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ABSTRACT 

Carbon nanotube (CNTs) networks embedded in a polymer matrix have been extensively studied 

as a flexible thermoelectric transport medium over the recent years. However, their power factor 

has been largely limited by the relatively inefficient tunneling transport at junctions between CNTs 

and the low-density conducting channels throughout the networks. This work demonstrates that 

significant power factor enhancements can be achieved by adding electrically insulating 

microscale particles in three-dimensional CNT networks embedded in the polymer matrix. When 

silica particles of a few µm diameters were co-embedded in single-walled CNT (SWCNT)-

polydimethylsiloxane (PDMS) composites, both the electrical conductivity and the Seebeck 

coefficient were simultaneously enhanced, thereby boosting the power factor by more than a factor 

of six. We found that the silica microparticles excluded a large volume of the composite from the 

access of CNTs and caused CNT networks to form around them with the polymer as a binder, 

resulting in improved network connectivity and alignment of CNTs. Our theoretical calculations 

based on junction tunneling transport for three-dimensional CNT networks show that the 

significant power factor enhancement can be attributed to the enhanced tunneling with reduced 

junction distance between CNTs. Additional power factor enhancement by a factor of three was 

achieved by sample compression, which further reduced the mean junction distance to enhance 

tunneling, but also reduced the geometric factor at the same time, limiting the enhancement of 

electrical conductivity. 
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1. Introduction 

Research on thermoelectric (TE) materials has accelerated in recent years due to the world-wide 

efforts for low-grade waste heat recovery and wearable body-heat harvesting.[1-3] The 

performance of a TE material is evaluated using the unitless figure-of-merit zT = S2σT/ κ, which is 

dependent on the Seebeck coefficient (S), electrical conductivity (σ), and thermal conductivity 

(κ).[3] T is the absolute temperature. The numerator part (S2σ) in zT is called the power factor (PF), 

which determines the power output of a TE device for a given temperature difference. PF is a 

material property determined by charge carrier transport in the material. The trade-off relationship 

between S, σ, and κ is a fundamental issue that has hampered further enhancement of TE materials 

performance.[4-5]  

Due to their excellent chemical and thermal stability and outstanding electrical and mechanical 

properties, carbon nanotubes (CNTs) are frequently utilized as fillers in nanocomposites and have 

thus emerged as a promising candidate for developing novel flexible TE devices. [6-8] In 

particular, single-walled CNTs (SWCNTs) have been extensively studied to utilize their low 

dimensionality with sharp features in the electronic density of states for enhanced TE properties. 

[4,9] Recently, many reports explored the TE performances of individual CNTs [10-12] and their 

hybrid composites with polymers [6,13-16].  In their composites with polymers, CNTs create 

intimate networks to provide electric percolation channels and thus reasonably high power factors, 

while the polymer matrix primarily offers low thermal conductivities. However, their zT values 

are still much lower (< 0.1) than those of the state-of-the-art inorganic TE materials (zT ~1). 

Networks made of only metallic SWCNTs exhibiting zero bandgaps have shown much lower 

Seebeck coefficients (< 20 μV/K) compared to those of semiconducting ones (> 150 μV/K).[17] 

Neat SWCNTs typically consist of mixed semiconducting and metallic ones. They typically 

showed Seebeck coefficients in the range of 40 ~ 90 μV/K in both p-type and n-type regimes. [13-

16,17-18] Recently, Avery et al. [7] reported a very high Seebeck coefficient greater than 400 

μV/K for semiconducting (s-) SWCNT networks, but at relatively low electrical conductivities due 

to the trade-off between the two properties. High power factors greater than 200 μW m-1 K-1 were 

obtained with highly doped SWCNTs to achieve high electrical conductivities with sacrifice in the 
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Seebeck coefficient. MacLeod et al. [19] further optimized the doping of s-SWCNTs to achieve 

very high power factors ~ 700 μW m-1 K-1 in both p-type and n-type regimes.   

Despite these exciting recent studies, the fundamental TE transport through CNT networks has not 

been fully understood. In CNT networks, charge carriers flow internally along a CNT and then 

pass through the junction between CNTs by tunneling to reach the next CNT. This process is 

repeated until the charge carriers reach the other end of the sample. Hence, the Seebeck coefficient 

as well as the electrical conductivity are basically affected by both the internal transport along 

CNTs and the junction tunneling. The net Seebeck coefficient is then the weighted average 

between the Seebeck coefficients from the internal transport (𝑆CNT) and across the junction (𝑆junc) 

with weighting factors of the fraction of temperature difference applied across them, such that 

 

𝑆 =
∆𝑇CNT

∆𝑇
𝑆CNT +

∆𝑇junc

∆𝑇
𝑆junc    (1) 

 

Statz et al. [20] argued that the Seebeck coefficient is primarily determined by the internal Seebeck 

coefficient, i.e., S ~ 𝑆CNT, in their dense CNT films because the junctions are mostly orthogonal to 

the temperature gradients in dense CNT network films, so that ∆𝑇junc~ 0. This may be possible 

when CNTs create quasi-two-dimensional networks in a thin film with no other significant material 

components or matrix involved in the networks as illustrated in Fig. 1(a). Due to the high aspect 

ratio of CNTs, they tend to be stacked parallel to the substrate, and then the junctions, which are 

the shortest distance points between neighboring CNTs, are created vertically in the direction 

normal to the in-plane temperature gradients. In this case, the temperature difference across the 

junctions can be negligibly small, and the in-plane Seebeck coefficient will be determined 

primarily by the internal Seebeck coefficient of CNTs as pointed out by Statz et al. [20]. It is 

noteworthy that the electrical conductivity will still be influenced by the junction tunneling in the 

quasi-2D networks.   
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Figure 1. Illustration of two different CNT network formations: (a) CNTs deposited on a 

substrate without a matrix to create quasi-two-dimensional, planar networks, and (b) CNTs 

embedded in a thick matrix to form three-dimensional networks with random orientation. In (a), 

junctions are formed in the direction normal to the temperature gradients applied in-plane, while 

they are formed in random orientation in (b). The in-plane Seebeck coefficient is primarily 

determined by the internal transport along CNTs in (a), while it is determined by the junction 

transport in (b). 

 

On the other hand, CNTs randomly dispersed in a thick matrix can create three-dimensional 

networks as shown in Fig. 1(b), where the junctions are formed with random orientation in all three 

dimensions. Significant temperature differences can be applied across the junctions that are in the 

direction of temperature gradients in this case. The divided temperature differences in Eq. (1) are 

determined in proportion to the thermal conductances of the individual segments along the path. 

Studies based on molecular dynamic and atomistic Green’s function simulations showed that the 

thermal conductance at the cross-bar junction between two CNTs is as low as ~50 pW/K, which 

is two orders of magnitude lower than those of individual CNTs (~ 5,000 pW/K for 1 μm effective 

length in the direction of temperature gradients and ~ 1 nm diameter with 3,000 W/mK thermal 

conductivity).[21-23] The resulting upper bounds of thermal conductivity for CNT networks are 

found to be only a few W/mK [22], despite the extremely high thermal conductivity of individual 

CNTs (3,000 W/mK) because of the extremely low thermal conductance at junctions. These results 

indicate that the temperature difference across junctions can be about two orders of magnitude 

greater than those along individual CNTs, i.e., ∆𝑇junc ≫  ∆𝑇CNT, so that the Seebeck coefficients 

of three-dimensional CNT networks are predominantly determined by the junction tunneling 

according to Eq. (1).  

Our previous work on SWCNT networks embedded in ~1-mm thick polydimethylsiloxane 

(PDMS) elastomer showed highly isotropic TE properties between in-plane and cross-plane 
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properties, confirming the formation of three-dimensional CNT networks.[13] Both the Seebeck 

coefficient and the electrical conductivity were significantly varied with CNT content in the 

composite, which cannot be explained if the properties were determined by the those of individual 

CNTs. We employed Landauer theory to calculate the TE properties at the junctions and the 

variation of the properties with CNT content were successfully explained with decreasing junction 

distance with increasing CNT content. CNT composites with polyaniline (PANI) [24] and 

polypyrrole [25] also showed similar variations of the Seebeck coefficient and electrical 

conductivity with CNT content.           

Recently, Park et al. [26] showed that the electrical conductivity of CNT networks could be 

enhanced by adding microscale particles as secondary fillers. These microparticles (MPs) created 

excluded volume and pinched CNTs into the narrow space between the microparticles to form 

denser, better-connected percolation networks of CNTs, resulting in enhanced electrical 

conductivity. However, the effects of segregated CNT networks by excluded volume on the TE 

transport, particularly on the Seebeck coefficient, have not been thoroughly investigated. 

Furthermore, previous investigations have often seen irregular trends in electrical conductivity 

with a small inclusion of secondary fillers in hybrid CNT composite systems.[27-28]   

In this work, we combine experimental and theoretical studies to investigate the effects of silica 

microparticles co-embedded with CNTs in a polymer matrix on the TE transport properties with 

broadly varying microparticle content. PDMS is employed as the matrix for this study due to its 

many advantages, such as solution processability, lightweight, biocompatibility, and low thermal 

conductivity.[13,29] PDMS also works as an excellent binder between CNTs and silica particles. 

Silica particles are chosen as the filler material due to their excellent compatibility with CNTs and 

PDMS for a uniform dispersion and stable network formation.[30] Furthermore, their wide 

availability and cost-effectiveness make them a practical option for large-scale applications, and 

their biocompatibility renders the composite along with PDMS suitable for wearable applications, 

such as body-heat harvesting. Since both PDMS and silica particles are electrically insulating, all 

the carrier transport occurs through CNT networks. Hence, this material combination provides an 

excellent model system to study the variation of TE properties exclusively by a modification to 

CNT networks with microparticles.  

 

2. Experimental Methods 
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Single-walled carbon nanotubes (SWCNT), silica MPs, PDMS prepolymers, and curing agent are 

the raw components for the CNT-based polymer composites material development, and 

chloroform was used as the solvent. Dow Corning supplied commercially available PDMS 

(Sylgard 184 Silicone Elastomer Base) to synthesize the CNT-based polymer composite. Tuball 

SWCNTs from Sigma Aldrich with an average diameter of 1.6 nm and a length of > 5 µm was 

utilized. Silica powders of 1 and 3 μm particle size were bought from Sigma Aldrich. The raw 

components were all used as received.  

For the composite synthesis, it is imperative that the two fillers (SWCNTs and silica MPs) disperse 

evenly in the PDMS matrix. Despite their comparable structures, poor distribution conditions of 

these two filler materials in the PMDS matrix can generate opposing or irregular trends in electrical 

conductivity.[26] Ultrasonication guaranteed uniform mixing and excellent dispersion of 

entangled CNTs and silica microparticles in PDMS. They were initially disseminated in 

chloroform using ultrasonic agitation at a frequency of 20 kHz. These processes resulted in the 

homogenous dispersion conditions of the fillers in PDMS. CNT content was fixed at 10 w.t.%, and 

PDMS content was varied to accommodate a broad range of silica content from 0 to 60 w.t.% for 

the study. The resulting samples are free-standing without substrate, and the thicknesses varied 

from ~ 0.9 to ~ 1.2 mm before compression. Samples were then compressed between two 

cylindrical rollers 0.5 mm apart to produce 0.5 mm thick compressed samples. More detailed 

information about the synthesis processes and sample compression is found in Supporting 

Information (Section 1). Scanning electron microscopy (SEM) (FEI XL30, 15 kV) was used to 

examine the morphological and structural characteristics of the composites. The samples were also 

examined using Raman spectroscopy (Renishaw inVia, stimulated by a 514 nm Ar – ion laser with 

a laser spot size of approximately 1 m2 and a lens of 50X). 

The thermoelectric properties of the composites were measured using a custom-built set-up at 

room temperature. A sample of 1.5 × 1 cm2 was placed like a bridge between two thermoelectric 

modules, which created temperature differences across the sample. Two thermocouples were used 

to measure temperature differences, and the Seebeck voltage was measured using a separate pair 

of electrodes placed at the same positions that the thermocouples were placed. The electrical 

conductivity was measured using the van der Pauw method with four edge contacts on the samples. 

Additionally, the micro-Raman scattering technique was employed for thermal conductivity 

measurements of the samples. [31] This approach creates thermal perturbation on the sample by 
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laser heating. From the Raman peak frequency, one can estimate the average temperature in the 

sample excited by the beam. This allows us to evaluate the thermal conductivity by resolving the 

inverse heat conduction problem. More information about the thermal conductivity measurement 

with this technique is available in the Supplementary Information (Section 7). 

 

3. Theoretical Investigation 

Since the junction conductance is orders of magnitude smaller than the internal conductance of 

individual CNTs in both electron and thermal transport regimes, we assume that the junction 

tunneling is the dominant transport mechanism in determining the effective bulk TE properties, 

and the transport properties of individual CNTs are negligibly small. For junction tunneling, we 

employ the Landauer formalism. [32] More details about the transport calculations can be found 

in our previous work. [13]. In Landauer, the electrical conductance, the Seebeck coefficient, and 

the electronic thermal conductance of each carrier type are all integral functions of the differential 

conductance 𝐺′(𝐸) with respect to the carrier energy E given, respectively, by   

  𝐺𝑖 =  ∫ 𝐺′(𝐸)
∞

0
𝑑𝐸      (2)  

  𝑆𝑖 =
1

𝑞𝑇

∫ 𝐺′(𝐸)(𝐸−𝐸𝐹)𝑑𝐸
∞

0

∫ 𝐺′(𝐸)𝑑𝐸
∞

0

      (3) 

  𝐾elec,𝑖 =
2

ℎ𝑇
∫ 𝐺′(𝐸)(𝐸 − 𝐸𝐹)2𝑑𝐸

∞

0
− 𝑆𝑖

2𝐺𝑖𝑇   (4) 

where the subscript 𝑖 is either ‘e’ for electrons or ‘h’ for holes. 𝐸= 0 at the band edge, and the 

integral is performed for each band using the unit charge 𝑞  = -e for the conduction band to 

represent electrons and 𝑞 = +e for the valence band to represent holes. 𝐸𝐹 is the Fermi level. The 

differential conductance at a junction is defined as 𝐺′(𝐸) = 𝐺0𝑇̅(𝐸)𝑀(𝐸) (−
𝜕𝑓0

𝜕𝐸
), where 𝐺0 =

2𝑒2/ℎ is the quantum of conductance, 𝑇̅(𝐸) is the tunneling transmission through the junction 

(0 ≤  𝑇̅(𝐸) ≤ 1), M(E) is the number of modes, and 𝑓0 is the Fermi-Dirac distribution function. 

The (−
𝜕𝑓0

𝜕𝐸
) is a bell-shaped function centered at the Fermi level called the Fermi window, of 

which the full width half maximum is proportional to the absolute temperature. The Fermi window 

defines the energy range of carriers that participate in the conduction. In our model, a potential 

barrier is determined by the material occupying the gap, e.g., the polymer matrix. We assume a 

square potential for tunneling, which is a good assumption for high tall, thin barriers with very 
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small voltage across the junction. [33] Assuming a one-dimensional square potential barrier in the 

tunneling regime, the transmission is known as  

  𝑇̅(𝐸) = [1 +
𝐸𝐵

2 sinh2(𝑘𝑑)

4𝐸(𝐸𝐵−𝐸)
]

−1

     (5) 

where 𝐸𝐵 is the barrier height from the band edge of CNTs, d is the junction distance, and 𝑘 =

(𝐸𝐵 − 𝐸)/(ℏ𝑣𝐹) is the wave vector corresponding to the energy difference between the barrier 

height and carrier energy. 𝑣𝐹  = 8.5 × 105 m/s is the Fermi velocity representing the linear 

dispersion for SWCNTs.   

For polymer gaps, the barrier height is determined by the energy difference between the band edges 

of the CNT and the polymer, i.e., between the conduction band edge of CNT and the LUMO level 

of the polymer for electrons or between the valence band edge of CNT and the HOMO level of the 

polymer for holes. Therefore, the barrier height for holes is typically different from that for 

electrons, i.e., asymmetric barrier heights for two carrier types. Due to the asymmetric barriers, 

the resulting TE properties in the p-type and n-type regimes can be highly different from each 

other in the tunneling-limited transport for 3D CNT networks embedded in polymer matrix. 

However, for quasi-2D CNT networks shown in Fig. 1(a), the TE properties are symmetric 

between p-type and n-type regimes [20] because they are largely determined by the internal 

transport along CNTs, where the band structures and the scattering characteristics are 

fundamentally symmetric. 

Since we are using undoped SWCNTs in this work, we expect that the transport is in the bipolar 

regime, where both electrons and holes are non-negligibly contributing to the net transport. Our 

SWCNTs show positive Seebeck coefficients due to natural oxidation in air, which makes CNTs 

slightly p-type. We use the Fermi level as a fitting parameter to fit the experimental data with 

theory. Due to the slight p-type nature of our SWCNTs, the best fit is found to be the Fermi level 

at 40 meV below the Dirac point, i.e., 𝐸𝐹 = −40 meV. In the bipolar transport regime, the total 

properties are given, respectively, by  

  𝐺 = 𝐺𝑒 + 𝐺ℎ     (6) 

  𝑆 =
𝐺𝑒𝑆𝑒+𝐺ℎ𝑆ℎ

𝐺𝑒+𝐺ℎ
     (7) 

  𝐾elec = 𝐾elec,𝑒 + 𝐾elec,ℎ + 𝐾bi       (8) 

where 𝐾bi is the bipolar thermal conductance given by  
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  𝐾bi =
𝐺𝑒𝐺ℎ

𝐺𝑒+𝐺ℎ
(𝑆ℎ − 𝑆𝑒)2𝑇   (9)       

Fig. 2(a) shows the total Seebeck coefficient as a function of Fermi level spanning the p-type, 

bipolar, and n-type regimes. Here, we used asymmetric barrier heights for electrons and holes to 

explain our experimental data: 2 eV for electrons and 2.2 eV for holes. Due to the slightly lower 

barrier height for electrons, the unipolar electrical conductance of electrons 𝐺𝑒 is larger than that 

of holes 𝐺ℎ  at the same energy. Therefore, electrons contribute more to the total Seebeck 

coefficient given by Eq. (7), where the unipolar electrical conductances are used as weighting 

factors. As a result, the Seebeck curve is shifted to the left. This is the reason that the total Seebeck 

coefficient shown in Fig. 2(a) is negative (n-type) at zero Fermi level.  

Fig. 2(a) also shows the variation of Seebeck coefficient with junction distance. The junction 

distance varied from 7 (red) to 10 Å (green) with a step of 0.5 Å. In the unipolar regions at both p-

type and n-type sides, the magnitude of Seebeck coefficient increases with increasing junction 

distance, suggesting the typical trade-off relationship between the Seebeck coefficient and the 

electrical conductance in these regions as the latter decreases with increasing junction distance. 

On the other hand, in the p-type bipolar region (the shaded region in gray in the figure), the trend 

is opposite: the Seebeck coefficient decreases with increasing junction distance. As the junction 

distance increases, the unipolar conductance of electrons increases much more rapidly than that of 

holes due to the lower barrier height for electrons, which results in the increased contribution from 

electrons in the total Seebeck coefficient according to Eq. (7). As a result, the curve is shifted 

further to the left in the figure, and the magnitude of the Seebeck coefficient is reduced. Since our 

undoped SWCNTs are within this bipolar region with 𝐸𝐹 = −0.04 eV, the Seebeck coefficient is 

expected to increase with decreasing junction distance, which has been observed in our 

CNT:PDMS composites.[13] Fig. 2(b) clearly shows that both the Seebeck coefficient and the 

electrical conductance increase with decreasing junction distance in this bipolar regime at EF= -

0.04 eV. Our material system falls in this region, where the reduced junction distance by the 

inclusion of microparticles simultaneously enhances the Seebeck coefficient and electrical 

conductivity as will be discussed in the next section.     
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Figure 2. (a) Calculated Seebeck coefficient as a function of Fermi level spanning both p-type 

and n-type regions including the bipolar region in the middle. The several curves represent the 

Seebeck coefficient with different junction distance varied from 7 to 10 Å with a step of 0.5 Å 

(red to green in color). Only in the shaded bipolar region, the Seebeck coefficient decreases with 

increasing junction distance at a fixed Fermi level. The Fermi level 𝐸𝐹= -0.04 eV for our 

undoped SWCNTs falls in this region. (b) Calculated Seebeck coefficient and junction 

conductance as a function of junction distance at the fixed Fermi level 𝐸𝐹= -0.04 eV, showing 

the simultaneous increase in both properties with decreasing junction distance.   

 

Finally, the electrical conductivity and the thermal conductivity are the product of the junction 

conductance and the geometric factor, such that  

  𝜎 = 𝛼𝐺     (10) 
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  𝜅elec = 𝛼𝐾elec     (11) 

where the geometric factor α is defined as the ratio of the average number of channels per cross-

sectional area, m, to the average number of junctions per channel per length, n, i.e., 𝛼 =
𝑚

𝑛
, in the 

unit of cm-1.[13] The geometric factor indicates the abundance of transport channels and alignment 

of CNTs toward the transport direction in the networks. For instance, adding more CNTs typically 

increases the geometric factor until it saturates. Increasing CNT alignment in the transport 

direction helps increase the geometric factor as well as it reduces the denominator, n.       

The total thermal conductivity is the sum of the electronic thermal conductivity and the lattice 

thermal conductivity as in 

 𝜅 = 𝜅elec  +  𝜅lat     (12) 

In our data fitting with theory, we adjust the junction distance as a fitting parameter to fit the 

Seebeck coefficient at each silica content. We fixed the Fermi level position during this process as 

we did not dope or perform any chemical treatments on the CNTs. Once the Seebeck coefficient 

is fitted with junction distance, we then calculate the electrical conductance G with the determined 

junction distance and then fit the electrical conductivity with the geometric factor as another fitting 

parameter using Eq. (10). The electronic thermal conductivity is obtained without additional fitting 

parameter using Eq. (11). The lattice thermal conductivity is not calculated in this work as it is 

determined by phonon transport in CNT networks. The total thermal conductivity is 

experimentally measured.  

 

4.  Results and Discussion 

4.1. Network Morphology and Raman Spectroscopy 

Fig. 3 displays the cross-sectional SEM images of the CNT-silica MP-PDMS composites revealing 

the morphologies of CNT networks after incorporating with different content of silica MPs. 

Compared with the sample without silica (as seen in Fig. 3(a)), all other samples showed hair-like 

CNT bundles connecting the silica particles like bridges. CNTs are also seen closely bound on the 

surface of silica particles, creating intimate networks on the particle surfaces with PDMS as a 

binder. The latter proves the creation of excluded volume due to the interactions between silica 

particles and CNTs. Moreover, it can be observed that as the silica content increased, the excluded 

volume becomes more apparent and the interconnectivity between the CNT bundles become more 
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evident, thus contributing to the effective increase in electrical conductivity, which is presented 

later in this paper.  

 

 

Figure 3. SEM images of SWCNT-silica MP-PDMS composites with varying content of silica 

particles of 3 µm diameter: (a) no silica, (b) 10 w.t.%, (c) 20 w.t.%, (d) 30 w.t.%, (e) 40 w.t.% 

and (f) 50 w.t.% silica. SWCNT content kept constant at 10 w.t.% and PDMS content was varied 

accordingly, i.e., decreasing PDMS w.t.% with increasing silica content.  

 

The clear change of network morphology with the inclusion of silica MPs is illustrated in Fig. 4. 

By binding CNTs onto silica MPs, more CNTs are utilized to participate in creating conducting 

channels, thereby increasing the network connectivity and channel density. In terms of tunneling 

transport modeling, this network morphology change implies the change in junction distance 

between CNTs as well as in the geometric factor, which will be explained in detail in the next sub-

section.  
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Figure 4. Illustration of CNT network morphology change with the inclusion of silica MPS in 

CNT- PDMS composites. CNTs are closely bound on the surface of silica particles with PDMS 

as a binder. CNT bundles connect the sub-networks like a bridge between neighboring silica 

particles to complete transport pathways throughout the sample.  

 

The SEM images in Fig. 3 highlight the uniform distribution of the CNTs and their bundles around 

silica particles. Still, these images cannot show the structural changes in the CNT bundles and their 

respective junctions due to the applied stress. Raman Spectroscopy was used to evaluate the 

changes, where a 514 nm laser with a spot size of 1 m2 and lens of 50X was utilized. The Raman 

spectra of the CNT-based PDMS composites are highly uniform across the surface, highlighting 

the high quality of the CNTs used in this work. Irrespective of the composition of the composites, 

all the spectra featured the signature peaks of CNT; RBM, D, G-, G+, and 2D peaks. Raman spectra 

of the SWCNT used in the composite is shown in Fig. 5(a) and the normalized Raman spectra of 

composites with different silica w.t.% are shown in Fig. 5(b). Peak analysis was performed using 

VOIGT (convolution of Gaussian and Lorentzian) peak fitting [34] and the G+ peak positions were 

extracted and plotted as described in detail elsewhere.[35] A comparison of the G+ peak position 

of pristine CNT, compressed CNT, and CNT + PDMS composite with other CNT-based polymer 

composites with different w.t.% of 3 µm silica was shown in Supporting Information (Section 4).  

This clarifies that neither the addition of 3 µm silica, PDMS nor compression of freely stacked 

CNT powder induced any strain in the CNTs as per the G+ peak positions.  
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Figure 5. Raman spectra of (a) SWCNTs used in the CNT networks and (b) CNT-silica-PDMS 

composites with 1 um silica co-embedded in different silica contents. 

 

In contrast, this trend changed when the compressed silica composites exhibit a shifted G+ peak to 

lower Raman shift values as shown in Fig. 6. The G+ peak position seems to be independent of the 

w.t.% of 3 µm silica as the size of CNT bundles is various times smaller than the silica particles 

making it independent of the silica w.t.%. 
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Figure 6. Raman spectra showing the G+ peak positions of CNT-PDMS composites with 3 µm 

silica particles embedded Compressed and Uncompressed 

 

The shift in G+ peak position in the Raman spectra after compression can result from longitudinal 

tensile strain on CNTs due to CNT compression by the silica microparticles. [36] This is rarely 

observed in CNT-polymer composites without additional solid microparticles.  

 

4.2. Thermoelectric Transport Properties 

Fig. 7 shows the measured Seebeck coefficients of the composites as a function of silica content 

before and after compression, along with theoretical fitting. The method used for sample 

compression is discussed in Supporting Information (Section 6). Sample Compression. The values 

obtained from the experiment are all positive, as shown in the figure, indicating unintentional p-

type doping by oxidation in air. In both cases before and after compression, the Seebeck coefficient 

slightly decreased initially when a 10% silica MPs were added to CNT-PDMS composites. The 

initial small drop in Seebeck coefficient can be attributed to the disrupted CNT networks with 

addition of silica MPs, where the excluded volume effect was relatively too small to enhance the 

property.  

From 10 % to 40 % silica, the Seebeck coefficient steadily increased with increasing silica content. 

We employed the Landauer formalism for the junction tunneling transport between CNTs to 
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explain this trend. Here, we used the average junction distance as a sole fitting parameter for both 

data before and after compression. We used steadily decreasing junction distance with increasing 

silica content up to 40 % to fit the experimental Seebeck coefficients for both before and after 

compression samples, which produced reasonable fitting for both before and after compression as 

shown in Fig. 7(a). Fig. 7(b) shows the average junction distance values used for the best curve 

fits as a function of silica content. Reduction of the average junction distance from ~ 11.5 to ~ 10 

Å is obtained from the fitting for the as-synthesized samples before compression from 0 to 40 % 

silica. Further reduction of junction distance down to ~ 7 Å has been possible with sample 

compression as denser CNT networks can be created due to compaction.    

 

 

Figure 7. (a) Seebeck coefficient of SWCNT-silica MP-PDMS composites as a function of silica 

content (w.t.%) for 3 μm particle size before and after compression. The content of SWCNT was 
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fixed at 10 w.t.%, and PDMS content varied accordingly. Symbols are experimental data and 

curves are theoretical fitting. (b) Mean junction distances used in the theoretical fitting as a 

function of silica content. Up to 40 % silica, the junction distance is reduced with increasing 

silica content, which results in the increase in Seebeck coefficient. Beyond 40 %, due to the 

much-reduced PDMS content, the effective network enhancement by excluded volume was 

mitigated, resulting in the Seebeck coefficient reduction in the uncompressed samples.   
 

Beyond 40 % silica, the decrease in Seebeck coefficient is observed as shown in Fig. 7(a) for 

uncompressed samples, which can be attributed to the increased material inhomogeneity due to 

the reduction of PDMS content as a binder, and more disruptive CNT networks with excess 

microparticles. As silica content increases, PDMS content was reduced accordingly. CNTs can 

still be bound well onto the surface of silica particles with less PDMS binder, but the hair-like 

inter-particle bridges made of PDMS-coated CNT bundles become apparently thinner and less 

observed due to the less amount of PDMS available as clearly seen in the SEM images in Fig. 3.  

We believe that these bridges play a crucial role in connecting the sub-networks of CNTs on 

individual particles to create larger-scale conduction pathways from end to end of the sample. 

Increased silica content above 40 % and the accordingly reduced PDMS content seem to have 

made these inter-particle connections poorer, resulting in the reduction in the Seebeck coefficient. 

We model this behavior by correlating the increased standard deviation of junction distance 

distribution linearly with the increase in the mean value. Note that samples with high silica contents 

above 40 % were relatively fragile due to the reduced PDMS content. These samples were 

damaged after compression; hence, the properties could not be measured.  
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Figure 8. (a) Electrical conductivity of SWCNT-silica MP-PDMS composites as a function of 

silica w.t.% for 3 μm particle size before and after compression. The content of SWCNT was 

fixed at 10 w.t.%, and PDMS content varied accordingly, i.e., decreasing PDMS w.t.% with 

increasing silica content. Symbols are experimental data and curves are theoretical fitting. (b) 
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Junction conductance G calculated based on the theoretical fitting of the Seebeck coefficient 

shown in Fig. 7. (c) Geometric factor 𝛼 as a function of silica content obtained from the fitting of 

the experimental electrical conductivity in (a) with the calculated junction conductance in (b) 

using Eq. (10).  

 

Fig. 8 shows the electrical conductivity of the same set of samples as a function of silica content. 

The electrical conductivity also steadily increases with increasing silica content as the Seebeck 

coefficient does for both before and after compression. A gigantic 3-fold increase in the electrical 

conductivity was obtained by the inclusion of silica MPs at 40 % and total more than 4-fold 

increase after compression compared to that of the uncompressed, non-silica sample.   

Fig. 8(b) and (c) show, respectively, the junction conductance and the geometric factor used to fit 

the experimental electrical conductivity as a function of silica content. As the junction distance 

decreases with increasing silica content, the junction conductance is enhanced, which is the main 

cause of the electrical conductivity enhancement. The geometric factor, however, decreases 

initially at low silica contents for uncompressed samples, but slows down in the decrease and 

eventually increases with increasing silica content above 20 ~ 30 % silica. We believe this is 

possible due to the re-organization of CNT networks. Initially, CNTs are re-organized as the silica 

MPs are added and create excluded volume, which can make existing channels partially merged 

instead of making new ones, resulting in fewer number of channels at low silica contents. As silica 

is added more and more, better-connected CNT networks, particularly with bundle bridges 

between sub-networks on particles, can be created, so that more parallel conduction channels are 

effectively created to increase m, and thus 𝛼.  

As shown in Fig. 8(a), the compression effect led to an additional increase, approximately 40 %, 

in the electrical conductivity from that of uncompressed samples at high silica contents, 30 and 40 

w.t.%. This enhancement largely comes from the further reduction in the junction distance by 

compression, i.e., G increased by compression. At the same time, the geometric factor is also 

increased particularly at low silica content by compression, which indicates the improvement in 

the CNT network alignment. Since the samples were pressed down vertically, CNTs could be 

better aligned in the horizontal direction, which is the transport direction for these in-plane 

measurements. After 20 ~ 30 % silica, however, the geometric factor after compression becomes 

smaller than that before compression, which can be attributed to the thinning down or even 

disconnection of CNT bundle bridges that were connecting sub-networks on silica particles due to 
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the tensile strain created by compression, resulting in the reduction of the number of parallel 

channels per cross-sectional area despite the reduced sample thickness after compression. We 

noticed that the samples were broken by compression at high silica contents above 40 %. It seems 

that the disruption of CNT networks has already started at lower silica contents, and steadily 

reduced the geometric factor down to zero with increasing silica content beyond 40 %. It should 

also be noted that irrespective of the silica size, the electrical conductivity values were somewhat 

similar considering the cases of either before compression or after compression. See Supporting 

Information (Section 5). This can be due to the fact that the density of conduction paths created by 

the excluded volume are similar for both 1 and 3 μm particle size.  
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Figure 9. (a) Power factor, (b) thermal conductivity, and (c) figure of merit zT of SWCNT-silica 

MP-PDMS composites as a function of silica w.t.% with 3 μm diameter.  Power factor was 

obtained for both compressed and uncompressed samples. Thermal conductivity was measured, 

and thus zT was obtained, only for compressed samples. The content of SWCNTs was fixed at 10 

w.t.%, and PDMS content varied accordingly. Symbols are experimental data and curves are 
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theoretical fitting. In (b), the theoretical calculations are only electronic thermal conductivities. 

 

 

As shown in Fig. 9(a), the addition of silica particles up to 40 % to the CNT-PDMS composite 

dramatically boosted the power factor. The maximum power factor achieved for 3 μm silica 

particles co-embedded in the CNT-PDMS composite are 15.5 µW/mK2 before compression and 

42. 9 µW/mK2 after compression, which are more than 6-fold and 18-fold increases, respectively, 

from that of the uncompressed, no-silica sample (2.3 µW/mK2). Beyond 40 w.t.% silica, the 

electrical conductivity slightly increases while Seebeck coefficient decreases quite a lot, resulting 

in the decrease of power factor.  

Fig. 9(b) shows the thermal conductivity of the CNT-silica-PDMS composites measured by the 

Raman scattering technique. The thermal conductivity is roughly constant ~ 1.2 W/mK, 

irrespective of silica content. The calculated electronic thermal conductivity is found to be 

increasing with increasing silica content, but the maximum values are only ~ 0.13 W/mK, which 

is an order of magnitude smaller than the total thermal conductivity. This indicates that the lattice 

thermal conductivity is dominant over the electronic one in determining total thermal conductivity, 

which is consistent with previous reports [6,7]. Fig. 9(c) shows the figure of merit zT of the 

composites as a function of increasing silica content. The figure of merit shows a steady increase 

with a maximum value of 0.01 at 40 % silica for compressed samples. This value is still much 

lower than those of the state-of-the-art inorganic TE materials having zT ~ 1. It is noteworthy, 

however, that our approach takes into account the use of organic materials with several advantages 

such as low cost, nontoxic, biocompatible and environmentally friendly materials. Also, the zT 

value was obtained without any chemical treatment or high-energy processing for CNTs and only 

10 w.t.% CNTs were used to realize the maximum zT value only through modification of CNT 

networks.  

  

4.3. Bending Tests 

The mechanical flexibility of the obtained compressed CNT-PDMS composite samples was 

characterized by radius-dependence conductivity measurement with silica content = 0, 10% and 

40%. As shown in Fig. 10, the results show that the developed CNT-PDMS composites have great 

mechanical flexibility and stability with a maximum of ~4% reduction in electrical conductivity at 
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bending radius of 10 mm. The results are reproducible as the samples are highly elastic even after 

the sample compression.  

 

Figure 10. Bending radius-dependent electrical conductivity for CNT-silica-PDMS composites 

after compression for silica size = 3 µm and silica contents, 0, 10 and 40 w.t.%. 

 

5. Conclusions 

In short, we have demonstrated the creation of excluded volume by introducing silica 

microparticles into the CNT-PDMS composites to modify the CNT networks to enhance 

thermoelectric properties. Combined with the synergistic effect of sample compression enabled by 

the soft polymer matrix, this excluded volume method is valuable and highly effective in boosting 

the power factor without chemical treatments or CNT doping. In many cases, the power factors of 

various polymer-based hybrid composites were improved by increasing the electrical conductivity 

with little to no increase in the Seebeck coefficient with extensive doping. Our excluded volume 

method demonstrated a simultaneous increase in both electrical conductivity and Seebeck 

coefficient to drastically increase the power factor by more than a factor of 6, and an additional 3-

fold increase was achieved by sample compression. We explain this power factor enhancement 

with reduced junction distance associated with the network modification by the excluded volume 

effect and sample compression within the framework of junction tunneling-dominant transport We 

demonstrated a zT value of 0.01. Further study might be necessary to improve the zT value with 

compositional optimization and additional doping. Also, future investigations are planned to 
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optimize the ratio of silica to CNTs, introducing supplementary reinforcing materials, or 

employing alternative compression or mechanical processing techniques to enhance the structural 

stability of the composites. 

 

SUPPORTING INFORMATION 

Composite synthesis and sample compression processes, materials and experimental methods, 

additional SEM images of composites, Raman spectroscopy analysis, additional TE property data 

with 1 μm silica particles, thickness data before and after compression, and Raman thermal 

mapping method  
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