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Modulating the cross-plane thermal conductivity of graphite by
MnCl, and FeCl; co-intercalation

Harsh Chandra?, Shun Sasano®, Bin Xu®®, Ryo Ishikawa®, Suguru Noda¢, Naoya Shibata®, Junichiro
Shiomiab,t

Understanding thermal transport in graphite intercalation compounds can facilitate the development of novel methods to
design materials with tunable thermal conductivities. This study reports the effective modulation of the cross-plane lattice
thermal conductivity of graphite by co-intercalation with MnCl, and FeCl;. Scanning transmission electron microscopy and
electron energy-loss spectroscopy indicated that the predominant phase in the system corresponded to stage-3 structural
ordering with the preferential intercalation of MnCl,, despite the significantly higher amount of FeClsused for synthesis (300
times) compared with that of MnCl,, indicating an extremely high intercalation selectivity of MnCl, in the adopted process-
parameter window. Time-domain thermoreflectance measurements demonstrate that intercalation reduced the thermal
conductivity of graphite by up to six times at 298 K and 10 times at lower temperatures. The significant tunability of thermal
conductivity was obtained for a wide range of thicknesses, varying from 30 nm to 1.5 um. A semi-empirical Debye-Callaway
model that considered the effect of intercalation in an interfacial-scattering fashion explains the temperature dependence
of the thermal conductivity of graphite on intercalation. It revealed that intercalation suppressed the effective phonon-
transport length of the system by two orders of magnitude. This study could guide future studies on the fabrication of novel
materials with excellent cross-plane thermal-conductivity tunability through intercalation.

Keywords: graphite intercalation compound, co-intercalation, thermal conductivity, phonon scattering, transmission

electron microscope

Introduction

Over the last few decades, the science and engineering of the
thermal transport of nanostructured crystalline materials have
advanced significantly. Phenomena that govern heat conduction in
materials across various lengths have been identified, such as non-
Fourier quasi-ballistic transport 2, anomalous low-dimensional
transport® 4, coherent transport’, and hydrodynamic transport®.
Moreover, several studies on thermal transport in nanostructured
materials have investigated low-thermal-conductivity
thermoelectrics, thermal insulators, and nanostructures with lengths
that are smaller than the phonon mean free path (p-MFP)L 7 8,
Although the p-MFP of a system depends upon the phonon mode
(frequency, wavevector, and polarization) and is distributed over a
wide range of lengths (from nanometers to sub-micrometers), the
general rule of thumb is that a smaller structural length is associated
with a larger reduction in thermal conductivity. In this regard,
superlattices with single-digit nanometer length scales have been
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widely investigated and have been shown to significantly impede
thermal transport in the cross-plane direction (the direction that is
perpendicular to the interface), both in terms of particle scattering
and the wave interference of phonons®12,

Van der Waals (vdW) heterostructures, which comprise an array
of stacked 2D crystals and show a sub-nanometer structural length,
are representative examples of such superlattice structurest® 13-15,
These heterostructures can contain a wide variety of 2D materials,
including graphenel®18, transition metal dichalcogenides!® 29, and
MXenes?!-30, Studies on vdW heterostructures with structural
contrasts in mass, geometry, and rotational angle indicate that these
systems exhibit an extremely low cross-plane thermal conductivity3!-
35

An extended form of heterostructures with a large structural
contrast is the intercalation compounds, where guest ions or
molecules are inserted into the vdW interplanar gaps of the host 2D
layered materials. The insertion of large ions and molecules
enhances the mass contrast in the system, increases the interplanar
gaps, and weakens the interlayer interaction, thereby reducing the
thermal conductivity of the system. Additionally, the reversibility of
intercalation enables thermal conductivity switching. Intercalation
compounds comprising various layered materials and Li exhibit
significant thermal conductivity tunability. On Li intercalation, black
phosphorus exhibits a five-fold increase in thermal conductivity3®,
while TiO, and V,05 exhibit ~20% thermal-conductivity tunability3’
and MoS, shows an approximately five-fold thermal-conductivity
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tunability3®. Upon electrochemically oxygenating and hydrogenating
SrCo0, s, the thermal conductivity of the system reversibly increases
and decreases by 2.5 and four times, respectively3?. Moreover, the
thermal conductivity of Bi,Ses; and TiS, nanoribbons undergo
significant reduction upon Cu and organic-ion intercalation,
respectively?0-42,

Among the different types of intercalated compounds reported
to date, graphite intercalation compounds (GICs) have been
extensively investigated. GICs, which comprise graphite layers
intercalated with various guest molecules or ions, show a series of
structural configurations consisting of distinct alternating layers
labeled stage-n, where n represents the number of graphite layers
sandwiched between two consecutive layers of the guest intercalant.
The phonon density of states (PDOS) in such systems can be
significantly modulated by varying the effective mass and force
constant between the graphite layers*3. For instance, heavier
intercalants (such as FeCls) and smaller atoms (such as Li and K)
soften and stiffen certain phonon modes, respectively, causing a
redshift** and blueshift®> in the PDOS, respectively. Consequently,
the c-axis thermal conductivity of stage-5 K-GICs and stage-2 FeCls-
GICs with a red-shifted PDOS is significantly reduced to 1.25 and 1.5
W/m-K, respectively; additionally, molecular dynamics simulations
indicate an initial reduction in the thermal conductivity of LiC;g with
a blue-shifted PDOS to 1.3 W/m:-K. To the best of our knowledge, very
few studies have explored the tunability of the cross-plane thermal
conductivity in GICs theoretically and experimentally. Furthermore,
to date, there are no reports on the thickness or temperature
dependence of the thermal conductivities of GICs.

In the course of enhancing the tunability of the GIC thermal
conductivity, one interesting feature worth exploring is the co-
intercalation, which involves the intercalation of more than one
element into graphite to form co-intercalated GICs (co-GICs). In
general, co-GICs* 47 comprise layered structures containing two
distinct entities, atoms, ions, or molecules that are intercalated into
the galleries between the host graphitic layers. The intercalated
species can coexist within the same space or remain separated in
different (not necessarily contiguous) galleries. Consequently, co-
GICs exhibit a broad range of intra- and inter-planar structural
configurations. A diverse array of co-GICs can be synthesized by
combining two acids or an acid with an inorganic salt*-. Typically,

co-GICs contain large intercalant molecules such as AlCl;-FeCl5-GICs>Y

52, GIC-(FeCls),~(CHCl3),, GIC-(FeCls)~(CH3sNO,),, and GIC-(FeCls),-
(H,0),°3%% To the best of our knowledge, the thermal conductivity of
co-GICs remains largely unexplored to date.

This study aims to understand the tunability of the thermal
conductivity of GICs by investigating the thickness and temperature
dependence of the thermal conductivity of co-GICs synthesized by
co-intercalating graphite with two large molecules (MnCl, and FeCls).
Co-intercalation reduced the thermal conductivity of graphite by
nearly an order of magnitude. Several experimental techniques were
used to investigate the temperature and sample-thickness
dependence of the thermal conductivity. Furthermore, relative
contributions of different possible phonon-scattering mechanisms,
such as intrinsic phonon-phonon scattering, boundary scattering,
and intercalant-induced scattering, to the thermal conductivity of
the system were explored by employing a semi-empirical particle
scattering based theoretical Debye-Callaway model®®. Intercalant-
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induced scattering significantly shortened the effective p-MFP of the
GIC, thereby reducing its thermal conductivity.

Materials and Methods

Sample preparation

First, graphite flakes with different thicknesses (30 nm to 1.1 um)
were exfoliated on a pretreated and cleaned Si wafer by
micromechanical cleavage using a scotch tape®’. Subsequently, co-
GICs were synthesized by the one-zone vapor transport method
shown in Figure 1(a). Graphite flakes were mounted on top of a
quartz plate along with the intercalant (iron(lll) chloride, anhydrous,
98%) with a boiling point of 316 °C and heated to 400 °C inside a
quartz-tube reactor furnace at 1 atm argon pressure for 4 h. Film
thickness is measured by AC tapping AFM mode with scan rate of
0.75 Hz.

Quantitative detection of Mn concentration

FeCl; powder, high-purity deionized water, and an acid that
functioned as a digestion reagent (nitric acid; HNO3) were used to
detect traces of Mn in FeCl; powder using ICP—OES (Agilent5100
shown in Figure S2.1). The sample for analysis was prepared by
dissolving FeCl; (100 mg) in nitric acid (10 mL), cooling the solution
to room temperature, and diluting to 100 mL with ultrahigh-purity
water. A specific wavelength was selected to prevent interference
between Fe and Mn, as the concentration of Fe was expected to be
100 times greater than that of Mn. For details see Supporting
Information Section S2.

Microstructure analysis

An electron-transparent thin specimen for S/TEM analysis was
fabricated by a focused ion-beam system (FIB; Helios 5 UX, Thermo
Fisher Scientific). To avoid significant ion-beam damage in the FIB
process, an Au protective thin film was first deposited on the
graphite sample followed by carbon deposition (S3.1(a)). A small
portion of the sample was cut and lifted onto a copper grid, and then
thinned by Ga ions accelerated at 2 kV in the final stage. The bright-
field TEM images shown in Figure S3.1(a-b) and SAED patterns shown
in Figure 2(b,c) were recorded by a JEOL 2010HC instrument
operated at 200 kV. The results confirmed the formation of
intercalated graphite with a thickness of 60 nm; the SAED patterns of
the compounds contained characteristic diffraction spots. ADF—
STEM images and electron energy-loss spectra (Quantum, Gatan Inc.)
were acquired using a JEOL ARM300CF instrument equipped with a
Delta-type corrector and cold-field-emission gun operated at 300 kV.
The convergence and collection semi-angles were 30 and 90-200
mrad, respectively. To improve the signal-to-noise ratio, a sequential
averaging method was used for the ADF-STEM images.’® The
oxidation state of Mn was estimated by the peak position and the
integrated intensity ratio between Mn-L; and Mn-L, edges, as shown
in Figure S3.2(b), (c). By referring the previous report of EELS
spectrum in Figure S3.2(a), the oxidation state was determined to be
2+. Furthermore, the relative elemental composition of the system
was estimated to be C:Cl:Mn:Fe = 77:14.6:7.0:0.97, using the ratio of
integrated intensities of C-K, Cl-L,3, Mn-L,3, Fe-L,3 and their
scattering cross-sections for core-loss EELS.

This journal is © The Royal Society of Chemistry 20xx
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The presence of Mn in the 2+ oxidation state indicates that Mn
existed in the form of chloride MnCl, in the powder. Further analyses
are necessary to elucidate the underlying mechanism governing the
selective intercalation of Mn over Fe at the current experimental
parameter window in the system under investigation. For details, see
Supporting Information Section S3.

Stage identification and spatial distribution

Raman spectroscopy measurements (inVia, Renishaw) was
performed using a 633-nm laser and a wavenumber resolution of ~1
cm~L. The silicon substrate and its characteristic peak at 520 cm= was
used for fine calibration. The G-peak splitting and softening before
and after intercalation were evaluated, and mapping was done to
characterize and determine the stage homogeneity. For details see
Supporting Information Section S4.

Mapping elemental chemical composition
SEM (JEOL JSM-6610LV) and EDX (JEOL JED-2300) were used for the
elemental chemical-composition mapping of the intercalant powder,

Journal ofcMaterials Chemistry A

host graphite, and co-GIC, as shown in Figure S6.1(a) and Figure
S6.2(a), at 20.0 kV 15.9 mm x 45.0 k SE(U) depicting atomic
percentages of constituent elements. Experimental data indicated
that co-GIC contained a higher concentration of Mn than Fe, possibly
owing to the experimental conditions, i.e., the temperature and
pressure, which allowed Mn to intercalate more readily than Fe. The
origin of Mn in the co-GICs were confirmed by the EDX of the sample
powders, as shown in Figure $6.2, which indicated trace quantities of
Mn. For further details, see Supporting Information Section S5.

Theoretical modelling to identify the scattering mechanism

The Debye Callaway modelling of phonon frequency and
temperature dependent thermal conductivity based on key
underlying particle scattering events and their individual relaxation
rate is employed to fit temperature variation of thermal conductivity
experimental data. The theoretical expression for cross-plane (c-axis)
thermal conductivity (k) is given by

HTD R 2
kg 4T3 Texte” kg 4T3 ( OT Tn(e —1)2 dx)
K = Kdebye + Kcallaway = 2m2vh3 ) (e* — 1)2 X m2oh3 o Torter
’ W ave =17

Key phonon-scattering phenomena, namely, Umklapp scattering,
impurity scattering, boundary scattering from the edges of sample
before and after intercalation, and intercalation scattering
originating from the foreign-atom guest layers with the scattering
rates Tﬁl, TT,,}LP, TEI, and Tﬁlltc, respectively, considered in this study
are quantified in detail in Supporting Information Section S6.1.

Thermal conductivity measurement

TDTR was measured using a femtosecond laser with a pulse width of
140 fs and a repetition frequency of 80 MHz. The TDTR method is
well documented in the literature> 0. A pump pulse (wavelength of
400 nm) was used to heat a 95-nm-thick aluminum transducer
deposited on the sample surface, and a probe pulse (wavelength of
800 nm) was used to measure the temperature changes. The laser-
spot sizes of the pump and probe beam showed radii of 7-30 um and
5-15 um, respectively, for different parameters of interest.
Modulation frequencies of 1.111 and 11.05 MHz were used for lock-
in detection to enhance the detection sensitivity of crossplane
thermal conductivity. Low-temperature measurements were
conducted in a vacuum cryostat using liquid nitrogen. The solution of
the standard heat-conduction model was fitted to the temperature
decay profile with a delay time > 200 ps to quantitatively extract the
thermal conductivity along the c axis of the sample in the
temperature range of 78-298 K. Prior to thermal-conductivity
measurements, a sensitivity analysis was used to identify the sources
of uncertainties that could affect the precision of the data.
Longitudinal velocities for the materials were extracted from the
TDTR fits for modeling. The velocity of sound propagation was
calculated from the thickness of the material and the time required

This journal is © The Royal Society of Chemistry 20xx

for the acoustic wave to travel through the material. Time-of-flight
information, which corresponds to the time required for the acoustic
wave to traverse a film, can be extracted from picosecond acoustic
echoes in the reflectivity data of systems. By combining this
information with the film thickness (which is known), the velocity of
sound propagation was determined using the above-mentioned
formula. For details, Supporting Information Section S1.

Results and Discussion

First, graphite flakes with thicknesses in the range of 30 nm to
1.1 um were exfoliated on a pretreated and cleaned Si wafer by
micromechanical cleavage using a scotch tape. This enabled
synthesis of varying thicknesses of graphite flakes from 30 nm to 1.1
pm. Subsequently, GICs were synthesized using the one-zone vapor
transport method shown in Figure 1(a); graphite flakes were
mounted on a quartz plate with the intercalant powder (iron (ll1)
chloride, anhydrous, 98%, Alfa Aeser) with a boiling point of 316 °C
and heated to 400 °C inside a quartz-tube reactor under an argon
pressure of 1 atm for 4 h (See Materials and Methods).

Figure 1(b), (d), and (e) show the atomic force microscopy (AFM)
and Raman spectroscopy scans of a 30-nm-thick graphite flake
before and after intercalation. Upon intercalation, the thickness of
graphite along the c-axis increases from 30 to ~45 nm. This
structural-configuration change owing to the diffusion of guest
atoms into the sub-nanometer vdW interlayer spacings of graphite
modulates the intrinsic properties of the system by charge
modification*3 6162, Figure 1(c) and (e) indicate a substantial change
in the Raman peaks of graphite on intercalation. These data were
fitted to a Lorentzian curve. The characteristic G peak of graphite at
1580 cm™ underwent significant splitting into two distinct

J. Name., 2013, 00, 1-3 | 3



of-Materials'Chemistry!A

ARTICLE

degenerate peaks (P1 and P2), which were blue-shifted by ~5 and 25
cm™?, respectively, from the original G peak. The experimentally
observed peak splitting and structural stiffening upon intercalation
are consistent with the literature*® . The modified graphite
structural configuration predominantly exhibited stage-3 lattice
structural ordering, with three layers of graphite sandwiched
between two consecutive guest-atom layers. Spatial Raman mapping

Journal Name

investigated using selected-area electron diffraction (SAED)®* 6> and
annular dark-field scanning transmission electron microscopy (ADF—
STEM)%¢ as shown in Figure 2(a-c). In Figure 2(a), the SAED analysis of
the diffraction spots in reciprocal space confirms the prevalence of
stage-3 lattice ordering. The image contains bright spots originating
from intercalant-layer reflection. The reflection spots corresponding
to the characteristic hexagonal (0002) lattice plane of graphite®®,

(a) Quartz_
Argon gas tube 1 e x|/
i :
& :
‘ lIntercalants Grabhite or{
by
- - l_'- --------------
1-zone Furnace
reactor
Pressure
sensor
k. i
(b) - (d)
E [}
3 %
I,_ -
E_ =
£
=
35
— 30 o
E 25 _E_
£15 £20 ¢
-2 10 ﬁ
o = -
- 5 = 10
0 0-..-__..: 2 :llll:llll:
0 20 40 60 80 0 10 20 30 40 50
X-distance along dashed line (um) X-distance along dashed line (um)
(c) e
— {—1580 cm! peak fit 4 1580 cm* (e) ] —1585.1 cmri'peak fit 15'?:?3 X
“ em™
‘LE i £ 1 1605 cm'peak fit
3 =5
E s ]
" o
T = P1
.’g %. 1585 em™®
c = "
£ g N

1550 1560 1570 1580 1590

Raman shift (cm)

1600

1550 1560 1570 1580 1590 1600 1610 1620 1630 1640 1650
Raman shift (cm-1)

Figure 1: (a) Experimental setup of GIC synthesis. AFM thickness scans of 30-nm thick pristine graphite (b) pre and (d) post intercalation.
The black dashed line indicates the analysis line. The step-height result indicates flake expansion from 30 to 45 nm. Raman spectra of
30-nm thick pristine graphite (c) pre and (d) post intercalation. The characteristic peak of graphite at 1580 cm™ is split into two

degenerate peaks (P1 and P2) at 1585 and 1605 cm™?, respectively.

on a 20 um x 20 um region before and after intercalation confirmed
the homogeneous and uniform distribution of the stage-3 lattice
structural ordering over a wide area (See Supplementary Information
Section S4).

To directly observe the staging phenomenon, the morphology

and crystallographic orientation of the GIC samples were

4| J. Name., 2012, 00, 1-3

which are positioned at 2.94 nm™ apart in reciprocal space, i.e., a
separation of 0.34 nm in real space. A typical SAED pattern of a
mixed-stage structure with a dominant stage-3 phase exhibits four
SAED spots corresponding to stage-3 lattice ordering between the
center and the (0002) lattice plane of graphite. The stage-3
diffraction pattern shows streaks along the [0001] direction but

This journal is © The Royal Society of Chemistry 20xx
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contains several diffuse spots, as indicated by white arrowheads in
Figure 2(a), because of the long-range ordering of stage-3. Therefore,
the analyzed sample consisted predominantly of a stage-3 lattice
phase along with small amounts of other mixed stages. As expected
from SAED analysis, the ADF-STEM image in Figure 2(b) indicates the
staging phenomena in the intercalant layers as bright horizontal lines
stacked within layers of graphite and dark horizontal lines. The bright
layers span the entire image horizontally, indicating uniform and
complete intercalation by the guest molecules. The magnified ADF—

Journal ofcMaterials Chemistry A

sample, but the measurement was performed on a GIC sample that
was synthesized in same batch as the other three GIC samples, and
thus, the results in Figure 2 are representative of the entire batch,
ensuring that the variations in thermal conductivity observed among
the samples are due to their thickness differences rather than
variations in elemental concentration. Note that although SEM-EDX
can be performed for multiple samples, quantifying
graphite/intercalant ratio is difficult due to carbon contamination
induced during the SEM process, and SEM-EDX was used primarily to
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Figure 2: (a) SAED spots confirming the stage-3 lattice structure with the bright spots spaced ~0.34 nm apart, corresponding to the
characteristic hexagonal 002 lattice-plane spacing of graphite. (b) ADF-STEM image of the GIC. The white horizontal lines and black
regions represent intercalant atoms and graphite regions, respectively. (c) Magnified image showing the contrast profiles between
different atoms that confirms parallel intercalation and staging. (d) Stage-distribution histogram analysis indicating the predominance of
the stage-3 lattice structure. (e)—(f) EELS spectra of the GIC showing Cl-L, 3, C-K, Mn-L, 5, and Fe-L, ; edges, consistent with the observations
of the ADF-STEM image shown in (a—b). (g—k) EELS elemental mapping (C: red, Cl: green, Mn: blue, Fe: yellow) based on the integrated

intensities of Cl-L, 3, C-K, Mn-L; 3, and Fe-L, ; edges.

STEM image in Figure 2(c) quantitively identifies an expansion in the
interplanar vdW gaps of graphite from 3.42 + 0.25 to 9.36 + 0.16 A
on intercalation, with an intercalant repeat distance of 15.93 + 0.15
A. The histogram analysis of the stage distribution in Figure 2(d)
confirms the predominance of the stage-3 phase, consistent with the
results of Raman spectroscopy.

The elemental composition and spatial distribution of the
intercalated sample were qualitatively analyzed by electron energy-
loss spectroscopy (EELS) (Figure 2(e—k)). Due to resource-intensive
nature of TEM-EELS measurement, we could only measure one

This journal is © The Royal Society of Chemistry 20xx

identify the Fe/Mn ratio as shown in Figure S5.2 in Supplementary
Information S5. The EEL spectra contained absorption edges
corresponding to the expected elements, such as C, Cl, and Fe, at
their characteristic energy levels. Interestingly, although the powder
used for sample preparation contained 98 wt% of FeCls, the
spectrum of the sample contained a sharp absorption-edges
corresponding to Mn, which was significantly more intense than that
of Fe. Further analysis of the intercalant guest-element distribution
inthe sample by EELS spatial mapping confirmed the preferential and
predominant intercalation of Mn in the GIC with only traces of Fe.

J. Name., 2013, 00, 1-3 | 5
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Furthermore, Mn and Cl were confirmed to concomitantly occupy
similar positions along the in-plane and cross-plane directions,
indicating their existence in the form of a stable compound (such as
MnCl,). The oxidation-state analysis of Mn (Supplementary
Information, Section S3) indicated x = 2. According to the intensity
ratio between Mn-L3; and L, edges, it was confirmed that Mn
oxidation state is +2, indicating the formation of stable MnCl,. The
Mn/Fe atomic-percentage ratio determined by EELS was 7.2,
indicating the selective intercalation of Mn into the host graphite. In

the Mn/Fe ratio of 7.2 estimated from local nanoscale-probing by
EELS. Therefore, the elemental composition of the GIC sample was
not just a surface or local phenomenon, but inherent to the material
structure, independent of the scale of observation. This consistency
across different scales of analysis validates the findings of this study
and confirms the robustness and reliability of the analytical
techniques used here. Inductively coupled plasma optical emission
spectrometry (ICP—OES) was used to investigate the source of Mn in
the co-GIC samples (Supplementary Information Section S2). The
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Figure 3: Thickness dependence of the c-axis thermal conductivity (k,) of graphite and its intercalated derivatives. The ¥, of the GICs are
compared with those of Li-intercalated black phosphorous3®, TiO,37, V,0537, MoS,3® and graphite in the literature. A good contrast is
observed between the K, of their host material and intercalated system synthesized in this study. Here, y indicates the reduction ratio,

Le., Kpristine/KintercaIated-

Figure 2k, Fe is predominantly at the bottom which can be speculated
to stem from factors such as temperature gradient in intercalated
layers and TEM induced electron beam damages % %3 6770 however
limited TEM images prevent confirming this trend. A method to
visualize and identify such distribution at both nanoscale and
microscale is needed but currently unavailable. Scanning electron
microscopy with energy dispersive X-Ray analysis (SEM—EDX) was
used to confirm the consistent presence of MnCl, in an area wider
than the STEM field of view. Prior to analysis, the surface of the GIC
sample was cleaned by pure water, dried at 110 °C for 10 min, and
subjected to ozone cleaning for 10 min to avoid Fe contamination
owing to the adsorption of FeCl; powder. The SEM—EDX spatial scan
of the GIC sample shown in Figure S5.2 confirms the presence of Mn
in the sample and an Mn/Fe ratio of 7, indicating a homogenous
spatial distribution of Mn and scattered spatial spread of Fe. Thus,
compared with Fe, Mn is preferentially and uniformly dispersed
throughout the material. Notably, the Mn/Fe ratio determined on a
broader scale (spanning micrometers) was in close agreement with

6 | J. Name., 2012, 00, 1-3

FeCl; powder was confirmed to contain a small amount of Mn with
an Mn/Fe ratio of ~1/300. The significant difference (of nearly three
orders of magnitude) between the Mn/Fe ratios of the powder and
GIC samples indicates that Mn is preferentially intercalated within
the vdW interlayers of graphite under the experimental conditions of
this study. This phenomenon can be attributed to the temperature
used for intercalation in this study (400 °C), which is significantly
higher than the temperatures used in previous studies on the
intercalation of GICs with FeCl; (300-350 °C). Although the co-
intercalation of GICs with MnCl, and FeCl; was not an original aim of
this study, the thermal conductivity tunability of the co-intercalated
compound was extensively investigated. The cross-plane (c-axis)
thermal conductivity (k,) of pristine graphite and co-GIC thin films
were measured by time-domain thermoreflectance (TDTR)>°. The
room-temperature k, is shown as a function of the thin-film thickness
in Figure 3. For the pristine graphite thin films, the measured
magnitudes and trends are consistent with those reported by Zhang
et al.”! and Fu et al.”2. Additionally, the measured K, of the thickest

This journal is © The Royal Society of Chemistry 20xx
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pristine-graphite thin film lies within 6.3-7 Wm~K-!, in good
agreement with the literature value of 6.8 Wm=K-173, Interestingly,
intercalation caused a significant reduction in K,. On intercalation,
the kK, of three representative pristine-graphite thin films with
thicknesses of 450, 110, and 30 nm reduced from 6.52,2.21, and 0.76
WmK? to 1.12, 0.77, and 0.12 Wm~1K1, respectively, while their
thicknesses increased to 710, 170, and 45 nm, respectively. A
comparison of the K, values of the co-GICs with those of similar

Journal ofcMaterials . Chemistry A

Figure 4 shows the temperature dependence of the K, of pristine
graphite and co-GIC samples within 78-298 K. The experimentally
observed temperature dependence of the pristine-graphite thin film
is in good agreement with previous reports’?, while that of the 450-
nm-thick graphite film is consistent with those of both 428- and 627-
nm-thick graphite films reported in the literature, possibly because
these systems are free from the size effect owing to a greater
thickness than the p-MFP. On decreasing the temperature below
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Figure 4: Measured data fitted to the Debye—Callaway model to investigate the temperature dependence of K, of graphite and the GIC
counterparts in the log-scale. The data from the literature®?%3 and are marked with a superscript asterisk (*) in the legend. The
temperature exponent follows the power scaling law at high temperatures.

compounds in the literature, such as Li-intercalated black
phosphorous3®, Ti0,%, V,0537, MoS,3® and graphite*>, confirms the
ability of the proposed method to tune the k, of the host material.
The proposed method facilitates a significantly greater K
controllability (with a k, reduction ratio, defined as y
Kpristine/ Kintercalated, Of ~6) than those reported previously.

Figure 3 shows the size effect in the system, which indicates that
the thermal transport in the system becomes quasi-ballistic when the
thickness of the sample becomes smaller than the p-MFP, and the K,
is reduced owing to a thickness reduction due to boundary
scattering. The reduction in K, starts at a thickness of ~400 nm,
possibly because the longest MFP of phonons that contribute
significantly to the K, of bulk graphite lies within 300-400 nm’% 74, A
steep reduction in K, is observed on reducing the thickness of co-GIC
samples below ~400 nm, possibly because the effective phonon MFP
is shorter than the sample thickness in these cases. Notably, despite
the significant size effect, the y of the system remains high (~6)
consistently, even for the thinnest sample, indicating that the
intercalation effect is extremely effective in reducing the K, of the
system.

z

This journal is © The Royal Society of Chemistry 20xx

room temperature, the K, of the 450-nm-thick graphite film first
increases, peaks at ~125 K, and finally decreases. The appearance of
the peak can be attributed to a balance between the two effects that
reduce the K, of the system, i.e., the quantum effect on the heat
capacity and intrinsic phonon-phonon scattering; the former
predominates at low temperatures and gradually reduces on
increasing the temperature, while the latter predominates at high
temperatures and gradually on enhancing the
temperature.

increases

At temperatures >125 K, the 450- and 110-nm-thick films follow
the characteristic T-! power law that is attributed solely to Umklapp
scattering; the 30-nm-thick film shows a relatively weaker
dependence on the law. Contrarily, at high temperatures, the
temperature dependence of the co-GICs, regardless of their
thickness, deviates from the T-!law and the curve gradually becomes
flatter without any noticeable peak.

To study the underlying mechanism of the observed tunability of
K, upon intercalation, the measured temperature-dependent K, was
fit to the Debye—Callaway model (Eq. (7))°¢, an empirical model
based on phonon kinetics (See Materials and Methods and
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Supplementary Information Section S6) that considers the frequency
and temperature dependence of phonon-scattering phenomena.
Key phonon-scattering phenomena, namely, Umklapp scattering,
impurity scattering, boundary scattering from the edges of sample
before and after intercalation, and intercalation scattering
originating from the foreign-atom guest layers with the scattering
rates TEI, TI_,,llp, TEI, and Tl_nltc, respectively, were considered in this
study. As Til is a function of the physical dimensions of the sample,
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the way to model the intercalation scattering is not evident, it was
implemented it in the same fashion as boundary scattering, giving a
fixed length scale (A;,:) for scattering (See Materials and Methods).
The c-axis phonon group velocity (V) in Eq. (7) was measured using
picosecond acoustic echo signals with TDTR®® (See Supplementary
Information Section S1.2); ¥V underwent significant modulation on
intercalation. On intercalation, the v of pristine-graphite thin film
with a thickness of 30 nm decreased from 4050 to ~2835 m/s,
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Figure 5: Thermal resistivity contributions from various phonon scattering mechanisms for a 450-nm-thick pristine graphite film (a) before
intercalation and (b) after intercalation (for its co-GIC counterpart with a thickness of 710 nm). (c) Room-temperature phonon-scattering-
rate contributions of various scattering mechanisms vs. the frequency of phonon vibrations before and after intercalation. (d) The
accumulated thermal conductivity dependence on the pMFP indicates a significant reduction in the MFP upon intercalation.

the actual thickness of the sample before and after intercalation was
used as the scattering length. The values of TEI and t]_nlrip were
estimated by fitting the measured temperature-dependent thermal
conductivity before intercalation to the model, assuming the
parameters to remain unchanged on intercalation. Parameters have
been tubulated and presented in Supplementary Information S6.1.
Intercalation scattering originating from foreign-atom guest layers is
only applicable on intercalation; therefore, Tf,lltc was determined by
fitting the experimentally measured temperature-dependent
thermal conductivity of the co-GIC samples to the model. Here, while

8| J. Name., 2012, 00, 1-3

forming a co-GIC with a thickness of 45 nm, possibly owing to the
softening of the harmonic force constant of the system. This can be
elaborated by calculating and the in van der Waals binding energy
from Lennard-Jones potential parameters, where effective atom pair
interaction between carbon and MnCl, is weaker than that between
carbons. (See Supplementary Information Section S6.2). The fitted
thermal-conductivity models for pristine graphite and co-GIC are
shown in Figure 4 by dashed lines. The models accurately indicate
the temperature dependence and intercalation-induced reduction in
K, in all the samples. Notably, A, is the only fitting parameter used

This journal is © The Royal Society of Chemistry 20xx
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for co-GIC; the excellent goodness of fit confirms intercalation
scattering via boundary scattering. This can be understood by
considering the intercalant layer as a grain boundary of graphite.
Additionally, the low value of A;,;c (~3 nm) indicates that intercalation
enables graphite to exhibit an extremely small scattering length scale
on graphite, which is difficult to realize using other nanostructuring
schemes. Notably, the scattering length (3 nm) is still somewhat
larger than the distance between stage-3 intercalation layers (~1
nm), possibly owing to various factors such as nonzero transmission
at the intercalant layer and uncertainty in the completion of
intercalation. Therefore, it should be possible to reduce the thermal
conductivity of the system further. Note that the extracted length
scale is an effective value, approximately projecting the intercalation
effect onto the boundary-scattering type scenario.

The contributions of different scattering mechanisms to the
thermal conductivity of the system are shown in Figure 5(a), (b),
which indicates competition among Umklapp scattering, impurity
scattering, boundary scattering, and intercalation-induced scattering
in the system before and after intercalation in terms of their thermal-
resistivity contributions (Kﬂl, Kl_,,llp, KEl, and x,_nlm respectively).
Intercalation scattering significantly influenced the total lattice
thermal resistivity (by nearly an order of magnitude) of the system
over the entire experimental temperature range. As shown in Figure
5(a), boundary scattering predominantly influences the thermal
resistivity (KZI) of the 450-nm-thick unintercalated graphite film up
to a temperature of ~125 K; beyond this temperature, Umklapp
scattering predominates, significantly limiting thermal transport.
After intercalation, as shown in Figure 5(b), intercalation scattering
predominantly influences thermal transport, surpassing the
contribution of Umklapp scattering across the entire experimental
temperature range. The room-temperature scattering rates for
different scattering mechanisms, calculated using Eq. (1)—(6) (See
Materials and Methods), are shown in Figure 5(c). After intercalation,
the intercalation scattering rate becomes 50 times that of the
boundary scattering rate of a pristine-graphite sample within the
same frequency range (0—3 THz); the phenomenon of boundary
scattering sustains cross-plane conduction in graphite. Notably, the
predominance of intercalation scattering explains the reduction in
the temperature dependence of K, on intercalation. The theoretical
fit results of the accumulated thermal conductivity with respect to
the p-MFP shown in Figure 5(d) indicate that the characteristic length
of K, reduces significantly on intercalation (from several hundred
nanometers to a few nanometers), validating the conclusions drawn
from the experimental results (See Supplementary Information
Section S6 for more details).

Conclusions

In summary, this study reports the effective tuning of K, in graphite
films with different thicknesses upon co-intercalation with MnCl, and
FeCl; as the major and minor components, respectively, thus forming
a co-GIC. These samples were synthesized by physical vapor
deposition using nearly pure FeCl; powder. Under specific synthesis
conditions, a trace amount of Mn from the starting material was
selectively intercalated into graphite, resulting in a co-GIC with an
Mn/Fe ratio of ~7. The thickness and temperature dependences of

This journal is © The Royal Society of Chemistry 20xx
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the K, of the samples were measured by TDTR. The results indicated
that the K, of the samples were effectively controlled by intercalation
with a reduction ratio of up to 6. The large reduction ratio was
sustained, even for samples with thicknesses less than 100 nm,
confirming the robustness of the intercalation-based strategy to
control K,, despite enhanced boundary scattering. The temperature
dependences of K, were fitted to a semi-empirical Debye-Callaway
model and the relative contributions of various scattering
mechanisms were quantified. Upon intercalation, strong
intercalation scattering was operative in the system, which
predominantly influenced and limited the K,. This phenomenon was
attributed to a ~45-fold increment in the room-temperature
intercalation scattering rate. Additionally, on intercalation, owing to
the weakening of interlayer interactions in the graphite system, the
c-axis phonon-propagation velocity reduced by ~30% (from 4050 to
2835 m/s) due to changes in the c-axis lattice constant caused by the
softening of the interlayer force constant at every intercalant repeat
distance. The combination of these two effects resulted in a
significant reduction in the p-MFP of graphite (by two orders of
magnitude) upon intercalation. Thus, this work provides insight into
the underlying phonon-scattering mechanism that enables the
effective modulation of the Kk, of graphite on intercalation.
Moreover, the results of this study are a proof-of-concept for the
fabrication of novel materials with excellent cross-plane thermal-
conductivity tunability through intercalation. Therefore, this study
could guide the future development of materials with unique
thermal properties.
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