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Heat transport in methane-palladium nanocomposites
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The thermal conductivity of crystalline methane samples with spherical palladium nanoparticles of diameter

6, 8,10, 12, 18 and 24 nm embedded in the CH, structure was determined in the temperature range 2—35 K. The

spherical nanoparticles featured a low dispersion of the sphere diameter and the volume fraction of the nanopar-

ticles in the nanocomposites amounted to 0.15. Time relaxation approximation analysis shows that the matrix re-

sistive phonon scattering processes are dominated by diffuse scattering of phonons by matrix-nanoparticle

boundaries. Other considered intensities of resistive scattering mechanisms of phonons, i.e., scattering by point

defects, by dislocation strain fields and by phonons in U-processes remain almost the same in nanocomposites

and pure methane crystal. In transfer of the heat through the investigated nanocomposites non-resistive scattering

of phonons by the nanoparticles, such as phonon specular scattering and multiple scattering of phonons show

very high intensity. The nanocomposites formed of 18 and 24 nm nanospheres show anomalous power increase

of the thermal conductivity coefficient dependence on temperature, exceeding the values known for a typical die-

lectric crystal.
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Introduction

Significant interest has recently been given to compos-
ites with nanoparticles due to their importance in electron-
ics, optic and energy applications [1-3]. In such materials,
small changes in the parameters of the ingredients can lead
to significant changes in the overall properties. The heat
transport through nanocomposites is expected to be
strongly determined by the interface/surface effects. The
energy carriers in composites experience different scatter-
ing processes, which ultimately determine the effective
thermal conductivity of the material [4,5]. The prediction
and understanding of the composite properties has been a
complex subject of research since the properties of com-
posite materials depend on several physical and chemical
properties including the volume fraction, size, shape and
orientation of the particles as well as the interfacial charac-
teristics between the particles and matrix [6].

In turn, studies of methane and methane-based compos-
ites were triggered by the growing interest in using solid
methane as a moderator for pulsed cold neutron sources,
because from a neutronic point of view, this is the best
moderator material known so far [7].

Methane is one of the most abundant hydrocarbon com-
pounds known. Methane molecule can be depicted as a regu-
lar tetrahedron with hydrogen atoms at the vertex positions
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and carbon atom in the center [8]. Solid methane under equi-
librium vapour pressure can exists in two crystalline modifi-
cations. In both modifications, the low-temperature phase 11
and high-temperature phase I, carbon atoms form an FCC
lattice (space group Fm3m [9]). It is commonly supposed
that in low-temperature phase hydrogen atoms are ordered in
the lattice and can perform certain librational oscillations
about the center of inertia of methane molecule and also
reorientational hopping from one equilibrium position to
another. In phase I, hydrogen atoms entirely lose the order-
ing and make “almost free spherical rotation” relatively to a
mass center of carbon atom. The volume jump at the phase
transition is about 0.3% [9].

In the current paper, we present our preliminary thermal
conductivity experimental results obtained for methane-
based nanocomposite. The investigated nanocomposites
were obtained from solid methane with spherical palladium
nanoparticles embedded in the crystal structure.

Experimental

In this work, the experimental results of thermal con-
ductivity measurements were determined by steady-state
heat flow method in temperature range 2—35 K. The meth-
odology of the measurements and its technical aspects
have been described in details in our previous paper [10].
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The samples were grown and their thermal conductivity
was measured in a glass chamber (with the inner diameter
of 6 mm, the length of 50 mm) of the specially designed
helium cryostat [11]. On the top and the bottom of cham-
ber, the copper cups were glued. A gradient heater was
attached to the top copper cover. Through that cover a thin-
walled stainless steel capillary ran. The capillary allowed
to pump out the cell and fill it with a gas. During the ex-
periment, the bottom cap was fixed in a copper base of
controlled temperature. Temperature and temperature gra-
dient along the sample were measured by germanium resis-
tance thermometers.

For obtaining the nanocomposite samples, methane gas
of 99.9995% purity and palladium spherical nanoparticles
of linear dimension 6, 8, 10, 12, 18 and 24 nm were used.
Palladium nanoparticles were synthesized in the Institute
for Low Temperatures and Structure Research PAS,
Wroctaw, Poland by solvothermal method. The size of the
particles was determined by TEM microscopy methods.
Standard deviation of the nanoparticle diameter did not
exceed 3%.

At the very first stage in preparing the experiment, the
glass ampoule was filled up with the nanopowder (in the
gravity field, without any additional pressing) to its top.
The nanoparticle volume fraction in the investigated sam-
ples (the ratio of the volume taken by the nanoparticle to
the volume of the sample) was in the range 14.5-15%. The
volume fraction was determined by the precise weighting of
the nanopowder filling the known volume of the ampoule.

Before the beginning the process of obtaining nano-
composite sample, the ampoule with powder placed in it
was thoroughly pumped out at room temperature. Then the
temperature of the ampule was lowered to a little bit above
the triple point temperature of methane and the gas was let
to the ampoule where the condensation to its liquid phase
began. During the condensation, the temperature of the
upper part of the ampoule is maintained 7 K above the
temperature of the bottom so that the liquid gradually filled
the ampoule from its bottom to the top. In this way one
obtained a liquefied matrix gas with nanopowder immersed
in it. Finally, the temperature of ampoule was lowered
(while maintaining a constant temperature gradient), there-
fore the liquid passed to the solid phase, forming a crystal
with nanoparticles embedded in its volume. After the crys-
tallization, the sample was cooled down to the temperature
of the thermal conductivity measurements.

During the whole process obtaining of the sample, i.e.,
during the condensation of the gas, the solidification of the
liquid and the cooling down, the sample was inspected
visually. A good quality sample, showing reproducible
measurement results after re-growing, featured a uniform
dark opacity without any areas of different optical density
seen in the passing-through light.

The random error of the thermal conductivity measure-
ment in low temperatures did not exceed 1.5%, whereas
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above 20 K it increased to 3%, mostly due to effects con-
nected with spurious heat leaks. The systematic error did
not exceed 3%.

Results and discussion

Results of the measurements of dependence of thermal
conductivity coefficient k of the investigated nanocompo-
sites on temperature 7 were shown in Fig. 1. In the figure,
the data for the temperature dependence of the thermal con-
ductivity of pure methane crystal was also depicted [12]. As
it is easy to see from Fig. 1, the methane—Pd nanospheres
composite feature lower thermal conductivity than that of
pure methane. Most of the nanocomposites show dielectric
crystal-like thermal conductivity with a low-temperature
increase followed by a characteristic maximum and a de-
cay at higher temperatures. Two of the samples, those ob-
tained from the palladium nanospheres of the biggest in-
vestigated diameters — 18 and 24 nm do not display the
typical dielectric crystal thermal conductivity. Their ther-
mal conductivity which initially increases, attains a region
of weak temperature dependence and then continues to
increase resembles the thermal conductivity of an amor-
phous solid.

The value of the thermal conductivity coefficient ob-
tained for the samples containing nanoparticles of diameter
6, 8, 10 and 12 nm are very close to each other. For all of
them in the low-temperature part of the temperature de-
pendence the thermal conductivity coefficient increases as
T°. This is a clear change of the character of the depend-
ence when compared to the pure methane crystal, for
which the «(7) follows T 2 dependence. The discrepancy is
caused by different phonon scattering mechanism which
dominate at low temperatures in pure matrix and the
nanocomposite. The dominant phonon scattering mecha-
nism in pure methane crystal at low temperature is not

® CH, crystal
o CH, + Pd (6 nm)
CH, + Pd (8 nm)
4 CH, + Pd (10 nm)
CH, +Pd (12 nm)
< CH4 +Pd (18 nm)
# CH, + Pd (24 nm)
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Fig. 1. Thermal conductivity k of solid methane [12] and six
nanocomposites of methane with palladium spherical nano-
particles of different diameters. Solid lines show the result of
approximation of the data with Eq. (1).
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clear [12] while that of the investigated nanocomposite
seems to be independent of the phonon frequency. To get
more information on scattering of phonons in the vicinity
of the maximum of «(7), we fitted the Debye thermal con-
ductivity expression, see, e.g., [13],

3 0/T 4 x
=2 (k_gj e RN
2neo\ 7 o (€7 =1
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to the data obtained in our experiment.

In the above equation kp and 7% are Boltzmann and
Planck constants, respectively. v is phonon group velocity,
averaged over velocities for two longitudinal and one
transverse vibrations. For the current approximation ms-
[14] was applied. 0 is Debye temperature of the matrix
crystal (0 = 144 K) x = ho/kgT, where o is phonon fre-
quency and 1, is combined phonon relaxation time

rzl (x)= Zri_l (x).

Here 1, is phonon relaxation time for ith phonon scattering
mechanism.

In our fitting we have taken into account scattering of
phonons by grain boundaries (1), point defects (t p), dis-
location strain fields (t;) and by other phonons in U-pro-
cesses (1,). The used relaxation rates (reciprocal of the
relaxation time) were:

-1
‘Eb = ab,
-1 4.4
T, = apX T,
,1_
Tty = agxT,

1 = ag*Texp[~ayy /T].

In the fitting procedure, a computer program varied param-
eters (a;) of the relaxation times to get the best agreement
between the Debye thermal conductivity Exp. (1) and the
data obtained in the experiment. The best-fit parameters
were shown in Table 1 and the results of the fitting were
displayed in Fig. 1 by solid lines.

As one can see from Fig. 1, the applied model well de-
scribes the results of the experiment. The obtained values
of the fitted parameters carry information regarding-contri-
bution of each of the processes to an overall scattering of
phonons. The parameters of phonon scattered by point de-
fects, dislocation strain fields and U-processes shown in
the consecutive columns in Table 1 are close to each other
for the four nanocomposites and also close to those ob-
tained for pure matrix crystal. This means that the intro-
duction of palladium nanoparticles into the crystalline ma-
trix does not change significantly the original density of
point defects, the density of dislocations nor the dynamics
of the lattice. The only exception is the parameter which
describes the scattering by grain boundaries. While for all
four nanocomposites the boundary scattering parameters
are again close to each other, the one for pure methane
crystal is by three orders of the magnitude smaller than that
for the nanocomposites. Using a dependence a;, = v/l [13],
from the parameter @, one can obtain a rough estimate of
phonon free path / for the scattering by “grain boundaries”.
Therefore, while for pure methane crystal / ~ 10 ~ m, in the
analyzed composites / ~ 10 = m. The shortening of the
phonon free path in nanocomposites is caused by diffusive
scattering of phonons by the boundaries of two media: the
crystalline matrix and the material of nanoparticle (palladi-
um). Here it should be emphasized that the obtained for the
nanocomposites value / ~ 10 % m s very much longer than
the average internanoparticle distance in the investigated
samples — if one assumes a uniform distribution of the
nanoparticles in a hypothetic cubic lattice, for the nanopar-
ticle volume density of 0.15 the average distance between
the nanospheres amounts to approximately two diameters
of the nanoparticle. Therefore, in our samples the average
distance of the neighboring palladium nanoparticles is
~1078 m. The conclusion from this estimation is that just
one out of one hundred phonons incident on the nanoparti-
cle gets scattered in a diffusive way. To understand the
phenomenon of phonon scattering by the nanoparticles one
additionally has to take into account specular scattering by
the intermedia (the boundary of the matrix and the nano-
particle material) and also multiple phonon scattering de-
scribed as follows: the matrix phonon incident on the
boundary penetrates the nanoparticle, leaves it and then,

Table 1. Value of the parameters a;, for which the experimentally obtained dependence of the thermal conductivity of the investigat-

ed nanocomposites is best approximated by Eq. (1)

ap ap aq ayl ay2
CHy pure crystal 3.64-10° 3.32:10° 4.89-10 1.91-10 1.59-10"
CH, + Pd (6 nm) 3.53.10° 6.98-10° 6.29-107 6.28-10" 1.61-10"
CH, + Pd (8 nm) 3.11-10° 2.52:10° 3.59-107 5.18-107 1.56:10"
CHy + Pd (10 nm) 3.84-10° 1.25-10° 3.45-10° 4.77-107 1.58:10"
CH, + Pd (12 nm) 3.59-10° 429-10° 9.19-10° 4.71-107 1.59-10"
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without interaction with other phonon or crystalline struc-
ture defects penetrates a neighboring one, and so on, and
so on. Both of the postulated additional mechanisms can be
considered non-resistive and therefore are not directly seen
in the thermal conductivity data, resulting in elongation of
the effective phonon free path. The latter one may potential-
ly enhance the thermal conductivity of the nanocomposite
since the thermal conductivity of palladium is higher than
that of methane. However this is not the case: At the highest
investigated temperatures, where the thermal conductivity is
specified by the crystalline matrix U-processes, the experi-
mental data points are close to each other, both for pure CHy
crystal and the nanocomposites. The lack of increase of the
thermal conductivity above the U-processes limit denotes
that multiple phonon scattering is not particularly significant
phonon dissipation mechanism in the investigated
nanocomposites.

The thermal conductivity coefficient dependence on
temperature for two of not-discussed-yet nanocomposites
made of palladium nanospheres of diameter 18 and 24 nm
unlike the remaining ones is not typical for a dielectric
crystal. As was noticed above, at first glance the depend-
ence is similar to that of amorphous solid. However, a little
bit closer look shows that this is not the case. A feature
common for all glassy materials is low-temperature r?
dependence of thermal conductivity coefficient. In case of
the 18 and 24 nm palladium sphere nanocomposites the
thermal conductivity at low temperatures may be approxi-
mated by a Plower lavxg, however, the dependence (see Fig. 1)
being ~7  and 7~ for 18 and 24 nm composites, re-
spectively, is distinctly stronger than for glasses. This is a
very intriguing finding. On one hand, the nanocomposites
feature the lowest investigated thermal conductivity while
on the other they show low-temperature increase indicating
an enhancing thermal transport phonon scattering mecha-
nism. The way the hypothetic mechanism works is easy to
see in a plot showing the dependence of phonon mean free
path [, on temperature, displayed in Fig. 2. The depend-
ence was obtained from thermal conductivity data by use
of the following equation, see, e.g., [15],

3k
[ =—
" Co

where C is the specific heat of a unit of volume of the in-
vestigated sample. For the calculations, the specific heat of
methane crystal obtained from the Deby’e model were
utilized. The unusual behavior is best seen for the 18 nm
Pd sphere sample where the phonon mean free path initial-
ly increases, then attains at ~ 4 K a maximum followed by
a typical for a dielectric crystal decrease. The low-tempera-
ture increase leading to the formation of the maximum
resembles, to some extent, an effect caused by the
Poiseuille flow of phonons [13]. This finding requires fur-
ther investigations.
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Fig. 2. Phonon mean free path /,, in methane crystal and CH4—Pd
nanocomposites containing palladium nanospheres of diameter
18 and 24 nm. The horizontal line shows the average internano-
sphere distance in 18 nm composite.

Summary

The thermal conductivity of six crystalline methane
samples with embedded spherical palladium nanoparticles
of different diameters was determined in the temperature
range 2-35 K. Four of the investigated nanocomposites
display a typical dielectric crystal temperature dependence
of the thermal conductivity while the remaining two show
an unusual low-temperature behavior. In the typical dielec-
tric crystal nanocopmosites, the low-temperature thermal
resistivity is dominated by diffusive scattering of phonons
by the matrix-nanoparticle boundaries. However, the effi-
ciency of this mechanism is low. In the complete picture of
matrix phonon interaction with the nanoparticles one also
needs to consider non-resistive interactions such as specu-
lar and multiple phonon scatterings.
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TennoBui TpaHCNOPT y MeTaH-nanagiesnx
HaHoKoMMo3nTax

P.B. HukonkoB, P. Stachowiak, A. Jezowski

B inTepsaini Temneparyp 2-35 K BUMIpsSHO TemIONpOBiAHICTH
3pa3KiB KPUCTAIIYHOTO METaHy 31 CheprIHUMHU HaHOYACTHHKAMU
nanagio piamerpom 6, 8, 10, 12, 18 ta 24 HM, BOyZOBaHUMH B
crpykrypy CHy. ChepuuHi HAHOYACTHHKM Majii HU3BKY AUCIEp-
cifo miamerpa cdepu, a 00’€MHa YacTKa HAHOYACTHHOK y HaHO-
komno3urax ckiagana 0,15. Anani3 anpoxkcumariii yacy pesiakca-
mii MmoKasye, MO y TPOIecax PE3UCTHBHOTO PO3CIsIHHS (POHOHIB
nepeBaxkae audy3He po3cisiHHA (OHOHIB Ha TPAHULISIX MATPHULSI—
HaHOYACTHHKA. /IS IHIIMX MEXaHi3MiB Pe3UCTUBHOTO PO3CisH-
Hs (QOHOHIB, TOOTO PO3CISTHHS Ha TOYKOBUX AedeKrax, MoJsiX
JqucioKamiifaux nedopmaniii Ta pononax B U-mpomecax, posr-
JSIHYTI 1HTEHCHUBHOCTI JIMIIAIOTHCS MPAKTUYHO OJHAKOBUMH B
HAHOKOMITO3UTAX Ta KpHUCTali 4ucTtoro Merany. IIpu mepenadi
Tella 4epe3 HAHOKOMIIO3UTH, SIKi JOCII/UKEHO, HEpe3HCTHBHE
po3cisHHS (QOHOHIB Ha HAHOYACTUHKAX, a TAKOXK (DOHOHHE J3ep-
KaJIbHE PO3CisHHA (OHOHIB [IEMOHCTPYIOTH JYyXE BHCOKY
IHTCHCHBHICTh. Y HaHOKOMIIO3HUTIB, 5IKi cpopMoOBaHi 3 HaHOCHEP
po3mipom 18 Ta 24 HM, CIIOCTEPIraeThCsi aHOMAaJbHE 3POCTAHHS
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3aJIEKHOCTI KOe(]illieHTa TEeIUIONPOBIAHOCTI BiJ TEeMIEpaTypH,
0 NEepeBHUINye 3HAYEHHS, SIKi BiIOMI U1 THIOBOTO MieNeK-
TPUYHOTO KpUCTAIA.

KirouoBi cioBa: MeTaH-NalajieBi HAHOKOMIIO3UTH, TEILIONpPO-
BiIHICTB, TEIUIOBUI TPAHCIIOPT.

TennosoK TpaHCNOPT B MeTaH-NannaganeBblx
HaHOKOMMO3UTax

P.B. HukonkoB, P. Stachowiak, A. Jezowski

B unrepsane temneparyp 2-35 K onpezeneHa TemionpoBoa-
HOCTb 00pa3LOB KPHUCTAJULIMYECKOTO MeTaHa CO C(EepUUeCKUMU
HAHOYACTUIAMH Nayutaaus juamerpom 6, 8, 10, 12, 18 u 24 M,
BCTpoeHHBIMU B cTpykTypy CHy. Cdepuueckne HaHOUACTHIIBI
HMMeH HHU3KYIO OHUCIIEPCHIO IHaMeTpa cdepsl, a 00beMHas 10
HAaHOYACTHI[ B HaHOKommo3uTax cocrasisia 0,15. Anamu3 amn-
POKCHMAINH BPEMEHH PeJIaKCaIlUU ITOKa3bIBAET, YTO B IIPOIIeccax
PE3UCTUBHOTO paccesHus (GOHOHOB mpeobnagaer anddysHoe
paccesHre (OHOHOB HAa T'paHMIAX MaTpHIla—HaHOdYacTHra. J{is
JIpYTUX MEXaHW3MOB PE3HCTUBHOTO paccestHusl ()OHOHOB, T.€.
paccesHHS Ha TOYCUHBIX JedexTax, MONSIX IUCIOKAMOHHBIX
nedopmarmii u ¢dononax B U-mporieccax, paccMaTpuUBacMbIe
HWHTEHCUBHOCTH OCTAIOTCSl MPAKTHYECKH OJWHAKOBHIMH B HaHO-
KOMIIO3UTaX U KpHUCTamie yucToro metana. Ilpu nepenade temmna
4yepe3 UccieyeMble HAaHOKOMIIO3UTEI HEPE3UCTUBHOE PACCEsTHUE
(OHOHOB Ha HaHOYACTHIAX, & TaKKe (OHOHHOE 3epKalbHOE U
MHOTOKpaTHOE paccesHie (OHOHOB JEMOHCTPHPYIOT OYCHb BBHI-
COKYIO MHTEHCHBHOCTb. Y HaHOKOMIIO3UTOB, C(HOPMHPOBaHHBIX
n3 HaHocdep pasMepoM 18 u 24 HM, HabIIOTAETCS AaHOMAJIBHOE
BO3pacTaHHe 3aBUCHMOCTH KO3(GQUIMEHTa TEIIONPOBOJIHOCTH
OT TEMIIEpaTyphl, MPEBHIIIAIONIee 3HAYCHHs, H3BECTHBIC IS TH-
MUYHOTO AU3IEKTPHUECKOTO KPHCTAIA.

KiroueBble ClloBa: METaH-NaLIaNEeBbIe HAHOKOMIIO3HUTBI, TEILIO-
IIPOBOAHOCTb, TEIIOBOM TPAHCIIOPT.
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