the laser power is nonlinear.

For better comparison of the CNT–MoS2 composite network and the CNT network,
the responsivity is calculated by dR/R = (Ron − Roff)/Roff. For comparison, Figure S6
shows the R-P curves of the unannealed CNT network at different wavelengths. The
annealed CNT network was also tested for comparison. However, the annealed CNT
network showed very poor repeatability and responsivity, probably due to the unstable
intertube connection. Thus, the unannealed CNT network was chosen for the bolometric
performance study. Their responses for a laser power density of 2 mW/mm2 are compared
and summarized in Figure 6a (raw data presented in Figures S7 and S8). It can be seen
that the responsivity of the CNT–MoS2 composite network is much higher than that of
the unannealed CNT network, which improves by 6.5-, 5.5-, 6.5-, and 18.5-fold under the
405 nm, 860 nm, 1064 nm, and 1550 nm laser irradiation, respectively.

In addition, it can be observed that when the laser is turned off, the variation of
resistance (I-OFF and D-OFF) of the CNT–MoS2 composite network is small (less than
0.147%). The noise of the resistance readout is calculated to be as low as RN = 0.02 Ω
(the standard deviation of the I-OFF and D-OFF). By taking the resistance stability into
consideration, the minimum detectable laser power can be calculated by RN/(dR/dP).
Therefore, laser powers as low as 1.005 mW from the 405 nm laser, 0.592 mW from 860 nm,
1.040 mW from 1064 nm, and 0.616 mW from 1550 nm can be detected by the CNT–
MoS2 composite network-based bolometer. For comparison, for the unannealed CNT
network bolometer, the minimum detectable laser power is 2.287 mW from the 405 nm
laser, 1.100 mW from 860 nm, 1.645 mW from 1064 nm, and 0.894 mW from 1550 nm.
As summarized in Figure 6b, the minimum detectable laser power of the CNT–MoS2
composite network is lower than the unannealed CNT network, which indicates that the
composite network-based bolometer shows higher detecting sensitivity.

Considering that the mechanism of the photoresponse could be photovoltaic or bolo-
metric, to clarify the mechanism of the photoresponse, the resistance responses to the
laser heating and the joule heating were compared. The experimental setup is shown in
Figure 4a. To measure the transient resistive responses to the laser irradiation, the 405 nm,
860 nm, 1064 nm, and 1550 nm lasers were used as the optical sources. The laser output
was modulated to a 0.2 Hz square wave using a function generator. In the comparative
experiment, to measure the transient resistive response to the joule heating, a square-wave
current of 16 mA in amplitude and 0.2 Hz in frequency was applied to the sample to check
its response and to compare it with the response to the modulated laser. The transient
voltage response (V-t profiles) was measured using the oscilloscope. The detailed raw data
can be found in Figures S9 and S10 in the Supporting Information. All of the voltages of
the CNT–MoS2 composite network increase and reach the steady state under the three
scenarios (Figure S11).
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Figure 6c shows the normalized voltage−time profiles (V*-t). Excellent agreement
can be seen between the transient responses to the laser illumination and joule heating,
where similar characteristic times of 469 ms for the joule heating, 446 ms for the 405 nm
laser, and 460 ms for the 1550 nm laser heating can be seen. These results demonstrate
that the photoresponse behavior of the CNT–MoS2 composite network is bolometric [13].
Furthermore, the response time of the CNT–MoS2 composite network and the CNT network
under laser irradiation ay different wavelengths were compared. As shown in Figure 6d,
the response time of the CNT–MoS2 composite network is about twice of that of the CNT
network. As discussed above, the α value of the CNT–MoS2 composite network was
measured to be about half of the α of the unannealed CNT network. Considering the
similar suspended lengths of the samples, as demonstrated in Equation (1), the response
time of the one-dimensional heat conduction under uniform heating was only determined
by α. Thus, the response time results were consistent with the measured α results for the
two samples discussed above.

Figure 6. (a) A comparison of the reponsivity (dR/R) values of the unannealed CNT network and
the CNT–MoS2 composite network under the same 2 mW/mm2 laser power density at different
wavelengths. (b) A comparison of the sensitivity (the minimum detectable laser power) levels of the
unannealed CNT network and the CNT–MoS2 composite network to different laser wavelengths.
(c) Comparison of normalized voltage–time profiles between the modulated laser heating and joule
heating, showing the same response times and confirming that the photoresponse to the laser is a
bolometric effect. (d) A comparison of the response times of the unannealed CNT network and the
CNT–MoS2 composite network to different laser wavelengths.

Therefore, the mechanism of the photoresponse for the CNT–MoS2 composite network
can be described as follows. Under laser illumination, the photons are absorbed by the
sample, which produces photoexcited carriers (excitons) [1]. Subsequently, the electron–
phonon interaction leads to a fast transfer of the energy into the CNT lattice. Then, the
temperature increase provides more phonon scattering opportunities for electrons, thereby
increasing the electrical resistance of the sample. Therefore, the resistance of the CNT–
MoS2 composite network increases with the laser power. According to the one-dimensional
thermal conduction model shown in Equation (1), the decay time (the corresponding time
when the normalized voltage reaches 0.95) can be derived as Δtc = 0.2026L2/α. Thus, the
response time is proportional to L2 and inversely proportional to α [1]. In our work, the
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suspended length of the CNT–MoS2 composite network was 2.15 mm. If the suspended
length of the sample is reduced to 350 μm (the typical size of a pixel element of bolometric
detector arrays) in the future, the response time of the CNT–MoS2 composite network will
be reduced to 1/36 of the original response time, corresponding to 11.76–12.25 ms and a
frame rate of 4150–4000 Hz, meeting the requirements for real-time infrared imaging.

4. Conclusions

In summary, MoS2 nanoflowers were composited with the MWCNT network via
a facile self-assembling strategy to boost the bolometric performance. The α-T curve
demonstrated that the MoS2 nanoflowers provide significant phonon scattering and affect
the intertube interfaces, decreasing α by 51%. As the temperature increased from 296 K to
320 K, the relative TCR increased from 0.04%/K to 0.25%/K. The detection experiment under
low laser power proved that the CNT–MoS2 composite network had strong sensitivity. It
showed 5–18-fold enhancements in resistive responsivity compared with the pure CNT
network to the 405–1550 nm laser irradiation at room temperature (RT). Under 2 mW/mm2

power density for the 1550 nm laser, the responsivity reached 3.61%. The response time
range of the 350-μm-long sample was about 11.76–12.25 ms, which was consistent with the
joule heating result. This confirmed that the photoresponse of the CNT–MoS2 composite
network was bolometric. The simple device structure and the removal of the requirement
for high-quality CNTs represent steps forward towards the wide application of CNT-based
IR detectors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12030495/s1 Figure S1. Measure the diameter of (a) 405 nm,
(b) 860 nm, (c) 1064 nm, and (d) 1550 nm laser through knife edge technique [66]; Figure S2. Low-
and High- magnification of SEM images of the sample 1 with low MoS2 decoration; Figure S3. Low
resolution of SEM images of the CNT-MoS2 composite network; Figure S4. The measured α and
resistivity of the composite network at different temperatures (296 K-320 K). The measurement
uncertainty of α based on the TET technique is ±10%, which is omitted in the figure for better
comparison; Figure S5. the R-P curve comparison of the CNT-MoS2 composite network under low
laser power irradiation with different wavelength: (a) 405 nm, (b) 860 nm, (c) 1064 nm, (d) 1550 nm
and (e) the comparison of the dR/R-PD (power density) curve; Figure S6. the R-P curve of the pure
CNT network with different wavelength: (a) 405 nm, (b) 860 nm, (c) 1064 nm, and (d) 1550 nm;
Figure S7. the dR/R-PD (power density) curve of the pure CNT network under laser irradiation with
different wavelength: (a) 405 nm, (b) 860 nm, (c) 1064 nm, and (d) 1550 nm; Figure S8. the dR/R-PD
curve of the CNT-MoS2 composite network under laser irradiation with different wavelength: (a)
405 nm, (b) 860 nm, (c) 1064 nm, and (d) 1550 nm; Figure S9. The normalized voltage-time profiles of
the pure CNT network under the laser irradiation of different wavelength: (a) 405 nm, (b) 860 nm,
(c) 1064 nm, and (d) 1550 nm; Figure S10. The normalized voltage-time profiles of the CNT-MoS2
composite network under the laser irradiation of different wavelength: (a) 405 nm, (b) 860 nm, (c)
1064 nm, and (d)1550 nm; Figure S11. the voltage-time profiles of the composite network under the
modulated laser heating and the joule heating. (With offset for comparison)
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Abstract: This work documents the annealing effect on the thermal conductivity of nanotube film
(CNTB) and carbon nanotube fiber (CNTF). The thermal properties of carbon nanotube samples are
measured by using the transient electro-thermal (TET) technique, and the experimental phenomena
are analyzed based on numerical simulation. During the current annealing treatment, CNTB1
always maintains the negative temperature coefficient of resistance (TCR), and its thermal diffusivity
increases gradually. When the annealing current is 200 mA, it increases by 33.62%. However, with
the increase of annealing current, the TCR of CNTB2 changes from positive to negative. The disparity
between CNTB2 and CNTB1 suggests that they have different physical properties and even structures
along their lengths. The high-level thermal diffusivity of CNTB2 and CNTF are 2.28–2.46 times
and 1.65–3.85 times higher than the lower one. The results show that the decrease of the thermal
diffusivity for CNTB2 and CNTF is mainly caused by enhanced Umklapp scattering, the high thermal
resistance and torsional sliding during high temperature heating.

Keywords: carbon nanotubes; current annealing; thermal conductivity; graphitization

1. Introduction

Carbon nanotubes (CNTs) have progressively attracted researchers’ attention for their
lightweight, small size and acceptable flexibility. Moreover, they have both excellent
electrical and thermal conductivity, which determines that they have application value
and development potential as a high-performance reinforcement material [1]. However, in
practical applications, they have failed to reflect the excellent properties of CNTs because
they are dispersed randomly and prone to agglomeration [2]. Previous studies on CNTs
have concentrated on the preparation [3,4], the optimization of the mechanical properties
of CNTs composites [5,6] and the enhancement of the effectiveness of CNTs as capacitor
electrode materials [7]. In recent years, studies have shown that high temperature annealing
is an effective approach to improve the structure and thermal conductivity of carbon
materials [8,9]. Chen et al. [10] found that thermal treatment is capable of repairing the
structure of graphene and making graphene sheets accumulate more regularly. Thereby, the
thermal conductivity is increased. Mayhew et al. [11] found that the thermal conductivity
of carbon nanofibers could be increased by nearly 40 times after annealing at 2800 ◦C for
20 h. However, the effect of high temperature annealing on the thermal conductivity of
carbon materials is complicated, for which a mechanism has yet to be figured out.

The traditional method of annealing at present is indirect annealing in the furnace,
and the current annealing in this experiment has the superiorities of straightforward and
efficient in situ measurement compared with the traditional annealing. Current annealing
can be accomplished in a few seconds for the sample annealing treatment. The sample
is always in the invariable equipment before annealing until the sample is burned down
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after complete annealing to measure thermal conductivity, which reduces the measurement
errors caused by factors such as the pollution of the area under measurement and the
different qualities of the sample.

In this work, the focus is on the current annealing effect on CNTB and CNTF. The
data is collected by using the TET technique, and the variation of thermal diffusivity with
annealing current is analyzed. The evolution of material microstructures is studied based
on the variation of their thermal properties.

2. Materials and Methods

2.1. Experimental Materials

The CNTB (Suzhou Tanfeng Graphene Technology Co., Ltd., Suzhou, China) was
prepared from multi-walled carbon nanotubes (MWCNTs) by floating catalysis to pattern
a film with the size of 10 cm × 10 cm (Figure 1a), with an electrical conductivity of
(0.8–3) × 10−5 S/m, a strength of 60–100 MPa and a density of 400 kg/m3. Figure 1b, the
SEM image of CNTB, clearly shows that the film is made of innumerable carbon nanotubes
arranged desultorily. Moreover, the carbon nanotubes have non-uniform diameters and
randomly overlap with others, which makes the surface of the prepared film rough to a
certain extent. The tested samples were prepared along the length direction of the square
CNTB film (CNTB1) and along the other side of the CNTB film (CNTB2), as shown in
Figure 1a.

Figure 1. (a) The intact carbon nanotube film (CNTB) before the TET experiments. (b) The SEM
image of the CNTB. The SEM images of CNTF under different magnifications of (c) 1500× and
(d) 20,000×. These indicate CNTB and CNTF are made of innumerable carbon nanotube fibers
arranged desultorily.
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The carbon nanotube fiber (CNTF, Nanjing JCNANO Tech Co., Ltd., Nanjing, China)
was also prepared from MWCNTs by using the floating catalyst method, with a density
of 675.43 kg/m3, the strength of 310–500 MPa, the modulus of 10 GPa and a tensile rate
of 20–30%. From its SEM images (Figure 1c,d), the CNTF sample had a certain degree of
twisted texture and roughness, and there is a cross-overlap as well.

2.2. Transient Electro-Thermal Technique

The thermal conductivities of carbon nanotube materials were measured by using
TET. Figure 2 shows the schematic diagram of the TET experimental system. The samples
were suspended on a sample holder with two separate electrodes. A small amount of silver
paste was applied to stabilize both ends of the samples on the electrodes to reduce the
contact resistance between the samples and electrodes. Then the sample holder was placed
into a vacuum chamber to exclude heat convection. As the air pressure in the vacuum
chamber during the measurement was maintained at 1 × 10−3 mbar, the heat convection
effect on the measured thermal diffusivity was negligible. A step current supplied by a
current source (KEITHLEY 2611A, Keithley Instruments Inc., Cleveland, OH, USA) was
fed to the samples to generate Joule heating in the samples. The thermal diffusivity of
the samples was obtained by analyzing the temperature rise curve with a physical model
discussed below.

 

Figure 2. The schematic diagram of the TET experiment. TET is composed of a vacuum chamber,
current source and oscilloscope. In the vacuum chamber, the air pressure is less than 1 × 10−3 mbar
during the measurement. The sample is placed on the electrodes, and a silver paste is applied to the
ends for reducing contact resistance.

As the CNTB and CNTF samples have a large aspect ratio, a one-dimensional heat
transfer model was used for analysis [12]. The average temperature change of the sample
directly affects the variation of the voltage over the sample as [13]:

Vsample = IR0 + Iη
4q0L2

kπ2

∞

∑
m=1

1 − exp[(−(2m − 1)2π2αefft)/L2]

(2m − 1)4 (1)
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where η is the temperature coefficient of resistance, q0 is the electrical heating power per
unit of volume, k is the thermal conductivity, αeff is the effective thermal diffusivity of
the sample.

Defining a normalized average temperature rise as T∗ = (Tt − T0)/(Tt→∞ − T0), it
can be expressed as [13,14]:

T∗ = 48
π4

∞

∏
m=1

1 − (−1)m

m2
1 − exp[−m2π2αefft/L2]

m2 (2)

When a step current is applied to a sample, its resistance varies with the temperature,
which leads to a change of voltage. Therefore, the experimental value of the normalized
temperature rise T∗

exp can be calculated by the change of voltage as: T∗
exp = V∗ =

(Vsample − V0)/(V∞ − V0), where V0 and V∞ are the initial and steady-state voltages across
the sample, respectively. The V-t curve of the sample was recorded by an oscilloscope (DSO-
X3052A, Agilent Technologies Inc, Santa Clara, CA, USA); combined with Equation (1), the
thermal diffusivity (α) of the sample was obtained, which was used to fit the normalized
temperature curve. The α value with the best fitting was determined as αeff, and associates
with the density (ρ) and specific heat capacity (cp) of the sample, its effective thermal
conductivity (keff) can be obtained as calculated by: keff = ρcpαeff.

2.3. Experimental Procedure

The current annealing was applied to the sample in the same experimental setup
as TET in this study. After the sample was laid in a vacuum chamber, the αeff of the
sample at room temperature was first measured using a step current with low intensity
in order to raise the temperature as small as possible. Then a Direct Current (DC) with
high intensity was applied to the same sample to generate large heat in the sample and
complete the thermal annealing. The thermal annealing lasted for more than 120 s to
ensure thermal equilibrium for one run. The second αeff was measured after the sample
finished the first annealing run. The annealing run and in-situ TET measurement were then
performed alternatively by switching the form of the current between the large DC current
(for annealing) and small step current (for TET measurement). The DC current increases a
little at a time until the sample is burned down. This method can fully realize the effective
monitoring of the structural variation in the annealing process. The error of transferring
samples between the different annealing and measurement devices is successfully avoided.
This is the whole current annealing procedure, in which the effects of current annealing on
thermal conductivity are investigated.

3. Results and Discussions

3.1. Results
3.1.1. Positive Effect of Annealing on CNTB1

The annealing process and in-situ TET measurement are first applied to CNTB1 (length:
3620.71 μm; width: 288.42 μm; thickness: 25 μm). The decreasing voltage along with time
demonstrate that the MWCNTs dominate the heat conduction in CNTB1 because most
carbon materials have a negative temperature coefficient of resistance (TCR) [15]. The vary-
ing trend is fitted by Equation (2), and the best-fitted α is the effective thermal diffusivity
αeff of CNTB1. The detailed annealing current Ia and αeff of CNTB1 are summarized in
Table 1. With the increase in the annealing current, αeff of CNTB1 increases likewise. When
less heat is added, αeff changes little. As the sample is heated in a vacuum chamber, the
thermal reduction would occur in the sample to remove impurity induced in the sample
production. With the increase of the current, the degree of reduction is enhanced, and the
microstructure is optimized. Thus, the thermal conductivity and αeff of CNTB1 rise. The
annealing current of burning the sample is 210 mA, and when the annealing current is
200 mA, the thermal diffusivity increases by 33.62%.
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Table 1. Partial experimental results of CNTB1 during current annealing.

Sample Ia (×10−3 A) αeff (×10−5 m2/s)

CNTB1

0 6.52
90 6.53
120 6.85
150 7.34
180 8.27
200 8.71

3.1.2. Observation of Thermal Diffusivity Jump on CNTB2 and CNTF

In the process of current annealing experiments for CNTB2 (length: 3657.23 μm; width:
260.23 μm; thickness: 25 μm) and CNTF (length: 3429.35 μm; diameter: 135 μm), an
unusual phenomenon appears where the thermal diffusivity of the sample has a “sudden
jump”. Figure 3a shows the voltage evolution of CNTB2 before annealing. It is obvious that
the varying trend is different from that of CNTB1, though both of them are cut from the
same carbon nanotube conductive film. The disparate phenomenon of CNTB2 and CNTB1
indicates that they have different physical properties and even structures along their length
directions, which lead to the occurrence of different heat conduction mechanisms.

Figure 3b–f shows the V-t experimental data and the theoretical fitting curves of
CNTB2 under different currents: 140 mA, 160 mA, 165 mA, 170 mA and 300 mA. It presents
an interesting evolution of the voltage variations. When the annealing current varies from 0
to 140 mA, the voltage of CNTB2 increases gradually under Joule heating and then reaches
the steady-state, which is a typical voltage evolution with a positive TCR. However, when
the annealing current is above 150 mA, the TET signal for CNTB2 shows a small decrease at
the beginning of Joule heating, and then it rises again until reaching the steady-state. With
the increase in the annealing current, the descending part becomes noticeable and begins to
dominate the TET signal. When the current passes 170 mA, the signal only has a decreasing
trend until reaching the steady-state, and the rising portion completely disappears. The
sample initiates to perform the normal signal which the carbon materials originally have
when the sample has a negative TCR. The “sudden jump” of thermal diffusivity indicates
that with the increase of the annealing current, the TCR of CNTB2 and CNTF turns from
positive to negative.

CNTF has a similar behavior as CNTB2. Both samples are annealed with a higher
and higher current until the sample is burned down. The thermal diffusivities of CNTB2
and CNTF against the annealing currents are shown in Figure 4a,b, respectively. The
detailed annealing condition and determined thermal diffusivity are listed in Table 2. The
measured thermal diffusivity is divided into two separate data groups. The lower thermal
diffusivity group is denoted as α1, and the higher thermal diffusivity group is denoted as
α2. The corresponding two states before and after switch-on are named State 1 and State 2,
respectively. Combining Table 2 and Figure 4, it can be observed that when the annealing
currents of CNTB2 and CNTF are 160 mA and 350 mA, the peak thermal diffusivity is
32.01 × 10−5 m2/s and 19.63 × 10−5 m2/s. α1 is much lower than α2. Wang et al. [16]
found that high temperature induces C atoms to act in a thermal flutter in a large range
at the structural equilibrium position, and this deformation increases the atomic energy
in the local region of MWCNTs. When the threshold of the barrier constraint value is
reached, the MWCNTs structure will produce irreversible deformation (the minimum
distance between C atoms) and even collapse [17]. It can be further determined that the
thermal diffusivity peaks in CNTB2 and CNTF occur at the threshold where instability is
produced in MWCNTs’ structures.
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Figure 3. (a–f) Comparisons between the theoretical fitting and experimental data of CNTB2
for the voltage under different annealing currents. The red squares are experimental data,
and the blue lines are the theoretical fitting. (a) Corresponding to the unannealed state and
the variation of voltage is monotone increasing, which trend is similar to (b) under 140 mA.
(c,d) are under 160 mA and 165 mA, respectively. The variations perform as decreasing firstly
and then rising to the steady-state. (e,f) 170 mA and 300 mA, respectively, and the variations are
monotone decreasing.
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Figure 4. The curve of thermal diffusivity with an annealing current (Ia): (a) CNTB2; (b) CNTF.

Table 2. Partial experimental results of CNTB2 and CNTF during current annealing.

Sample
Ia

×10−3 A

Low-Level Thermal
Diffusivity after

Annealing
(αeff,1)

High-Level Thermal
Diffusivity after

Annealing
(αeff,2)

Low-Level Thermal
Diffusivity before

Annealing
(αeff,01)

High-Level Thermal
Diffusivity before

Annealing
(αeff,02)

×10−5 m2/s ×10−5 m2/s

CNTB2

40 7.89

8.09

100 6.79
140 5.41
150 13.02 13.72
160 6.59 32.01
165 8.12 24.02
170 16.25
210 13.72
300 12.38

CNTF

300 4.27 18.90

3.45 21.19

350 5.10 19.63
400 4.94 18.95
450 9.93
675 8.20
720 7.05

3.1.3. Transient Annealing Behavior

The transient voltage variations of CNTB1, CNTB2 and CNTF under different anneal-
ing currents are shown in Figure 5. During the process of annealing, the time required by
State 1 for CNTB and CNTF decreases. With the increase of the annealing current, State 2
presents complex and diverse changes, and when the annealing current approaches the
maximum current that the sample can withstand, the voltage fluctuates greatly. It is clear
in Figure 5 that transient voltage variations of CNTB and CNTF appear in a rising trend,
suggesting that in the process of annealing, the resistance of the sample increases constantly
with the heating temperature rising. This phenomenon is in conflict with the theory that
carbon materials have negative TCR in themselves.

As shown in Figure 6a, the normalized resistance (R*) of both samples has an upward
trend with the rise of annealing power (P). After several times of annealing, the samples
are burnt due to high-temperature heating eventually, and the final breakpoints of samples
are shown in Figure 6b–d. CNTB1 is fractured at about 3/4 of the sample length, and
CNTB2 and CNTF are both fractured at about 1/2 of their length, which indicates that
during the annealing process, the temperature distribution along the length of the sample
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is non-uniform. The temperature at the breakpoint is the highest, and thus the fracture
occurs first.

Figure 5. The transient voltage variations with time during annealing: (a) CNTB1; (b) CNTB2;
(c) CNTF. The arrows indicate State 1 and State 2. During the current annealing, the time required for
each sample in State 1 is reduced.

3.1.4. Temperature Distribution and Thermal Conductivity Change of CNTB

The temperature at different positions along the length of the sample is calculated
by using a numerical method, and the results are shown in Figure 7a. The temperature
distribution is non-uniform along the length of CNTB1 and CNTB2. The temperature at
the middle point is the highest, and those further away from the middle point are lower in
temperature. Moreover, the highest temperature of CNTB1 is lower than that of CNTB2,
indicating that the thermal conductivity of CNTB1 is smaller than that of CNTB2, which is
consistent with the experimental results that the thermal diffusivity of CNTB1 is smaller
than that of CNTB2. In addition, the breakpoint of CNTB1 is further away from the middle
point, and the inhomogeneity of temperature distribution will also cause the simulation
temperature of CNTB1 to be at a low level.
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Figure 6. (a) Curves of sample-normalized resistance with annealing power. The R* of samples
has different degrees of increase with the increase of P. Diagram of burning down after annealing:
(b) CNTB1; (c) CNTB2; (d) CNTF. The locations of breakpoints are shown in the figures.

Figure 7b indicates that the Joule heating generated by the current provides the high
temperature environment required by the annealing process for CNTB. With the increase
of heating energy, the average temperature of samples continues to rise, which makes the
annealing process proceed in an orderly manner. The rising rate of the average temperature
shows a trend of gradual decrease, which reveals that in the process of annealing, the
graphitization levels increase. Nevertheless, the process of graphitization is slowing down,
and the degree of graphitization is decreasing, indicating that the graphitizing level is close
to the maximum degree of the sample.

Figure 7c shows the variation curves of the thermal conductivity of the middle point
(km) with the annealing temperature of the middle point (Tmid) of CNTB1 and CNTB2,
respectively. km of CNTB2 also appears to make a “sudden jump”, as mentioned above. km,1
and km,2 correspond to the low thermal conductivity before switch-on and the high thermal
conductivity after switch-on of CNTB2. As shown in this figure, with the increase of Tmid,
the km of CNTB1 increases, while the km of CNTB2 decreases, which reveals that a single
annealing treatment does not always have a positive effect on the thermal conductivity
of carbon materials, and the analysis from the overall samples also shows this. αeff and
the average temperature (Tave) reflect the average properties of the material. As shown in
Figure 7d, with the increase of Tave, αeff of CNTB1 increases, the low αeff,1 and the high
αeff,2 of CNTB2 decreases.
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Figure 7. (a) Temperature distribution along the length of CNTB. The x-coordinate zero is the
midpoint of the sample. (b) The average temperature of CNTB under different heating conditions.
(c) Thermal conductivity of the midpoint varies with the annealing temperature of the midpoint.
km,1 and km,2 correspond to the low thermal conductivity before switch-on and the high thermal
conductivity after switch-on of CNTB2. (d) The thermal diffusivity varies with the average annealing
temperature. αeff,1 and αeff,2 also correspond to the states before and after switch-on of CNTB2.

3.1.5. Temperature Distribution and Thermal Conductivity Change of CNTF

Unlike the “sudden jump” of CNTB2, CNTF does not have low-level thermal
conductivity before switch-on. Therefore, the focus of CNTF is only the part with the
high thermal conductivity after switch-on. As shown in Figure 8a, the temperature
distribution along the length of CNTF is also non-uniform, and the temperature at the
middle point is the highest.

Figure 8b shows the variation of the high km with Tmid after the switch-on of CNTF,
indicating that km decreases continuously with the increase of Tmid. Figure 8c is the curve
of Tave under different heating conditions, and Figure 8d is the variation of αeff against
Tave, which shows that the current annealing in this experiment has a certain degree of
“negative” effect on the thermal conductivity of CNTF.

92



Nanomaterials 2022, 12, 83

Figure 8. (a) Temperature distribution along the length of CNTF. The x-coordinate zero is the midpoint
of the sample. (b) Thermal conductivity of the midpoint varies with the annealing temperature of the
midpoint. (c) The average temperature of CNTF under different heating conditions after switch-on.
(d) The thermal diffusivity varies with the average annealing temperature.

3.2. Discussions
3.2.1. Mechanism of Phonon Scattering

Heat conduction is normally dominated by phonons of carbon materials [18], whose
heat transport is critical to the heat transport of materials. It is speculated that during the
current annealing process of CNTB1, the size of graphite microcrystals increases, some of
the impurity atoms are moved, and the order of the graphite microcrystalline structure is
improved. These transformations reduce the probability of phonons colliding with other
phonons, grain boundaries, impurities and edge boundaries in the process of heat transport,
thus reducing the amount of phonon scattering and the scattering intensity. The integrity
of phonon heat transport improves, and the phonon mean free path increases. Therefore,
the thermal conductivity of CNTB1 increases.

The phonon scattering of CNTB2 and CNTF is determined by Umklapp scattering,
normal scattering, impurity scattering, phonon-boundary scattering, phonon-defect scatter-
ing and thermal contact resistance. Normal scattering generally occurs at low temperatures,
and Umklapp scattering is more likely to occur at higher temperatures. Combined with
the previous analysis of the “sudden jump”, in State 1, because of the interaction between
adjacent pure carbon nanotube (P-CNT) and impurities-embedded carbon nanotube (I-
CNT), the thermal diffusivity of material is restrained. Thermal expansion mismatch occurs
between P-CNT and I-CNT due to thermal stress, which results in different degrees of
stretching or contraction of carbon nanotubes. However, P-CNT is not separated from the
surrounding I-CNT, and the restraint of boundary scattering on phonon heat transport is
amplified to some extent, resulting in the thermal diffusivity decrease.

In the switch-on state, with the enhancement of annealing, the temperature increases
gradually, and the elastic vibration of the lattice increases. Furthermore, more high-
frequency phonons are excited, and the number of phonon groups increases, which pro-
motes the heat transport of phonons. The thermal diffusivity of the material is ultimately
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improved. Because I-CNT is purified and the structure of CNT is optimized continuously,
the effect of impurity and boundary scattering on heat conduction is weakened. Therefore,
the thermal diffusivity peaks of CNTB2 and CNTF appear at this state.

In State 2, P-CNT and I-CNT are completely separated, and Umklapp scattering is
more prevalent. Umklapp scattering is dominant in the phonon scattering mechanism [19],
and the process of Umklapp scattering generally causes thermal resistance, which also
affects the phonon mean free path. As the annealing temperature increases, the influence
of thermal stress goes up. MWCNTs are continuously stretched or compressed, and
the structure deforms to different degrees, which is irreversible due to excessive thermal
stress [16]. The scattering produced by structural changes is classified as structure scattering.
Because of the high thermal stress, the structure of MWCNTs collapses, and the structure
scattering is enhanced, which impairs the original larger thermal conductivity of carbon
nanotubes. In this state, MWCNT impurities are further removed, and the density of the
defect is reduced, which results in the impurity scattering and defect scattering effects being
weakened. The high temperature excites more high-frequency phonons to promote heat
transport, but it also excites more scattering between phonons, which enhances Umklapp
scattering and increases the thermal resistance. Combining with the above factors, the
thermal diffusivity of CNTB2 and CNTF decreases.

3.2.2. Effects on Thermal Conductivity

MWCNT torsional sliding induced by high temperature is one of the reasons for the
decrease of thermal conductivity. Wang et al. [20] showed that the external load causes the
global buckling of carbon nanotubes and even the large torsion. Charlier et al. [21] found
that Buckyball molecules rotate freely when it reaches the transition temperature (258 K),
which can easily slide into or out of each other, and such movements are unhindered at
room temperature. With the increase of annealing, the graphitization degree increases,
the structure becomes ordered, and the density of the defect decreases. Chen [22] showed
that structure defects limit rotation and sliding between MWCNTs layers. Therefore, the
reduction of defect density promotes the rotational migration of CNT to some extent. With
the increase of the annealing current, the effect of annealing on the structure gradually
increases. When the current increases to a certain degree, the annealing will produce large
thermal stress. The stress is equivalent to applying an external load on the material; the
CNT rotates under the torque generated by the high temperature, resulting in the deviation
of the MWCNTs distribution direction. The axial direction of the MWCNTs cylinder forms
a certain angle with the length direction, and even the phenomenon that the MWCNTs is
perpendicular to the axial direction appears. The more orderly structure also indicates that
more CNT may rotate together along a certain angle and form an ordered arrangement with
the axial direction [23]. Therefore, the thermal conductivity of CNTB2 and CNTF decreases.

On the other hand, high annealing temperature may result in greater thermal resis-
tance between MWCNTs, which affects the thermal transport of materials. Gong [24]
proved that 1800 °C is the appropriate annealing temperature to remove the impurities
of MWCNTs. When the annealing temperature rises to 2100 ◦C, agglomeration occurs in
MWCNTs, and aggregates are generated on the surface of the sample. This indicates that
with the increase of annealing, the structure of MWCNTs deforms, becomes rough and even
agglomerates, so the thermal resistance is increased, and the heat transport is inhibited.
Feng et al. [25] showed that high temperature stimulates more phonon scattering, resulting
in increased thermal resistance and reduced thermal conductivity. Kim et al. [26] reported
that lattice defects of carbon tubes at high temperatures would motivate the Umklapp
scattering, causing an increase in thermal resistance. Liu et al. [27] showed that in the
graphitization process of carbon fiber, although the crystal size of material increases, the
probability of the occurrence of maximum defects and large holes also increased. Therefore,
it is speculated that during the annealing process, with the increasing of annealing tem-
perature, the presence of thermal stress leads MWCNT to agglomerate. In the process of
graphitization, larger vacancy and hole defects appear in the material, which causes greater
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thermal resistance, and hinders and inhibits the effective heat transport of phonons. At the
beginning of annealing, the TCR of CNTB2 is positive, which means thermal resistance
plays an important role in heat transfer. This also explains that the thermal conductivity
decreases with the increase of annealing current.

3.2.3. Effects of Annealing on Structure

The Raman characterization of CNTB after burning off is shown in Figure 9. The
positions of the measuring point are numbered as 1 to 9, which are closer and closer to the
breakpoint from bottom to top. It can be seen that the effect of annealing is ununiformed
along the length during the current annealing process, which appears as the effect of
annealing is continuously enhanced from both ends to the breakpoint of the sample. Three
prominent peaks are at around 1315 cm−1, 1586 cm−1 and 2610 cm−1, which correspond
with D peak, G peak and 2G peak, respectively. Figure 10 shows the ratio of peak intensities
ID/IG of different points of CNTB. From the endpoint to the breakpoint, the decreased
ID/IG ratio means a lower defect. With the enhancement of annealing, the sample becomes
orderly, the disorder of internal structure decreases and the defect density also decreases.
Moreover, the closer to the breakpoint, the shape of the G peak and 2D peak in Raman
become steeper with a narrower line width and stronger intensity, which also indicates the
larger crystalline size and structure of the sample is improved gradually.

Figure 9. The Raman spectrum with measuring point positions 1–9 of the burned CNTB sample.
Point 1 is the furthest from the breakpoint, and 9 is the closest.

 

Figure 10. The ID/IG of CNTB varies with the position of measuring points 1–9.
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4. Conclusions

This work shows the current annealing effect on the thermal conductivity of CNTB and
CNTF. In the annealing process, the thermal diffusivity of CNTB1 increases gradually, and
the highest thermal conductivity is 1.34 times the original thermal conductivity. Although
both CNTB1 and CNTB2 are cut from the same carbon nanotube conductive film, the
thermal diffusivity of CNTB2 has a “sudden jump”, and the TCR of CNTB2 changes from
positive to negative. The disparate phenomenon of CNTB2 and CNTB1 indicates that they
have different physical properties and even structures along their length directions which
lead to the occurrence of different heat conduction mechanisms. The results show that the
high-level thermal diffusivity of CNTB2 is 2.28–2.46 times higher than the low one.

The high-level thermal diffusivity of CNTF is 1.65–3.85 times higher than the low one.
The main reasons for the decrease of the thermal conductivity of CNTB2 and CNTF are as
follows: enhanced Umklapp scattering; torsional sliding occurs in MWCNTs induced by
high temperature; high thermal resistance between MWCNTs.
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Abstract: In recent years, the continuous development of electronic chips and the increasing in-
tegration of devices have led to extensive research on the thermal properties of ultrathin metallic
materials. In particular, accurate characterization of their thermal transport properties has become a
research hotspot. In this paper, we review the characterization methods of metallic nanomaterials,
focusing on the principles of the transient electrothermal (TET) technique and the differential TET
technique. By using the differential TET technique, the thermal conductivity, electrical conductivity,
and Lorenz number of extremely confined metallic nanostructures can be characterized with high
measurement accuracy. At present, we are limited by the availability of existing coating machines
that determine the thickness of the metal films, but this is not due to the measurement technology
itself. If a material with a smaller diameter and lower thermal conductivity is used as the substrate,
much thinner nanostructures can be characterized.

Keywords: ultra-thin metallic materials; thermal diffusivity; thermal conductivity; nanostructures; TET

1. Introduction

As an integral part of the semiconductor field, ultra-thin metallic materials are used in
solar cells [1], communication [2], aerospace [3], and other applications [4–6]. As one of the
important criteria for evaluating the performance of different nanomaterials and accurately
characterizing the thermal diffusivity of ultrathin metallic materials, thermal transport
properties have become an important research direction [7]. However, compared to the
electrical transport properties, the characterization of thermal transport within nano-thick
metal films is a challenge [8].

Wiedemann et al. [9] first discovered that at room temperature, the ratio of electrical
conductivity to thermal conductivity was very close for most metals. Later, Lorenz [10]
revealed that the ratio was positively correlated with temperature and related to the quan-
tum of electrical charge and the Boltzmann constant. This is the famous Wiedemann–Franz
(WF) law, but the WF law is not applicable to nanoscale metal film materials [11–16]. Based
on the theoretical works related to the optimization of WF law and electrical conductiv-
ity [17–24], a series of methods have been developed to experimentally measure the thermal
transport properties of metallic nanofilms and metallic nanowires. These methods include
the 3ω method [25–28], the photothermal reflection technique [29,30], the femtosecond laser
pumping detection method [31] and the non-stationary electrical heating method [32–35].

A distinctive feature of the 3ω method is that it is universally applicable to a variety
of materials [36,37]. However, this method fails in the films thinner than 100 nm, mainly
because the thermal contact resistance between the microsensor and the tested film is
large and comparable or even larger than the equivalent thermal resistance of the film [38].
Nakamura et al. [39] first measured the thermal diffusivity of 90 nm-thick Pt films on glass
substrates at low temperatures from 15 K to 273 K using a post-heating pre-detection type
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(RF-type) femtosecond thermal reflectometry system. This RF-type system provided the
thermal diffusivity of the films at low temperatures, and more information about non-
thermal energy transfer processes. Wang et al. [40] studied the heat-transfer mechanism
of metal nanofilms under ultrashort pulse laser heating, simultaneously establishing a
femtosecond (fs) transient thermal reflection (TTR) technique to measure the transient
electron temperature response induced by fs laser heating. They also used a pump-probe
technique to ensure the fs time resolution of the experiment. Applying a back heating-front
probing mode ensured the electron temperature response, which allowed the authors
to determine the electron–phonon coupling coefficient and the propagation velocity of
temperature oscillations. Finally, a non-equilibrium thermal diffusion model was employed
to fit the temperature profiles of Au films with the thicknesses from 27.2 nm to 55.5 nm.

Laser-based ultrafast time-domain thermal reflection (TDTR) techniques are widely
used to measure the thermal conductivity of bulk and thin-film materials [41]. As a pump
measurement technique, TDTR requires neither the precisely designed electric heater nor
temperature sensor, but only a small amount of sample, which enables one to operate under
routine conditions. The frequency-dependent TDTR method is also applicable to thin-film
materials. However, their thickness should be greater than the thermal penetration depth
through the plane. Liu et al. [42] used this method to determine both the out-of-plane
thermal conductivity and the bulk heat capacity for organic–inorganic Zn basin hybrid
films with thickness in the range of 40–400 nm.

The photo-thermal technique usually deals with metal samples that act as both the
heater and temperature sensor, making the equipment and electrode fabrication process
difficult. On the contrary, the electrothermal route is faster and simpler compared with the
above methods. Ma et al. [43] measured the in-plane thermal and electrical conductivity
of metal nanofilms via direct current heating of suspended films. The advantage of the
proposed approach is that contact resistance and thermal resistance can be completely
eliminated by integrating the suspended Pt and Au nanofilms with the probe electrodes.
Using this method, Boiko et al. [44] determined the thermal and electrical conductivities of
20–60 nm Pt and Au polycrystalline films in the temperature range of 80–300 K. Guo et al.
first developed the TET technique to significantly improve the signal electrical frequency.
To assess the accuracy of the method, they measured a 25 μm-diameter platinum wire. The
thermal diffusivity of the three Pt wires is 2.53 × 10−5, 2.54 × 10−5, and 2.78 × 10−5 m2 s−1,
respectively, which are close to the literature value of 2.51 × 10−5 m2 s−1 (at 300 K). By
means of gold coating, the technology can also measure non-conductive nanowires and
tubes, but the gold coating needs to be as thin as possible.

The TET technique is an effective and accurate method (the total uncertainty for
thermal diffusivity is 6%) for evaluating the thermal diffusivity of one-dimensional solid
materials (including metals and dielectric materials), such as single-walled carbon nanotube
bundles [45], graphene materials [46–49], silkworm silks, [50] silver nanowire network, [51]
freestanding micrometer-thick poly films [52], carbon fibers [53,54], etc. In this review, we
will focus primarily on the characterization of thermal transport in extremely confined
metallic nanostructures using the TET and differential TET technique.

2. TET Technique

The typical experimental setup of the TET technique is shown in Figure 1. During
the experiment, both ends of the specimen are suspended between two electrodes. The
contact points between the end and the electrode are fixed with a conductive silver glue
to increase the electrical and thermal contacts between the sample and the electrodes.
The measurement is conducted in a vacuum chamber to eliminate the heat loss through
thermal convection.
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Figure 1. Schematic of the experimental principle and setup for the TET experiment.

In the process of the experiment, the step dc current is applied to the material to
increase its temperature. The temperature rise in the sample causes the resistance to
vary, consequently altering the voltage, which is recorded by an oscilloscope. Since the
applied current and the resistance-temperature coefficient of the sample in a narrow tem-
perature range are constant, the temperature change could be derived from the recorded
voltage evolution. The thermal diffusivity of the sample is then determined based on the
temperature/voltage changing rate.

It is noteworthy that direct measurement is possible only if the material is electrically
conductive. Otherwise, the surface of the material is covered with a layer of metal to make
it conductive, so the effect of the metallic film should be evaluated and removed.

The length of sample is much larger than its diameter or width and thickness. There-
fore, the heat transfer in the samples can be simplified as one-dimensional heat conduction
along the length direction. The heat transfer can be described using the equation below [55]:

1
α

∂θ(x, t)
∂t

=
∂2θ(x, t)

∂x2 +
I2R0

kLA
+

Q
kLA

(1)

where θ = T − T0 T0 is the room temperature, I is the constant current flowing through the
sample, α is the thermal diffusivity, k is the thermal conductivity, and R0 is the electrical
resistance before electrical heating. L and A are the length and cross-sectional area of
the sample, respectively, and Q is the thermal radiation rate. It can be assumed that the
electrical heating power per unit volume of the sample is uniform. During Joule heating,
the temperature in the sample rises sharply, while the temperature of the electrodes remains
constant because of their relatively much larger volume and heat capacity. At the same
time, heat flow is transferred from the sample to the electrodes and dissipates from the
sample to the surroundings via thermal radiation. Therefore, the boundary conditions
are θ(0, t) = θ(L, t) = θ(x, 0). The solution to Equation (1) can be obtained by integrating
Green’s function.

The normalized temperature rise (T*) is defined as T*(t) = [T (t)−T0]/ [T (t→∞)−T0],
which can be represented as:

T∗ ∼= 48
π4

∞

∑
m=1

1 − (−1)m

m2
1 − exp

[−m2π2αefft/L2]
m2 (2)
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where αeff is the measured thermal diffusivity. The relationship between the voltage
variation recorded by the oscilloscope during the experiment and the mean temperature
variation of the sample is as follows:

Vsample = IR0 + Iη
4q0L2

kπ4 ×
∞

∑
m=1

1 − (−1)m

m2
1 − exp

[−m2π2αefft/L2]
m2 (3)

where η is the temperature resistivity coefficient and q0 is the electrical power per unit volume.
The normalized temperature rise (T∗) is calculated from the experimental data as

T∗ =
(

Vsample − V0

)
/(V1 − V0), where V0 and V1 are the initial and steady-state voltages

of the sample. After obtaining T∗, different values of αeff are used to fit the experimental
results T∗ based on Equation (2). According to the least squares fitting technique, the value
giving the best fit of T∗ is used as the αeff of the sample.

For the non-conductive materials, the value of αeff includes thermal radiation and
metal coating effects. Thus, it can be written as [56–58]:

αs = αeff − 1
ρcp

16εrσT3
0

D
L2

π2 − LLorenzTaveL
RAρcp

(4)

where αs is the thermal diffusivity of the substrate, D is the diameter of the sample to be
measured, εr is the surface emissivity, σ=5.67 × 10−8 W·m−2·K−4 is the Stefan–Boltzmann
constant, and ρcp is the volumetric specific heat of the material. LLorenz is the Lorenz
number, Tave and R are the average temperature and resistance of the sample during the
TET. The second term on the right side of the equation is the thermal radiation effect, and
the third term refers to the coating effect. The radiation effect can be taken out by linearly
fitting the αeff–L2/D curve to L2/D = 0. The slope of the fitting line is 16εrσT0

3/(π2ρcp).
As the other parameters are all known, the emissivity of samples can be calculated from
the slope of the curve. If the material is electrically conductive, it requires no metal coating;
in this case, only the radiation impact should be considered.

3. Differential TET Technique

Since the independent structure of nanometer-thick materials is relatively weak to
suspend, the differential TET technique [58–60] was developed to measure the in-plane
thermal transport of metallic nanostructures so as to accurately represent their electrical
conductivity, thermal conductivity, and Lorenz number.

Since the low-dimensional materials possess low thermal conductivity, they can be
used as the substrates to brace the ultrathin films during testing. As shown in Figure 2a,b, a
metallic layer is applied in the TET experiment to measure αeff. It is clear from Equation (4)
that αeff is influenced by three factors, which are αs, the thermal radiation effect, and the
coating effect. Among them, αs is a constant and the thermal radiation influence remains
generally unchanged and can be neglected. If the coating is added, the value αeff will be
changed accordingly. Therefore, the relation between αeff and the number of layers can
be established. The effective thermal diffusivity of the sample has an expression as [56]
αeff = αs +

4·n·δmax
πD(ρcp)s

[
kc − αs(ρcp)c

]
, where αs is the thermal diffusivity of the substrate,

being a constant value. The subscript c indicates the metallic structure. As shown in
Figure 2c, αeff changes with n conforming to a linear law, and its slope can be obtained
from the fitting. Therefore, the inherent thermal conductivity of a thin coating structure
can be accurately obtained according to the theoretical model. Using the same method, the
electrical conductivity and Lorenz number can also be determined.

102



Nanomaterials 2023, 13, 140

 

 α
ef

f
×

⋅

R × Ω

L μ

Figure 2. (a) Schematic cross-section of a substrate coated with different layers of nanofilms. The
effective thermal diffusivity variation against the amount of metallic coating layers and electrical
conductance (R−1) used to obtain the Lorenz number, thermal conductivity, and electrical conductivity.
(b) The effective thermal diffusivity versus the inverse electrical resistance of a substrate coated with
6.4 nm-thick Ir layers. (c) Linear fitting curves of the effective thermal diffusivity and resistance
change with the number of Ir layers on the substrate. (Reprinted with permission from Ref. [56]
Copyright John Wiley and Sons Small.).
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Lin et al. measured k of 6.4 nm-thick gold films [61] and 7 nm-to-subnanometrically
thick Ir films [56,60] by applying the differential TET technique. The average thermal
conductivity of Ir films deposited on glass fibers was reduced by 51.2% compared with
the bulk value (147 W·m−1·K−1) at 311 K. Moreover, the decrease in electrical conductivity
was much faster than in thermal conductivity, which caused the Lorenz number to increase
to 6–8 × 10−8 W Ω K −2. It was noted that the thermal conductivity of the Au film on
silkworm silks was 50% of that on glass fibers. However, the thermal conductivity of the
6.4 nm-thick Ir film on silkworm silks was only slightly higher than that on the glass fiber.
These variations in thermal conductivity are probably caused by the difference between the
film structures; that is, Ir film has a finer crystalline size than that of Au.

Dong et al. characterized the thermal and electronic transport properties of 3.2 nm
gold films applied onto the alginate fibers via the differential TET technique [62]. It
was concluded that the thermal and electrical conductivity were significantly reduced by
76.2% and 93.9%, respectively, compared to the corresponding values of the bulk material.
Meanwhile, the calculated Lorenz number was almost three times higher than the Lorenz
number of the bulk material.

The thermal and electrical conductivity of the metallic structures deposited on the
substrates are lower than those of the bulk material. Additionally, the substrate structure
exerts an important impact on the electrical and thermal properties of the metallic structure.
For instance, the silkworm silk has lower thermal conductivity, and the electron tunneling
along with hopping in this type of fiber can improve the electron conductivity of the
metallic structure. Therefore, the silkworm silk is more suitable as a substrate material in
flexible electronic devices.

Liu et al. [63] measured k of the chemical vapor deposited (CVD) graphene supported
on poly(methyl methacrylate) (PMMA) using the differential TET technique shown in
Figure 3. k of 1.33-layered, l.53-layered, 2.74-layered, and 5.2-layered supported graphene
were 365 W·m−1·K−1, 359 W·m−1·K−1, 273 W·m−1·K−1, and 33.5 W·m−1·K−1, respectively.
These values were, on average, eight times lower than those reported for suspended
graphene (k = 3000 W·m−1·K−1). The reduction in k was due to the suppression of ZA
phonons by the substrate. The abundant C atoms in PMMA were more readily coupled
with graphene than other atomic substrates. Hence, the differential TET technique is a fast
and reliable method used to measure k of graphene. This work shows that the differential
TET technique has great potential for future research on the thermal properties of graphene.

104



Nanomaterials 2023, 13, 140

 

Figure 3. (a) Procedures for acquiring the sample of desired size from graphene. (b) Microscopic
image of the graphene sample between the electrodes. (c,d) SEM images of the sample. The charac-
teristic size of grains can be clearly seen in the range of tens to hundreds of microns. (Reproduced
from Ref. [63] with permission from The Royal Society of Chemistry).

4. Summary and Prospects

In summary, the differential TET technique is one of the most optimal techniques for
characterizing thermal transport properties in extremely confined metallic nanostructures,
allowing one to precisely determine their thermal conductivity, electrical conductivity,
and Lorenz number. Moreover, it possesses significant advantages over other widely
used methods in terms of implementation simplicity, high signal-to-noise ratio, and high
measurement accuracy. The disadvantages of the TET technique are that it cannot measure
samples with extremely low resistance (less than 1 ohm) and measurement needs to be
performed in a vacuum environment. The surface radiation effect cannot be ignored if the
sample has a very large aspect ratio (L/D).

At present, the coating thickness can be explicitly controlled to the order of 0.1 nm.
Additionally, we are limited by the availability of existing coating machines that determine
the thickness of the metal films, but this is not due to the measurement technology itself.
If the thermal conductivity of a substrate material is extremely low, the heat transfer
between the substrate and the metal coating can be effectively reduced. Therefore, the
substrates with low thermal conductivity and small diameter will soon make it possible
to use very thin metallic structures. The TET technique will provide powerful aid in
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mastering the intrinsic heat transport properties of new materials, and it will be helpful for
the development of new materials.
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Abstract: In recent decades, two-dimensional materials (2D) such as graphene, black and blue phos-
phorenes, transition metal dichalcogenides (e.g., WS2 and MoS2), and h-BN have received illustrious
consideration due to their promising properties. Increasingly, nanomaterial thermal properties have
become a topic of research. Since nanodevices have to constantly be further miniaturized, thermal
dissipation at the nanoscale has become one of the key issues in the nanotechnology field. Different
techniques have been developed to measure the thermal conductivity of nanomaterials. A brief
review of 2D material developments, thermal conductivity concepts, simulation methods, and re-
cent research in heat conduction measurements is presented. Finally, recent research progress is
summarized in this article.

Keywords: 2D materials; thermal conductivity; simulations; experimental measurements

1. Introduction

Two-dimensional materials are characterized by excellent structural, mechanical, and
physical properties, making them suitable for basic science and engineering applications
because of their superb properties [1]. Throughout recent years, 2D nanomaterials have
been the subject of extensive studies, resulting in massive interest in their applications
in novel nanodevices with unique functions. A growing interest in understanding the
thermal properties of 2D materials has been observed over the last few years. In addition,
in nanomaterials, thermal transport has revealed many unique phenomena, which, when
understood, will open up new possibilities for the development of new nanotechnologies in
thermal management. New technologies have become increasingly dependent on thermal
conductivity as an essential parameter. Many benefits can be derived from nanoelectronic
devices using 2D materials and they may potentially extend electronics into new fields
of application.

A temperature increase occurs when advanced materials are used in some electronic
applications. Increased thermal conductivity allows heat to diffuse faster and prevents
large overheating, which can result in premature degradation. The majority of these
unique phenomena are due to nanomaterials’ notable properties. In fabrication and ap-
plication, chemical functionalization, strain, and structural interruptions can alter their
atomic structures, affecting their properties. Research on the micro/nano components of
two-dimensional material has recently focused on their electrical, mechanical, and optical
properties. It should be noted that for any micro/nano component, whether it is an elec-
tronic component or an optoelectronic component, the heat dissipation problem determines
the device’s performance and stability. High-density components will generate a lot of heat
during high-speed operation. If the heat cannot be eliminated in time, it will cause the
components to be too high in local and performance degradation, or even burnout. How to
conduct immense heat away so that the components work in a relatively low-temperature
environment becomes a common issue in the modern semiconductor industry [2–6].

Most microelectronic devices are combined with semiconductors and metals so the con-
tact interface between semiconductors and metals can be seen everywhere. Microelectronic
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devices’ heat dissipation problem involves the following physical issues: (1) How does heat
transfer in micro/nano-scale materials? (2) How does heat pass through various interfaces?
The most dominant heat carriers in semiconductor materials are phonons, which are found
in micro/nano electronic devices. Consequently, the following questions arise: (1) How
do phonons travel in micro/nano-scale semiconductor materials? (2) How do phonons
pass through various interfaces? The study of these two problems enables us to solve heat
dissipation problems related to micro/nano devices and thermal conductivity control.

An electronic device can generate heat in many different ways, such as by Joule
heating, solar flux, or exothermic reactions. High-power density electronics such as inte-
grated circuits, supercapacitors, LEDs, and lasers are notorious for localized Joule heating.
Nanoscale devices have a higher power density, but a reduced amount of heat can be
extracted as their dimensions decrease. Nanostructured solar cells and concentrated solar
cells share a similar challenge of reducing efficiency with increased temperatures. For a
final example, batteries can experience exothermic reactions and Joule heating, which may
cause unwanted chemical reactions and device failure. Materials that must minimize heat
transfer are at the other extreme. To reduce heat transfer across each leg, thermoelectric
devices require materials with a low thermal conductivity. It creates a design conflict when
thermoelectric materials must also be good electrical conductors. To prevent heat from
reaching critical parts, thermal insulation is designed.

Advances in the electronics industry have fueled an enormous demand for pioneering
thermal management strategies to enhance the performance and reliability of devices
by controlling energy dissipation generated in the devices. In nanoelectronics, where
heat dissipation is a vital factor in the performance of high-density nanoscale circuits, or
in thermoelectric materials, where low thermal conductivity is desired, controlling heat
diffusion by controlling the phononic properties of fundamental components is a major
interest. For instance, among the promising candidates for field effect transistor applications
with a high on/off ratio and high mobility, single-layer MoS2 is a semiconductor with a
large bandgap of ∼1.1–2 eV [7–9]. Low-temperature carrier mobility can be significantly
enhanced by improving sample quality and using appropriate electrode materials [10].
Following these recent breakthroughs, it is highly expected that 2D materials will be used
in integrated circuits (ICs) in the near future. Another example is stanene, a single-layer
buckled honeycomb structure of tin atoms that exhibits near-room temperature quantum
anomalous Hall effects [11] and ultra-low thermal conductivity [12], which makes it ideal
for thermoelectric applications. This article discusses in detail the thermal conductivity of
2D materials.

2. Two-Dimensional (2D) Materials

Understanding material systems is at the core of the technology. Each application
requires specific material properties. For example, circuits are built with copper because
of their electrical conductivity, skyscrapers are constructed with concrete because of their
compressive strength, and car tires are constructed with vulcanized rubber, which is pliable
and durable. Technology can advance further as we gain a deeper understanding of a
material’s properties. Nanomaterials refer to materials with a dimension of at least one
nanometer in size. Qualitative changes in physicochemical properties and reactivity are
related to the number of atoms or molecules determining the material in this scale. To
illustrate, the surface plasmon resonance of metal nanoparticles and quantum confinement
of semiconductor particles can be observed as size-effect properties. Recent years have seen
an increased interest in two-dimensional (2D) nanomaterials due to their unique properties.
Furthermore, two-dimensional nanomaterials bridge the gap between one-dimensional
(1D) nanomaterials and three-dimensional (3D) bulk materials, raising new fundamental
problems related to low-dimensional materials that can lead to a host of new applications.
As these nanodevices become more widely available, the need to understand their ther-
mal properties has increased. Two-dimensional nanomaterials are briefly introduced in
this section.
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Monolayer graphene flakes were isolated from bulk graphite by mechanical exfoliation,
launching the field of two-dimensional (2D) materials [13]. There have also been numerous
discoveries of 2D materials since then, including transition metal dichalcogenides (TMDs,
e.g., MoS2), hexagonal boron nitride (h-BN), and black phosphorus (BP) (or phosphorene).
There is a wide range of physical properties available within the 2D materials family, from
conducting graphene to semiconducting MoS2 to insulating h-BN. As an added advantage,
2D crystal structures exhibit superior mechanical properties, exhibiting a high in-plane
stiffness and strength, as well as an extremely low flexural rigidity. Together, the 2D
materials have a wide range of potential applications [14,15].

Van der Waals forces or weak covalent bonds that hold together material layers can be
mechanically or chemically exfoliated down to an in-plane, covalently bonded single layer.
A 2D materials history dates back to the 1960s. As early as 1980, graphene, a one-atom
thick graphite layer, was isolated and studied extensively as a monolayer. Novoselov
and Geim introduced 2D materials by studying graphene under electric and magnetic
fields [16]. Because of the high quality of the crystals and their ease of obtaining them,
many researchers have developed more complicated 2D electron gas materials for graphene.
A number of graphene effects were determined as a result. It has also been shown that
other layered materials are known to mechanically exfoliate. Over a thousand materials
have been identified by 2020 [17]. As layers often significantly influence the electrical,
optical, and thermal properties of materials, this large number of materials can enable a
plethora of novel physics. For example, by changing the gap energy, MoS2 transitions from
an indirect to a direct bandgap as the monolayer limit is reached.

Material properties are often thought to be determined solely by their material compo-
sition. Electricity is conducted by metals because they contain metallic bonds between their
atoms, allowing electrons to drift freely throughout the material. The strength of concrete
comes from the cement that rigidly locks incompressible sand and gravel together. Vul-
canized rubber is made of flexible polymer chains that are firmly linked together, making
it both pliable and durable. The size of a material, however, can influence its behavior.
Materials with nanoscale dimensions (i.e., whose sizes can be expressed in nanometers) are
particularly susceptible to this. The nanoscale can affect electrical conductivity, chemical re-
activity, mechanical properties, and even how a material interacts with light. A fascinating
and unexpected new property of nanomaterials is being revealed as we become more adept
at creating and studying nanomaterials. With this advancement, future technologies that
rely on both bulk properties and material size have opened up entirely new opportunities.
A new era of nanotechnology has begun. Periodic tables of 2D materials are currently
being worked on and may offer a new form of chemistry using layers rather than atoms
(Figure 1). In this article, the thermal properties of 2D materials are discussed, following
many excellent literature reviews on the subject.

The first novel 2D material introduced was graphene in 2004. Since then, many other
2D materials have been proposed [17] with an extensive range of properties. In this section,
several of the researchers’ materials of interest are presented briefly. The two types of
2D materials are single-element 2D materials (such as graphene, black phosphorus (BP),
silicene, germanene, etc.) and compound 2D materials (such as TMDs, h-BN, TMCs, III–
V group elements, compound semiconductors, etc.). Figure 2 below illustrates some of
these types.
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Figure 1. 2D materials family [18]. Reprinted with permission from ref. [18]. Springer Nature and
Copyright Clearance Center.

Figure 2. Some of the introduced 2D materials.

Graphene is a semimetal that consists of a covalently bonded hexagonal lattice of
carbon atoms. In most cases, it is only one-atom thick (about 0.14 nm). The distinctive band
structure of graphene enables electrons to move rapidly at speeds close to 1/300 the speed
of light, resulting in its excellent thermal conductivity and high tensile strength. A single
monolayer of graphene could support the weight of an entire football [19].

Hexagonal boron nitride (h-BN) is an isomorph of graphene (behaves similarly in
terms of its crystallographic properties), except instead of carbon, boron and nitrogen atoms
make up the structure. It is a wide-bandgap insulator, in contrast to graphene.

TMDCs are transition metal dichalcogenides with the chemical formula MX2, where
M is a transition metal (such as tungsten (W) or molybdenum (Mo)), and X represents a
chalcogen (like selenium (Se), sulfur (S), or tellurium (Te)). A TMDC is made up of a metal
layer sandwiched between two chalcogenide layers, with each layer being three atoms thick.
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The crystal structure of TDMCs can vary. A 2H-phase with trigonal symmetry is the most
common, resulting in semiconducting properties like MoS2, WS2, and MoSe2. The bulk
form of these semiconductors has an indirect bandgap. It is interesting for optoelectronics
to use monolayers because their bandgap becomes direct and visible. The metallic 1T phase,
the most stable polymorph of WTe2, is another example of such structures.

A single layer of black phosphorus (BP) is called phosphorene, which is a stable al-
lotrope of elemental phosphorus. This semiconductor has a puckered honeycomb structure
with a direct bandgap. Layers can be stacked on top of each other to tune the bandgap
throughout the visible region. Due to this, these materials are appropriate for transistors
and optoelectronic devices. The corrugated structure of phosphorene causes its properties
to vary noticeably depending on its measurement direction.

MXenes are monolayers of tin (stanene), germanium (germanene), and silicon (sil-
icene). Similar 2D materials have also been developed, such as antimony [20] and bis-
muth [21]. Bismuth is found to have the potential for magneto-electronic applications [22].

3. Thermal Conductivity

A greater understanding of the thermal properties of 2D nanomaterials is required due
to their rapid development. The main factors contributing to this demand are as follows.
First, electronic devices are subjected to ever-increasing thermal loads due to continuous
miniaturization and component density increases. Electronic device components are getting
smaller and smaller every year, according to Moore’s law. One of the crucial components
of electronics is the field-effect transistor, which has now reached a channel length of 100
nm, and a 50 nm channel length is on the horizon. Thermal design has become an essential
part of electronic device development at the nanoscale, as controlling heat is critical for
reliability and performance.

Furthermore, at the nanoscale, electronic devices exhibit thermal transport char-
acteristics that are dramatically different from those observed at the macroscale. The
electrical−thermal design of the electronic device should also take these features into
account. As the use and requirement of energy sources increases, practical and efficient so-
lutions are required for energy generation, consumption, and recycling. Heat management
can be improved by utilizing recently developed nanotechnologies and nanomaterials. In
some cases, for efficient thermal dissipation, nanomaterials with high thermal conduc-
tivities are employed in nanoscale electronics. A low thermal conductivity is required
to increase thermal conversion or preservation in other cases, such as in thermoelectric
devices and thermal barrier coatings, nanomaterials, or nanoparticles.

Heat is carried primarily by phonons in the same way electricity is carried by electrons.
A recent study demonstrated that phonons can carry and process information as well [23].
A variety of types of thermal logic devices have been developed theoretically and even
experimentally, such as thermal rectifiers [24,25], thermal transistors [26], thermal logic
gates [27], and thermal memory cells [28]. In a similar manner to electronic circuits, thermal
circuits can be fabricated using these basic thermal components.

Two-dimensional nanomaterials have different thermal properties than bulk materials
due to their atomic structures. For example, graphene as a 2D material has a thermal
conductivity as high as ~2000 W/m·K [29], or even higher [30]. This is comparable to the
highest thermal conductivity material found in nature, which is diamond. As a result,
high-power electronics could potentially benefit from its use in thermal management. h-BN
also has high mechanical strength and good thermal properties. High-quality bulk h-BN
samples could reach a thermal conductivity of ~390 W/m·K, indicating its potential as a
current generation dielectric material [31]. In a study by Joe et al., the thermal conductivity
of an 11-layer sample was found to reach about ~360 W/m·K [32]. For silicene, different
MD simulations calculated thermal conductivities ranging from 5 to 50 W/m·K [33,34].
TMDs show different thermal conductivity. As an illustration, it has been estimated that
MoS2 has a thermal conductivity of about 26 W/m·K, according to Wei et al. [35]. WS2
CVD-grown monolayer and bilayer thermal conductivity was determined by Peimyoo
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et al. For monolayer and bilayer WS2, the measured values are 32 and 53 W/m·K, respec-
tively [36]. Theoretically, the thermal conductivity of phosphorene indicates low thermal
conductivity. For instance, Qin et al. studied the simulated thermal conductivity along
zigzag (ZZ) and armchair (AC) directions and found it to be 15.33 and 4.59 W/m·K, respec-
tively [37]. However, during the manufacturing of 2D nanomaterials, structural defects
such as voids, grain boundaries, and dislocations could be formed. A brief review of the
thermal conductivity concept is provided in this section.

We review alternative approaches to determining temperatures and heat rates for a
two-dimensional, steady-state conduction in the first step. A wide range of approaches are
being used, which range from exact solutions that can be obtained for idealized conditions
to approximate methods that vary in complexity and accuracy. In the following section, we
consider some of the mathematical issues associated with obtaining an exact solution [38].

3.1. General Considerations and Solution Techniques

A heat flux equation, according to Fourier’s law, can be expressed as follows [38]:
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Here,
.
q is the rate of energy generated per unit volume of the medium (W/m3) and k

is the thermal conductivity (W/m·K). In Cartesian coordinates, Equation (1) is the general
form of heat diffusion. There are two primary objectives that are usually attached to any
conduction analysis. Known as the heat equation, it provides the basic tool for analyzing
heat conduction. T (x, y, z) can be calculated as a function of time from its solution.
For the present problem, the first objective is to detect the distribution of temperature
in the medium and in order to do so, it is necessary to determine T (x, y). Solving the
heat equation in the appropriate form is the key to obtaining this objective. It is found
that in two-dimensional steady-state conditions with no generation and constant thermal
conductivity, this form can be calculated from Equation (1) as follows:

∂2T
∂x2 +

∂2T
∂y2 = 0 (2)

Equation (2) can be solved analytically by an exact mathematical solution. However,
despite the fact that there are several techniques that can be used to solve these equations,
the solutions usually involve complicated mathematical functions and series, and only a
limited number of simple geometries and boundary conditions can be used. As a result of
the dependent variable T being a continuous function of the independent variables (x, y),
the solutions are valuable. Therefore, this solution can be used to calculate the temperature
at any point within the medium.

A method of separation of variables is also used to compute an exact solution to
Equation (2) in order to illustrate the nature and importance of analytical methods. For
typical geometries that are usually existing in engineering practice, conduction shape
factors and dimensionless conduction heat rates are sets of existing solutions. Graphical
and numerical methods, on the other hand, can produce approximate results at discrete
points, as opposed to analytical methods, which deliver exact results at any point. Although
computer solutions based on numerical methods have replaced the graphical or flux-
plotting methods, they can still be used to estimate temperature distribution quickly.
Generally, it is used for two-dimensional problems with adiabatic and isothermal boundary
conditions. A numerical method, on the other hand, can be used to obtain accurate results
for complex, three-dimensional geometries involving an array of boundary conditions, in
contrast to analytical or graphical approaches.
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3.2. The Method of Separation of Variables

Two-dimensional conduction problems can be solved with the separation of variables
method by applying the boundary conditions to a thin rectangular plate, a long rectangular
rod, or any other shape that can be described by boundary conditions. By solving the
heat equation, the temperature T corresponding value, heat flux, and heat flow lines can
be determined, but this method is limited, complicated, and time-consuming [38]. For a
variety of other geometries and boundary conditions, including cylindrical and spherical
systems, exact solutions were obtained [39,40].

3.3. The Conduction Shape Factor

The process of finding an analytical solution to a two-dimensional or three-dimensional
heat equation can be time-consuming and even impossible in some cases. This leads to
the consideration of a different approach. For example, the heat diffusion equation can
be quickly solved in many examples by employing existing solutions to it to solve two-
or three-dimensional conduction problems. Shape factor S or steady-state dimensionless
conduction heat rates q∗ss are used to present these solutions [38].

In some cases, it may be possible to provide accurate mathematical solutions to steady,
two-dimensional conduction problems by using analytical methods, as outlined above.
For a variety of simple geometry and boundary conditions, these solutions have been
generated [41–43]. In spite of this, there are many two-dimensional problems that do not
involve simple geometries and boundary conditions that would allow them to be solved
with such solutions. A numerical approach such as finite-difference, finite-element, or
boundary element may be the best choice in these cases in order to solve the problem.

Although the corresponding κ may differ significantly between 2D materials (such as
graphene, molybdenum sulfide, and black phosphorus) and their bulk counterparts, taking
advantage of these differences can lead to new possibilities in a variety of applications, such
as thermal management and energy conversion. It is necessary to study the microscopic
picture of two-dimensional materials in order to understand the heat transfer properties
of these materials. This section will discuss some general fundamentals and concepts of
phonon thermal transport before discussing details of 2D materials.

3.4. Thermal Transport at the Nanoscale

A brief description of thermal transport at the microscale is necessary before discussing
different effects in 2D materials. In order to transfer energy from one region of space to
another region of space, the transportation or conduction of thermal energy requires the
use of carriers, such as particles or waves. Except for alloys with extremely low electrical
conductivity, metals conduct thermal energy mainly through electrons [44]. As shown in
Figure 3, from a microscopic perspective, in dielectrics and semiconductors, it can be seen
that heat is primarily carried by phonons or quantized vibrations of atoms in the lattice
that can function as a particle to represent the phonon wave packets, according to the
quantum state during their production. A phonon, when viewed from the angle of energy,
will behave as a particle and collide with other phonon particles, as well as impurities and
boundaries around it.

Firstly, before starting the detailed analysis, it is crucial that the length scales be
clarified in advance. The figure shows a structure with a size of L (in 2D materials, L can be
considered as the material’s thickness) and a wavelength of λ for phonon wave packets.
It is noted that the phonon is considered to be a particle in the spherical regime (gray
regime). Phonons collide with other phonons, impurities, and boundaries when they move
within solids. A phonon mean free path Λ is a distance between two collisions, which is an
incredibly significant concept in the field of thermal transport. At room temperature, the
mean free path Λ typically ranges from nanometers to tens of micrometers. It can be much
longer at low temperatures. Generally, transport properties are discussed primarily on
length scales larger than phonon wavelengths λ and comparable to or smaller than mean
free paths Λ. When size L exceeds the mean free path Λ, the size effect will not be taken
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into consideration, which echoes the bulk of classical Fourier’s law. A smaller size L than
the mean free path Λ will result in phonons scattering on the boundaries before further
phonon-to-phonon scattering. Due to these extra scatterings on the boundary, heat transfer
will then be constrained by the boundaries. A primary cause of the reduction in thermal
conductivity of 2D materials can be attributed to this phenomenon. It is known as the
classical size effect when this type of effect occurs. In cases where the size L is smaller than
the wavelength λ, we will encounter a quantum size effect as a result. A 2D material with a
thickness of L usually exceeds the wavelength of the phonons unless the temperature is
very low [44].

Figure 3. The schematic for the phonon particle picture [44]. Reprinted with permission from ref. [44].
Elsevier and Copyright Clearance Center.

Materials, even crystals, do not have infinite thermal conductivity because phonons
are scattered with one another. As result of this scattering, it is known as phonon−phonon
scattering. High temperatures lead to stronger scattering and shorter mean free paths Λ.
There is a great deal of complexity involved when it comes to phonon–phonon scattering,
and it can also be very challenging to determine the phonon–phonon scattering time. As a
result of the advancement of computation algorithms and the availability of more powerful
computation capabilities, there have been noticeable advances in the calculation of the
phonon–phonon scattering rate through the first principle. The following section provides
an overview of some of these methods.

4. Simulation Methods

Advancement of computers and technology resulted in the development of atomistic
models that have become so precise that they can typically be compared with experimental
results. The use of atomic simulations has therefore become more common in nanomaterials
research in the past few decades.

4.1. Atomistic Simulations of Thermal Transport

The thermal transport properties of a material can be predicted using atomic sim-
ulations by understanding its atomic structure and interatomic interactions. A variety
of atomistic simulation approaches have been developed to study nanomaterial thermal
transport properties.

To study the thermal transport properties of 2D materials, various theoretical meth-
ods have been introduced, including molecular dynamics simulations (MD), Boltzmann
transport equations (BTE), and atomistic Green’s functions (AGF).

4.2. Introduction to Simulation Approaches

In Figure 4, a variety of simulation techniques are presented for the study of material
thermal properties [45]. The Boltzmann transport equation and the non-equilibrium Green’s
function are examples of first-class approaches. In each of these methods, the thermal
properties are predicted by solving the lattice dynamics equations based on understanding
the fundamentals of phonon properties. Direct MD simulation is used in the second class
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for calculating thermal properties, such as the equilibrium Green−Kubo approach and the
non-equilibrium MD method (also called the direct approach).

Figure 4. Materials thermal property classifications based on atomistic simulations [45]. Reprinted
with permission from ref. [45]. Taylor & Francis Group LLC—Books.

In the case of first-class methods, such as Monte Carlo (MC), during the calculation,
phonon transport and scattering are taken into consideration. As a result, prior knowledge
of phonon transport is needed. Obtaining such a requirement is easy if the material has
a simple lattice structure. On the other hand, phonon transport is usually difficult to
predict when there are structural disruptions, such as sharp interfaces. Contrary to the
first-class approaches, the MD simulation in the second class uses Newton’s equations
of motion in terms of time for a group of atoms interacting with each other via potential
empirical functions. Furthermore, MD simulations are capable of modeling both small
and large systems to calculate material thermal properties using phonon properties and
solving lattice dynamics equation simulations, while a system’s size can be modeled. The
following brief overview presents three of the more commonly used simulation methods
for predicting the thermal conductivity of nanostructured materials.

4.3. A Mento Carlo Simulation Method

Boltzmann’s equation for the transport of phonons usually forms the basis of a theo-
retical analysis of phonon transport [46]. To solve this equation in a closed-form manner,
many critical assumptions and simplifications must be made, which can cause huge de-
viations from experimental observations, especially for materials whose geometrical and
lattice structure are relatively complicated and whose defects are multiple types. The MC
approach was originally developed as a numerical solution to the Boltzmann equation
in the context of electron transport [46]. The method has been widely applied since then
to manage the transport problems of particles. In bulk materials [47], thin films [48,49],
nanowires [50], and nanocomposites [51], the MC simulation has been successfully applied
to determine thermal transport properties.

In the MC method, phonons are treated as random particles drifting in space when
solving the transport problem. While MC simulations are typically used to predict thermal
properties using lattice dynamics, i.e., phonons, this approach lacks the disadvantage that
a numerical expression of the phonon dispersion is required to obtain reasonable phonon
numbers and distributions in both the spatial and spectral spaces. A clear understanding
of the scattering rate τ−1(ω) resulting from different scattering mechanisms should also
be provided in order to address scattering events. For GE-based nanomaterials, these two
requirements necessitate a lot of considerations, including strain, chemical functionalization,
interface, and defects.

4.4. First Principles Method

Using the Boltzmann transport equation (BTE) in conjunction with the Schrödinger
equation, first principles calculations can be performed on thermal transport. For the first
principles calculation, no fitting parameters are required, as opposed to the traditional
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method of extracting phonon scattering times. The following steps are involved in the
first principles of the thermal transport-based method. As a first step, first principles
simulation refers to solving the Schrödinger equation numerically. Numerical computation
is performed to calculate the atomic potential force constant. Based on these force constants,
the anharmonic lattice dynamics will be used to extract the phonon dispersion relation
and scattering rate. Then, the Boltzmann transport equation (BTE) can be linearized and
solved numerically as well. As a result of this process, both the dispersion relation and the
phonon scattering rate (or the relaxation time) for each phonon mode are calculated. Lastly,
in order to calculate thermal conductivity, the lattice thermal connectivity can be extracted.

A wide range of 2D materials have been studied by using the first principles method
since its development, including graphene [52,53], phosphorene [54,55], molybdenum
disulfide (MoS2) [56,57], and silicene [34,58]. More detailed explanations of this method
can be found in a number of outstanding review papers [59,60] or books [61].

4.5. Molecular Dynamics Simulations Method

There is also another widely accepted method for thermal transport in 2D materials
known as Molecular Dynamics (MD), which relies on Newton’s law of motion as its physical
foundation. Starting with the atomic potential between atoms, the process begins. As a
result, the force acting on each atom can be calculated, as well as its velocity at any given
moment. In the modern era of supercomputers, it is possible to determine the location of
every atom at any time. Then, based on statistical mechanics principles, it is possible to
study the expected macroscale properties.

To calculate the material’s thermal conductivity directly during MD simulation, non-
equilibrium MD and equilibrium Green−Kubo approaches are most commonly used. A
non-equilibrium MD approach is similar to the experimental measurement of thermal
conductivity. As a result of this method, one region of the simulation cell is heated up, and
another region that is situated at a distance is cooled down. As soon as the system reaches
a stable state, it is possible to extract the temperature profile between the hot and cold
regions, from which the temperature gradient between the two regions can be determined.
It is a direct approach that can be easily implemented in MD simulation since it relies only
on classical quantities such as force, velocity, and position to compute the temperature
and heat flux. Furthermore, the calculation of the thermal properties does not require any
significant assumptions to be made.

A note should be made here that the accuracy of classical MD calculations is highly
dependent on the quality of the interatomic potentials. Recent studies have focused on
constructing a reliable potential function from first principles calculations [62]. To obtain
the thermal properties of 2D materials, equilibrium MD (EMD) and non-equilibrium MD
(NEMD) simulations are modified. The Green−Kubo formula or the Einstein Relation ratio
is used to calculate thermal conductivity in EMD [63,64]. The hot and cold reservoirs are
connected to each side of a sample for NEMD simulations. To calculate thermal conductivity,
the stationary-state heat flux and temperature are extracted after sufficient run-time in
terms of Fourier’s law of heat conduction.

A major advantage of MD is that it is of atomic scale, yet it can be applied to large
structures. Moreover, the computational cost can be significantly reduced when compared
to the first principles approach. Therefore, the MD method is able to simulate systems
that are several orders of magnitude larger than a first principle. The simulation can
include millions, or even billions, of atoms. A 2D material can benefit from this since one
direction is isolated. For example, recent research has modeled the thermal rectification
device employing different graphene geometries [65]. This method can only be applied to
systems with well-known potentials, such as carbon-based materials, due to the limited
number of potentials identified and verified. Machine learning algorithms have become
extremely useful methods of calculating atomic potentials over the past few decades [59].
We can expect more reliable potentials as these algorithms develop and computational
power increases.
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The simulation of nanoscale objects, such as GE, is usually carried out by either first
principles simulations or molecular dynamics simulations (MD). MD simulations are a
suitable alternative to first principles simulations because they allow the system size to get
relatively large compared to first principles simulations. A study of nanomaterials’ thermal
properties can thus be facilitated by this method.

4.6. Equilibrium Green−Kubo Approach

According to the equilibrium Green−Kubo approach, thermal conductivity is calcu-
lated by monitoring the dissipation time of these fluctuations. The Green−Kubo approach
calculates the thermal conductivity of an isotropic material as follows [60]:

λ =
1

3kBVT2

∞∫
0

〈→J (0)→J (t)〉dt (3)

where 〈→J (0)→J (t)〉 is the autocorrelation function for heat flux and the angular brackets
demonstrate ensemble averages. Here, T is the temperature, kB is the Boltzmann constant,
and V is the system volume.

The benefit of this method is that it requires significantly fewer simulation cells than
non-equilibrium MD. It is also suitable for perfect crystals like Si and diamond with long
phonons. However, when complex potential functions are employed, this approach lacks
convergence and makes it difficult to calculate the heat flux. Furthermore, when dealing
with inhomogeneous systems, this approach computes a thermal conductivity average
over all the systems, i.e., an interface. As a result, the detailed behavior of phonons at
the interface cannot be studied. Based on these facts, it seems that this approach cannot
be used to investigate the thermal properties of 2D nanomaterials containing impurities
and interfaces.

4.7. Atomistic Green’s Functions

Since it is evident, phonons are wave-like particles. Wave effects on a discrete atomic
lattice can be accurately modeled using Atomistic Green’s Functions (AGF). Initially, this method
was introduced to deal with quantum electron transport in nanostructures [61,66–71]. The
approach can be applied to a variety of nanostructures by making a few careful substi-
tutions [72–75]. It is particularly suitable for low-dimensional heterostructures such as
Si/Ge [76], graphene/h-BN [77], MoS2/metal [78] interfaces, and others [79].

5. Experimental Measurement

Due to the difficulty of extracting precise temperature gradients and heat fluxes,
measuring the thermal conductivity of 2D materials is challenging. These nanostructures
cannot be measured with traditional tools for temperature and heat flux measurements
since most nanostructures are orders of magnitude smaller than the finest thermocouples.
Therefore, a variety of optical and electrical tools have been utilized to measure the thermal
properties of 2D materials.

There are two experimental method types in the micro/nano-scale thermal conduc-
tivity measurements: steady-state measurement (i.e., suspended thermal bridge method,
Raman method, etc.) and transient measurement (i.e., 3ω method, time-domain thermal
reflection technique, shock optical pulse thermal measurement method, etc.). Some 2D
measurement producers are briefly discussed in the following sections.

5.1. Suspended Thermal Bridge Method

The invention of the suspended thermal bridge method benefits from the advancement
of micro/nano processing technology development. For the first time, the suspended
thermal bridge method was used in micro/nano-scale thermal conductivity measurements
in 2001. The sample measured in this experiment was a single root of multi-walled carbon
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nanotubes [80]. Previously, traditional methods could only measure the overall thermal
conductivity of a bundle of nanowires. The phonon scattering between nanowires (or
nanotubes) makes it impossible to accurately determine the thermal conductivity of a
single sample [81]. The suspended thermal bridge method is more useful for the study of
low-dimensional thermoelectric materials [82,83]. A thermal bridge microdevice is made of
two suspended silicon nitride membranes (SiNx) that are patterned with thin metal lines (Pt
resistors). Figure 5 illustrates how the resistors are electrically connected to contact pads via
four Pt leads and used as microheaters and thermometers, providing Joule heating and four-
probe resistance measurements, respectively. The heat transfer in the suspended sample
is extracted by considering the generated Joule heating on the heated membrane and the
temperature change on the sensing membrane while the sample is held between the two
membranes and bonded to Pt electrodes. As a result of the high accuracy of Pt thermometers
and direct temperature calibration, this method can provide a high temperature resolution
of ~0.05 K in a range from 4 to 400 K [80,84]. The experimentally measured thermal
conductance G and thermal conductivity k are calculated from the equations G = 1/Rtot
and K = L/(ARtot), respectively. Here, Rtot is the total measured thermal resistance, L
is known as the length of the sample, and A is the cross-sectional area of the sample. As
mentioned, Rtot is the total thermal resistance of the entire system, including the thermal
resistance of the suspended sample, the thermal resistance contribution from the membrane-
connected parts of the sample, the internal thermal resistances of the two membranes, and
the additional thermal resistance contribution from the part of the membranes which are
linked with the heaters/thermometers.

Figure 5. Thermal bridge method [84]. Reprinted with permission from ref. [84]. American Society of
Mechanical Engineers ASME.

In recent years, there has been a massive demand for measurement of the thermal
conductivity of low thermal conductivity micro/nano-scale materials. Therefore, the Wheat-
stone bridge method [85] and the comparator method [86] were developed to improve the
measurement. Xu Xiangfan et al. [86] used the comparator method to measure the thermal
conductivity of a single polyimide nanofiber. In this experiment, the thermal conductivity
of the sample is about 1.0 × 10−10 W/K, which is an order of magnitude lower than the
lower limit that can be measured by the ordinary thermal bridge method. It can be seen
that the use of this method greatly broadens the application range of the thermal bridge
method. Zheng et al. [87] used AC heating to eliminate white noise, which can further
increase the measurement accuracy to about 0.25 W/K.

In spite of this, some technical challenges still need to be considered. In order to mea-
sure Rtot accurately, it is necessary to account for the thermal contact resistance components
that unavoidably contribute to them. The first component that needs to be mentioned is ther-
mal contact resistance (Rc, f ) between the two ends of the suspended sample and the SiNx
membranes [88,89]. Various studies have shown the need for a fin resistance model to esti-
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mate this resistance [90,91]. The thermal contact resistance between the sample−membrane
interface and the thermometer Rc,m is another component of Rtot, as it results from a non-
uniform temperature distribution on the heating membrane. The Rc,m factor can be ignored
if the membrane has a uniform temperature distribution, i.e., when the thermal resistance
of the suspended sample is greater than the internal thermal resistance of the membrane. A
high thermal conductivity material, such as graphene or carbon nanotubes, however, is
not the case. By re-analyzing heat transport results in CVD single-layer graphene samples,
Jo et al. concluded that these extrinsic thermal contact resistances contribute up to 20%
of the measured thermal resistance [91]. Recently, several studies found that resistance
line thermometers can be employed as a replacement for serpentine Pt thermometers to
reduce the size of the temperature measurement resistance (between heater/sensor and
contact point) [92,93]. It has been determined that by employing numerical heat conduction
calculations, the contribution of Rc,m decreases to about 30–40% compared to the values
that correspond to the serpentine resistance thermometer [91]. The device fabrication
and sample transfer are also time-consuming and complex with this technique. In most
cases, exfoliated 2D materials are transferred to the thermal bridge structure using a dry
transfer method, causing polymer residues, defects, and rough edges on the sample surface
that greatly affect the measured total thermal resistance [32,94]. Within the temperature
range of 4 to 400 K, the suspended thermal bridge method can be applied. An advanced
method based on the tunnel current in a metal−insulator−superconductor junction has
been proposed for sub-Kelvin measurements [95]. This allows measurements to be made
down to 1 m·K

Additionally, various materials, such as nanofilms [88,89] and 2D materials, including
graphene [91,96–99], boron nitride [100], and TMDC materials [101,102], have also been
measured using the thermal bridge method.

5.2. Electron Beam Self-Heating Method

In the above-mentioned suspended thermal bridge method, the thermal contact re-
sistance between the sample and the suspended platform is one of the main faults of this
process. Although there are already some methods to improve it, the effect of this defect
cannot be eliminated from the experimental principle. Researchers at Li Baowen’s lab
developed the electron beam self-heating method based on the suspended thermal bridge
method in 2010 [103,104]. This method omits the influence of the contact thermal resistance
between the sample and the suspended platform on the experimental results in principle
and measures the spatial distribution of the thermal resistance of the micro/nano-scale
materials. A scanning electron microscope (SEM) is used to measure the electron beam
self-heating method. As demonstrated in Figure 6, heat is generated by the interaction
between the high-energy electron beam in the SEM and the sample. It is possible to scan
(move on) the sample continuously.

Figure 6. Electron beam self-heating method [104]. Reprinted with permission from ref. [104].
Elsevier and Copyright Clearance Center.
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A scanning electron beam is used as a heating source, while the two suspended
membranes behave as temperature sensors in the electron beam self-heating method. Hot
spots emerged as a result of the electrons’ energy absorption along the length of the sample
during the scanning of the focused electron. As heat is generated from the local spots, it
flows to the two membranes where it increases their temperature. The thermal conductivity
of the sample can be obtained by:

k = A/(dR/dx) (4)

Here, A is the cross-sectional area of the sample, x represents the distance between
the membrane and the heating spot, and R is the calculated thermal resistance from one
membrane to the heating spot.

This method has the advantage of measuring R by combining the diffusive thermal
resistance of the suspended part (Rd) and the thermal contact resistance between the
suspended sample and contact electrodes (Rc), as shown by Equation (5):

R = Rd + Rc (5)

In this equation, (Rd) and (Rc) can be calculated by solving the following equations:

Rd = L/ktW (6)

RW = L/kt + RcW (7)

The thermal conductivity, length, thickness, and width of the suspended sample are
represented by k, L, t, and W, respectively. According to the Rd formulation, it is evident
that its value decreases as t increases and L decreases. Also, taking the limit L/t → 0 will
give Rc. However, generally in laser-based methods, the spatial resolution is restricted by
the heating volume within the sample rather than the spot size. It follows that the spatial
resolution of this technique is dependent on the properties of the studied materials [105].
Recent studies have used electron beam self-heating to determine the thermal conductivity
and thermal resistance of suspended Si and SiGe nanowires and MoS2 ribbons [105–107].
Also, this method has been employed to measure the interfacial thermal resistance between
few-layer MoS2 and Pt electrodes [102].

Although the advantages of the electron beam self-heating technique are evident, its
drawback cannot be ignored, such as the fact that it cannot apply variable temperature mea-
surement, cannot measure materials that are sensitive to electron beams, and is susceptible
to impurities on the sample surface (organic matter, etc.).

5.3. Raman Method

In 2008, the first experimental measurement of the thermal conductivity of two-
dimensional material, single-layer graphene in the suspended plane was the Raman
method [84]. In two-dimensional materials, the Raman method has become one of the
most important experimental methods for measuring thermal conduction. Several two-
dimensional materials have been measured successfully using this method, including
boron nitride [108,109], black phosphorus [110], and molybdenum sulfide [56,111,112].
The Raman method can be used to measure the thermal conductivity of two-dimensional
materials by taking into account the following two factors: (1) Raman lasers can be used
as heat sources because 2D materials have an absorption effect on them; (2) The Raman
spectrum absorption peak positions of two-dimensional materials and a certain linear
relationship between temperature [110,112,113]; in this way, the surface temperature of the
material can be determined by the Raman spectrum of the material. The thermal conduc-
tivity of a two-dimensional material can be calculated by combining the two principles
mentioned above through the heat conduction model. A schematic of Raman spectroscopy
is shown in Figure 7. Using Raman peaking shifting, the temperature is measured for the
sample [30,114]. Obtaining the temperature can be achieved since the Raman peak is a
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linear function of the temperature. Thermal conductivity can be measured based on the
absorbed power and temperature.

Figure 7. Raman spectroscopy schematic.

As an optical method, Raman studies the phonons and vibrational modes of molecular
vibrations in solids. In this method, the inelastically scattered light of a monochromatic
laser beam that interacts with a material is studied. An oscillating dipole moment is
generated as a result of the oscillating electromagnetic field of the incident light which
acts as a radiation source causing Raman scattering. Based on the nature of the chemical
bonds and the crystal structure, each material or solid crystal has a characteristic set of
molecular vibrations and phonons. Materials can be characterized in an elementary and
structural manner using this technique. In addition, this method can be used to determine
small changes in the crystal structure resulting from embedded strain, thermal expansion,
sample composition, and structural disorder, impurities, and contamination, as well as
pseudo-phases and deformation of the material [115–118].

With the continuous development and improvement of the Raman method, it has
become one of the most accepted methods of micro/nano scale heat conduction measure-
ment. In a recent review article, Malekpour and Balandin provide a detailed description
of Raman-based techniques to measure the thermal properties of graphene and related
materials [114].

There is, however, considerable uncertainty associated with this method due to the
uncertainty of absorptivity. By using a method known as energy transfer state-resolved
Raman (ET-Raman), the accuracy of this method can be improved in order to overcome
this issue [119]. To achieve this, two steady-state lasers with different sizes are used to heat
the sample and measure the temperature shifts as a result. The absorptivity term in this
method will be canceled and the signal-to-noise ratio will be improved significantly with
this method. In this way, the measurements made with this method are more accurate than
those performed using the original optothermal Raman method.

5.4. Time-Domain Thermoreflectance Method

In 1983, Eesley applied the picosecond pulsed laser to detect the non-equilibrium heat
transport process in metallic copper [120] since the time-domain thermoreflectance (TDTR)
method has been formally applied to the measurement of material thermal properties. The
TDTR method has been developed over a period of thirty years. It has now become one
of the most widely used methods for measuring the thermal properties of materials in an
unsteady state. This method is usually employed to measure the thermal conductivity and
interfacial thermal resistance of materials [92,93,121]. Its basic principle is that a beam of a
femtosecond pulsed laser is divided into a pump light and a probe light through a beam
splitter. In this system, the pump light is used as a heat source for heating the surface of
the material, and the probe light measures the change in the surface temperature of the
material (the reflectivity of the material surface to the laser is related to the temperature).
The displacement platform can accurately control the optical path difference between the
two beams and then control the time interval between them to reach the surface of the
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material, resulting in a certain time delay (td). A schematic is illustrated in Figure 8. The
temperature change process is related to the thermophysical properties of the material.

The measurement system of the TDTR includes a femtosecond laser generator, beam
splitter, displacement platform, electro-optic (acousto-optic) modulator, photodiode de-
tector, lock-in amplifier, etc. [122]. Before measurement, generally, it is necessary to coat a
metal film on the sample surface to be tested as the sensing layer because the reflectivity
of the metal surface to the laser is approximately linear with the temperature under the
condition of a small temperature rise, and the surface temperature can be calibrated more
accurately through the above measurement process. The lock-in amplifier will output the
in-phase signal (Vin) and the inverted signal (Vout) based on the modulation frequency,
which contains the information of the temperature change of the sample surface, and then
the in-phase signal and the inverted signal can be obtained. Finally, the thermal conduc-
tivity model is derived and the experimental data is fitted to extract the correlation of the
thermal properties of the sample data. Measurements of the thermophysical properties of
2D materials, such as graphene [123], black phosphorus [55], molybdenum sulfide [92,93],
and tungsten selenide [124], including thermal interface resistance between the graphene
and SiO2 [125], have been conducted using the TDTR method.

Figure 8. Time-domain thermoreflectance diagram (TDTR) [125]. Reprinted with permission from
ref. [125]. Copyright 2003 American Chemical Society.

Compared with the steady-state thermal measurement method, TDTR does not re-
quire measurement in a vacuum chamber. Secondly, it can be applied for ultra-fast thermal
transport mechanism research (i.e., electro-acoustic interaction, etc.). Some 2D materials,
especially single-layer and multi-layer materials, adsorb impurities or deposits on their sur-
faces in order to suppress acoustic phonons out of plane, so this method cannot accurately
measure the intrinsic heat of these materials [126].

5.5. Micro-Suspended-Pad Method

The suspended-pad method, first used to measure carbon nanotubes [80] and silicon
nanowires [126,127], is another method frequently used for nanostructures, nanoribbons,
and 2D materials. The micro-pad devices are manufactured in batches as part of this method.
A device consists of two adjacent silicon nitride membranes suspended by a silicon nitride
long beam [127]. The patterned platinum heaters are manufactured on both the pads
and long beams. Normally, samples are transferred using a nanomanipulator. Utilizing
focused ion-beam deposition, the thermal contacts can be increased by Pt deposition,
making the contacts electrically and thermally ohmic. It is, therefore, possible to ignore
the thermal resistance of the junction. Various 2D materials have been measured using
the suspended-pad method, such as h-BN [32], black phosphorus [128], and MoS2 [129].
Due to the accuracy of this method, the electrical signal can be very precisely derived. In
addition, the interpretation of the data is very clear. The input current can accurately control
the heat flux, and the temperature can be precisely measured via temperature-dependent
electrical resistance. Thermal conductivity can therefore be accurately measured with the
heat flux across the pads and the temperature on both pads (usually the uncertainty level is
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under 5%). A few factors limit its application, despite its effectiveness in measuring the
thermal transport properties of nanostructures. First, it is heavily dependent on intricate
manufacturing. There is also the possibility of defects arising from sample preparation
as a second factor. This includes the polymer residues on BN samples [43] or the defects
in black phosphorus [128]. Before using this method, it is important to take into account
these factors.

6. Research Progress on 2D Thermal Conductivity

The thermal conductivity of various two-dimensional materials has been studied,
and research progress on the thermal conductivity of the most regular 2D materials is
summarized here.

6.1. Graphene

As the first 2D material successfully prepared, graphene became the favorite of sci-
entific research once discovered. It has a series of excellent physical properties including
ultra-high conductivity, ultra-high carrier mobility, etc. [16,130,131]. In terms of thermal
conductivity, graphene also performs well, and its intrinsic thermal conductivity at room
temperature can reach 2000–3000 W/m·K, which is the highest thermal conductivity ma-
terial found so far. In 2008, for the first time, Balandin et al. [40] measured the thermal
conductivity of suspended single-layer graphene at room temperature using the Raman
method and graphite bulk materials reaching 4840–5300 W/m·K; however, upon further
study by scientists, it was discovered that the experiment may have had an excessive
estimate of the Raman laser absorption power of graphene, resulting in a result 4–6 times
larger [30,132]. In 2010, Wei et al. [133] used the same method to measure the thermal
conductivity of suspended single-layer graphene and, by employing a laser power meter,
measured the Raman laser absorption rate of graphene simultaneously.

The results illustrate that the thermal conductivity of single-layer graphene grown by
chemical vapor deposition (CVD) is around 2500–3100 W/m·K (T = 350 K) and
1200–1400 W/m·K (T = 500 K). It has also been found that the shape, size, and mea-
surement environment of the suspended part of the graphene will affect the final result. In
addition to the dispute about the laser absorption rate, it caused the difference between
different experimental results. Another major reason for the large difference is that the
preparation methods of graphene are different (mechanical exfoliation or chemical vapor
deposition), resulting in certain differences in its quality (impurities, grain boundaries,
organic residues, etc.). These factors will affect the phonon and generate additional scatter-
ing. Table 1 lists the thermal conductivity of suspended single-layer/multi-layer graphene
measured by different experimental methods, including the Raman method.

Table 1. Experimental detail of thermal conductivity in suspended single-/few-layer graphene from
different studies.

Preparation Method Graphene Layers Thermal Conductivity k/W (m·K)−1

Raman Method

Mechanical exfoliation [30] 1 ~4840–5300 (Room temperature)

Mechanical exfoliation [132] 1 ~3080–5150 (Room temperature)

CVD [133] 1 ~2500 +1100/−1050 (T = 350 K)

CVD [133] 1 ~1400 +500/−480 (T = 500 K)

CVD [134] 1 ~2600–3100 (T = 350 K)

Mechanical exfoliation [135] 1 ~630 (T = 660 K)

Mechanical exfoliation [136] 1 ~1800 (T = 325 K)

Mechanical exfoliation [136] 1 ~710 (T = 500 K)
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Table 1. Cont.

Preparation Method Graphene Layers Thermal Conductivity k/W (m·K)−1

CVD [137] 1 ~850–1100 (T = 303–644 K)

Mechanical exfoliation [137] 1 ~1500 (T = 330–445 K)

Mechanical exfoliation [137] 2 ~970 (T = 303–630 K)

Suspended thermal bridge method

CVD [138] 1 ~190 (T = 280 K, L = 0.5 μm)

CVD [98] 2 ~560–620 (Room temperature, L = 5 μm)

CVD [97] 1 ~1689–1831 (T = 300 K, L = 9 μm)

Scanning thermal microscopy (SThM)

CVD [139] 1 ~2100–2430 (T = 335 K)

In order to understand graphene’s ultra-high thermal conductivity, it is important to
know how different phonon modes contribute to it. In graphene, heat is mainly transmitted
through acoustic phonons, and its acoustic phonon modes include in-plane acoustic longi-
tudinal wave (LA), in-plane acoustic transverse wave (TA), and out-of-plane acoustic shear
wave (ZA). Nika et al. [140] believe that the heat transport process in single-layer graphene
is almost entirely carried by the LA/TA phonon mode, while the contribution of the ZA
phonon mode to the thermal conductivity is negligible. However, according to Lindsay
et al. [52,53], the ZA phonon mode has a relatively high density of low-frequency phonons,
so its contribution to the thermal conductivity will be relatively large, and it is predicted
that the contribution of the ZA phonon mode to the thermal conductivity of single-layer
graphene can reach about 70% at room temperature. In addition to ultra-high thermal
conductivity, graphene is also an excellent platform for studying phonon ballistic transport.
Because the mean free path of phonons in graphene is very long, it can reach the order of
micrometers at room temperature, so the (quasi) ballistic transport properties of phonons
can be studied by adjusting the length and width of the graphene band [141]. In 2010, Xu
Xiangfan et al. used the suspended thermal bridge technique to measure the monolayer for
the first time. The thermal conductivity of CVD graphene nanoribbons (width of about 3
μm, length of about 500 nm) is found to have a certain exponential relationship between
thermal conductivity and temperature in the low-temperature region (T < 140 K), which
can be explained by the thermal transport in single-layer suspended graphene, mainly
depends on the ZA phonon mode, and experimental evidence of phonon quasi-ballistic
transport has been found [97,138]. Although Petters et al. [98] object to the low thermal
conductivity (about 225 W/m·K) measured in the above experiment, it is believed that the
observed k~1.53 ± 0.18 is not from ZA phonons but due to impurities on the surface of
the sample.

The thermal conductivity theory discussed above is calculated based on the three-
phonon scattering model. Four-phonon scattering is often directly ignored because it is a
type of phonon scattering behavior that only appears in high-temperature regions [142].
However, recent studies found that even at room temperature, the four-phonon scattering
process caused by a large number of low-energy ZA mode phonons in single-layer graphene
cannot be ignored. Therefore, the thermal conductivity of single-layer graphene, calculated
using only the three-phonon scattering model, may be relatively high [142,143]. By solving
the Boltzmann equation and introducing four-phonon scattering, Feng et al. [142] found that
the thermal conductivity of single-layer graphene at room temperature is only 810 W/m·K;
this value is much lower than the calculation result including only three-phonon scatter-
ing (about 3383 W/m·K), and the result shows that under the influence of four-phonon
scattering, the contribution of the ZA phonon mode to the thermal conductivity is only
31%. The atomic force constant used in this work to calculate the thermal conductivity of
single-layer graphene at room temperature is 0 K. Subsequently, Gu Xiaokun et al. [143]
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corrected the above results, and the result value obtained was slightly larger than that in
the above literature, further confirming the severe impact of four-phonon scattering on the
thermal conductivity of single-layer graphene at room temperature. It can be seen that the
thermal conductivity of single-layer-suspended graphene is still inconclusive. There is a
certain controversy about this problem, whether in theory or in experiments. In practical
applications, graphene is more likely to be attached to a certain substrate.

Therefore, in addition to floating graphene, the in-plane heat conduction of graphene
on substrate performance is also necessary to study. Seol et al. [52] measured the in-plane
thermal conductivity of a single layer of graphene on a silicon oxide substrate (about
600 W/m·K, 300 K). When the graphene is attached to the substrate, the ZA phonon mode
will be suppressed, so its in-plane thermal conductivity is lower than that of suspended
graphene. As shown in the above theoretical calculation results, the contribution of the
ZA phonon to the thermal conductivity can reach about 70% at room temperature, but
when there is a lining at the end, the contribution of the ZA phonon mode will be severely
suppressed or even disappear, and the thermal conductivity value will be reduced from
~3000 W/m·K to ~600 W/m·K. This experiment effectively verifies that the graphene ZA
phonons make a significant contribution to its thermal conductivity. In addition to silicon
oxide, silicon nitride is also a common substrate material. Thong et al. [103] measured the
in-plane thermal conductivity of multi-layer graphene on a silicon nitride substrate. The
value is ~150–1250 W/m·K (room temperature). In order to further verify the contribution
of ZA phonons to thermal conductivity, Wang et al. [99] deposited gold atoms on the
surface of three-layer suspended graphene. It was found that its thermal conductivity
decreased from about 1500 W/m·K to about 270 W/m·K (a decrease of 82%) and Seol et al.
came to the same conclusion. Jang et al. [144] studied the heat transport properties of the
SiO2−graphene−SiO2 sandwich structure and found that the thermal conductivity will
be further reduced, especially the single-layer sandwich graphene structure. Iits room
temperature thermal conductivity is far below 160 W/m·K (the specific value in this article
is too low to be measured and only an upper limit is given), indicating that the substrate
has a very significant inhibitory effect on the thermal conductivity of graphene.

6.2. Boron Nitride

Due to the large bandgap and the very smooth surface, boron nitride (h-BN) is an
ideal type of dielectric material. At the same time, the thermal conductivity of boron
nitride bulk materials (about 400 W/m·K, room temperature) is very close to copper, and
its mass is much lower than copper under the same volume, so it has broad application
prospects in terms of the heat dissipation of electronic devices [145,146]. Boron nitride is
called white graphene. The crystal structure is similar to graphene. Nitrogen atoms and
boron atoms in the plane are interlaced to form a honeycomb structure, and the layers
are combined with each other by van der Waals forces. It is one of the two-dimensional
materials discovered earlier [147]. The physical properties of boron nitride and graphene
also have certain similarities. Lindsay et al. [148] predicted the room temperature in-
plane thermal conductivity of single-layer boron nitride through theoretical research by
solving the Boltzmann equation. The rate is 600 W/m·K, which is higher than that of
the boron nitride bulk material. At the same time, it is also found that the contribution
of the out-of-plane ZA phonon mode to the thermal conductivity can reach ~60%. In
2013, Jo et al. [32] adopted a microbridge resistance thermometer method to measure
the in-plane thermal conductivity of multi-layer boron nitride (250 W/m·K, five layers;
360 W/m·K, 11 layers; T = 300 K). They believe that the reason why the measured data
is lower than the theoretical prediction and even lower than the thermal conductivity of
the boron nitride bulk material is mainly due to a large amount of organic residue on the
surface of the boron nitride during the experiment, which causes serious phonon scattering.
In the subsequent experiments of the thermal conductivity of the multi-layer boron nitride
floating plane, it was not observed that the thermal conductivity exceeds the bulk material,
and the quality of the sample is the key factor [108,113,149]. Wang et al. [100] improved the
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sample transfer method (PDMS-assisted dry transfer), which greatly reduced the organic
residues on the surface of the boron nitride film. At the same time, they used high-quality
bulk materials to mechanically peel off the multi-layer boron nitride and for the first time,
measured the thermal conductivity of the suspended double-layer boron nitride as being
greater than that of the bulk material, reaching 460–625 W/m·K at room temperature.
Subsequently, Cai et al. [109] used the Raman method to measure the thermal conductivity
of single-layer/double-layer and three-layer floating boron nitride near room temperature.
The thermal conductivity value decreases as the thickness increases, but it is still higher
than bulk boron nitride. The thermal conductivity of single-layer boron nitride reaches
~751 W/m·K. The highest value of the thermal conductivity of single-layer/multi-layer
boron nitride was obtained in previous experiments. Table 2 lists the in-plane thermal
conductivity of floating boron nitride measured in different documents. According to the
data in the table, the thermal conductivity of multi-layer boron nitride prepared by the
mechanical exfoliation method is generally higher than that prepared by the CVD method.
The reason is that the chemical vapor deposition method often introduces more in the
sample. However, the mechanical exfoliation method performs better at controlling the
sample quality.

Table 2. Experimental results of thermal conductivity of suspended single-/few-layer h-BN in
different kinds of studies.

Number of Boron Nitride
Film Layers

Preparation Method Measurement Methods
Thermal Conductivity

(Room Temperature/300 K)
k/(W(m·K)–1)

5 Mechanical exfoliation [32] Microbridge thermometer ~250

11 Mechanical exfoliation [32] Microbridge thermometer ~360

9 CVD [113] Raman method ~227–280

2.1 nm CVD [108] Raman method ~223

10 nm/20 nm CVD [149] Steady/transient state ~100

2 Mechanical exfoliation [100] Thermal bridge method ~484 +141/−24

4 Mechanical exfoliation [44] Thermal bridge method ~286

1 Mechanical exfoliation [109] Raman method 751 ± 340

2 Mechanical exfoliation [109] Raman method 646 ± 242

3 Mechanical exfoliation [109] Raman method 602 ± 247

6.3. Molybdenum Sulfide and Other Transition Metal Sulfides

Transition metal sulfides (MX2, where M is transition metal elements such as Mo, W,
Ti, and X represents chalcogen elements, including S, Se, and Te) are a very important
group of two-dimensional materials and their crystal structure is a “sandwich”-like layered
structure [150]. Unlike single-layer graphene, single-layer boron nitride, and other two-
dimensional materials that only contain one atomic layer, a single-layer transition metal
sulfide contains three atomic layers (the transition metal atomic layer is sulfurized). The
atomic layer of group elements is “sandwiched” in the middle, as shown in Figure 9.

Molybdenum sulfide is the most widely studied transition metal sulfide. Because
of its controllable bandgap and excellent electrical properties, it can also exist stably in
the air. It is considered a material for the next generation of microelectronic devices with
great potential. Optics, thermoelectrics, and other fields also have certain application
prospects [151–153]. Sahoo et al. [112] used the Raman method to measure the in-plane
thermal conductivity of 11 layers of molybdenum sulfide (about 52 W/m·K, room tempera-
ture). Later, Yan et al. [56] and Jo et al. [129] measured the in-plane thermal conductivity of
single-layer and multi-layer molybdenum sulfide at room temperature and the values were
35–52 W/m·K. However, Zhang et al. [154] also used the Raman method to measure the
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in-plane thermal conductivity of single-layer/double-layer molybdenum sulfide, and the
result (77–84 W/m·K) was much larger than the previous experimental data. It is because
the critical data, such as the relationship between the Raman peak frequency change and
temperature of molybdenum sulfide, the absorption power of the Raman laser, and the
contact thermal resistance obtained in the experiment are quite different from the previous
literature. Aiyiti et al. [104] used the electron beam self-heating method to measure the
in-plane thermal conductivity of the multi-layer molybdenum sulfide. This is the first time
this method has been applied to the experimental measurement of the thermal conductivity
of two-dimensional materials. The experimental results also confirm the feasibility of this
method. The results of the experimental measurements of the in-plane thermal conductivity
of molybdenum sulfide are summarized in Table 3.

Figure 9. Molybdenum sulfide [151]. Reprinted with permission from ref. [10]. AIP Publishing and
Copyright Clearance Center.

Table 3. Experimental results of thermal conductivity of single-/few-layer MoS2 in different kinds
of studies.

Preparation Method
Molybdenum Sulfide Film

Layers
Measurement Methods

Thermal Conductivity
(Room Temperature/300 K)

k/(W(m·K)–1)

CVD [112] 11 Raman method ~52

Mechanical exfoliation [56] 1 Raman method 34.5 ± 4

Mechanical exfoliation [129] 4 Thermal bridge method ~44–45

Mechanical exfoliation [129] 7 Thermal bridge method ~48–52

Mechanical exfoliation [154] 1 Raman method 84 ± 17

Mechanical exfoliation [154] 2 Raman method 77 ± 25

Mechanical exfoliation [104] 4 Electron beam self-heating 34 ± 6

Mechanical exfoliation [104] 5 Electron beam self-heating 30 ± 3

CVD [155] 1 Raman method 13.3 ± 1.4

CVD [155] 2 Raman method 15.6 ± 1.5

CVD [156] 1 Thermal bridge method ~21–24

CVD [111] 1 Raman method 60.3 ± 5.2

CVD [111] 2 Raman method 38.4 ± 3.1

CVD [111] 3 Raman method 44.8 ± 5.9

CVD [111] 4 Raman method 36.9 ± 4.9

Mechanical exfoliation [157] 1 Raman method ~62.2

Mechanical exfoliation [158] 4 Raman method 60.3 ± 5
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Compared with graphene and boron nitride, the crystal structure of molybdenum
sulfide has certain differences, so its thermal conductivity properties will also be different,
mainly as follows: First, the thermal conductivity of single-layer molybdenum sulfide is
higher than that of single-layer graphene and single-layer nitrogen. The boron sulfide
is 1-2 orders of magnitude lower. Wei et al. [35] found through theoretical calculations
that the low thermal conductivity of single-layer molybdenum sulfide is due to the lower
phonon group velocity and the larger Grüneisen constant. As a result, the mean free path of
phonons is only 14.6 nm. Secondly, in single-layer graphene and single-layer boron nitride,
the contribution of the out-of-plane ZA phonon mode to the thermal conductivity is more
than 50%, but in a single layer of molybdenum sulfide, the contribution of the in-plane
phonon mode to the thermal conductivity exceeds the out-of-plane phonon mode. Finally,
unlike graphene and boron nitride, single-/multi-layer molybdenum sulfide has been
experimentally measured. The in-plane thermal conductivity is lower than the in-plane
thermal conductivity of molybdenum sulfide block (85–110 W/m·K, room temperature).
This phenomenon is inconsistent with the theoretical prediction. Gu et al. [57] predicted
that the room temperature in-plane thermal conductivity of a single layer of molybdenum
sulfide could reach 138 W/m·K. The reason may be that the quality of molybdenum sulfide
in these experiments has not reached a good condition, or the deeper reasons need to be
further studied. In addition to the in-plane thermal conductivity, the inter-plane thermal
conductivity of molybdenum sulfide is also one of the issues worthy of study, but there are
relatively few studies in this direction. Initially, Muratore et al. [159] and Cahill et al. [160]
measured the room temperature interfacial thermal conductivity of bulk molybdenum
sulfide, which was only 2–3 W/m·K. However, Jiang et al. [93] showed a higher numerical
result (about 4.75 W/m·K) experimentally, and the result is closer to the theoretical pre-
diction. The difference between the above experimental results is in the follow-up Sood
et al. [92] explained in the experiment. They measured the room-temperature inter-plane
thermal conductivity of different thicknesses of molybdenum sulfide by the TDTR method,
and the results showed that the room-temperature inter-plane thermal conductivity of
samples with a thickness of 240 nm and 20 nm were 2.0 ± 0.3 W/m·K, 0.9 ± 0.2 W/m·K.
Through comparison with the above experimental data, it is found that as the thickness
increases, the inter-face thermal conductivity of molybdenum sulfide increases, and when
the thickness reaches about 1 μm, the inter-face thermal conductivity value gradually
approaches the saturation threshold (about 5 W/m·K). Theoretical calculation results show
that the mean free path of phonons between the molybdenum sulfide surfaces far exceeds
the previously estimated value (1.5–4 nm), and more than 80% of the heat transport is
contributed by phonons with a mean free path of 10–500 nm.

With the continuous development of the preparation technology of two-dimensional
materials, more and more multi-layer transition metal sulfides have been discovered, so
their thermal conductivity is gradually being studied. Table 4 lists other transitions in
different literatures except for molybdenum sulfide. Experimental measurement of the
thermal conductivity of metal sulfides in the suspended plane. From the data in the table,
it can be seen that although the crystal structures of these materials are very similar, their
thermal conductivity properties are significantly different.
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Table 4. Experimental detail of thermal conductivity of single-/few-layer transition metal dichalco-
genides in different literatures.

Preparation Method
Number of Film

Layers
Measurement

Methods

Thermal
Conductivity (Room
Temperature/300 K)

k/(W(m·K)−1)

Molybdenum Selenide (MoSe2)

Mechanical exfoliation [154] 1 Raman method 59 ± 18

Mechanical exfoliation [154] 2 Raman method 42 ± 13

Mechanical exfoliation [161] 45 nm Raman method 11.1 ± 0.4

Mechanical exfoliation [161] 140 nm Raman method 20.3 ± 0.9

Mechanical exfoliation [162] 5 nm Raman method 6.2 ± 0.9

Mechanical exfoliation [162] 36 nm Raman method 10.8 ± 1.7

Tantalum Selenide (TaSe2)

Mechanical exfoliation [163] 45 nm Raman method ~9

Mechanical exfoliation [163] 55 nm Raman method ~11

Tungsten Sulfide (WS2)

CVD [36] 1 Raman method ~32

CVD [36] 2 Raman method ~53

CVD [111] 1 Raman method 74.8 ± 17.2

Tungsten Selenide (Wse2)

CVD [111] 1 Raman method 66 ± 20.9

Mechanical exfoliation [164] 1 Raman method 36 ± 12

Tungsten Telluride (Wte2)

Mechanical exfoliation [165] 220 nm TDTR ~2

Mechanical exfoliation [166] 11.2 nm Raman method ~0.639–0.743

Rhenium sulfide (ReS2)

Mechanical exfoliation [167] 150 nm TDTR ~50–70

6.4. Black Phosphorus, Black Arsenic

Due to the advantages of the controllable bandgap and relatively high switching, black
phosphorous (BP) is one of the first materials for the next generation of microelectronic de-
vices to be studied [168–170]. However, initially, researchers were interested in the thermal
conductivity of black phosphorous. This is mainly because of its in-plane anisotropic “Great
Wall”-like structure [128], which may lead to the anisotropy of thermal conductivity [171].
It is worth noting that the black phosphorous pole is easy to oxidize, so in experiments
with black phosphorus, the exposure time of the sample in the air needs to be strictly
controlled. Qin et al. [172] predicted the room temperature surface of the single-layer black
phosphorus along the Zigzag (ZZ) direction and the (Armchair) AC direction through
theoretical research. The internal thermal conductivity ratio can reach 30.15 W/m·K in
the ZZ direction and 13.65 W/m·K in the AC direction, and due to its “Great Wall”-like
structure, the out-of-plane phonon mode has a positive effect on the thermal conductivity.
The contribution of efficiency is very low (about 5%). Lou et al. [110] experimentally mea-
sured the in-plane thermal conductivity of the multi-layer black phosphorus with different
thicknesses at room temperature and the smallest thickness was ~10 nm. The thermal
conductivity in the ZZ direction is 20 W/m·K, while the thermal conductivity in the AC
direction is only ~10 W/m·K, which confirms the above theoretical prediction. As the same
main group element of phosphorus, arsenic, i.e., black arsenic (Bas), has a crystal struc-

131



Nanomaterials 2023, 13, 117

ture similar to black phosphorus and also has a significant in-plane thermal conductivity
anisotropy effect. Chen et al. [173] first experimentally measured the in-plane thermal
conductivity of black arsenic with a thickness of 124 nm along with the ZZ and AC direc-
tions (5 W/m·K, ZZ direction; 3 W/m·K, AC direction, 350 K). In subsequent experiments,
researchers measured the in-plane thermal conductivity of multi-layer black phosphorus
with different thicknesses using the Raman method, thermal bridge method, etc. They
found the anisotropy of in-plane thermal conductivity. In these experiments, the thickness
of the multi-layer black phosphorus was above 10 nm. This is because the chemical proper-
ties of black phosphorus are too active and it is challenging to prepare single-layer black
phosphorus in heat conduction experiments. Therefore, the heat conduction properties of
single-layer or few-layer black phosphorus need to be further studied.

6.5. Telluride

Bulk tellurium (Te) is a new and high-quality thermoelectric material [174]. At the
same time, due to its two-dimensional structure, telluride can be used as an effective means
to further improve its thermoelectric properties [175]. In the bulk material, the tellurium
atom is combined with a neighboring atom through a covalent bond and extends in a spiral
shape. Adjacent spiral chains are then combined by van der Waals forces [176], so bulk
tellurium belongs to a quasi-one-dimensional chain structure. However, the theory predicts
that the structure of monolayer telluride is different from that of bulk tellurium. There
are three possible crystal structures (α-Te, β-Te, γ-Te) [177]. Gao et al. [178,179], through
first principles calculations, studied the thermal conductivity and thermoelectric properties
of single-layer telluride with different structures, and they have been found to have low
thermal conductivity and excellent thermoelectric properties. But only b-type telluride
has been synthesized in experiments and the synthesis conditions are relatively harsh, so
there is no experimental study on the physical properties of monolayer telluride [180,181].
Wang et al. developed a liquid-phase synthesis method [182], which can be used to prepare
multi-layer telluride with the same bulk structure in large quantities. In further research,
the research group and its collaborators used the Raman method to measure the room
temperature suspended thermal conductivity of telluride with a thickness of 35 nm in
the intra-chain direction (about 1.5 W/m·K) and compared with the bulk material (about
3 W/m·K, 300 K), there is a certain degree of reduction. They believe that the main
reason for this is that the surface of the multi-layer telluride will interact with the phonons.
Because the structure of this type of telluride is the same as that of the bulk material,
its in-plane thermal conductivity will be different along the in-chain direction and the
inter-chain direction.

6.6. Silicene

After the discovery of graphene, as an element of the same family of carbon, silicene
was naturally noticed. However, it was not until 2012 that silicene was synthesized, and the
growth conditions were too harsh [183,184]. Therefore, the thermal conductivity of silicene
is still in theoretical research and there has been no progress in experimental research. In
addition to the intrinsic thermal conductivity, theoretically, the use of stress, electric fields,
defects, isotopes, and other methods to control the thermal conductivity of silicene has been
studied in theory, which will provide guidance for future experimental research of silicene.

6.7. Other 2D Materials

With the continuous development of nanomaterial preparation technology and compu-
tational simulation technology, the family of two-dimensional materials is becoming larger
and larger. Not only can a new type of two-dimensional material be synthesized experimen-
tally, but it is also possible to predict some unknown two-dimensional materials through
theoretical simulation. In addition to the above-mentioned materials, there are many other
two-dimensional materials whose thermal conductivity properties have also been studied.
In terms of experiments, researchers have used different methods to measure multi-layer
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bismuth telluride [185], multi-layer indium selenide [186], and the in-plane thermal con-
ductivity of two-dimensional materials such as multi-layer tin sulfide [187], zirconium
telluride [83], and multi-layer bismuth selenium oxide [188]. Thermal conductivity and re-
lated properties of two-dimensional materials such as gallium nitride [189], boronene [190],
single-layer carbon nitride [191], and single-layer nitrogen boron carbide [192] have also
been studied.

7. Summary

To sum up, this article uses the thermal conductivity of 2D materials as a research
platform to discuss the most basic physical issues of heat conduction at the micro/nano
scale. Compared with ten years ago, we have a certain understanding of the thermal
conduction mechanism of two-dimensional materials. However, there is a long way to go,
and there are still many problems in the study of the heat conduction of two-dimensional
materials, but this can also point out the need for further research related to the heat
conduction of two-dimensional materials.

Here are some issues that need to be considered: (1) There is no rigorous analytical
solution for abnormal heat conduction in two-dimensional materials. Existing models for
abnormal heat conduction are limited to two-dimensional lattices; (2) What is the thermal
conductivity of graphene? There are significant differences between different experiments,
and the calculation results of three-phonon scattering and four-phonon scattering are not
self-consistent. With the current experimental measurement technology, the measurement
of the intrinsic thermal conductivity of single-layer floating graphene seems to be an
impossible task; (3) In the current theoretical framework, four-phonon scattering is often
directly ignored because it is a type of phonon scattering behavior that only gradually
appears in high-temperature regions. However, some theoretical studies have found that
even at room temperature, the four-phonon dispersion process is caused by a large number
of low-energy ZA mode phonons in single-layer graphene, and this cannot be ignored.
Therefore, it is necessary to re-examine the thermal conduction behavior of two-dimensional
materials with four-phonon scattering theory; (4) Although theoretical work has shown
that even when the scale of the sample reaches the order of millimeters or even centimeters,
there is still a scale effect of thermal conductivity; (5) Thermal conductivity measurements,
such as the Raman method and thermal bridge method, inevitably have contact thermal
resistance problems, which will greatly affect the experimental results. Although some
research groups use the dual Raman laser method and electronic beam self-heating method
to eliminate the influence of contact thermal resistance, harsh experimental conditions
and expensive experimental equipment make it impossible for most research groups to
carry out related experiments; (6) The commonly used interfacial thermal conductivity
measurements, such as the TDTR and 3w methods, can provide micron-scale spatial
resolution, but they can only be used to measure the interfacial thermal resistance of
thin-film materials, and their in-plane spatial resolution is also limited to the spot size
of the heating laser (usually ~micrometers). Therefore, it is necessary to develop a new
measurement method, which needs a spatial resolution that can reach the nanometer scale
and detect the interfacial thermal resistance information of two-dimensional materials.
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Abstract: The extremely small size of micro-/nanomaterials limits the application of conventional
thermal measurement methods using a contact heating source or probing sensor. Therefore, non-
contact thermal measurement methods are preferable in micro-/nanoscale thermal characterization.
In this review, one of the non-contact thermal measurement methods, photothermal (PT) tech-
nique based on thermal radiation, is introduced. When subjected to laser heating with controllable
modulation frequencies, surface thermal radiation carries fruitful information for thermal property
determination. As thermal properties are closely related to the internal structure of materials, for
micro-/nanomaterials, PT technique can measure not only thermal properties but also features in
the micro-/nanostructure. Practical applications of PT technique in the thermal measurement of
micro-/nanomaterials are then reviewed, including special wall-structure investigation in multiwall
carbon nanotubes, porosity determination in nanomaterial assemblies, and the observation of amor-
phous/crystalline structure transformation in proteins in heat treatment. Furthermore, the limitations
and future application extensions are discussed.

Keywords: photothermal technique; thermal properties; nanostructure characterization; thermal
conductivity; specific heat; thermal effusivity

1. Introduction

With reductions in size to the micro-/nanometer level, temperature probing and
thermal measurement have become difficult to conduct using traditional contact-based
methods and equipment (thermal couples and thermistor, etc.). Non-contact thermal
measurement methods have thus become prevalent for the thermal characterization of
micro-/nanomaterials [1,2]. Non-contact methods mainly benefit from the laser heating
source and thermally induced phenomena, which can be detected from a distance [3–11].
Based on the features of the phenomena, the widely adopted non-contact thermal meth-
ods are typically divided into three types: time-domain techniques, frequency-domain
techniques, and spectroscopy [1].

Among these techniques, time-domain thermoreflectance (TDTR) [7,12,13] and frequency-
domain thermoreflectance (FDTR) [14,15] detect the temperature rise by sensing changes in
the surface optical properties in the time and frequency domains. They utilize an ultrafast
heating pulse to generate a nanometer-level thermal penetration depth and thus have a
good ability to measure the in-plane and out-of-plane thermal conductivity for thin films
and bulks. The obvious drawbacks of these two methods are that they require smooth
surfaces and post-processing. The photoacoustic (PA) method is a frequency-domain
method that measures the surface temperature by detecting the sound waves produced
by the work done by the periodical thermal expansion of the heated surface [3]. Avoiding
the mechanical piston effect induced by the thermal expansion of the heated surface, the
modulation frequency of the heating laser is limited so that it is lower than the order of
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10 kHz [9,11,16]. The PA method can work well with micrometer-thick films and bulks due
to the long thermal penetration depth at a lower frequency [9]. Furthermore, as it is limited
by the microphone, the PA method is usually deployed at room temperature [3,9,11]. The
laser flash method [17,18] involves heating a suspended material on the front side and
analyzing the transient temperature rise in the time domain from the back based on the
thermal radiation. Compared with the PA method, the laser flash method can be used
with a wide temperature range from −125 to 2800 ◦C [1]. However, this method has
thickness limitations with regard to samples [19,20]. More recently, Raman-based thermal
methods have become popular due to its feature of being material-specific. The steady-state
Raman method has a simple physical mechanism for thermal characterization [21,22], while
the transient Raman method offers high accuracy in measurement results [8,23–31]. It is
notable that the temperature probing depth with the Raman method is usually tens of
nanometers. It is less often used to measure the thermal properties of thick films or bulks.
More comprehensive reviews of general photothermal technologies can be found in [1,2].

In this paper, a short review is provided for the photothermal (PT) technique based
on thermal radiation established in Wang’s lab [32,33]. This PT technique stems from PA
technology. However, in contrast to PA technology, PT technique acquires the frequency-
domain thermal radiation instead of sound waves, which can reduce the complexity of
the measurement setup and widen the temperature range for thermal measurement, as
the microphone is no longer necessary. Furthermore, it has no frequency limitation and,
thus, can theoretically measure samples with thicknesses ranging from nanoscale to bulk.
The PT method also has a low requirement for smooth surfaces when compared to ther-
moreflectance methods because it detects thermal radiation rather than reflections. In
Sections 2 and 3, the theory and a typical experimental setup for PT technique are intro-
duced. Section 4 discusses the application of PT technique in the thermal characterization
of micro-/nanomaterials, especially the measurement of thermophysical properties and
structure probing. Furthermore, considerations for the thermal measurement of micro-
/nanomaterials using PT technique are also discussed.

2. PT Theory for Thermal Property Measurements

The PT technique developed in Wang’s lab employs a periodically modulated laser
source to heat a solid surface. In each period, the surface temperature immediately rises
after heating is applied. The speed and intensity of the thermal response of the surface are
strongly dependent on the thermal properties of the materials under the surface. Thermal
radiation due to surface temperature rise carries important information regarding the
thermal properties of the materials and structures beneath, both for homogeneous and
multilayered structures.

2.1. Physical Model Derivation

PT technique stems from the physical model of PA technology proposed by Rosencwaig
et al. [3], which is a one-dimensional cross-plane heat conduction model in a multilayered
structure, as shown in Figure 1a. The model requires that the size of the heating source be
much larger than heat diffusion length in each layer, so that the in-plane heat conduction
can be safely neglected and the generated heat conducts one-dimensionally along the
cross-plane direction. Furthermore, the surface temperature rise should be moderate, and
the heat loss through thermal convection and radiation is reasonably negligible. Hence, the
governing equation of 1D cross-plane heat conduction under periodical heating is

∂2θi
∂x2 =

1
αi

∂θi
∂t

− βi I0

2κi
exp

(
N

∑
m=i+1

−βmLm

)
× eβi(x−li)(1 + ejωt), (1)

The subscript i means that the physical properties are for a certain layer i; therefore,
θi = Ti − Tamb is the temperature rise of layer i and Tamb is the ambient temperature. I0
is the incident laser power and ω is the angular frequency (2πf ) corresponding to the
modulation frequency f. αi, κi, and βi are the thermal diffusivity, thermal conductivity, and
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optical absorption coefficient for layer i. Li = li − li−1 is the thickness of layer i, where li is
the surface location of layer i on the x axis in Figure 1. j is

√−1. A detailed derivation of
Equation (1) is provided in [9].

(a) 

 
(b) 

Figure 1. Physical schematics of PT technique: (a) mechanism of modulated heating and 1D heat
conduction across the multilayered structure; (b) a typical experimental setup for PT technique.

The resultant surface temperature rise θi for layer i gradually increases from zero to
a new steady state with fluctuations. Thus, θi can be divided into three components: the
transient component, θi,t; the steady DC component, θi,s; and the steady AC component,
θ̃i,s. θi,t represents the initial temperature rise immediately after the laser heating is applied.
When the sample reaches the steady state, θi,s indicates the steady state temperature,
while θ̃i,s is the fluctuation in temperature due to the modulated heating source. θ̃i,s is
easily determined by a lock-in amplifier at a set modulation frequency. It has an explicit
expression as follows:

θ̃i,s = [Aieσi(x−li) + Bie−σi(x−li) − Eieβi(x−li)]ejωt, (2)

where Ei = Gi/(β2
i − σ2

i ) with Gi = βi I0/(2ki) exp
(
− N

∑
m=i+1

βmLm

)
, and for I < N,

GN = βN I0/2kN , and GN+1 = 0. σI is (1 + j)·ai, where ai = 1/μi is the thermal diffu-
sion coefficient and μi =

√
αi/π f is the thermal diffusion length.

Ai and Bi are important coefficients derived from the interfacial transmission matrix
of heating U and the absorption matrix of light V:[

Ai
Bi

]
= Ui

[
Ai+1
Bi+1

]
+ Vi

[
Ei

Ei+1

]
, (3)
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where Ui and Vi from layer i + 1 to I are

Ui =
1
2

[
u11,i u12,i
u21,i u22,i

]
; Vi =

1
2

[
v11,i v12,i
v21,i v22,i

]
, (4)

where

u1n,i = (1 ± ki+1σi+1/kiσi ∓ ki+1σi+1Ri,i+1)× exp(∓σi+1Li+1), n = 1, 2, (5)

u2n,i = (1 ± ki+1σi+1/kiσi ∓ ki+1σi+1Ri,i+1)× exp(∓σi+1Li+1), n = 1, 2, (6)

vn1,i = 1 ∓ βi/σi, n = 1, 2, (7)

and

vn2,i = (−1 ∓ ki+1βi+1/kiσi ∓ ki+1βi+1Ri,i+1)× exp(−βi+1Li+1), n = 1, 2. (8)

Ri,i+1 is the thermal contact resistance between layer i and (i + 1). It is noticeable
that the thermal and optical properties of the materials in the multilayered structure are
all included in Equations (5)–(8). Thus, the thermal properties are closely related to the
temperature rise θ̃i,s of the layer i.

Under the assumption that the front air layer and back substrate are thermally
thick—that is, |σ0L0| � 1 and |σN+1LN+1| � 1—AN+1 and B0 are equal to zero. Then,
applying the interfacial condition between layer i and (i + 1),

ki
∂θ̃i,s

∂x
− ki+1

∂θ̃i+1,s

∂x
= 0 (9)

and ki
∂θ̃i,s

∂x
+

1
Ri,i+1

(
θ̃i,s − θ̃i+1,s

)
= 0, (10)

the solved Ai and Bi are[
Ai
Bi

]
= (∏N

m=i Um)

[
0

BN+1

]
+

N

∑
m=i

(∏m−1
k=i Uk)Vm

[
Em

Em+1

]
(11)

BN+1 = −
[
0 1

]
∑N

m=0 (∏
m−1
i=0 Ui)Vm

[
Em

Em+1

]
[
0 1

]
(∏m−1

i=0 Ui)

[
0
1

] (12)

By substituting Ai, Bi, and Ei into Equation (2), we can obtain the temperature distribu-
tion in any layer of interest. This greatly increases the flexibility of the PT method. For the
purpose of non-contact measurement, an infrared detector is usually employed to gather
the surface radiation from either the front or back.

2.2. Phase Shift and Amplitude

The AC temperature rise component θ̃i,s has two critical properties, amplitude and
phase. Compared with the original periodical heating source, the occurrence of temperature
rises and thermal radiation is delayed by the heat conduction inside the multilayered
structure. Correspondingly, the phase of the radiation is slower than the phase of the
heating source, and the difference (phase shift) between these two can be deducted to
be Arg(BN+1) − π/4. According to Equation (12), the thermal properties are included in
BN+1. Measurement based on the phase shift—the phase shift method—can be used to
accurately evaluate the thermal properties of a specific layer and the interfacial thermal
conductance in the multilayered structure due to the high sensitivity of ~0.1◦ [32]. However,
for bulk materials with a smooth surface, it becomes a constant of −45◦ [16]. In contrast, the
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amplitude of thermal radiation is proportional to the temperature rise. Since the thermal
diffusion depth is different with different modulation frequencies, the amplitude of the
thermal radiation changes against the frequency. Alternatively to the phase shift method,
measurement based on the amplitude is able to determine the thermal properties of the
bulk materials.

3. Experimental Implementation of PT Method for Thermal Property Measurements

3.1. Experimental Setup

A typical measurement setup using the PT technique developed in Wang’s lab [11] is
shown in Figure 1b. The function generator-modulated diode laser (at a visible wavelength)
is focused on a sample surface by using a focal lens to heat the sample. Then, a pair of off-
axis parabolic mirrors collect the raised thermal radiation resulting from the temperature
rise and send it to an infrared (IR) detector. Along with the radiation collection, the diffuse
reflection of the incident laser from the surface is also gathered. Though the IR detector
is much less sensitive to the visible wavelength, the reflection is still much stronger than
the radiation. Thus, an IR window (germanium (Ge) window in Figure 1b) is placed in
front of the detector to eliminate the visible diffuse reflection and let only the thermal
radiation enter into the detector. The radiation-converted voltage signal is then intensified
in a preamplifier and finally analyzed in a lock-in amplifier to extract the phase shift and
the amplitude when compared with the reference signal from the function generator.

When using PT technique, given that the unexpected, complex photon–electron–
phonon process may occur under laser irradiation in the sample, especially for semicon-
ductors, a metal coating (usually gold, aluminum, etc.) is applied to the sample surface
to act as a well-defined energy absorber and heater. The coating is optically thick and can
totally absorb the incidence. At the same time, it is thermally thin and has a negligible
effect on heat conduction (phase shift). It is physically understandable that the heat dif-
fusion length/depth in the multilayered structure should be controllable by changing the
modulating frequency. The selection of the modulating frequency of the heating laser needs
to be evaluated in advance because the sample layer in the multilayered structure should
be involved in the heat conduction.

3.2. System Calibration

The raw data recorded by the lock-in amplifier—the phase shift φraw and amplitude
Araw—are not available for direct analysis because the measurement system induces ad-
ditional errors in the raw data (the phase shift and amplitude). For example, the optical
path and electric devices involved raise an additional time delay in the phase shift, and
the fluctuations in the laser power, as well as the optical path, cause unexpected varia-
tions in amplitude. Thus, calibration of the measurement system is necessary to exclude
these effects from the raw data. The diffuse reflection of the incident laser is measured to
calibrate the measurement system, since it passes through the same path as the thermal
radiation does. The calibrated phase shift φcal and amplitude Acal are shown in Figure 2.
To calibrate φraw, the absolute phase shift due to heat conduction is quickly determined
as φnor = φraw − φcal. For the amplitude, it is more complicated. The amplitude is affected
by not only the laser power and attenuation in the optical path but also the modulation
frequency f. Xu et al. proposed the equation Anor = Araw ·√ f /Acal to normalize Araw and
exclude all the possible errors induced by the system, detailed in [33]. The calibrated Anor
is approximated to ζ/et, where ζ is a system-related constant and the effusivity et =

√
κρcp.

It directly correlates Anor with the thermal properties. After calibration, φnor and Anor can
be used to determine the thermal properties of the materials of interest.
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(a) (b) 

×

μ

Figure 2. The calibration of a typical experimental setup for PT technique: (a) phase shift and
(b) amplitude. The black square is the measured phase shift and amplitude, and the red dot denotes
the measurement uncertainty of the phase shift and amplitude.

3.3. Uncertainty

During the data measurement, different heat conduction processes occur when the
modulation frequency is changed. Then, the thermal properties can be determined by fitting
the temperature variation against the frequencies. Wang et al. found that the uncertainty is
related to the ratio of the thermal diffusion length μi to the layer thickness Li [11]. Based on
their SiO2/Si sample, the numerical uncertainty for the phase shift method was around
±5%when μi and Li were in the same order, and it increased to ±15% when μi/Li was
around 100. For the case in which μi/Li was less than 0.15, the thermal energy would not
diffuse across the SiO2 layer. The phase shift method would not be suitable for this case,
while the amplitude method showed a ±10% uncertainty. Xu et al. studied a similar SiO2/Si
sample and achieved an experimental uncertainty of 5% based on the phase shift method
and 10% with the amplitude method [33]. For thermal contact resistance measurement, the
experimental sensitivity and uncertainty were limited by the uncertainty in the thermal
conductivity discussed above. The sensible limit was reported to be 10−8 m2K/W [11] for
the phase shift method and 10−7 m2K/W [33] for the amplitude method. Since the thermal
contact resistance fell in the range of 10−9–10−7 m2K/W, the amplitude method was not
sensitive to the thermal contact resistance. It could thus accurately measure the thermal
conductivity without knowledge of the interface.

4. PT Measurement of Nanomaterials

When the characteristic lengths of materials are reduced to the micro-/nanoscale, the
thermal properties also significantly decrease due to the size effect. Based on this fact, in-
vestigation of thermal properties can be an efficient supplementary way to characterize the
micro-/nanostructure in addition to the most commonly used micro-/nanoscale imaging.

4.1. Nanostructure Analysis through Thermal Characterization

Wang et al. [32,34] adopted the PT method and studied the axial thermal conductivity
of multiwall carbon nanotubes (CNTs) prepared using plasma-enhanced chemical vapor
deposition (PECVD). The CNT sample for PT measurement was composed of three layers.
As in Figure 3a, the layers from top to bottom were a thin silicon wafer (14 μm thick), a
layer of chromium (Cr, 70 nm thick), and the layer of vertically aligned CNTs. Between the
Cr layer and CNTs, there was a thin nickel (Ni) film of a negligible thickness, which offered
seeds for CNTs’ growth. The Si wafer was transparent to the incident laser wavelength
(1064 nm) and thermal radiation. Therefore, the incident laser heated the Cr film, the partial
generated heat was conducted along the axial direction of the CNTs, and the radiation from
the Cr surface was analyzed to obtain the axial thermal conductivity of the CNTs. The
resultant thermal conductivity of 27.3 W/m·K was dramatically lower than the theoretical
thermal conductivity of 1600–6600 W/m·K for single-wall CNTs, where phonons can
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conduct heat in a perfect wall plane. Combined with the TEM result for the CNTs, it
was found that the special structure of the Ni seeds led to the CNTs’ walls being tilted
with respect to the tube axis, as shown in Figure 3b. This unexpected structure raised a
large number of boundaries along the axial direction and thus reduced the axial thermal
conductivity of the CNTs. Here, though the PT method measured the CNTs’ axial thermal
conductivity as a bulk, the result greatly helped interpret the special growth mechanism of
the CNTs.

(a) (b) 

Figure 3. Thermal and structural characterization of CNTs: (a) multilayered structure of CNTs;
(b) schematics of CNTs’ wall growth on a Ni particle with a special structure. Reprinted with
permission from Ref. [32], Copyright (2022), AIP Publishing.

4.2. Porosity Determination in Nanostructures

For loosely assembled nanoparticles, porosity is an important parameter demonstrat-
ing the quality of the assembly, but it is hard to measure by mapping only the surface. Pores
and cavities in the nanostructure generate additional defects and boundaries and then
reduce the thermal properties of the assembled nanostructure. Based on this mechanism,
Chen et al. [35] measured the effective thermal conductivity and volumetric heat capacity of
a hydrogenated vanadium-doped magnesium (V-doped Mg) porous nanostructure using
PT technique. Under the effect of cavities on the V-doped Mg composite (MgH2 was the
main component), the effective volumetric heat capacity was apparently lower than that of
the MgH2 bulk counterpart. The volumetric heat capacity ratio of nanostructure to bulk
helped further reveal the porosity level ϕ of the nanostructure. The determined porosity
level was validated through SEM observation. The porosity level ϕ was estimated to be
25–42% from SEM, and the ϕ calculated from the PT results was 9.0–39.4%, with an upper
limit falling into the range of the SEM observation. It should be noted that the SEM observa-
tion scale (microscale) was much smaller than that probed with PT technique (~millimeter
scale). Thus, the PT-determined porosity level is more applicable when the size of nanos-
tructured assemblies reaches the macroscale. The intrinsic thermal conductivity of the solid
part of the porous nanostructure was then determined to be ~3.5 W/m·K, while it had
been ~1.9 W/m·K before excluding the effect of the cavities. PT technique provides a new
and convenient way to characterize the porosity level of porous nanostructures, as well as
intrinsic thermal conductivity.

4.3. Nano-Crystalline Structure Evolution under Heating

Heat treatment facilitates the transformation between amorphous and crystalline
structures. It is hard to observe this kind of structural transformation with conventional
imaging methods. Thermal properties can again be a good indicator showing the variation
in the state of the crystalline structure because the amorphous and crystalline structures of
the same material have differences in their thermal conductivities. Xu et al. [36] applied
the PT method to study internal structure transformations of spider silk proteins under
heat treatment based on thermal effusivity. Two spider silk protein films prepared from
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two different types of spiders, N. clavipes and L. Hesperus, were studied, as shown in
Figure 4. When elevating the heating temperature, the thermal effusivity of the protein
films significantly increased because of the transformation from random coils (amorphous
structure) to α-helices and antiparallel β-sheets (crystalline structure). Supplementary
Raman studies of the films showed that the characteristic peak of protein started to shift
when the heating temperature reached 60 ◦C. In the heating process in this low temperature
range (lower than 60 ◦C), the increase in crystallinity was the main reason accounting for
the increase in the thermal effusivity. As the temperature increased to more than 80 ◦C, the
Raman characteristic peaks disappeared because the crystalline structures were destroyed
due to H-bond breaking among molecular chains. Increases in both thermal conductivity
(fewer boundaries) and volumetric heat capacity quickened the increasing rate of the
thermal effusivity from 100 to 120 ◦C. In this work, the Raman spectra of the protein films
were strongly affected by fluorescence induced by surface carbonization, especially in the
high temperature range, while the thermal effusivity from the PT technique continuously
responded well to the structure variation across the whole temperature range. Thus, PT
technique could be a good candidate for nanostructure investigation when conventional
methods are not applicable.

 
(a) (b) 

 
(c) (d) 

Figure 4. Thermal and structural characterization of spider silk protein film: (a) Raman spectra
and (b) PT determined thermal effusivity of N. clavipes spider silk protein film; (c) Raman spectra
and (d) PT determined thermal effusivity of L. Hesperus spider silk protein film. Reprinted with
permission from Ref. [36], Copyright (2022), Elsevier.

4.4. Considerations in the Measurement of Micro-/Nanomaterials

The abovementioned PT technique is able to measure the cross-plane thermal con-
ductivity, heat capacity (ρcp), and thermal contact resistance for a multilayered sam-
ple under the assumption of 1D heat conductance along the thickness direction. From
Equations (5)–(8), it can be seen that the method determines the absolute value of thermal
resistance for conductance (the sum of L/κ and R) and heat capacitance (Lρcp). For a certain
layer i with a thin thickness Li, when its thermal resistance (Li/κi) is much smaller than
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the uncertainty ΔR of R, R will dominate the variation in the PT signal and the change in
Li/κi will not be sensed. The minimum thickness in the PT method should thus be larger
than ΔR·κi. As alternatives, the TDTR and FDTR methods employ an ultrafast pulsed laser
(femtosecond to nanosecond) to realize a nanometer-level thermal penetration depth and,
thus, the thermal measurement of nanometer-thick coatings [14]. Raman-based thermal
methods measure temperature according to the variation in the materials’ characteristic
peaks in the Raman spectrum. They are available for both suspended and supported films
and need no metal coating on the top of samples [24,26,30,37,38].

Another concern about the PT method is the in-plane thermal conductivity. As de-
scribed in the physical model, the heating laser spot size should be larger than the in-plane
thermal diffusion length in each layer so that the 1D model is valid. However, if the
sample has a high in-plane thermal conductivity (such as graphene, etc.), the 1D model is
violated. A direct solution is to build a 3D heat conduction model and also consider the
spatial distribution of the heating laser [39,40]. For suspended samples, the evaluation of
the transient term in Equation (2) in the time domain and the steady-state temperature
field mapping can be used achieve in-plane thermal conductivity measurement using the
current experimental setup. Moreover, other methods, such as the TDTR [41], FDTR [14],
and Raman-based thermal methods [25,42,43], can achieve both kinds of in-plane thermal
conductivity measurement.

Furthermore, infrared thermal radiation is not material-specific. When measuring
an individual nanostructure, such as a single nanoparticle, an IR detector may gather
the thermal radiation from the nanoparticle and its surroundings/supporting materials.
The determined thermal properties are thus averages one rather than the properties for
a specific nanostructure. In contrast, Raman spectroscopy has a fingerprint feature and
can respond to temperature changes and detect the temperature rise for individual micro-
/nanostructures [24,38,44–47].

5. Conclusions

In this paper, we reviewed the physical mechanism of PT technique for thermal
property measurement and its practical application in the thermal characterization of
nanomaterials. With PT technique, the phase shift method provides a high sensitivity to
the thermal properties while the amplitude method can measure thermal conductivity
without considering interfacial contact. Utilizing the dependency of thermal properties
on the internal structure of materials, PT technique has shown its unique capabilities for
nanostructure investigation where commonly used micro-/nanoscale imaging technologies
might not be applicable. Though limitations exist, PT technique is quite mature. Future
application of PT technique can be extended to thermal property and structure detection
beneath the surface.

Author Contributions: Conceptualization, S.X.; writing—original draft preparation, J.Z.;
writing—review and editing, S.X. and J.L.; supervision, S.X.; funding acquisition, S.X. All authors
have read and agreed to the published version of the manuscript.

Funding: This review work was funded by National Natural Science Foundation of China, grant
number 52106220 (for S.X.), and the Program for Professor of Special Appointment (Eastern Scholar)
at Shanghai Institutions of Higher Learning (for S.X.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

149



Nanomaterials 2022, 12, 1884

References

1. Abad, B.; Borca-Tasciuc, D.A.; Martin-Gonzalez, M.S. Non-contact methods for thermal properties measurement. Renew. Sustain.
Energy Rev. 2017, 76, 1348–1370. [CrossRef]

2. Liu, J.; Han, M.; Wang, R.; Xu, S.; Wang, X. Photothermal phenomenon: Extended ideas for thermophysical properties characteri-
zation. J. Appl. Phys. 2022, 131, 065107. [CrossRef]

3. Rosencwaig, A.; Gersho, A. Theory of the photoacoustic effect with solids. J. Appl. Phys. 1976, 47, 64–69. [CrossRef]
4. Campbell, S.D.; Yee, S.S.; Afromowitz, M.A. Applications of Photoacoustic-Spectroscopy to Problems in Dermatology Research.

IEEE Trans. Biomed. Eng. 1979, 26, 220–227. [CrossRef]
5. Bennett, C.A.; Patty, R.R. Thermal Wave Interferometry—A Potential Application of the Photo-Acoustic Effect. Appl. Opt. 1982,

21, 49–54. [CrossRef]
6. Lin, H.; Wang, R.; Zobeiri, H.; Wang, T.; Xu, S.; Wang, X. The in-plane structure domain size of nm-thick MoSe2 uncovered by

low-momentum phonon scattering. Nanoscale 2021, 13, 7723–7734. [CrossRef]
7. Zhu, J.; Tang, D.; Wang, W.; Liu, J.; Holub, K.W.; Yang, R. Ultrafast thermoreflectance techniques for measuring thermal

conductivity and interface thermal conductance of thin films. J. Appl. Phys. 2010, 108, 094315. [CrossRef]
8. Zobeiri, H.; Wang, R.; Wang, T.; Lin, H.; Deng, C.; Wang, X. Frequency-domain energy transport state-resolved Raman for

measuring the thermal conductivity of suspended nm-thick MoSe2. Int. J. Heat Mass Transf. 2019, 133, 1074–1085. [CrossRef]
9. Hu, H.; Wang, X.; Xu, X. Generalized theory of the photoacoustic effect in a multilayer material. J. Appl. Phys. 1999, 86, 3953–3958.

[CrossRef]
10. Hu, H.; Zhang, W.; Xu, J.; Dong, Y. General analytical solution for photoacoustic effect with multilayers. Appl. Phys. Lett. 2008, 92,

014103. [CrossRef]
11. Wang, X.; Hu, H.; Xu, X. Photo-Acoustic Measurement of Thermal Conductivity of Thin Films and Bulk Materials. J. Heat Trans.

2001, 123, 138–144. [CrossRef]
12. Cahill, D.G. Analysis of heat flow in layered structures for time-domain thermoreflectance. Rev. Sci. Instrum. 2004, 75, 5119–5122.

[CrossRef]
13. Capinski, W.S.; Maris, H.J.; Ruf, T.; Cardona, M.; Ploog, K.; Katzer, D.S. Thermal-conductivity measurements of GaAs/AlAs

superlattices using a picosecond optical pump-and-probe technique. Phys. Rev. B 1999, 59, 8105–8113. [CrossRef]
14. Schmidt, A.J.; Cheaito, R.; Chiesa, M. A frequency-domain thermoreflectance method for the characterization of thermal properties.

Rev. Sci. Instrum. 2009, 80, 094901. [CrossRef]
15. Regner, K.T.; Sellan, D.P.; Su, Z.; Amon, C.H.; McGaughey, A.J.H.; Malen, J.A. Broadband phonon mean free path contributions to

thermal conductivity measured using frequency domain thermoreflectance. Nat. Commun. 2013, 4, 1640. [CrossRef]
16. Wang, X.; Cola, B.A.; Bougher, T.; Hodson, S.L.; Fisher, T.S.; Xu, X. Photoacoustic technique for thermal conductivity and thermal

interface measurements. Annu. Rev. Heat Trans. 2013, 16, 135–157. [CrossRef]
17. Parker, W.J.; Jenkins, R.J.; Butler, C.P.; Abbott, G.L. Flash Method of Determining Thermal Diffusivity, Heat Capacity, and Thermal

Conductivity. J. Appl. Phys. 1961, 32, 1679–1684. [CrossRef]
18. Ohta, H.; Shibata, H.; Suzuki, A.; Waseda, Y. Novel laser flash technique to measure thermal effusivity of highly viscous liquids at

high temperature. Rev. Sci. Instrum. 2001, 72, 1899–1903. [CrossRef]
19. Lindemann, A.; Blumm, J.; Brunner, M. Current limitations of commercial laser flash techniques for highly conducting materials

and thin films. High Temp. High Press. 2014, 43, 243–252.
20. Larson, K.B.; Koyama, K. Correction for finite-pulse-time effects in very thin samples using the flash method of measuring

thermal diffusivity. J. Appl. Phys. 1967, 38, 465–474. [CrossRef]
21. Tang, X.; Xu, S.; Zhang, J.; Wang, X. Five orders of magnitude reduction in energy coupling across corrugated graphene/substrate

interfaces. ACS Appl. Mater. Interfaces 2014, 6, 2809–2818. [CrossRef] [PubMed]
22. Yue, Y.; Zhang, J.; Wang, X. Micro/nanoscale spatial resolution temperature probing for the interfacial thermal characterization of

epitaxial graphene on 4H-SiC. Small 2011, 7, 3324–3333. [CrossRef] [PubMed]
23. Xu, S.; Fan, A.; Wang, H.; Zhang, X.; Wang, X. Raman-based Nanoscale Thermal Transport Characterization: A Critical Review.

Int. J. Heat Mass Transf. 2020, 154, 119751. [CrossRef]
24. Xu, S.; Wang, T.; Hurley, D.; Yue, Y.; Wang, X. Development of time-domain differential Raman for transient thermal probing of

materials. Opt. Express 2015, 23, 10040–10056. [CrossRef] [PubMed]
25. Yuan, P.; Wang, R.; Wang, T.; Wang, X.; Xie, Y. Nonmonotonic thickness-dependence of in-plane thermal conductivity of

few-layered MoS2: 2.4 to 37.8 nm. Phys. Chem. Chem. Phys. 2018, 20, 25752–25761. [CrossRef] [PubMed]
26. Yue, X.F.; Wang, Y.Y.; Zhao, Y.; Jiang, J.; Yu, K.; Liang, Y.; Zhong, B.; Ren, S.T.; Gao, R.X.; Zou, M.Q. Measurement of interfacial

thermal conductance of few-layer MoS2 supported on different substrates using Raman spectroscopy. J. Appl. Phys. 2020, 127,
104301. [CrossRef]

27. Zhang, X.; Sun, D.; Li, Y.; Lee, G.H.; Cui, X.; Chenet, D.; You, Y.; Heinz, T.F.; Hone, J.C. Measurement of Lateral and Interfacial
Thermal Conductivity of Single- and Bilayer MoS2 and MoSe2 Using Refined Optothermal Raman Technique. ACS Appl. Mater.
Inter. 2015, 7, 25923–25929. [CrossRef]

28. Zobeiri, H.; Hunter, N.; Van Velson, N.; Deng, C.; Zhang, Q.; Wang, X. Interfacial thermal resistance between nm-thick MoS2 and
quartz substrate: A critical revisit under phonon mode-wide thermal non-equilibrium. Nano Energy 2021, 89, 106364. [CrossRef]

150



Nanomaterials 2022, 12, 1884

29. Zobeiri, H.; Hunter, N.; Wang, R.; Wang, T.; Wang, X. Direct Characterization of Thermal Nonequilibrium between Optical and
Acoustic Phonons in Graphene Paper under Photon Excitation. Adv. Sci. 2021, 8, 2004712. [CrossRef]

30. Zobeiri, H.; Wang, R.; Zhang, Q.; Zhu, G.; Wang, X. Hot carrier transfer and phonon transport in suspended nm WS2 films. Acta
Mater. 2019, 175, 222–237. [CrossRef]

31. Zobeiri, H.; Xu, S.; Yue, Y.; Zhang, Q.; Xie, Y.; Wang, X. Effect of temperature on Raman intensity of nm-thick WS2: Combined
effects of resonance Raman, optical properties, and interface optical interference. Nanoscale 2020, 12, 6064–6078. [CrossRef]
[PubMed]

32. Wang, X.; Zhong, Z.; Xu, J. Noncontact thermal characterization of multiwall carbon nanotubes. J. Appl. Phys. 2005, 97, 064302.
[CrossRef]

33. Xu, S.; Wang, X. Across-plane thermal characterization of films based on amplitude-frequency profile in photothermal technique.
AIP Adv. 2014, 4, 107122. [CrossRef]

34. Xu, Y.; Zhang, Y.; Suhir, E.; Wang, X. Thermal properties of carbon nanotube array used for integrated circuit cooling. J. Appl.
Phys. 2006, 100, 074302. [CrossRef]

35. Chen, X.; He, Y.; Zhao, Y.; Wang, X. Thermophysical properties of hydrogenated vanadium-doped magnesium porous nanostruc-
tures. Nanotechnology 2009, 21, 055707. [CrossRef]

36. Xu, S.; Xu, Z.; Starrett, J.; Hayashi, C.; Wang, X. Cross-plane thermal transport in micrometer-thick spider silk films. Polymer 2014,
55, 1845–1853. [CrossRef]

37. Yuan, P.; Tan, H.; Wang, R.; Wang, T.; Wang, X. Very fast hot carrier diffusion in unconstrained MoS2 on a glass substrate:
Discovered by picosecond ET-Raman. RSC Adv. 2018, 8, 12767–12778. [CrossRef]

38. Yuan, P.; Wang, R.; Tan, H.; Wang, T.; Wang, X. Energy Transport State Resolved Raman for Probing Interface Energy Transport
and Hot Carrier Diffusion in Few-Layered MoS2. ACS Photonics 2017, 4, 3115–3129. [CrossRef]

39. Cole, K.D.; McGahan, W.A. Theory of Multilayers Heated by Laser Absorption. J. Heat Trans. 1993, 115, 767–771. [CrossRef]
40. Machlab, H.; McGahan, W.A.; Woollam, J.A.; Cole, K. Thermal characterization of thin films by photothermally induced laser

beam deflection. Thin Solid Films. 1993, 224, 22–27. [CrossRef]
41. Koh, Y.K.; Bae, M.-H.; Cahill, D.G.; Pop, E. Heat conduction across monolayer and few layer graphenes. Nano Lett. 2010, 10,

4363–4368. [CrossRef] [PubMed]
42. Wang, T.; Han, M.; Wang, R.; Yuan, P.; Xu, S.; Wang, X. Characterization of anisotropic thermal conductivity of suspended

nm-thick black phosphorus with frequency-resolved Raman spectroscopy. J. Appl. Phys. 2018, 123, 145104. [CrossRef]
43. Wang, R.; Zobeiri, H.; Lin, H.; Qu, W.; Bai, X.; Deng, C.; Wang, X. Anisotropic thermal conductivities and structure in lignin-based

microscale carbon fibers. Carbon 2019, 147, 58–69. [CrossRef]
44. Li, C.; Xu, S.; Yue, Y.; Yang, B.; Wang, X. Thermal characterization of carbon nanotube fiber by time-domain differential Raman.

Carbon 2016, 103, 101–108. [CrossRef]
45. Wang, T.; Xu, S.; Hurley, D.H.; Yue, Y.; Wang, X. Frequency-resolved Raman for transient thermal probing and thermal diffusivity

measurement. Opt. Lett. 2016, 41, 80–83. [CrossRef]
46. Yuan, P.; Liu, J.; Wang, R.; Wang, X. The hot carrier diffusion coefficient of sub-10 nm virgin MoS2: Uncovered by non-contact

optical probing. Nanoscale 2017, 9, 6808–6820. [CrossRef]
47. Wang, R.; Wang, T.; Zobeiri, H.; Yuan, P.; Deng, C.; Yue, Y.; Xu, S.; Wang, X. Measurement of the thermal conductivities

of suspended MoS2 and MoSe2 by nanosecond ET-Raman without temperature calibration and laser absorption evaluation.
Nanoscale 2018, 10, 23087–23102. [CrossRef]

151





Citation: Dai, H.; Wang, R. Methods

for Measuring Thermal Conductivity

of Two-Dimensional Materials: A

Review. Nanomaterials 2022, 12, 589.

https://doi.org/10.3390/nano12040589

Academic Editor: Gyaneshwar

P. Srivastava

Received: 31 December 2021

Accepted: 28 January 2022

Published: 9 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Review

Methods for Measuring Thermal Conductivity of
Two-Dimensional Materials: A Review

Huanyu Dai and Ridong Wang *

State Key Laboratory of Precision Measuring Technology and Instruments, Tianjin University,
Tianjin 300072, China; huanyu_dai2266@tju.edu.cn
* Correspondence: rdwang@tju.edu.cn

Abstract: Two-dimensional (2D) materials are widely used in microelectronic devices due to their
excellent optical, electrical, and mechanical properties. The performance and reliability of micro-
electronic devices based 2D materials are affected by heat dissipation performance, which can be
evaluated by studying the thermal conductivity of 2D materials. Currently, many theoretical and
experimental methods have been developed to characterize the thermal conductivity of 2D materials.
In this paper, firstly, typical theoretical methods, such as molecular dynamics, phonon Boltzmann
transport equation, and atomic Green’s function method, are introduced and compared. Then, exper-
imental methods, such as suspended micro-bridge, 3ω, time-domain thermal reflectance and Raman
methods, are systematically and critically reviewed. In addition, the physical factors affecting the
thermal conductivity of 2D materials are discussed. At last, future prospects for both theoretical and
experimental thermal conductivity characterization of 2D materials is given. This paper provides an
in-depth understanding of the existing thermal conductivity measurement methods of 2D materials,
which has guiding significance for the application of 2D materials in micro/nanodevices.

Keywords: 2D materials; thermal conductivity; molecular dynamics; Raman spectroscopy

1. Introduction

The thermal conductivity of 2D materials is of great significance for both basic re-
search [1–10] and practical application [11–13]. In basic research, Fourier’s law has been
successful in studying heat conduction in macroscopic systems. However, when down
to micro or nanoscale, due to the existence of size effect [1], thermal rectification [2], and
ballistic transport [3], this law is no longer usable. In addition, with the advent of new
materials such as newly discovered borophene [4,5], MXene [6,7], and various heterostruc-
tures [8–10], it is also crucial to determine the thermal conductivity of these new materials.
From a practical perspective, 2D materials are widely used in optoelectronic devices [11],
biological monitoring [12], and energy storage [13] due to their excellent optical, electrical,
and mechanical properties. It is necessary to explore the thermal conductivities of these 2D
materials to optimize heat dissipation in optoelectronic devices.

Various theoretical calculation methods such as molecular dynamics simulation [14–17],
phonon Boltzmann transport equation [18–23], and atomistic Green’s functions [24–26] have
been developed to study the underlying physical mechanism of heat transfer in 2D materials. Yet,
due to the ignorance of surface defects, the accuracy of these methods is limited. Experimental
methods, such as the suspended micro-bridge method [27–32], 3ω method [33–36], time-
domain thermoreflectance method [37–46], and Raman method [47–53], have been developed
to study the thermal conductivity of 2D materials. Bao et al. [54] introduced heat transfer
research methods in micro-nano structures from the perspective of theoretical calculation.
Experimental-based thermal characterization techniques for low-dimensional materials were
also reviewed [55,56]. Considering all these different techniques, however, there is still a lack of
comprehensive review on the thermal conductivity measurement methods of 2D materials. In
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this paper, both theoretical and experimental methods for studying the thermal conductivity
of 2D materials are reviewed. In addition, the factors affecting the thermal conductivity of 2D
materials are also discussed.

2. Theoretical Methods

The theoretical calculation is an effective way to deeply understand the potential
mechanism of phonon transport in 2D materials. Currently, the molecular dynamics (MD)
simulation, phonon Boltzmann transport equation (PBTE), and atomistic Green’s functions
(AGF) were the 3 mainstream theoretical methods.

2.1. MD Simulation

In MD simulation, the motion of each particle in the dynamic process was described
based on Newton’s second law, and the position, velocity, and force of each atom were
calculated at each step. The interatomic forces were derived from the potential function,
and the commonly used empirical potential functions were Lennard–Jones (LJ) potential
for interlayer van der Waals (vdW) interaction, Stillinger–Weber (SW) [15] potential for
atomic interaction, and REBO potential [16] for the covalent bonding of the carbon atoms
in diamond and graphite. Two common methods were used to calculate the thermal
conductivity of 2D materials: the equilibrium MD (EMD) method based on the Green–
Kubo formalism and the nonequilibrium MD (NEMD) method based on Fourier’s law.

In EMD method, the thermal conductivity is expressed as the integration of the heat
current autocorrelation function (HCACF) with respect to a given correlation time t,

κμv(t) =
1

κBT2V

∫ t

0

〈
Jμ(0)Jv(t′)

〉
dt′ (1)

where κB is Boltzmann’s constant, T is the absolute temperature of the system, V is the
volume and Jμ is the μth component of the full heat current vector J. The heat current at a
given time depends on the positions and velocities of the particles in the system. The key
point of EMD based thermal conductivity calculation is to calculate the time integral with
the upper limit of infinity in Equation (1) and ensure its convergence. In addition, the size
effect of thermal conductivity is also difficult to be studied in EMD, which can be solved
in NEMD. The NEMD technique can be employed to characterize the in-plane thermal
conductivity of a sample with finite length L by driving the system out of equilibrium.
When steady state is achieved after sufficient time, the heat current (flux) Q and temperature
gradient ∇T are obtained to calculate thermal conductivity κ(L) according to Fourier’s law:

κ(L) = − Q
∇T

(2)

For the MD method, one advantage is that the simulation is based on a real physical
model in space, which makes it convenient to study the effects of physical parameters,
such as strain, defect, doping, etc. However, the accuracy of MD simulation is highly
dependent on the potential empirical function used, which is usually developed by fitting
the existing material properties. Moreover, as the MD method is modeled in real space,
the calculation range is limited due to the simulation time, which makes the calculation of
thermal conductivity not very accurate. In addition, the phonon scattering rate in MD is
related to the Maxwell Boltzmann distribution while ignoring the quantum effect below
the Debye temperature. Thus, erroneous results were obtained for the calculated thermal
conductivity below the Debye temperature [17].

2.2. PBTE Method

Recently, PBTE, combined with first principles, was used much more frequently
to explore the thermal conductivity of non-metallic materials, such as 2D selinene [18],
phosphorene [19], borophane [20], and transition metal dichalcogenide (TMDC) MX2 [21].
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Under the effect of temperature gradient (∇T), the phonon distribution fλ deviates from
the Bose–Einstein distribution in equilibrium f 0

λ, which can be obtained by solving PBTE:

∂ fλ

∂t

∣∣∣∣
diff

+
∂ fλ

∂t

∣∣∣∣
scatt

= 0 (3)

where the diffusion term ( ∂ fλ
∂t

∣∣∣
diff

) is caused by the temperature gradient ∇T and given by:

∂ fλ

∂t

∣∣∣∣
diff

= −vλ∇T
∂ f 0

λ

∂T
(4)

where vλ is the group velocity of phonon mode λ. The scattering term ( ∂ fλ
∂t

∣∣∣
scatt

) in Equa-
tion (5) is determined by the scattering process in the system. Under the relaxation time
approximation (RTA), the scattering term can be written as:

∂ fλ

∂t

∣∣∣∣
scatt

=
fλ − f 0

λ

τλ
(5)

where τλ is the relaxation time. Considering anharmonic phonon–phonon interactions τλ

can be obtained by perturbation theory. The heat flow Jα in α direction can be written as:

Jα = ∑
λ

∫
�ωλ fλvαλ

dk
2π3 (6)

where k denotes the phonon wave vector, ωλ is the frequency of phonon mode. According
to Fourier’s law Jα = −∑β καβ(∇T)β, the lattice thermal conductivity tensor καβ under
the RTA can be written as:

καβ =
1

kBT2NV ∑
λ

(�ωλ)
2 f 0

λ(1 + f 0
λ)v

α
λ vβλ τλ (7)

where N is the total number of phonon wave vectors included in the summation, V is
the volume of the unit cell, ναλ and ν

β
λ are the group velocity of phonon mode λ with

Cartesian coordinates indexed by α and β, respectively. In the actual simulation, the
parameters ναλ and ν

β
λ were obtained from the interatomic force constants (IFCs), which

can be extracted from DFT packages such as VASP. Some open-source software packages
such as ShengBTE [22] were available to predict the lattice thermal conductivity of solid
materials with the input files of these IFCs.

In PBTE, the calculation accuracy depends on the accuracy of the scattering mechanism
in the 2D material. Anharmonicity causes inelastic scattering of phonons. Meanwhile,
many factors such as isotopes, holes, and interfaces may disturb the lattice vibration. At
present, PBTE lacks the description of some scattering mechanisms, such as holes [23].

2.3. AGF Method

The AGF method, which is based on a dynamical equation and the quantum me-
chanical phonon energy distribution, is an effective tool to simulate ballistic transport
in nanoscale devices. As shown in Figure 1, the quantum thermal transport system can
be divided into 3 parts: central scattering region (abbreviated as C), left and right lead
(abbreviated as L, R). Under the harmonic approximation, the phonon waves in the system
can be described as:

(ω2I − H)Φ(ω) = 0 (8)

155



Nanomaterials 2022, 12, 589

where ω is the angular frequency of lattice vibration, I is the identity matrix, H is the
harmonic matrix, and Φ(ω) is the eigenvector of H. The response of the system under
small disturbance can be obtained by Green’s function:

(ω2I − H)G = 0 (9)

Figure 1. Schematic diagram of heat transport model for low dimensional system. (The L, C and R in
the figure represents three parts of the system: central scattering region, left and right lead, and Q
indicates the direction of heat flow).

The atomic interactions in each region are described by constructing a harmonic matrix
for AGF calculation [24]. The phonon transmission function Ξ(ω) is calculated by:

Ξ(ω) = Tr[ΓLGr
CΓRGr

C
∗] (10)

where Gr
C and Gr

C
∗ are the Green’s function of the central region and its complex conju-

gate [25], ΓL and ΓR are phonon escape rates from left contact and right contact, and Tr
represents the trace of the matrix.

According to the Landauer formula and the phonon transmission function, the thermal
conductivity κ of the system can be calculated as:

κ =
�

2π

∫ ∞

0

∂ f (ω, T)
∂T

Ξ(ω)ωdω (11)

where f (ω, T) is the Bose–Einstein distribution and � is the Planck’s constant. AGF studies
the thermal conductivity based on the harmonic approximation condition and does not
consider the anharmonic interaction, that is, phonon–phonon scattering. Therefore, AGF,
which studies the structure dominated by elastic scattering, is mainly used in nanostructures
dominated by harmonic scatterings, such as defects, interfaces, lattice mismatch [26].

3. Experimental Methods

The theoretical simulation methods, including MD, PBTE, and AGF, have become
effective tools for calculating the thermal conductivity of 2D materials. However, it is chal-
lenging to ensure the accuracy when considering the impurities, defects, and rough surface
of real samples. That is, it is of great significance to developing experimental methods to
improve the measuring accuracy. The measuring accuracy can also be further improved by
combining the experimental methods with the theoretical calculation. At present, experi-
mental measurement methods mainly include electro-thermal and optothermal methods.

3.1. Electro-Thermal Techniques

Electro-thermal techniques, which include the suspended micro-bridge method, 3ω
method, electron beam self-heating, T-bridge, four-probe transport measurements tech-
niques, characterize the thermal conductivities of materials based on the temperature
dependence of thermal resistance. The suspended micro-bridge method and 3ω method
are two typical techniques and are introduced in detail.
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3.1.1. Suspended Micro-Bridge Method

The suspended micro-bridge method was first used by Majumdar et al. [27,28] in 2001
to measure the thermal conductivity of a single multi-walled nanotube. Since then, the
suspended micro-bridge method has been applied to measure the thermal conductivities of
graphene [29], hexagonal boron nitride [30], MoS2 [31] and other 2D materials. As shown in
Figure 2, the suspended device is composed of 2 adjacent silicon nitride (SiNx) membranes
suspended by 5 SiNx beams. The platinum resistance thermometer coil designed on
each membrane is connected to the substrate through a platinum (Pt) leads on the long
SiNx beam. A mixed current of DC (microampere level) and AC (nano ampere level) is
introduced to the heating membrane.

Figure 2. Schematic diagram of microbridge measurement. Reprinted with permission from Ref. [32].
Copyright 2017, John Wiley and Sons.

The DC current is used to generate Joule heat (Qtot) on one side, and the Pt resistance is
measured by AC to characterize the temperature change (ΔTh, ΔTs) of heating and sensing
membrane caused by Qtot. Heat is transferred between the heating membrane and the
sensing membrane only through the sample. Since the Qtot is transferred only from the
heating membrane to the substrate with an environment temperature Ta and sample, we
can express the heat flux distribution on the whole device and sample as follows:

Qtot = Q1 + Q2 (12)
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Q1 = Gb × ΔTh (13)

Q2 = Gs(ΔTh − ΔTs) = Gb × ΔTs (14)

where Qtot is the total heat on the heating membrane, Q1 and Q2 are the heat transferred
from the heating membrane to the substrate and the sample, Gs and Gb are the conductance
of the sample and SiNx beams, respectively. The thermal conductivity (κ) of the sample
can be written as:

κ = Gs
L
S

(15)

where L and S are the length and sectional area of the sample, respectively. In practice,
there is thermal resistance (Rc) at the interface between the sample and the heating/sensing
membrane. The measured total thermal resistance is R = RG + 2RC, where RG is the
actual thermal resistance of the sample. Some methods have been designed to reduce the
effect of RC. One is to calculate the temperature rise between the sample and membrane
through numerical simulation [30]. In addition, it can be considered to add high thermal
conductivity materials to the membrane to reduce RC and improve the uniformity of
membrane temperature [29].

3.1.2. 3ω Method

The 3ω method is based on the frequency-domain feedback characteristic that the
temperature of the heating resistor varies with the frequency of the applied AC electrical
current. As shown in Figure 3a, a metal electrode such as Pt with a certain shape and
thickness (the yellow part) was prepared on the surface of the thin film sample (the blue
part) by photolithography and thermal evaporation, which was used both as a heater
and a thermometer. Thin-film samples are usually deposited on the substrate (the bottom
gray part) by chemical vapor deposition (CVD) and high-temperature oxidation. When
an AC power supply with a frequency of 1ω is connected to the metal electrode, the
internal resistance of the metal electrode changes approximately at a frequency of 2ω due
to the linear relationship with the temperature change. Finally, the voltage signal with 3ω
frequency variation can be extracted by the lock-in amplifier (shown in Figure 3b).

Figure 3. Schematic diagram of (a) 3ω method. (b) experimental circuit. Reprinted with permission
from Ref. [33]. Copyright 2008, AIP Publishing.

In this technique, 2 structures were prepared: substrate and film-substrate structure.
Metal electrodes were deposited on the 2 structures to measure the corresponding tempera-
ture changes (ΔTs, ΔTs + f ). Then, temperature change caused by the film can be written as
ΔTf = ΔTs + f − ΔTs. The thermal conductivity (κ f ) of a thin film is determined using
Equation (16)

κ f =
Pt

ΔTf · S
(16)

where P and t are heating power and film thickness, respectively.
For the 3ω method, thermal contact resistance measurements between graphene and

SiO2 based on a differential 3ω technique were made [34]. However, as the fabrication of a
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metal electrode with high quality and the signal extraction of the phase-locked amplifier
were required, it was difficult to measure the thermal conductivity of 2D material with
atomic level thickness. Zhang et al. [35] reported the thermal conductivity measurement
of 100 nm thickness silicon nitride (SiN) and 64 nm thickness amorphous boron nitride
(BN) based on the 3ω method. As the thermal conductivity was obtained by the frequency-
dependent temperature oscillation, the 3ω method was free of the effect from contact
thermal resistance between sample and substrate. Then, due to the small surface area of
metal electrode, the effect of heat radiation was also limited [36]. The 3ω method also
has some drawbacks that further limit its application for supported samples. The thermal
conductivity of the substrate should be much higher than that of the film deposited on it to
ensure a high sensitivity. A lower surface roughness of the sample is needed to prevent
damage to the thin metal wires.

3.2. Opto-Thermal Techniques

Compared with electrothermal method, opto-thermal techniques, which can realize
non-contact measurement with simple sample preparation, have been widely used in
thermal conductivity characterization of 2D materials. Two representative methods, time-
domain thermoreflectance (TDTR) method, and Raman-based methods, are introduced in
detail in this section.

3.2.1. Time-Domain Thermoreflectance (TDTR) Method

The TDTR method is based on the change of surface reflectance caused by temperature
change. Figure 4a shows a typical setup. The emitted laser is divided into pump light and probe
light through a polarizing beam splitter (PBS). The pump light modulated by the electro-optic
modulator is used to heat the sample surface. The sample surface is usually covered with a
metal film in order to ensure that the pump laser is absorbed at the surface. The detection
beam is delayed relative to the pump light by the mechanical delay stage and received by the
photodiode detector. The converted electrical signal is extracted by the lock-in amplifier with
two outputs: in-phase (Vin) signal and out-of-phase (Vout) signal, which represent the phase of
the reflected beam related to the temperature response and can be written as R = −Vin/Vout.
By continuously changing the delay time, the curve of R versus time shown in Figure 4b can
be obtained. Combined with the heat transfer model established by Cahil et al. [37] in 2004,
the thermal conductivity can be extracted. Schmidt et al. [38] further applied the model in
anisotropic thermal conduction of highly ordered pyrolytic graphite (HOPG).

Figure 4. (a) Schematic of a typical TDTR setup. (b) The ratio between in-phase and out-of-phase
signals, −Vin/Vout as a function of delay time is compared with the thermal modeling to extract the
thermal conductivity. Reprinted with permission from Ref. [39]. Copyright 2021, AIP Publishing.

In TDTR, due to the deposition of metal films on the sample surface, the intrinsic
thermal conductivity of the sample cannot be measured accurately. The main limitation for
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TDTR is the requirement for a highly smooth surface to minimize diffuse reflection and the
complex experimental device. In the later development, many improvements were made
based on TDTR, such as FDTR [40] TDTR based on time-resolved magneto-optical Kerr
effect (TR-MOKE) [41]. In FDTR, the relationship between thermal reflection signal and
modulation frequency rather than the delay time was established, in which continuous laser
can be used thus it is simpler and cheaper. TDTR can also be combined with TR-MOKE to
probe the sample’s surface temperature, which depends on the temperature dependence
of the polarization rather than the intensity of the reflected beam. This temperature
measurement method allows us to use thinner ferromagnetic metal film as a transducer,
reduces lateral heat flow in the metal film, and improves the accuracy of measurement
results. Currently, for thermal conductivity measurement, the TDTR method is mostly used
in thin films, such as transition metal dichalcogenides MX2 (M = Mo, W and X = S, Se) [42], h-
BN [43], BP [44], which requires a relatively large thickness (>100 nm). For 2D materials, this
technique can realize the characterization of the interfacial heat transfer [45]. Additionally,
FDTR, which is an improved TDTR method, is used in measuring the thermal conductivity
of 2D materials. Rahman et al. [46] implemented frequency domain magnetooptical Kerr
effect (FD-MOKE) to measure the thermal conductivity of various 2D materials, such as
graphene, monolayer MoS2, and four-layer h-BN.

3.2.2. Optothermal Raman Methods

Compared with the complex measurement device of TDTR, Raman-based methods
are simpler and have been widely used in the thermal conductivity measurement of 2D
materials. By constructing different heat transfer states in the time and space domain, vari-
ous Raman-based measurement methods were developed. Among them, the optothermal
Raman method based on steady-state heating is the most commonly used.

In this method, the sample can be heated optically or electrically. Taking optical
heating as an example, Figure 5a shows the MoS2 sample is suspended on a Si2N4 substrate
and heated by a focused laser light. The heat can only diffuse around the sample and
eventually to the substrate. As shown in Figure 5c, the Raman shift (Δω) of MoS2 is linearly
related to the local temperature change (ΔT) of the sample upon laser heating, and can be
written as: Δω = χTΔT, where χT is the first-order temperature coefficient. Varying laser
power will also produce different thermal effects, which means that there is a similar linear
relationship between Raman shift and laser power (Figure 5d). For the sample suspended
on a hole with radius R, the temperature at r from the center of the hole can be calculated
from the heat conduction equation as follows:

κsus
1
r

d
dr

[
r

dT(r)
dr

]
+ q(r) = 0, for r ≤ R (17)

κsup
1
r

d
dr

[
r

dT(r)
dr

]
+

g
t
[T(r) − T(a)] = 0, for r ≥ R (18)

where κsus, κsup, q(r),g, t and T(a) are the thermal conductivity of suspended and sup-
ported structure, volume optical heating, interface thermal conductivity, thickness of sample
and environmental temperature, respectively. Figure 5b shows the calculated temperature
distribution of the sample. The weighted average temperature rise in the laser spot can be
written as:

Tcalculated ≈
∫ R

0 T(r)q(r)rdr∫ R
0 q(r)rdr

(19)
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Figure 5. Illustration of optothermal Raman methods. (a) Schematic of the thermal conductivity
measurement showing suspended MoS2 flakes and excitation laser light. (b) Simulation of laser
heating temperature rise. (c) Raman peak frequency shift as a function of temperature. (d) Experi-
mental data for Raman shift as a function of laser power, which determines the local temperature
rise in response to the dissipated power. Reprinted with permission from Ref. [47]. Copyright 2014,
American Chemical Society.

By matching the calculated temperature rise (Tcalculated − Ta) with the temperature rise
measured by Raman spectroscopy (ΔTmeasured), the thermal conductivity κ can be extracted.

One drawback of optothermal Raman method is the measurement of absolute laser
absorption power. Under laser heating, part of the energy is absorbed by the sample, while
the rest of the energy is reflected by the sample or transmitted to the substrate. Currently,
it is very difficult to determine the laser absorption coefficient accurately. In addition, a
temperature calibration process, which is time-consuming and can introduce large errors,
is also needed.

3.2.3. Time-Resolved Raman Methods

Time-domain differential Raman (TD-Raman) [48], which uses a square wave modu-
lated laser with variable duty cycle, can be applied to measure the thermal conductivity
of 2D materials. As shown in Figure 6a, the modulated laser is used for sample heating
and Raman excitation, which consists of a variable excitation period te and a fixed thermal
relaxation period tr. Here, the thermal relaxation time tr needs to be long enough for the
sample to cool completely before the next pulse period. Figure 6b shows the corresponding
temporally accumulative Raman spectra of one laser pulse cycle in 3 cases. It can be seen
that longer excitation time te leads to higher temperature rise, and the corresponding
Raman spectra also change. From cases 1 to 3, the intensity of the Raman peak increases
gradually, and the softening phenomenon of Raman peak position is also observed. By ana-
lyzing the changes of Raman signals mentioned above, the average temperature rise (ΔT)
of the sample in the heating zone can be determined by Raman spectroscopy. Moreover,
the accumulative Raman emission for one excitation cycle (0~te) is written as:

Eω(ω, te) = I0

∫ te

0
(1 − AΔT∗

) exp

[
−4ln2·(ω−ω0 + BΔT∗

)
2

(Γ0 + CΔT∗
)

2

]
dt (20)

where I0, ω0, Γ0 are the corresponding Raman properties at the beginning of laser heating,
A, B, C are the changing rate of Raman intensity, Raman shift, and linewidth against
the normalized temperature ΔT∗. Combining with the transient heat transfer model, the
thermal conductivity of the sample can be determined by fitting the variation of Raman
peak with time.
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Figure 6. Concept of TD−Raman. (a) The change of temperature evolution(ΔT), and instant changes
of Raman peak intensity (I), peak shift (ω) and linewidth (Γ). (b) The corresponding temporally
accumulative Raman spectra of one laser pulse cycle in Case 1, 2, and 3. Reprinted with permission
from Ref. [48] © The Optical Society. Copyright 2015, The Optical Society.

In TD-Raman, thermal conductivity of 2D materials is measured through the Raman
characterization of transient heat transfer. However, in practice, when the heating time
is too short, a long time of Raman signal acquisition is needed, which makes it hard for
fast thermal transport characterization produces more environmental interference and
affects the measurement accuracy. To solve this problem, Wang’s lab further developed
frequency-resolved (FR) Raman technique Frequency-resolved Raman for transient thermal
probing and thermal diffusivity measurement [49]. As shown in Figure 7, an amplitude-
modulated square-wave with different frequencies is employed to heat the sample and
excite Raman signals. When the sample is irradiated by the high-frequency laser pulse, the
temperature of the sample is almost constant in the whole process, which is defined, as
“quasi-steady state,” and the temperature rise is regarded as ΔTqs. On the contrary, when
low-frequency laser pulse irradiates the sample because the sample has enough time to
rise to a stable state in the excitation time, the temperature of the sample is approximately
regarded as a constant in the excitation time, which is defined as “steady state,” and the
temperature rise is regarded as ΔTs. Here we have ΔTqs = ΔTs/2, which shows that
the temperature decreases with increasing frequency. The thermal conductivity can be
extracted based on the transient heat transfer model and the collected Raman signal. TD-
Raman has been applied to the measurement of the anisotropic thermal conductivity of
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black phosphorus [50]. Compared with TD-Raman, the Raman signal collection of FR-
Raman is more efficient, but the sensitivity is lower because the time between pulses is not
enough to completely cool the sample.

Figure 7. Concept of FR-Raman. (a) Time profiles of laser pulse, temperature evolution (T), Raman
peak intensity (I), peak shift (ω) and linewidth (Γ). (b) Temperature variation (TQS) at quasi-steady
state. (c) Temperature variation (TS) at very low frequency. Reprinted with permission from [49] ©
The Optical Society. Copyright 2016, The Optical Society.

3.2.4. Energy Transport State Resolved Raman (ET-Raman)

Besides the time-domain modulation, the energy transport states can also be modu-
lated in the spatial domain. Based on this, a technique named ET-Raman was developed
to measure the in-plane thermal conductivities of supported or suspended 2D materials.
For supported 2D samples, both a CW laser and a picosecond laser are used. As shown in
Figure 8, 5 energy transport states were constructed both in time and spatial domains [51].
Three physical processes occur with laser heating. The first is hot carrier generation, dif-
fusion in space, and electron–hole recombination. This process introduces heat transfer
and energy redistribution, which is determined by the hot carrier diffusivity (D). The
subsequent process is the heat conduction by phonons, which receives energy from the
hot carriers or electron–hole recombination, which mainly happens in the in-plane and
depends on the thermal conductivity (κ). The third is the heat conduction from sample to
substrate, and this process is dominated by the local thermal resistance (R).

By using different laser power (P), a parameter named Raman shift power coefficient
(RSC) can be obtained and expressed as: χ = ∂ω/∂P, where ω is Raman peak shift. More-
over, χ is determined by κ, D, R, laser absorption coefficient and temperature coefficient
of Raman shift. According to the 5 heating states in Figure 8, 3 normalized RSC were
obtained: Θn = χcw,n/(χps1 − χps2), n = 1, 2, 3. The error caused by laser absorption,
Raman temperature coefficient were eliminated. Meanwhile, the heat accumulation effect
was removed by the difference of the heating between the 2 objectives (50×, 100×) under
picosecond pulse laser. Then, a 3D numerical model was employed to determine κ, D and
R. Figure 9 shows the evolution of the distribution of Ω(κ, D, R). Yuan et al. measured that
the in-plane thermal conductivity spans from 31.0 to 76.2 W/(m·K) of 2D few layers MoS2
samples (thickness ranging from 2.4 nm to 37.8 nm) supported on a glass substrate by 5
state picosecond ET-Raman method.
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Figure 8. The Schematic diagram for mechanism of five-state energy transport state-resolved Raman
(ET-Raman) technique. (a) The generation, diffusion, and recombination of the hot carrier in MoS2

upon laser irradiating. (b,c) Transient state heating using picosecond laser heating under 50× and
100× objective lenses. (d–f) Steady state heating using CW laser with 20×, 50×, and 100× objective
lenses. Reproduced from Ref. [51] with permission from the Royal Society of Chemistry. Copyright
2018, Royal Society of Chemistry.

Figure 9. The evolution of distribution of Ω(κ, D, R). (a) Ω(κ, D, R) ≤ 0.65; (b) Ω(κ, D, R) ≥ 0.80; (c)
Ω(κ, D, R) ≥ 0.95; (d) Ω(κ, D, R) = 1.0. Reproduced from Ref. [51] with permission from the Royal
Society of Chemistry.

Due to the short pulse interval, the picosecond laser, which would generate heat
accumulation in the suspended structure, is replaced by a nanosecond laser. As shown in
Figure 10, Zobeiri et al. measured the κ and D of suspended WS2 by constructing 3 heating
states with a continuous laser and a nanosecond pulse laser [52]. The influence of κ and
D can be distinguished by changing the size of the heating area with a different objective
lens. Similarly, 3 RSCs were defined: ψCW , ψns20 and ψns100. Two normalized RSCs were
further defined: Θ20 = ψns20/ψCW and Θ100 = ψns100/ψCW . Theoretical values Θ
under different κ and D values were obtained by temperature rise simulation under 3
states, and the matching κ and D were obtained by comparing with the experimental
values. The thermal conductivity of suspended WS2 was observed to increase from 15.1 to
38.8 W/(m·K) as the sample thickness increased from 13 nm to 107 nm with nanosecond
ET-Raman technique.
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Figure 10. (a,b) Schematic diagram of suspended WS2 illuminated by continuous and nanosecond
lasers. (c,d) Energy transport states are constructed by continuous and nanosecond lasers in the
temporal and spatial domain. (e–g) Thermal diffusion length, laser radius, and carrier diffusion
length under three states. Reprinted with permission from Ref. [52]. Copyright 2019, Elsevier.

Since the Raman signal comes from optical phonons (OPs), but the heat transfer in the
sample is related to acoustic phonons (APs). Considering the measurement error caused
by ignoring the temperature difference between the 2 phonons, Wang et al. developed 6
heating states nanosecond ET-Raman technique by changing the objective lens: 3 steady
states and 3 transient states, and realized the measurement of intrinsic κ of MoS2 and MoSe2
nanofilms and phonon coupling factors [53]. As shown in Figure 11a, the Raman spectrum
reflects the temperature rise (ΔTm) of OPs, which is the sum of the temperature difference
(ΔTOA) between OPs and APs and the temperature rise (ΔTAP) of APs. Figure 11b shows
that the ΔTOA decreases to zero faster than ΔTAP, which means that phonon coupling
between OPs and APs is negligible when the laser spot is very large. Figure 11c shows the
ΔTm with different laser spot radius, which can be written as:

ΔTm = ΔTOA + ΔTAP ∝ Ar−2
0 + f (κ) · r−n

0 (n < 2) (21)

where r0 is the laser spot radius, and f (κ) is a function of thermal conductivity κ. Based on
this more accurate temperature rise fitting process, the intrinsic thermal conductivity of the
sample is approximately extracted.

In order to compare the different experimental methods for measuring the thermal
conductivity of 2D materials much more conveniently, these methods are summarized in
Table 1. The thermal conductivity values of 2D materials with a similar thickness measured
by different experimental methods were quite different, which may be attributed to the
differences in sample quality and different measurement methods.
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Figure 11. (a) Energy transport process among different energy carriers in suspended 2D materials
under laser irradiation. (b) The temperature difference between OP and AP against laser spot size. (c)
Acquisition of thermal conductivity of 2D materials and coupling coefficient between OP and AP.
Reprinted with permission from Ref. [53]. Copyright 2020, John Wiley and Sons.

Table 1. Application and comparison of various experimental methods.

Methods
Physical Structure of

Materials
Thermal Conductivity Limitations

Suspended Micro-Bridge Suspended

Single-layer CVD graphene
[29]: 1680 ± 180 Wm−1K−1

Difficult micro-device
preparation, existence of

contact thermal resistance
Bilayer h-BN [30]: 484+141

−24
Wm−1K−1

4L MoS2 [31]: 44~50
Wm−1K−1

3ω Supported

100 nm SiN [35]: ~5
Wm−1K−1

64 nm BN [35]: ~4
Wm−1K−1

Not applicable to few layer
2D material, deposition of

metal electodes

TDTR Supported Single layer graphene 1 [46]:
636 ± 140 Wm−1K−1

Complex experimental
device, deposition of a

metal film, not applicable to
few layer 2D material

Optothermal Raman Supported and suspended

Single layer graphene [57]:
~4840 to 5300 Wm−1K−1 The inaccurate

measurement results
caused by laser absorption
coefficient and temperature

coefficient calibration

Few-layer h-BN [58]: 227 to
280 Wm−1K−1

Single layer MoS2 [47]: 34.5
± 4 Wm−1K−1

ET-Raman Supported and suspended 55 nm MoS2 [53]: 46.9 ± 3.1
Wm−1K−1

1 It is measured by the variation of TDTR: FDTR.
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4. Analysis of Factors Affecting Thermal Conductivity of 2D Materials

The thermal conductivity of 2D materials is affected by many factors, such as length,
thickness, temperature, substrate, strain, and so on. These factors will affect the process of
phonon transmission and scattering and further affect the thermal conductivity.

4.1. Size Effect

Unlike bulk materials, the thermal conductivity of nm-thick 2D materials usually
exhibits an abnormal size dependence. In Zhang’s work [59], the in-plane thermal conduc-
tivity of h-BCN monolayer calculated by NEMD increases with sample length increasing
from 10 nm to 250 nm.

The factor for the size-dependent thermal conductivity originates in phonon scatter-
ings at the sample boundaries. When the phonon mean free path (λ) is larger than the
length (l) of the system, heat transfer is ballistic. Certain phonon modes can transmit from
the heat-source to the heat-sink without scattering. When l > λ, phonon scattering is
suppressed. Therefore the calculated κ results change with length l on small scales. In order
to extract the thermal conductivity κ∞ in an infinitely long system, Schelling et al. [60]
proposed an extrapolation formula:

1
κ(l)

=
1
κ∞

(1 +
λ

l
) (22)

4.2. Thickness Effect

The thermal conductivity of 2D materials is also thickness-dependent. In the work
of Smith et al. [61], the thermal conductivity of BP was observed to increase with the
thickness increasing from 10 to 1000 nm. However, when the thickness is reduced to less
than 10 nm, the thickness dependence of thermal conductivity may show the opposite trend.
Yuan et al. [51] reported that the thermal conductivity of 1 to 10 layers decreases with the
increase of layers. All these are related to different phonon scattering modes. In monolayer
materials, the thermal conductivity is mostly affected by the boundary scattering. Moreover,
Umklapp scattering is quenched. Nevertheless, Umklapp scattering has a more significant
effect in thicker materials with long phonon mean free path, and the boundary scattering
effect is weak which leads to low thermal conductivity.

4.3. Temperature Effect

Temperature, which can directly affect the thermal performances and cause adverse
effects on the structural stability of 2D materials, is also an important factor affecting
κ. Hong et al. [62] studied κ of phosphorene/graphene under different temperatures
using NEMD. The result showed that the κ of phosphorene and graphene decreased
with the increase of temperature, which was as expected for phonon-dominated crystalline
materials. As the system temperature increases, more high-frequency phonons are activated,
which accelerates heat conduction. Meanwhile, high temperature also promotes Umklapp
scattering, which suppresses phonon transmission. The strong scattering effect plays a
leading role in the process of heat transfer and eventually leads to the decrease of thermal
conductivity. The results show that the maximum reduction of thermal conductivity κ of
phosphorene and graphene from 100 K to 400 K is, respectively, 64%, 58%, 11%, and 13%.
The calculated thermal conductivity is inversely proportional to the temperature, indicating
that the Umklapp scattering is dominant in the temperature range.

4.4. Other Influence Factors

As the main heat carrier in 2D materials, the propagation of phonons can be adjusted
by many other factors, such as lattice deformation caused by strain, substrate coupling,
isotope-engineering, which leads to the change of thermal conductivity. Zhang et al.
reported that a small strain has a positive effect on the heat conduction of monolayer
h-BCN [59]. With further stretching, the thermal conductivity of h-BCN monolayer begins
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to decrease. Chen et al. reported that the thermal conductivity of SLG supported on amor-
phous SiO2 substrate decreased by 40% compared with suspended SLG structure. Through
spectral energy density (SED) analysis, it was found that substrate coupling inhibits the
thermal transmission of ZA phonons, resulting in a significant reduction in thermal con-
ductivity [63]. In addition, isotope engineering can also affect the thermal conductivity
of 2D materials. Through photothermal Raman measurement, Li et al. reported that the
in-plane thermal conductivity of isotopic pure 100MoS2 monolayer was 50% higher than
that synthesized from naturally abundant isotope mixtures. They attribute this to the
former having fewer defects, which reduces phonon-defect scattering [64].

5. Conclusions and Outlook

In this paper, we systematically introduce the theoretical and experimental methods for
the thermal conductivity measurement of 2D materials. The basic principles, advantages,
and disadvantages are discussed in detail. Furthermore, some factors (size, temperature,
thickness, strain, substrate, and isotope-engineering) that affect the thermal conductivity of
2D materials are also introduced. Based on the thorough analysis, there are many works to
conduct to further develop the theoretical and experimental methods.

For the theoretical methods, the accuracy can be further improved by taking more parame-
ters of actual materials into consideration. For example, the growth of 2D materials obtained by
chemical vapor deposition (CVD) is controlled by macro physical conditions and parameters,
such as partial pressures of each gas in the CVD environment, substrate, defects, furnace config-
uration, temperature conditions, and gas-phase reactions. One idea is to use growth kinetics
and parameter settings to establish the growth model for describing the growth mechanism
of the material, which makes the established model consistent with the actual growth model.
Netto et al. have reported the continuous growth process of CVD diamond films using time-
dependent Monte Carlo algorithm with the chemical reaction mechanism [65]. Recently, due to
the high calculation requirements for theoretical methods, machine learning has been employed
to accelerate the estimation of material thermal conductivity while ensuring the accuracy of
measurement results. Mortazavi et al. [66] employed machine-learning interatomic potentials
(MLIPs) trained over short ab initio molecular dynamics (AIMD) trajectories instead of den-
sity functional theory (DFT) calculation to evaluate anharmonic interatomic force constants,
examining the thermal conductivity conveniently, efficiently, and accurately.

For experimental methods, there is also a lot of work to conduct. For suspended micro
bridge devices, the contact thermal resistance is an important factor affecting the accuracy
of measurement results, which is quantified in the subsequent development of electron
beam self-heating method [67]. Furthermore, the suspended device can combine with
TDTR for an ultrafast heat pump and probe. In this way, the influence of contact thermal
resistance can be eliminated. Moreover, the non-diffusion heat transfer in 2D materials can
be characterized. For the 3ω method, in order to realize its application in measuring the
thermal conductivity of 2D materials, the fabrication of a metal electrode with high quality
and the signal extraction of a phase-locked amplifier should be considered. Compared
with other methods, the Raman method is more widely used in the measurement of 2D
material thermal conductivity. However, there is still room for further improvement. First,
higher spectral resolution means more accurate temperature measurement. For Raman
spectrometer, the higher the grating line density, the higher the corresponding spectral
resolution. The grating line density of the commonly used Raman spectrometer ranges from
300 g/mm to 1800 g/mm. If higher density gratings, such as 2400 g/mm and 3600 g/mm,
are used, the temperature measurement accuracy will be improved accordingly. Besides,
the spatial modulation of laser spot can be considered more. Nowadays, the modulation of
laser spot size is realized by using objective lenses with different magnification. In addition,
the shape of the laser spot can also be modulated to measure the thermal conductivity
of anisotropic 2D materials. Moreover, aside from temporal and spatial modulation, the
excitation energy can also be modulated by lasers with different wavelengths. There are few
reports on the thermal conductivity of 2D materials using larger wavelength lasers such
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as 660 nm laser in the visible light band due to its long exposure time and low excitation
efficiency. However, at the same time, the long-wavelength laser also has some advantages,
such as reducing fluorescence interference and not easily damaging the sample. Therefore,
its application in 2D heat transfer measurement is expected.
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15. Kandemir, A.; Yapicioglu, H.; Kinaci, A.; Çağın, T.; Sevik, C. Thermal transport properties of MoS2 and MoSe2 monolayers.
Nanotechnology 2016, 27, 055703. [CrossRef]

16. Brenner, D.W.; Shenderova, O.A.; Harrison, J.A.; Stuart, S.J.; Ni, B.; Sinnott, S.B. A second-generation reactive empirical bond
order (REBO) potential energy expression for hydrocarbons. J. Phys. Condens. Matt. 2002, 14, 783. [CrossRef]

17. Khan, A.I.; Navid, I.A.; Noshin, M.; Uddin, H.M.A.; Hossain, F.F.; Subrina, S. Equilibrium molecular dynamics (MD) simulation
study of thermal conductivity of graphene nanoribbon: A comparative study on MD potentials. Electronics 2015, 4, 1109–1124.
[CrossRef]

18. Liu, G.; Gao, Z.; Li, G.-L.; Wang, H. Abnormally low thermal conductivity of 2D selenene: An ab initio study. J. Appl. Phys. 2020,
127, 065103. [CrossRef]

19. Hong, Y.; Zhang, J.; Zeng, X.C. Thermal transport in phosphorene and phosphorene-based materials: A review on numerical
studies. Chinese Phys. B 2018, 27, 036501. [CrossRef]

20. Liu, G.; Wang, H.; Gao, Y.; Zhou, J.; Wang, H. Anisotropic intrinsic lattice thermal conductivity of borophane from first-principles
calculations. Phys. Chem. Chem. Phys. 2017, 19, 2843–2849. [CrossRef]

169



Nanomaterials 2022, 12, 589

21. Zulfiqar, M.; Zhao, Y.; Li, G.; Li, Z.; Ni, J. Intrinsic Thermal conductivities of monolayer transition metal dichalcogenides MX 2 (M
= Mo, W.; X = S, Se, Te). Sci. Rep. 2019, 9, 1–7. [CrossRef] [PubMed]

22. Li, W.; Carrete, J.; Katcho, N.A.; Mingo, N. ShengBTE: A solver of the Boltzmann transport equation for phonons. Comput. Phys.
Commun. 2014, 185, 1747–1758. [CrossRef]

23. Bouzerar, G.; Thébaud, S.; Pecorario, S.; Adessi, C. Drastic effects of vacancies on phonon lifetime and thermal conductivity in
graphene. J. Phys. Condens. Matt. 2020, 32, 295702. [CrossRef] [PubMed]

24. Zhang, W.; Fisher, T.S.; Mingo, N. The atomistic green’s function method: An efficient simulation approach for nanoscale phonon
transport. Num. Heat Transf. Part B Fundam. 2007, 51, 333–349. [CrossRef]

25. Zhang, W.; Fisher, T.; Mingo, N. Simulation of interfacial phonon transport in Si–Ge heterostructures using an atomistic Green’s
function method. J. Heat Transf. 2007, 129, 483–491. [CrossRef]

26. Li, X.; Yang, R. Effect of lattice mismatch on phonon transmission and interface thermal conductance across dissimilar material
interfaces. Phys. Rev. B 2012, 86, 054305. [CrossRef]

27. Kim, P.; Shi, L.; Majumdar, A.; McEuen, P.L. Thermal transport measurements of individual multiwalled nanotubes. Phys. Rev.
Lett. 2001, 87, 215502. [CrossRef]

28. Shi, L.; Li, D.; Yu, C.; Jang, W.; Kim, D.; Yao, Z.; Kim, P.; Majumdar, A. Measuring thermal and thermoelectric properties of
one-dimensional nanostructures using a microfabricated device. J. Heat Transf. 2003, 125, 881–888. [CrossRef]

29. Jo, I.; Pettes, M.T.; Lindsay, L.; Ou, E.; Weathers, A.; Moore, A.L.; Yao, Z.; Shi, L. Reexamination of basal plane thermal conductivity
of suspended graphene samples measured by electro-thermal micro-bridge methods. AIP Adv. 2015, 5, 053206. [CrossRef]

30. Wang, C.; Guo, J.; Dong, L.; Aiyiti, A.; Xu, X.; Li, B. Superior thermal conductivity in suspended bilayer hexagonal boron nitride.
Sci. Rep. 2016, 6, 1–6. [CrossRef]

31. Jo, I.; Pettes, M.T.; Ou, E.; Wu, W.; Shi, L. Basal-plane thermal conductivity of few-layer molybdenum disulfide. Appl. Phys. Lett.
2014, 104, 201902. [CrossRef]

32. Wang, Y.; Xu, N.; Li, D.; Zhu, J. Thermal properties of two dimensional layered materials. Adv. Funct. Mater. 2017, 27, 1604134.
[CrossRef]

33. Liu, C.-K.; Yu, C.-K.; Chien, H.-C.; Kuo, S.-L.; Hsu, C.-Y.; Dai, M.-J.; Luo, G.-L.; Huang, S.-C.; Huang, M.-J. Thermal conductivity
of Si/SiGe superlattice films. J. Appl. Phys. 2008, 104, 114301. [CrossRef]

34. Chen, Z.; Jang, W.; Bao, W.; Lau, C.N.; Dames, C. Thermal contact resistance between graphene and silicon dioxide. Appl. Phys.
Lett. 2009, 95, 161910. [CrossRef]

35. Zhang, D.; Behbahanian, A.; Roberts, N.A. Thermal conductivity measurement of supported thin film materials using the
3$\omega $ method. arXiv 2020, arXiv:2007.00087.

36. Cahill, D.G. Thermal conductivity measurement from 30 to 750 K: The 3ω method. Rev. Sci. Instrum. 1990, 61, 802–808. [CrossRef]
37. Cahill, D.G. Analysis of heat flow in layered structures for time-domain thermoreflectance. Rev. Sci. Instrum. 2004, 75, 5119–5122.

[CrossRef]
38. Schmidt, A.J.; Chen, X.; Chen, G. Pulse accumulation, radial heat conduction, and anisotropic thermal conductivity in pump-probe

transient thermoreflectance. Rev. Sci. Instrum. 2008, 79, 114902. [CrossRef]
39. Pang, Y.; Jiang, P.; Yang, R. Machine learning-based data processing technique for time-domain thermoreflectance (TDTR)

measurements. J. Applied Phys. 2021, 130, 084901. [CrossRef]
40. Schmidt, A.J.; Cheaito, R.; Chiesa, M. A frequency-domain thermoreflectance method for the characterization of thermal properties.

Rev. Sci. Instrum. 2009, 80, 094901. [CrossRef]
41. Liu, J.; Choi, G.-M.; Cahill, D.G. Measurement of the anisotropic thermal conductivity of molybdenum disulfide by the time-

resolved magneto-optic Kerr effect. J. Appl. Phys. 2014, 116, 233107. [CrossRef]
42. Jiang, P.; Qian, X.; Gu, X.; Yang, R. Probing anisotropic thermal conductivity of transition metal dichalcogenides MX2 (M = Mo, W

and X = S, Se) using time-Domain thermoreflectance. Adv. Mater. 2017, 29, 1701068. [CrossRef] [PubMed]
43. Wang, Y.; Xu, L.; Yang, Z.; Xie, H.; Jiang, P.; Dai, J.; Luo, W.; Yao, Y.; Hitz, E.; Yang, R. High temperature thermal management

with boron nitride nanosheets. Nanoscale 2018, 10, 167–173. [CrossRef] [PubMed]
44. Jang, H.; Wood, J.D.; Ryder, C.R.; Hersam, M.C.; Cahill, D.G. Anisotropic thermal conductivity of exfoliated black phosphorus.

Adv. Mater. 2015, 27, 8017–8022. [CrossRef] [PubMed]
45. Lu, B.; Zhang, L.; Balogun, O. Cross-plane thermal transport measurements across CVD grown few layer graphene films on a

silicon substrate. AIP Adv. 2019, 9, 045126. [CrossRef]
46. Rahman, M.; Shahzadeh, M.; Pisana, S. Simultaneous measurement of anisotropic thermal conductivity and thermal boundary

conductance of 2-dimensional materials. J. Appl. Phys. 2019, 126, 205103. [CrossRef]
47. Yan, R.; Simpson, J.R.; Bertolazzi, S.; Brivio, J.; Watson, M.; Wu, X.; Kis, A.; Luo, T.; Hight Walker, A.R.; Xing, H.G. Thermal

Conductivity of Monolayer Molybdenum Disulfide Obtained from Temperature-Dependent Raman Spectroscopy. ACS Nano
2014, 8, 986–993. [CrossRef]

48. Xu, S.; Wang, T.; Hurley, D.; Yue, Y.; Wang, X. Development of time-domain differential Raman for transient thermal probing of
materials. Opt. Express 2015, 23, 10040–10056. [CrossRef]

49. Wang, T.; Xu, S.; Hurley, D.H.; Yue, Y.; Wang, X. Frequency-resolved Raman for transient thermal probing and thermal diffusivity
measurement. Opt. Lett. 2016, 41, 80–83. [CrossRef]

170



Nanomaterials 2022, 12, 589

50. Wang, T.; Han, M.; Wang, R.; Yuan, P.; Xu, S.; Wang, X. Characterization of anisotropic thermal conductivity of suspended
nm-thick black phosphorus with frequency-resolved Raman spectroscopy. J. Appl. Phys. 2018, 123, 145104. [CrossRef]

51. Yuan, P.; Wang, R.; Wang, T.; Wang, X.; Xie, Y. Nonmonotonic thickness-dependence of in-plane thermal conductivity of
few-layered MoS 2: 2.4 to 37.8 nm. Phys. Chem. Chem. Phys. 2018, 20, 25752–25761. [CrossRef] [PubMed]

52. Zobeiri, H.; Wang, R.; Zhang, Q.; Zhu, G.; Wang, X. Hot carrier transfer and phonon transport in suspended nm WS2 films. Acta
Mater. 2019, 175, 222–237. [CrossRef]

53. Wang, R.; Zobeiri, H.; Xie, Y.; Wang, X.; Zhang, X.; Yue, Y. Distinguishing optical and acoustic phonon temperatures and their
energy coupling factor under photon excitation in nm 2D materials. Adv. Sci. 2020, 7, 2000097. [CrossRef] [PubMed]

54. Bao, H.; Chen, J.; Gu, X.; Cao, B. A review of simulation methods in micro/nanoscale heat conduction. ES Energy Environ. 2018, 1,
16–55. [CrossRef]

55. Liu, J.; Li, P.; Zheng, H. Review on techniques for thermal characterization of graphene and related 2D materials. Nanomaterials
2021, 11, 2787. [CrossRef] [PubMed]

56. Gu, X.; Yang, R. Phonon transport and thermal conductivity in two-dimensional materials. Ann. Rev. of Heat Transf. 2016, 19.
[CrossRef]

57. Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal conductivity of single-layer
graphene. Nano Lett. 2008, 8, 902–907. [CrossRef]

58. Zhou, H.; Zhu, J.; Liu, Z.; Yan, Z.; Fan, X.; Lin, J.; Wang, G.; Yan, Q.; Yu, T.; Ajayan, P.M.; et al. High thermal conductivity of
suspended few-layer hexagonal boron nitride sheets. Nano Res. 2014, 7, 1232–1240. [CrossRef]

59. Zhang, Y.Y.; Pei, Q.X.; Liu, H.Y.; Wei, N. Thermal conductivity of a h-BCN monolayer. Phys. Chem. Chem. Phys. 2017, 19,
27326–27331. [CrossRef]

60. Schelling, P.K.; Phillpot, S.R.; Keblinski, P. Comparison of atomic-level simulation methods for computing thermal conductivity.
Phys. Rev. B 2002, 65, 144306. [CrossRef]

61. Smith, B.; Vermeersch, B.; Carrete, J.; Ou, E.; Kim, J.; Mingo, N.; Akinwande, D.; Shi, L. Temperature and thickness dependences
of the anisotropic in-plane thermal conductivity of black phosphorus. Adv. Mater. 2017, 29, 144306. [CrossRef]

62. Hong, Y.; Zhang, J.; Huang, X.; Zeng, X.C. Thermal conductivity of a two-dimensional phosphorene sheet: A comparative study
with graphene. Nanoscale 2015, 7, 18716–18724. [CrossRef] [PubMed]

63. Chen, J.; Zhang, G.; Li, B. Substrate coupling suppresses size dependence of thermal conductivity in supported graphene.
Nanoscale 2013, 5, 532–536. [CrossRef] [PubMed]

64. Li, X.; Zhang, J.; Puretzky, A.A.; Yoshimura, A.; Sang, X.; Cui, Q.; Li, Y.; Liang, L.; Ghosh, A.W.; Zhao, H.; et al. Isotope-engineering
the thermal conductivity of two-dimensional MoS2. Acs Nano 2019, 13, 2481–2489. [CrossRef] [PubMed]

65. Netto, A.; Frenklach, M. Kinetic Monte Carlo simulations of CVD diamond growth—Interlay among growth, etching, and
migration. Diam. Relat. Mater. 2005, 14, 1630–1646. [CrossRef]

66. Mortazavi, B.; Podryabinkin, E.V.; Novikov, I.S.; Rabczuk, T.; Zhuang, X.; Shapeev, A.V. Accelerating first-principles estimation of
thermal conductivity by machine-learning interatomic potentials: A MTP/ShengBTE solution. Comput. Phys. Commun. 2021, 258,
107583. [CrossRef]

67. Aiyiti, A.; Bai, X.; Wu, J.; Xu, X.; Li, B. Measuring the thermal conductivity and interfacial thermal resistance of suspended MoS 2
using electron beam self-heating technique. Sci. Bull. 2018, 63, 452–458. [CrossRef]

171





nanomaterials

Review

Review on Techniques for Thermal Characterization of
Graphene and Related 2D Materials

Jing Liu *, Pei Li and Hongsheng Zheng

Citation: Liu, J.; Li, P.; Zheng, H.

Review on Techniques for Thermal

Characterization of Graphene and

Related 2D Materials. Nanomaterials

2021, 11, 2787. https://doi.org/

10.3390/nano11112787

Academic Editor: Marco Cannas

Received: 6 September 2021

Accepted: 19 October 2021

Published: 21 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

College of New Materials and New Energies, Shenzhen Technology University, Shenzhen 518116, China;
2070413005@stumail.sztu.edu.cn (P.L.); 20183280058@stumail.sztu.edu.cn (H.Z.)
* Correspondence: liujing@sztu.edu.cn

Abstract: The discovery of graphene and its analog, such as MoS2, has boosted research. The thermal
transport in 2D materials gains much of the interest, especially when graphene has high thermal
conductivity. However, the thermal properties of 2D materials obtained from experiments have
large discrepancies. For example, the thermal conductivity of single layer suspended graphene
obtained by experiments spans over a large range: 1100–5000 W/m·K. Apart from the different
graphene quality in experiments, the thermal characterization methods play an important role in
the observed large deviation of experimental data. Here we provide a critical review of the widely
used thermal characterization techniques: the optothermal Raman technique and the micro-bridge
method. The critical issues in the two methods are carefully revised and discussed in great depth.
Furthermore, improvements in Raman-based techniques to investigate the energy transport in 2D
materials are discussed.

Keywords: optothermal Raman technique; thermal transport; 2D materials

1. Introduction

Since the discovery of graphene and other 2D materials such as MoS2, various proper-
ties of 2D materials have been intensively studied [1–5]. The ultra-high thermal conduc-
tivity of graphene has led to extensive experimental research and theoretical simulations
about the energy transport in it in past decades [3,6,7]. The thermal transport in other 2D
materials also gains much interest for its promising applications [8,9]. However, compared
with the thermal conductivity (κ) obtained from simulations, κ obtained from experiments
shows large discrepancies. For example, κ of suspended single layer graphene (SLG) ranges
from 1100 to 5300 W/m·K [3,10], depending on the thermal characterization method and
the fabrication method of graphene. κ of supported graphene drops to hundreds W/m·K,
which is also related to the substrate [6,11,12]. It is well accepted that κ of supported
graphene is suppressed due to phonon leakage [6,13]. Table 1 summarizes κ of suspended
and supported graphene by different experimental methods. A large discrepancy among κ
can be observed. This discrepancy arises from the characterization methods and the quality
of the graphene. The thermal characterization techniques of 2D materials include the
optothermal Raman technique [3,11,14], micro-bridge method [6,9], time-domain thermore-
flectance (TDTR) [15] and Johnson noise thermometry [16]. In this paper, we will focus on
the optothermal Raman technique and the micro-bridge method. The critical issues faced
in the above two methods will be discussed in depth. The issues in the optothermal Raman
technique include the accuracy of the laser power absorbed by 2D materials, stress effect
and inter-phonon branch nonequilibrium. When it comes to the micro-bridge method, the
thermal resistance of the 2D materials should be properly chosen to guarantee measure-
ment accuracy. These issues undermine the measurement accuracy in thermal transport
characterization of 2D materials [17].
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Table 1. Thermal conductivity of graphene obtained by experiments.

κ (W/m·K) Method Brief Description References

~3000–5000 Raman optothermal Suspended SLG 1, exfoliated [3]

2500 + 1100/ − 1050 Raman optothermal Suspended SLG, CVD 2 [11]

400–1800 Raman optothermal Suspended SLG with crystal
lattice defects [18]

730–880 ± 60 Micro-bridge Suspended bilayer graphene,
PMMA 3 residues on the surface [19]

1896 ± 390 Raman optothermal Suspended bilayer graphene [20]

365
Transient

Thermoelectrical
technique (TET)

Supported SLG on PMMA, giant
scale, CVD [12]

370 + 650/ − 320 Raman optothermal Supported SLG on copper, CVD [11]

600 Micro-bridge Supported SLG on amorphous
SiO2

4, exfoliated [6]

1 SLG: Single layer graphene. 2 CVD: Chemical vapor deposition. 3 PMMA: Polymethyl methacrylate. 4 SiO2:
Silicon dioxide.

2. Raman Optothermal Method

The characteristic peaks in Raman spectra of the 2D materials have strong temperature
dependence. It is possible to make use of the Raman spectra to characterize the thermal
transport in 2D materials [8,21–24]. Balandin first developed the confocal Raman spec-
troscopy to measure κ of suspended graphene [3]. Schematic of the optothermal Raman
technique is shown in Figure 1. As the laser spot is much smaller than the suspended
graphene size, the heat is propagating radially to the edges. By obtaining the Raman shift
temperature coefficient (χT) and the Raman shift power coefficient (χP) of G peak, the
thermal conductivity of graphene can be expressed as κ = χT(L/2hW)/χP [3]. Here, L, h
and W are the distance from the hot spot to the heat sink, thickness of SLG and width of
the sample, respectively. The optothermal Raman technique is proven to be powerful and
widely used in characterizing the energy transport in 2D materials [25]. Advantages of the
optothermal Raman method include minimal sample preparation, high spatial resolution
and material specificity [17]. However, it is important to point out that several critical issues
should be carefully considered regarding the utilization of the Raman optothermal method.

One important parameter in the deduction of κ of graphene is the laser power (P) ab-
sorbed by the graphene. Usually, two methods are employed to obtain P. One is calculating
the absorbed power based on the optical properties [3]. It is well accepted that the absorp-
tion coefficient (αG) of SLG is 2.3% [2]. Thus, P can be described as P = I0A(1 − exp(−αGδ)),
where I0 is the laser intensity on the surface, A is the illuminated area and δ is the thickness
of SLG [3]. However, the αG is easily affected by many factors, such as the wrinkles and
the strain [26]. The optical properties can vary greatly from sample to sample, resulting
in uncertainty in the laser absorption. In supported graphene, the laser absorption is
significantly affected by the interface-induced optical interference [27], which leads to great
uncertainty in the laser absorption calculation. Another method is directly measuring
the transmitted power. Thus, the absorbed power can be obtained by subtracting the
transmitted power from the total incident laser power. However, a very small proportion
of the incident laser power is absorbed by graphene. Thus, even very little variation in the
transmitted power can lead to great uncertainty in the absorbed power. The uncertainty in
P will affect the accuracy of χP, which further introduces uncertainty into the derivation
of κ. It is difficult to determine the uncertainty of P. If there is 10% uncertainty in χP, 10%
uncertainty will be introduced to κ.
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Figure 1. Schematic of the optothermal Raman technique. Reprinted with permission from ref. [3].
Copyright 2008 American Chemical Society.

Another source of uncertainty in the optothermal Raman method is the stress effect
in the graphene. During the temperature coefficient calibration, the whole sample is in
thermal equilibrium. However, the graphene experiences thermal nonequilibrium in the
experiment. This leads to the different stress effects in the graphene during the calibration
process and experiment. Thus, the temperature probed by Raman spectroscopy is not
precise, which further introduces uncertainty into κ determination [28]. Apart from this,
the Raman spectroscopy actually detects the temperature of the optical phonons, which
is easily affected by the thermomechanical stress. The thermomechanical stress in few
layers graphene (FLG) alters the interatomic-potential, which affects the energy of the
optical phonons [17]. Theoretical simulation shows that the uncertainty caused by the
thermomechanical stress in κ of FLG can be higher than 20% [17].

It is critically important to point out that the Raman optothermal method is based
on an assumption that different phonon branches are in thermal equilibrium under the
photon excitation. However, Ruan et al., first reported that the phonon branches were in
strong thermal nonequilibrium by employing the density functional perturbation theory
(DFPT) [29]. For example, the steady-state temperature of transverse optical phonons (TTO)
can be 14.8% higher than that (TZA) of out-of-plane acoustic (ZA) phonons at the center
of the SLG [30]. By using the multitemperature model (MTM) developed by Ruan et al.,
the predicted κ of SLG is increased by 67% [30]. Ruan’s theoretical simulation enlightened
the experimental work about the thermal nonequilibrium among phonon branches. The
temperature differences between different phonon branches in 2D materials under Raman
excitation were first verified and detected by Wang’s group by experiment [31]. Wang et al.,
distinguished the temperatures of optical (OP) and acoustic (AP) phonons under phonon
excitation in 2D materials by constructing steady and nanosecond (ns) inter-phonon branch
energy transport states [31]. By developing the nanosecond energy transport state-resolved
Raman (ns ET-Raman) technique, the temperature difference (ΔTOP-AP) between OP and
AP is reported to be 30% larger than the Raman-probed temperature rise in MoS2 [31].

In most research about the energy transport in 2D materials by Raman spectroscopy,
the hot carrier diffusion effect is not considered, which is more prominent as the laser
spot size is smaller than 0.5 μm [28]. Here, we look at a MoS2/c-Si structure and discuss
what will happen after the laser illumination on the sample. Figure 2a shows the physical
principle of the electrons and holes diffusion under the laser illumination. Subsequent to
laser irradiation, the electrons and holes are generated by absorbing photons. In extremely
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short time (~ps), the excess energy (ΔE = E – Eg) of the electrons will quickly dissipate
to other unexcited electrons and the lattice. Then, the electrons and holes (hot carriers)
diffuse and recombine, releasing the energy by scattering with the optical phonons. This
leads to a much larger thermal source area than the excitation spot. The specific process
is described in detail in the reference [32]. The electron-hole diffusion has a negligible
effect on the thermal conduction in suspended 2D materials [33]. However, the effect of the
hot carrier diffusion should be carefully handled when determining the interface thermal
energy transport between graphene and substrate.

Figure 2. (a) Hot carrier diffusion in MoS2/c-Si under laser illumination (not to scale): Ev and Ec

are the valence band and conduction band, respectively, Eg is the bandgap of MoS2, E is the photon
energy of the incident laser; (b) schematic of the experiment setup (not to scale): ρcp is the volumetric
heat capacity of the sample; (c,d) continuous wave (CW) laser is used to heat the sample under
20× and 100× objective lens to achieve different hot aera size: R and D are the interface thermal
resistance and hot carrier diffusion coefficient, respectively; (e) picosecond pulsed laser is used under
50× objective lens to achieve zero thermal transport state. Reprinted with permission from ref. [27].
Copyright 2017 American Chemical Society.

3. Micro-Bridge Method

Shi Li et al., first employed the micro-bridge method to measure κ of graphene
supported on amorphous SiO2 [6]. The schematic of the experiment is shown in Figure 3.
There are four Au/Cr resistance thermometer (RT) lines in the setup. The two straight
RT lines (RT2 and RT3) cover the two ends of the graphene. The U-shaped RT1 and RT4
separate from both the graphene and the RT2 and RT3. During the experiment, the RT1 is
self-heated by applying current into it. Based on the thermal resistance circuit shown in
Figure 3c, thermal resistance (Rs) of the central beam including both graphene and SiO2

can be expressed as: Rs = Rb
ΔT2,m−ΔT3,m
ΔT3,m+ΔT4,m

[6]. Here, ΔTj,m (j = 2,3,4) is the temperature rise
at the middle point of RT. Rb is the thermal resistance of each RT line with the SiO2 beam.
By measuring the Rs before and after removing the graphene, κ of graphene is determined.
The accuracy of the micro-bridge method is guaranteed only as Rs is comparable to Rb. As
κ of the graphene is low or the length of the graphene/SiO2 beam is longer than tens of μm,
Rs will be much larger than Rb. Thus, the heat conducting into the graphene/SiO2 beam
will be very small, which will lead to great uncertainty in the measurement of ΔTm. This
will further increase the uncertainty in the determination of κ of graphene. Overall, the
micro-bridge method is feasible in principle, but its measurement accuracy is guaranteed
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when the sample has proper thermal resistance. In addition, it is technically challenging
and time consuming to fabricate the whole measurement device.

Figure 3. (A,B) SEM images of micro-bridge method setup; (C) circuit of the thermal resistance.
Reprinted with permission from ref. [6]. Copyright 2010 American Association for the Advancement
of Science.

The sample size tested by the Raman spectroscopy method and micro-bridge method
is at the level of several μm. However, the mean free path (MFP) of phonons in graphene
can be as long as hundreds of micrometers [34], surpassing the sample size. This will result
in a strong phonon-edge scattering effect in the graphene. To investigate the intrinsic κ of
graphene without or with minimal phonon-edge scattering, Liu et al., first developed the
differential transient electrothermal technique (TET) to characterize κ of giant graphene
supported by polymethyl methacrylate (PMMA) [12]. The experiment setup is shown
in Figure 4. The graphene supported by PMMA is suspended between two electrodes.
During the experiment, the whole sample is fed through with step current to induce Joule
heating in it. The voltage evolution (V(t)) of the sample is recorded by an oscilloscope. The
thermal diffusivity (β) of the whole sample can be obtained by fitting the V(t)~t curve. κeff
of the whole sample is calculated as κeff = β·ρcp. Through simulation, it is found that the
interface thermal resistance between graphene and PMMA is negligible in κeff. Thus, κeff
can be written as κeff = f (κp, κg, δp, δg). Here, the subscripts p and g indicate PMMA and
graphene, respectively. δ is thickness. κ of SLG supported by PMMA was determined to be
365 W/m·K [12], which is only 60% of κ of graphene supported by amorphous SiO2 [6].
The authors attributed the low thermal conductivity of SLG on PMMA to abundant carbon
atoms in the PMMA [12]. The abundant carbon atoms lead to a strong phonon scattering
effect between SLG and PMMA.
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Figure 4. Experiment setup of the TET technique. Reprinted from ref. [12].

4. Improvements in the Optothermal Raman Technique

In order to resolve the challenges mentioned above in the optothermal Raman tech-
nique, various Raman-based techniques, including frequency-domain energy transport
state-resolved Raman (FET-Raman) [35,36] and energy transport state-resolved Raman
(ET-Raman) [33], were developed. They can free the Raman thermometry from the laser
absorption and the temperature coefficient calibration. In the FET-Raman experiment,
the 2D material experiences two energy transport states. The first one is the steady-state
heating induced by a CW laser. By varying the incident laser power (P), the Raman shift
power coefficient (RSC) χsteady-state = ∂ω/∂P = α·(∂ω/∂T)·f 1(κ) is obtained. Here, α is the
laser absorption coefficient, ∂ω/∂T is the Raman shift temperature coefficient and κ is the
in-plane thermal conductivity. The second energy transport state is the transient-state
heating induced by a square wave-modulated CW laser. Similarly, an RSC can be obtained:
χtransient = ∂ω/∂P = α·(∂ω/∂T)·f 2(κ, ρcp), where ρcp is the volumetric heat capacity of the
sample. Since the thermal diffusion lengths in two energy states are different, a normalized
RSC parameter can be defined as Θ = χtransient/χsteady-state = f 3(κ, ρcp) [35]. Thus, the effect
of α and ∂ω/∂T is eliminated. By interpolating the Θ obtained from the experiment into
the Θ–κ curve obtained from a 3D numerical simulation of the MoSe2 sample, κ of MoSe2
is determined. The feasibility of the FET-Raman technique has been verified by employing
the FET-Raman to determine κ of MoSe2 and the anisotropic thermal conductivities of
carbon fibers [35,36].

Inspired by the theoretical simulation by Ruan et al. [29,30,37], Wang et al., first
developed ns ET-Raman to explore the inter-phonon branch non-equilibrium effect in 2D
materials under photon excitation [31]. Under CW laser excitation, the local temperature
rise (ΔTm) consists of the temperature rise of acoustic phonons (ΔTAP) and the temperature
difference between optical phonons and acoustic phonons (ΔTOA). ΔTm can be expressed as:

ΔTm = ΔTAP + ΔTOA = ΔTAP + δI/Gpp (1)

Here, I is the intensity of the absorbed laser at location r. δ (0 < δ < 1) is the portion
of the laser energy transfer from optical phonons (OP) to acoustic phonons (AP). Gpp is
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the coupling factor between OP and AP. Furthermore, the Raman intensity weighted
temperature rise (Δ Tm

∣∣
CW) probed by the Raman spectroscopy can be expressed as [21]:

ΔTm|CW =
�

ΔTm ICW e−z/τL 2πrdrdz�
CW e−z/τL 2πrdrdz

= ΔTOA|CW + ΔTAP|CW = 1
3 × I0

τL
× δ

Gpp|CW
+ ΔTAP|CW

(2)

Here, ICW is the laser intensity distribution of the CW laser. Δ TOA
∣∣
CW and Δ TAP

∣∣
CW

are the Raman intensity weighted temperature difference between OP and AP and the
temperature rise of the acoustic phonons, respectively. I0 is the absorbed laser power
per unit area, and τL is the absorption depth. Before determining the percentages of
Δ TOA

∣∣
CW and Δ TAP

∣∣
CW in Δ Tm

∣∣
CW , Gpp

∣∣
CW should be figured out first by experiment.

By constructing a 3D heat conduction model for a 55nm-thick MoS2, Δ TAP
∣∣
CW is obtained

as Δ TAP
∣∣
CW = 0.94 + 2.86e−1.65r0 . r0 is the radius of the laser spot. The Raman shift is

proportional to the temperature rise caused by unit power; thus, the Raman shift coefficient
χCW can be expressed as [31]:

χCW = A × [(0.94 + 2.86e−1.65r0 +
1
3
× P

πr2
0τL

× δ

Gpp
∣∣
CW

)]/P (3)

Here, A is a constant. In the experiment, three objective lenses (20×, 50× and 100×)
are employed to obtain the χCW−r0 relationship. By fitting χCW−r0 relationship with
Equation (3), Gpp

∣∣
CW can be determined. Furthermore, the Raman intensity weighted

temperature rise Δ TOA
∣∣
CW and Δ TAP

∣∣
CW can be figured out through the 3D conduction

numerical calculation. It is found that the temperature difference between OP and AP
accounts for more than 30% of the temperature rise detected by Raman [31]. Zobeiri et al.,
further characterized the thermal nonequilibrium between OP and AP under photon
excitation in graphene paper [38]. The Raman intensity weighted temperature rise of OP is
found to be 82.1% higher than that of AP under 100× laser heating [38], which indicates
the importance of taking interphonon thermal nonequilibrium effects into consideration in
the optothermal Raman technique.

To consider the hot carrier diffusion effect in the thermal transport in 2D materials,
Yuan et al., first developed the ET-Raman to determine the interface thermal resistance and
hot carrier diffusion coefficient in MoS2 supported by c-Si [27,33]. The ET-Raman includes
two energy transport states: the zero thermal transport state and the steady-state thermal
transport. The zero thermal transport state is obtained by applying a picosecond pulsed
laser under a 50× objective lens. In an extremely short pulse (~13 ps) time, only the fast
thermalization process happens, so the heat conduction in the lattice can be neglected. By
varying the laser power, the RSC χps = ∂ω/∂P is obtained, which is more affected by the
ρcp rather than by the hot carrier diffusion coefficient (D) and interface thermal resistance
(R). In the steady-state thermal transport, the RSC under 20× and 100× objective lenses are
obtained by applying the CW laser. Both χCW20 under the 20× objective lens and χCW100
under the 100× objective lens carries the information of D and R. However, χCW20 is more
affected by R, while χCW100 is more affected by D. Here, the normalized RSC is defined as
Θ1 = χCW20/χps and Θ2 = χCW100/χps. By simulating a 3D heat conduction model in the
sample, the RSC contour with R and D as variables is obtained. The cross point of the Θ1
curve and Θ2 curve gives the value of R and D.

5. Conclusions

In summary, though facing several critical problems, the optothermal Raman tech-
nique and micro-bridge method still show suitability and feasibility in energy transport
characterization in 2D materials. Much pioneering work about the thermal non-equilibrium
in different phonon branches has been reported. However, the physical model and data
fitting used in the pioneering work still suffer great uncertainties and make the study
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rather semi-quantitative. Secondly, past work has studied the thermal nonequilibrium
in suspended 2D materials. However, for supported 2D materials, how the interface re-
sistance between 2D material and substrate affects the OP-AP thermal nonequilibrium is
unclear. Further work can be focused on the OP-AP thermal nonequilibrium in supported
2D materials.
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