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Expanded Graphite Morphology
The morphology of EG characterized by scanning electronic microscopy (SEM) and transmission

electronic microscopy (TEM) was shown in Figure S1. And the morphology of EG dispersed in PS/EG foam

characterized by optical microscopy was shown in Figure S2.

Figure S1: SEM micrograph (a) and TEM image (b) of EG [micrographs courtesy of XGScience® with

permission]

Figure S2: Optical micrograph of PS/EG foam (black dots are the EG particles).

Bulk Solid Conductivity
Table S1: Bulk solid thermal conductivity (mW-m™'-K ') of the composites

Filler content (wt%) PS/EG PS/CNT
0 180 180
0.1 183 185
0.25 189 193
0.5 199 206
1.0 210 222
2.0 250 224
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Table S2: Fitting parameters of the linear regression presented in Figure 5

Filler content (wt%) Slope a = Intercept b Slope a CNTIntercept b
0.0 0.3421 2.394 0.3421 2.394
0.1 0.0880 2.010 0.1828 2.000
0.25 0.0373 1.520 0.1366 1.500
0.5 0.0301 0.901 0.0884 1.200
1.0 0.0143 0.901 0.0492 0.859
2.0 0.0078 0.892 0.0216 0.900

Effect of Reduced Gas Conduction on the Total Thermal Conductivity in Composite Foams

In this study, the contribution from heat conduction through the gas to the total thermal conductivity
PS/EG foams is remarkably high in the range of 65% to 80% because of a large volume fraction of the gas at
high expansion. The total thermal conductivity of PS/EG foams could be further decreased by using a low
thermal conductive gas such as S-propene with a low thermal conductivity of 10.2 mW-m "K™'. The advantages
of using S-propene are two-fold: (1) its low bulk gas conductivity and (2) formation of a large foam expansion
level caused by its strong plasticization effect on PS. In addition, the contribution from heat conduction through
the solid in largely expanded foams is limited due to a low solid fraction (i.e., high gas fraction). Thus,
incorporation of the S-propene gas in producing largely expanded foams reduced both the solid conductivity
and gas conductivity of PS/EG foams.

Because of the unknown S-propene contents remaining in the cells after foaming [S1], the gas
conductivity of the S-propene foams could not be accurately calculated. It was then estimated by subtraction of
the experimentally measured total thermal conductivity from the known solid and radiative conductivities.

With the use of S-propene in producing PS/EG-A foams, ~35-fold (neat PS) and ~50-fold (PS/EG-A
2.0 wt%) volume expansion ratios have been obtained. Because of the high IR absorption property of EG-A, as
Figure S3 shows, increasing the content of EG-A steady reduced the contribution from thermal radiation from
51 mW-m "K' (neat PS) to 1.7 mW-m "K' (PS/EG-A 2.0 wt%). At high expansion, the low solid
conductivity of 2.2-3.1 mW-m '-K ' is achieved. The total thermal conductivity of PS/EG and S-propene co-
blowing agent, was reduced to a minimum of 21.5 mW-m™"K"!, much lower than other composite foams. It is
worth noting that since the S-propene gas slowly diffuses out of the foam, the effect of the S-propene gas is
temporary. However, a certain amount of S-propene remains in the closed cells, decreasing the foam thermal
conduction. Further study will be conducted to investigate the change of the total thermal conductivity with

time.
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Figure S3: Analyzed thermal conductivity data of the PS/EG-A samples foamed in scCO>,-S-propene at 5.9
MPa. (a) Experimental total thermal conductivities, estimated gas conductivities, calculated solid
conductivities, and experimental radiative thermal conductivities,; (b) Contribution of each heat-transfer term

in percentages to the total thermal conductivity.

Figure S4 compares the total thermal conductivities of the PS/CNT [S2], PS/EG, PS/EG-A and PS/EG-
B composite foams. At the same filler content (CNT and EG) and volume expansion, the PS/EG composite
foams had a lower total thermal conductivity compared to the PS/CNT composite foams, due to the better IR-
radiation absorbing attribute of EG than that of CNT. The reduction of gas conduction is highlighted by using
the co-blowing agent of S-propene to produce high expansion PS/EG (PS/EG-A and PS/EG-B) foams with ~
35 to 50-fold volume expansion ratios. As a result, the lowest total thermal conductivity obtained was 19.6
mW-m "K' for PS/EG-B. This outstanding result was attributed to three factors: (1) an effective blocking of
IR radiation with the addition of EG (reduced the radiative thermal conductivity in foams with high volume
expansion); (2) reduced solid conductivity at high expansion of ~50-fold volume expansion ratio; and (3) the

usage of the S-propene co-blowing agent (reduced the gas conductivity).
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Figure S4: Comparison of the experimental total thermal conductivities for the PS/CNT foams [S2], the PS/EG
foams (foamed in scCOr—pentane at 13.8 MPa), and the PS/EG-A and PS/EG-B foams (foamed in scCO»-S-
propene at 5.9 MPa and 6.6 MPa, respectively). Note that all foams have different expansion ratio.
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Heat Transfer Theory though Foams

The total thermal conductivity (Aow:) of the polymeric foam with sub-millimeter cells is determined by
heat conduction through the gas (Ags), heat conduction through the solid (Aswiis) and the radiative heat transfer
(Arqa) as natural convection is negligible [S3] [S4]. Hence, the foam’s total thermal conductivity is expressed as
follows [S5]:

Atotar = Agas t Asotia + Araa (S1)

The gas conductivity (dgs) depends on the gas type and the foam structure in terms of the void fraction

eyr and the cell size d as follows [S6]:

_ 1 0
Agas = &yF 1+ZB{mean kgas (32)
d

where k’gus is the bulk gas conductivity (25.7 mW-m "K' for air [S7], 15 mW-m "K' for pentane [S8], and
10.2 mW-m "K' for S-propene [S9]), and B is the energy transfer efficiency between the gas molecules and
the cell walls, which is derived from the kinetic theory of gas [S6]:

= (52) () e

2ar v+1

where ar is the thermal accommodation coefficient (ar= 0.9) and y is the heat capacity ratio (y = Cp/Cy= 1.4).

The mean free path of gas molecules /..., can be estimated from the collision theory [S10]:

kgT
lmean = \/EnBD‘rznP (S4)

where kj is the Boltzmann constant, 1.38x107* m*-kg -s2-K !, T'is the average absolute temperature, P is the
ambient pressure (1.01x10° Pa) and D,, is the collision diameter of air (3.8x107'° m). The calculated mean free
path of air molecules (/ean) is 64 nm at the ambient temperature and pressure.

Heat conduction through the solid depends on the volume fraction of the solid (1 — &) with g being
the void fraction and the foam geometry in term of the strut fraction f; (i.e. the volume fraction of solid located
in struts). For low-density polymeric foams (eyr > 94%), the solid conductivity can be described by the
Glicksman model [S4, S5].

Asotia = (1 — &yr) (Z_Tfs) ksotia (83)
where k%soiia is the thermal conductivity of bulk solid. For foams with the same thermal conductivity of the solid
at a fixed void fraction, heat conduction through the solid is determined by a factor (2 — f;)/3 indicating the
influence of the foam geometry. The contribution from heat conduction through the solid decreases when
increasing foam expansion (i.e., a higher void fraction) and the strut fraction (i.e., a higher fraction of solid
located in struts, indicating more tortuous structure for solid conduction).

The radiative heat transfer in foams can be described by the Rosseland approximation [S11, S12]. The

radiative heat transfer is inversely proportional to the overall radiation-blocking property of the foam, as follows.

__16n%gT3

Arad - 3Ko R (86)
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where 7 is the effective index of refraction of the foam. For high expansion polymeric foams, » has the same
value as air (e.g., 1). 0 is Stefan-Boltzmann’s constant, 5.67x10* W-m2-K™*. At room temperature, over 90%

of the radiation energy is contributed from the IR range with 2.5-25 um wavelengths (based on the Planck’s
spectral energy distribution), which can be studied using the Fourier Transform Infrared Spectroscopy (FTIR)
[S13]. The Rosseland spectral extinction coefficient (K. ) is as follows [S10, S14-S16]:

foo 1 6‘3b,1d
1 oK,y oT _ foo 1 Oepy (S7)
Ker  ®%b2 “Jo k., oe
eR Jy=2Aaa ea Oep
dep 2 _TCiGC al/*  exp(Cy/AT) (S8)
dep, 2 26 el-j/‘* [exp(Cp/AT)—1]?
e, =oT* (S9)

where the constants C; and C, are 3.74x10' W-m? and 1.44x10* um-K, respectively. ey is the local spectral
energy per unit wavelength and e; is the overall emissive power of blackbody radiation. The spectral extinction
coefficient K, indicates the spectral radiation-blocking property per unit thickness of the foam sample, and it

can be obtained by analyzing the spectral IR transmittance (z,,) through the foam, as follows [S17, S18]:
L
Tp = ce(ho Keado) (S10)

where L is the foam sample thickness, ¢ is a constant. By the linear regression of /n(z,,) against L, the slope of

the straight line is Ko .

Strut fraction
In highly expanded foam, the cells, cell walls and struts can be regarded as polyhedrons, thin slabs,
and triangular prisms, respectively. The volume occupied by a cell (Ven), the cell struts (V) and the cell

walls (Vyaii5) are calculated according to references [S2, S19] as follows:

Veey = 0.3503 (S11)
Vstruts = 2.800, — 3.9303 (S12)
Viwaus = =L 0.350F — 2.807d, +3.9303 (S13)

where Veeit, Vs, and Vians are the cell volume, the strut volume, and the cell wall volume, respectively. @. and
@, are the cell size and the strut diameter, respectively. For each sample, three SEM micrographs at three
different positions were analyzed to identify @. and @;,. Then, the strut fraction (f;) was calculated, as follows

[S19]:

j; _ Vstruts (S 14)

VstrutstVwalls
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