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Tuning Electronic and Ionic Transport by Carbon-Based 
Additives in Polymer Electrolytes for Thermoelectric 
Applications

Maximilian Frank* and Jens Pflaum*

Thermoelectric materials utilizing ionic transport open-up entirely new 
possibilities for the recuperation of waste heat. Remarkably, solid state 
electrolytes which have entered the focus of battery research in recent years 
turn-out to be promising candidates also for ionic thermoelectrics. Here, the 
dynamics of ionic transport and thermoelectric properties of a methacrylate 
based polymer blend in combination with a lithium salt is analyzed. Imped-
ance spectroscopy data indicates the presence of just one transport mecha-
nism irrespective of lithium salt concentration. In contrast, the temperature 
dependent ionic conductivity increases with salt concentration and can be 
ascribed to a Vogel–Fulcher–Tammann (VFT) behavior. The obtained Seebeck 
coefficients of 2 mV K−1 allow for high power outputs while the polymer matrix 
maintains the temperature gradient by its low thermal conductivity. Adding 
multi-walled carbon nanotubes to the polymer matrix allows for variation 
of the Seebeck coefficient as well as the ionic and electronic conductivities. 
As a result, a transition between a high temperature VFT regime and a low 
temperature Arrhenius regime appears at a critical temperature, Tc, shifting 
upon addition of salt. The observed polarity change in Seebeck voltage at Tc 
suggests a new mode of thermoelectric operation, which is demonstrated by 
a proof-of-concept mixed electronic-ionic-thermoelectric generator.
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density, and conductivity. Vice versa, the 
ionic transport characteristics of these 
materials offer intriguing possibilities for 
their utilization in thermoelectrics (TE) to 
recuperate substantial amounts of waste 
heat into electrical power.[1] Efficient TE 
applications desire for materials with large 
Seebeck coefficient, S, high electrical con-
ductivity, σ, and low thermal conductivity, 
κ. These parameters are commonly interre-
lated by the dimensionless figure-of-merit 
at given temperature zT  = S2σTκ−1. With 
regard to achieving high power factors, 
defined as PF = S2σ,[2] in purely electronic 
systems, however, the two most impactful 
parameters of TE transport, S and σ, are 
quite often in conflict as they are anti-
correlated. Hence, it is of great interest 
to optimize the TE parameters selectively 
and—if possible—decoupled from each 
other. Different approaches like doping,[3,4] 
incorporation of additives such as low-
dimensional molecular metals,[5] organic 
charge transfer salts,[6] or carbon nano-
tubes[7] have been reported in literature.[8,9] 

But, despite tremendous efforts in recent years, the Seebeck 
coefficient in polymer materials with neat electronic conduc-
tivity remains quite low, only a few 10 μV K−1.[10–12] The main 
reason for this limitation is given by the dependence of S on 
the charge carrier concentration. In materials with ionic trans-
port, however, the lower charge carrier mobility causes lower 
conductivity and therefore enhanced Seebeck coefficients S. As 
such, solid polymer electrolytes (SPE) with thermovoltages in 
the mV range would offer an excellent alternative to materials 
showing only electronic transport.[13–15] Therefore, it is impera-
tive that insights in the microscopic processes governing ion 
conduction and quantitative information on the related trans-
port parameters are needed to further optimize the electrical 
behavior for example, by adjusting the energetics or structural 
properties of the host material. Lithium-based electrolytes in 
battery research are available in large quantities and are solu-
tion processable hence allowing for large scale implementa-
tion.[16,17] Both areas of scientific activity, battery research, and 
thermoelectric research, respectively, can mutually benefit from 
the results and the increasing knowledge of the investigated 
material systems. In this work, by using an electrolyte with a 
high room temperature ionic conductivity of about 10−3 S m−1 
proposed for lithium battery application,[18] we demonstrate the 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202203277.

1. Introduction

Ionic transport constitutes a key process in organic-based elec-
trochemical energy storage. As such, much work on the elec-
trochemical device performance is devoted to cyclability, energy 
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tuning of electrical and ionic transport properties by varying the 
contents of lithium salt and carbon-nanotube additive, respec-
tively. This approach leads to high Seebeck coefficient of about 
2 mV K−1 on macroscopic scales of several millimeters, which 
refer to realistic dimensions of thermoelectric generators (TEG) 
and are necessary to maintain a decent temperature gradient.[19] 
By means of a prototypical TEG, we illustrate new functionali-
ties offered by such an electronic-ionic-transport based device.

2. Results and Discussion

We chose the solid state polymer matrix poly(ethylene glycol)-
methacrylate (PEGMA) : bisphenol-A-ethoxylate-dimethacrylate 
(BEMA) w/w 3:7 with variable concentrations of lithium 
bis(trifluoromethane)-sulfonimide (LiTFSI) as starting point 
for our thermoelectric characterization. This solid polymer 
electrolyte shows a very high thermal stability up to 300  °C[18] 
which enables thermoelectric generators recovering waste heat 
in the technologically relevant mid-temperature regime. More-
over, from a preparational point of view, the viscosity of the 
unhardened electrolyte offers printing-based fabrication and, 
in combination with the rapid UV-curing of the polymer, an 
easy up-scaling.

2.1. Thermoelectric Characterization

In a first set of studies, the thermovoltage Uth has been meas-
ured as function of LiTFSI salt concentration. Three samples 
have been prepared with concentrations cLiTFSI  = 0.0 mol kg−1 
(SPE0), 0.2 mol kg−1 (SPE2), and 0.5 mol kg−1 (SPE5), respec-
tively. A representative curve of Uth versus applied tem-
perature gradient ΔT at room temperature is shown for 
sample SPE2 in Figure  1a. From the slope of the linear fit to  
the data a Seebeck coefficient of S = (− 0.96 ± 0.01) mV K−1 can 

be deduced. The driving force of this ion-related thermoelectric 
effect is provided by the applied temperature gradient across the 
electrolyte which leads to ion movement toward the cold side, 
hence, building up a charge concentration gradient, a phenom-
enon termed Soret-effect. In an electrolyte where cations and 
anions can thermodiffuse similarly, that is, where ions of oppo-
site sign neutralize each other, no effective thermovoltage will 
arise. Thus, in the material combinations investigated here, Li+ 
cations cannot move as easily as the much bigger TFSI− anions. 
Though counterintuitively at first sight, this can be explained by 
the cations’ propensity to bind to the electronegative polymer 
backbone. This process is corroborated by a transport number 
of t+ = 0.4 reported in literature[20] which is effectively the ratio 
of the mobilities of the ions (t+ = μ+/(μ+ + μ−)) indicating that the 
current through the polymer electrolyte is preferentially carried 
by anions. Hence, the excess of anions that is piled up at the 
cold side generates a thermovoltage Uth of negative polarity. As 
the Soret effect is the primary mechanism, we anticipate a large 
gradient in unbalanced ion concentration to be benefical for a 
maximum thermovoltage build-up, that is, high Seebeck coef-
ficient. Hence, an electrolyte offering either a transport number 
of t− = 1 or t+ = 1, that is, a maximum unbalanced contribu-
tion of anions and cations to conductivity across the electrolyte, 
is expected best for thermoelectric applications. This, however 
is in contrast to battery applications where only the highest 
possible lithium transport number of t+ = 1 is demanded.[21] 
Seebeck coefficients as function of device temperature are 
plotted in Figure  1b for the three samples SPE0 (teal penta-
gons), SPE2 (blue diamonds), and SPE5 (green dots). Sample 
SPE0 without any additives in the polymer, exhibits a room 
temperature Seebeck coefficient of S  = (−0.14 ± 0.12) mV K−1, 
which agrees well with the expected range for untreated con-
ducting polymers.[10,22] Adding LiTFSI salt at a concentration of 
cLiTFSI = 0.2 mol kg−1 to the matrix (sample SPE2) increases the 
Seebeck coefficient to S = (−0.96 ± 0.01) mV K−1. Higher LiTFSI 
concentrations, for example, cLiTFSI  = 0.5 mol kg−1 (sample 

Figure 1. a) Thermovoltage Uth versus temperature difference ΔT across the solid polymer electrolyte measured for a LiTFSI salt concentration of 
cLiTFSI = 0.2 mol kg−1 (sample SPE2) at room temperature. The slope of the linear fit to the data yields a Seebeck coefficient of S = (− 0.96 ± 0.01) mV K−1.  
The data has been corrected for parasitic offset voltages. b) Seebeck coefficient S as a function of device temperature for different concentrations 
cLiTFSI = 0.0 mol kg−1 (SPE0, teal pentagons), cLiTFSI = 0.2 mol kg−1 (SPE2, blue diamonds) and cLiTFSI = 0.5 mol kg−1 (SPE5, green dots), respectively. For 
each sample, a temperature TS,max can be identified where |S| reaches a maximum, indicating a balance between thermal activation and repulsive interac-
tion of mobile ions for a given concentration, and decreases with increasing concentration cLiTFSI. TS,max for the respective sample is indicated by arrows.
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SPE5), lead to an even further increase of the Seebeck coeffi-
cient (S  = (−1.93 ± 0.05) mV K−1) at room temperature which is 
indicative for the situation of more mobile ions being available 
which, in turn, can build up a thermovoltage upon accumula-
tion at the colder polymer-electrode interface. There are studies 
reporting larger Seebeck coefficients for ionic systems. How-
ever, these were mainly carried out on aqueous gels or ionic 
liquids, respectively. As such, Seebeck coefficients between 
0.3 and 4.2 mV K−1 have been observed for aqueous PSS:Na 
gels, however, varying strongly with relative humidity.[23] Ionic 
Seebeck coefficients of −7.6 and 7 mV K−1 have been cited in 
refs. [24], [25], respectively. However, in these examples ionic 
liquids such as tetrabutylammonium nitrate in dodecanol were 
used, which are of minor, if at all, potential for practical TE 
applications. Furthermore, the maintenance of sufficiently large 
temperature gradients is expected to be difficult in these liquid 
materials due to convection effects. Besides its increase with 
LiTFSI salt concentration, the Seebeck coefficient of the three 
samples shows a different temperature behavior. In particular, 
there exists a distinct temperature TS,max at which the max-
imum absolute value |S|max is reached. Above TS,max, the value of 
|S| decreases again, presumably due to an thermally enhanced
number of mobile ions, leading to stronger repulsive ion– ion
interactions significantly affecting the ionic transport in the
polymer electrolyte. An increase of the fraction of free ions has
been reported for PEO/LiTFSI based on MD simulations.[26] In
contrast to the absolute Seebeck coefficient, this crossover tem-
perature decreases with increasing cLiTFSI. For instance, TS,max is 
found to be around 320 K for sample SPE2 while it is reduced 
to TS,max = 290 K for SPE5. Concurringly, the higher number of 
TFSI− species upon increasing salt content renders more ions 
available for transport, thus, leading to an increase of |S| already 
at lower temperatures, see for example, sample SPE5 versus 
SPE2. But counter-productive, the enhanced ion– ion interac-
tion inherent to higher salt concentrations, will lead to a much 
steeper decline of |S| toward higher temperatures.

2.2. Electrical Characterization

In a next step, to gain information on the contributing transport 
processes and their characteristic timescales, impedance meas-
urements have been performed on the solid polymer electrolytes 
as function of LiTFSI concentration. For this purpose, two addi-
tional intermediate salt concentrations of cLiTFSI  = 0.1 mol kg−1 
(SPE1) and cLiTFSI = 0.17 mol kg−1 (SPE1.7) were analyzed. Repre-
sentative data for sample SPE2 (cLiTFSI = 0.2 mol kg−1) measured 
at various temperatures (293, 303, 323, and 343 K) are displayed 
in Figure 2a. The corresponding Nyquist plots feature a semi-
circle for all temperatures as well as a straight, but inclined line 
toward lower frequencies. As the polymer electrolyte is sand-
wiched between two ion-blocking copper-electrodes, the imped-
ance spectra for all samples were fitted using a Debye circuit 
with an additional series resistance RS, schematically displayed 
in Figure  2b. All datasets can be well described by the prop-
erties of this electrical equivalent circuit (EEC) (black dashed 
lines in Figure  2a). Small derivations from the semi-circular 
behavior can be ascribed to our measurement setup where 
the current flow at the electrode edges is no longer normal to 
the surface and, accordingly, the homogeneity of current den-
sity is locally perturbed. This non-ideal capacitance geometry, 
in general, can be modeled by a constant phase element but 
was neglected to reduce the number of free fit parameters. Fur-
thermore, this contribution is negligible for deducing the bulk 
conductivities which are derived under consideration of the 
cell geometry by the bulk resistance Ri. The ionic conductivity 
at room temperature for sample SPE2 (cLiTFSI  = 0.2 mol kg−1) 
amounts to σ = (4.03 ± 0.12) × 10−4 S m−1, which is in good agree-
ment to literature values reported for thin membranes of this 
polymer electrolyte.[18] Ion conductivity is closely associated 
with the movement of the monomer sub-units of the polymer 
backbones as the charged species experience their local envi-
ronment as more liquid-like, whereas on macroscopic length 
scales, the polymer electrolyte behaves like a solid.[16,27,28] In 

Figure 2. a) Temperature dependent Nyquist plots of a symmetrical Cu/solid polymer electrolyte/Cu cell. Measurements performed on a sample 
with cLiTFSI = 0.1 mol kg−1. Black dashed lines display the respective fits according to the electrical equivalent circuit shown in (b). Here, the sample is 
described by the dielectric capacitance CD and a double layer capacitance CDL connected in series with the bulk resistance Ri, which is related to the 
ionic conductivity σ for the given cell geometry. A resistance RS was added in order to account for possible series resistances. c) Ionic conductivities 
in the polymer matrix derived from impedance spectra (blue dots). The thermal activation behavior can be described by a Vogel– Fulcher– Tammann 
(VFT) ansatz (green solid line) which yields an activation energy of EA = (42 ± 5)meV and a Vogel temperature of TV = (196 ± 7)K.
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the PEGMA-based SPE under study, ionic conductivity is sup-
ported by ethoxy chains freely dangling within the matrix[29] 
and, hence, constituting the preferred segmental motion of the 
polymer. The temperature dependence of the ion conductivity 
in the disordered polymer matrix can therefore be expressed by 
the Vogel-Fulcher-Tammann (VFT)[30] formalism

exp0
A

b v

σ σ ( )= −
−







E

k T T
(1)

where Tv is the characteristic “Vogel temperature”, interpreted 
as temperature where the segmental ion conductivity drops to 
zero,[16] and EA is the effective activation energy of ionic move-
ment, respectively. Figure 2c shows the temperature dependent 
ionic conductivity of sample SPE1 (cLiTFSI  = 0.1 mol kg−1) with 
the complementary fit according to Equation  (1). The activa-
tion energy for transport within the polymer electrolyte can 
be determined as EA = (42 ± 5) meV with TV = (196 ± 7) K. The 
σ(T) curves for all samples under investigation are displayed 
together with their respective fits in Figure  S2, Supporting 
Information; the corresponding effective activation energies EA 
and Vogel temperatures TV are summarized in Table S1, Sup-
porting Information. The transport across the polymer matrix 
without LiTFSI additive (SPE0) can be expressed by a Vogel 
temperature of TV  = (226 ± 17) K and an activation energy of 
EA = (21 ± 8) meV. By adding lithium salt to the polymer matrix 
and gradually increasing the concentration cLiTFSI, more charge 
carriers are available that can contribute to charge transport and, 
thus, increase in conductivity. This contrasts with the rise in 
activation energy, EA, caused by the increased ion– ion interac-
tion. At the highest concentration (SPE5, cLiTFSI = 0.5 mol kg−1), 
the activation energy has risen to EA = (87 ± 41) meV, whereas 
the Vogel temperature has declined to TV  = (149 ± 43) K (see 
also Figure  S3, Supporting Information). The addition of salt, 
in general, leads to a stiffening of polymers as Li+ supports 
crosslinking between the polymer chains. In our case, however, 
we expect the rather big anion as well as the ionic complexes 
to interfere with the crosslinking of the matrix, thus, leading 
to a “softening” of the polymers as indicated by the lower Vogel 
temperatures with increasing salt concentration. Similar obser-
vations of a decrease in the glass transition temperature Tg 
related to Vogel temperature TV, upon addition of salt have been 
reported for poly(vinyl alcohol),[31] poly (vinylene carbonate),[32] 
and 1,3-diacetyl-4-imidazolin-2-one based electrolytes.[33]

According to both, molecular dynamic simulations as well 
as experimentally studies on polyether-based electrolytes, one 
lithium cation is coordinated with 4–6 oxygen atoms.[26,34,35] 
The ether group provides the coordinating sites to the cation 
for migration. By addition of salt the COC stretching mode
gets slightly shifted (shown for PEO-PAN/LiPF6 by Arya et  al. 
using Fourier transform infrared spectroscopy[36]) toward 
lower wavenumbers (i.e., lower energies) due to complexa-
tion of Li+ with the ether group of the host polymer. A ratio 
of R = O/Li+ for given concentrations was estimated (only the 
oxygen atoms in the repeating monomer units were consid-
ered). For the smallest concentration of cLiTFSI = 0.1 mol kg−1 this 
ratio was estimated to R = 174 and for the highest concentration 
of cLiTFSI = 0.5 mol kg−1 it was estimated to R = 35. Considering 
these ratios, especially in case of polymeric networks rather 

than spatially aligned linear polymer chains with multiple coor-
dination sites of smaller distances, a reduction in R presumably 
leads to an increase in EA. Furthermore, Arya et  al., reported 
the previously mentioned red shift and a decrease in peak area 
corresponding to the C–O–C stretching mode. The decrease of 
peak area was ascribed to an increasing amorphous fraction 
in the host matrix.[36] Based on this observation, we assume 
that an initially higher amorphous fraction caused by sterically 
hindered crosslinking of the polymer chains will lead to lower 
Vogel temperatures and glass transition temperatures, respec-
tively, as less energy is needed for polymer chains to reorganize 
on microscopic length scale.

2.3. Tuning Electrical Properties by Additon of Carbon 
Nanotubes

In a subsequent step, with the aim to combine the high See-
beck voltages and ionic conductivities, inherent to the investi-
gated SPEs, with a high electronic contribution to the 
conductivity, we added multi-walled carbon nanotubes 
(MWCNTs) at defined ratio to the polymer electrolyte. Two 
samples were prepared with the same amount of 0.4 wt% 
MWCNTs in respect to the polymer, but with different salt con-
centrations of cLiTFSI  = 0.0 mol kg−1 and cLiTFSI  = 0.2 mol kg−1. 
According to the previous notations, these samples will be 
denoted in the following as SPE0CNT and SPE2CNT, respec-
tively. Although higher salt concentrations for example, 
cLiTFSI  = 0.5 mol kg−1 exhibit even larger Seebeck coefficients, 
salt solubility in the polymer matrix and resulting homoge-
nous processability remain a challenge why a lower concentra-
tion (cLiTFSI  = 0.2 mol kg−1) has been chosen for the 
investigations. Similar challenges regarding solubility occur 
for carbon nanotube additives, too, as their dispersion is lim-
ited to only small concentrations by the dramatic build up in 
viscosity. The aforementioned ratio of MWCNTs was chosen as 
a good compromise between increase in conductivity and vis-
cosity. Figure  3a shows representative impedance spectra 
measured on sample SPE0CNT at temperatures of 273, 293, 
323, and 353 K, respectively. The spectra clearly deviate from 
those presented above and can no longer be described by a 
Debye circuit with an additional series resistance. Despite 
resembling a semi-circle followed by a broad arc at low fre-
quencies, the evident increase in conductivity by more than 
two orders of magnitude clearly distinguishes this sample 
from the polymer electrolyte of same LiTFSI salt concentration 
but without MWCNT additives (namely sample SPE0, see 
Figure  S5, Supporting Information). Establishing a suited 
model to simulate the experimental data proves to be extremely 
difficult. Not only that each carbon nanotube within the matrix 
features an intrinsic resistance, the electrical transport between 
neighboring nanotubes has to be described by a contact resist-
ance as well as a capacitance. Various other contributions to 
conductance or resistance, respectively, might play a role when 
considering a network of carbon nanotubes within a polymer 
matrix such as different dipolar and dielectric environments or 
carrier scattering at (charged) defects.[37] Hence, considering a 
disordered polymer matrix containing a large number of ran-
domly oriented carbon nanotubes, the frequency dependent 
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electrical response has to be modeled by a set of parallel RC-
circuits connected in series, each of which can be character-
ized by a characteristic relaxation time τ = R × C. The overall 
impedance can then be described by a distribution of relaxa-
tion times τ (DRT) according to Equation (3) in Section 4. Fur-
ther on, Tikhonov regularization was used as it allows 
impedance analysis without the need of specific information 
about the system under investigation and has widely suc-
ceeded in describing this class of problems.[38,39] The method 
was verified for impedance data gathered on samples SPE0 
through SPE5 analyzed by EEC fitting (compare Figure  S10, 
Supporting Information). The distribution of relaxation times 
composing the impedance spectra measured on sample 
SPE0CNT (shown in Figure  3a) are depicted in Figure  3b. 
Clearly, two relaxation time clusters can be identified in this 
distribution, one between τ = 10−6 to 10−5 s, which shows a pro-
nounced temperature dependence that is not observable for 
the second, smeared out group of relaxation times at around 
τ = 10−1 s. The origin of the second feature is not fully under-
stood yet, however it appears to be connected to processes with 
high activation energies related to the added carbon nano-
tubes. A Gaussian fitted to the first relaxation time cluster 
(which represents the largest contribution to the conductivity 
of the examined sample) yields a conductivity on the order of 
σ = 10−3 S m−1, which represents an increase by more than two 
orders of magnitude compared to the polymer only sample 
(SPE0). A representative fit based on the performed Tikhonov 
regularization is shown in Figure S5, Supporting Information. 
The conductivity is plotted in Figure 3c versus the inverse tem-
perature. Two different transport regimes can be distinguished 
by the kink occurring at around 300 K. Assuming that both 
contributions, transport within the polymer and transport 
through the carbon nanotubes, respectively, play a role in the 
overall conductivity, a superimposed conductivity model 

comprising VFT as well as Arrhenius transport 
(σ  =  σVFT  +  σArrhenius) has been used. Applying this model to 
the conductivity data of sample SPE0CNT (cLiTFSI = 0.0 mol kg−1, 
0.4 wt% CNT) yields EA = (22 ± 14) meV and TV = (249 ± 40) K for 
the VFT contribution, which, regarding the fit errors, is in 
good agreement with the values obtained for sample SPE0. 
The Arrhenius type contribution yields an activation energy of 
EA  = (42 ± 28) K. A similar transition can be observed in the 
temperature dependent Seebeck coefficient S (compare 
Figure S7, Supporting Information). The positive Seebeck coef-
ficient below Tc hints at holes to be the major charge carriers 
responsible for the electronic part of thermovoltage built-up. 
This might be due to intrinsic doping of the nanotubes and/or 
to doping by the dipolar environment, that is, by the oxygen 
atoms of the TFSI− anion or the polymer matrix. Above Tc, 
ionic contributions to the thermovoltage generated by the 
Soret effect gain dominance. This trend is additionally sup-
ported by the fact that the nanotubes exceeding the charge car-
rier mean free path in length are expected to limit the 
electronic transport by phonon scattering and structural 
defects,[37] thus leading to an overall decrease of charge carrier 
mobility with increasing temperature.[40] Two different contri-
butions to the transport become also evident in sample 
SPE2CNT (cLiTFSI = 0.2 mol kg−1, 0.4 wt% CNT) (see Figure S6, 
Supporting Information). However, the transition temperature 
is decreased to around 280 K. As can be concluded, ionic trans-
port dominates the overall conductivity above Tc whilst for tem-
peratures below, the Arrhenius-like thermally activated 
transport along the carbon nanotubes plays the major role. 
Conductivity is increased by one order of magnitude compared 
to the SPE0CNT sample, yielding σ = (8.4 ± 1.0) × 10−3 S m−1 at 
room temperature. The corresponding activation energy of the 
conductivity in the low temperature, that is, Arrhenius-like 
region amounts to EA  = (36 ± 212) meV. This value is in good 

Figure 3. a) Nyquist plots of impedance data measured at 273, 293, 323, and 353 K for sample SPE0CNT (cLiTFSI = 0.0 mol kg−1 and 0.4 wt% carbon 
nanotubes). The spectra clearly deviate from those before as the semi-circle and broad arc feature at low frequencies are characterized by an increase 
in conductivity by more than two orders of magnitude. b) Applying Tikhonov regularization, the DRT shows two clearly distinguishable agglomeration 
points. The first one, between τ = 10−6 to 10−5 s, shows a distinct temperature dependence. The second, smeared-out group at around τ = 10−1 s refers 
to a diffusive charge transport behavior. c) Conductivities derived from the first semi-circle of the impedance data (see also Figure S5, Supporting 
Information) plotted as a function of inverse temperature. The temperature dependent total conductivity σ (blue bullet points) can be modeled by 
overlapping Vogel– Fulcher– Tammann (green line) and Arrhenius type (gray line) transport models (σ = σVFT + σArr., yellow line), with VFT becoming 
dominant for higher temperatures. Fit results for the VFT contribution (Ea = (22 ± 14) meV, Tv = (249 ± 40) K) are in good agreement to the polymer-only 
sample (SPE0) without carbon nanotubes added. Obviously, a change in the dominant transport mechanism is evident at around Tc = 300 K. The 
Arrhenius type transport can be described by an activation energy of Ea = (42 ± 28) meV.
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agreement with the activation energy for SPE0CNT at low tem-
peratures, thus corroborating that transport in this regime is 
mainly governed by electronic charge movement along the 
carbon nanotubes. The pronounced error to the fit can be 
attributed to a very small number of points being close to the 
Arrhenius dominated transport regime. The high temperature 
regime, in contrast, is best described by the VFT ansatz with 
TV = (52 ± 63) K and EA = (186 ± 136) meV. Again, the character-
istic parameters of transport, namely TV and EA, agree well 
with those of the corresponding sample without nanotubes, 
that is, SPE2, taking into account the respective error margins. 
Just like in the polymer electrolyte-only case, the Vogel tem-
perature decreased upon the addition of salt. Still, it appears to 
be higher than in SPE2, which might be attributed to the 
MWCNT additive, the latter reducing the available free volume 
and, hence, increasing the glass transition temperature Tg. To 
demonstrate the broad parameter space in which the ionic and 
electronic transport parameters can be tuned by additives and 
temperature already in this work, the Seebeck coefficient S is 
plotted versus the conductivity σ in a symlog– log plot (see 
Figure 4). In this type of visualization, the y-axis is a symmet-
rical logarithmic axis with an axis break around zero thus 
allowing to display positive and negative values on the same 
logarithmic scale. Gray dashed lines indicate iso-power factors 
as the power factor (PF) is a key parameter for thermoelectric 
applications. Data gathered on five samples of different salt 
contents and different carbon nanotubes (SPE0, SPE2, SPE5 as 
well as SPE0CNT and SPE2CNT, respectively) in this work are 
plotted. Different measurement temperatures are color coded. 
By adding 0.2 mol kg−1 LiTFSI and 0.4 wt% MWCNTs the con-
ductivity can be increased by four orders of magnitude. It has 
to be noted that the highest power factor in this work is 
achieved for polymer electrolytes without carbon nanotube 
additives, especially SPE5. However, the temperature 
dependent change in sign of the Seebeck coefficient in sam-
ples incorporating MWCNTs allows for possible new fields of 
application. Change of polarity in Seebeck coefficient has 
been reported,[41] however, with the necessity of adjustments 

in gel composition. In contrast, our approach allows a ther-
moelectric junction that can be switched on and off at a dis-
tinct temperature. To demonstrate this experimentally, we 
built a proof-of-concept single-junction thermoelectric gener-
ator based on 3:7 w/w PEGMA/BEMA with 0.2 mol kg−1 
LiTFSI and 0.4 wt% MWCNTs, respectively. The device 
scheme is illustrated in Figure  5a. Well-known PEDOT:PSS 
was chosen as p-type conductor with a typically Seebeck coef-
ficient in the range of S ≈ 10 μV K−1. For temperatures above Tc 
the SPE behaves like an n-type conductor in terms of Seebeck 
coefficient S whereas below Tc it represents a p-type con-
ductor, respectively, with a Seebeck coefficient in the range of 
S ≈ 1 μV K−1. Thus, as both materials are connected thermally 
in parallel, it is possible to drastically reduce thermopower 
generated below Tc, since, due to the electrical series connec-
tion, the thermovoltages will nearly cancel each other. How-
ever, due to the fundamentally different nature of the 
generated voltages a TEG based on ionic systems operates 
slightly different than a purely electronic one.[23] Two concepts 
of operation are reported in literature for ionic based devices 
to generate current from an applied temperature gradient.[19] 
The presented device constitutes an example for using 
non-redox-reactive ions which accumulate at the colder elec-
trolyte-electrode interface leading to an ionic thermoelectric 
supercapacitor. For demonstrating the general TEG-function-
ality different load resistances RL have been connected in 
series and the occurring current was measured for 60 s. Typ-
ical discharge curves could be observed (compare Figure  S8, 
Supporting Information). An effective output power was 
derived by integrating the currents at different temperatures 
Tmed  = 283, 313, and 343 K, respectively, and is shown in 
Figure  5b. A log– log-plot was chosen to clarify the effects 
related to the material properties described above. Employing 
only a single junction we reached a maximum power output of 
Pout = 13.63 nW at T = 343 K, which is more than three orders 
of magnitude higher than at Tmed = 283 K. This cannot solely 
be explained by an increase in conductivity. For the SPE mix-
tures used in the TEG this should just give a factor of 

Figure 4. Seebeck coefficient S versus the bulk conductivity displayed in a symlog-log-plot. The y-axis is a symmetrical logarithmic axis with an axis break 
around zero thus allowing to display positive and negative values on a logarithmic scale. Gray dashed lines indicate iso-powerfactors as key parameter 
for TE application. Different samples are indicated by the respective shape of the data points; the temperature range for measurements (263–363 K) is 
color coded. Samples SPE0CNT and SPE2CNT, both containing carbon nanotubes, show a change in sign.
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3.3 (compare Figure  S6, Supporting Information). Even con-
sidering P = I2 × R this appears to be an insufficient explana-
tion. Instead, the observed behavior proves the possibility to 
switch the TEG on and off at a certain device temperature due 
to the change in sign of the Seebeck coefficient, hence, almost 
compensating the thermovoltage generated by PEDOT:PSS. 
This is supported by measurements at Tmed = 343 K for various 
applied temperature gradients of ΔT = 10, 20, and 30 K (com-
pare Figure  S9, Supporting Information). With increasing 
temperature difference, the effective output power decreases 
as the SPE is partially below the transition temperature of 
330 K at which the sign of the Seebeck coefficient changes and 
hence reduces the effective thermovoltage. As the ionic contri-
bution to thermovoltage mediated by the polymer is almost 
“frozen” out below the critical temperature Tc, the electronic 
contribution by the multi-walled carbon nanotubes becomes 
dominant in this temperature regime. Above Tc, ionic contri-
butions to the thermovoltage generated by the Soret effect gain 
dominance. Hence, the new thermoelectric operation mode 
presented in our study would allow for temperature-activated 
control of different contributions to conductivity and, thus, 
thermoelectric transport. As a result, this would minimize or 
even avoid the need for microcontrollers or complex circuitry 
to control the various contributions extrinsically, and, thus, 
would facilitate the device architecture. Of course, the influ-
ence of ambient conditions (i.e., humidity or pressure) or 
chemical effects like solvent induced swelling of the polymer 
in case of gel-like electrolytes, needs to be investigated in more 
detail in future studies.

3. Conclusion

Thermovoltages were measured as a function of LiTFSI salt 
concentration indicating a sweet spot for a concentration of 

cLiTFSI  = 0.2 mol kg−1. The mechanism of ionic migration was 
investigated using temperature dependent impedance spectro-
scopy techniques. A VFT mechanism could be verified for all 
samples under investigation. Upon the addition of multi-walled 
carbon nanotubes, two different transport mechanisms were 
observed. The first, above a critical temperature Tc, was described 
by VFT formalism and mainly attributed to ionic and polymeric 
segmental mobility. The second, below the critical temperature, 
showed Arrhenius-like temperature activated hopping trans-
port and is directly related to the added carbon nanotubes. The 
transition between the two distinct transport regimes could be 
correlated to a change in sign of the Seebeck coefficient. The 
two distinct operation modes promise TE devices that can be 
switched by ambient temperature. By optimized materials and 
composites in the future, the effect is expected to become more 
pronounced. However, more research has to be done on how 
to boost power factors by a couple of orders of magnitude. The 
presented work lays fundamental ground work for this research 
and results obtained substantiate the potential of mixed ionic 
and electronic materials for future low- and mid-temperature TE 
applications.

4. Experimental Section
Materials and Sample Preparation: PEGMA (Mn  = 500) and BEMA

(Mn  = 1700) were obtained from Sigma Aldrich. Before their use, they 
were kept in the inert atmosphere of an Ar-filled dry glove box for a 
couple of days. PEGMA and BEMA were mixed in a 3:7 weight ratio. 
Different contents of LiTFSI (Sigma Aldrich) and MWCNT (Sigma 
Aldrich), respectively, were stirred into the polymer blend. 2–4 wt% of 
2-hydroxy-2-methylpropiophenone was added as photo initiator. The
polymer was filled in a test cell and solidified by UV curing (λ = 400 nm) 
under inert gas atmosphere.

Determination of Transport Properties: Vertical cells of copper || SPE ||  
copper were used for the measurement of (ionic) conductivities by 
means of impedance spectroscopy experiments in a temperature range 

Figure 5. a) Scheme of the mixed electronic and ionic thermoelectric generator built as proof-of-concept device. A temperature difference of ΔT is 
applied across the two legs. The SPE leg contains a polymer blend with a concentration of cLiTFSI = 0.2 mol kg−1 and 0.4 wt% of carbon nanotubes exhib-
iting a negative thermovoltage above Tc = 303 K, and a positive one below. The second PEDOT:PSS polymer leg shows a positive Seebeck coefficient.  
b) The power output characteristics for a temperature gradient of ΔT = 10 K at different temperatures Tmed = 283, 313, and 343 K is shown. To estimate the 
power output of the TEG various load resistances RL have been connected in series and the occurring current flow has been measured and integrated
for a duration of 60 s. The dashed lines are guide-to-the-eyes and indicate the trend in the data around Tmed. The observed behavior corroborates an
operational mode where the TEG can be switched on/off at Tmed.

Adv. Funct. Mater. 2022, 32, 2203277



www.afm-journal.dewww.advancedsciencenews.com

2203277 (8 of 9) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

between 263 and 363 K. Experimental data were obtained using the 
Zurich Instruments MFIA impedance analyzer in a frequency range from 
100 mHz to 510 kHz. Conductivities were calculated using Equation (2)

σ = ×/( )L A R (2)

with L and A being thickness and area of the samples, respectively. R 
denotes the respective resistance, which was obtained from the impedance 
spectra. Thermoelectric measurements were performed in vertical cells 
of copper || SPE || copper of which the two sides could be heated/cooled 
independently using Peltier devices (Telemeter Electronics). By varying 
the temperature around a constant mean temperature, a temperature 
difference will give rise to the thermovoltage, which was recorded with 
a Keithley KE2182 A Nanovoltmeter. The Seebeck coefficient S can 
be determined from the slope of the measured voltage (Uth) versus 
the applied temperature difference (ΔT) curve.[42] Measurements are 
conducted continuously in quasi-steady state. Heating rates of 1 K min−1 
and holding times of 30 s at a given temperature difference assure 
sufficient time to give rise to the steady-state thermovoltage.[43] The 
employed temperature difference was limited to ΔTmax = 10 K. The data 
obtained were corrected for the Seebeck coefficient of the contacting 
wire (Cu) which is well documented in literature[44] (SCu  = 1.5 μ V K−1 at 
room temperature). All above mentioned measurements were carried out 
under vacuum conditions (p ≈ 1–10 mbar).

Tikhonov Regularization: The complex impedance spectrum Z(ω)* = 
Z(ω)′ + j · Z(ω)″ described by real and imaginary parts Z(ω)′ and Z(ω)″, 
can also be represented by its frequency distribution, according to

∫ω
τ

ωτ τ( ) ( )( ) = + +
−∞

+∞
*

log
1

logS PZ R R
G

j
d (3)

with the series resistance RS, the total polarization resistance RP, G the 
distribution of relaxations times (DRT), and τ  = RC as the relaxation 
time. R and C are the effective resistance and capacitance, respectively 
and ω constitutes the angular frequency. Solving for the DRT is known 
as ill-posed inverse problem, for which the Tikhonov regularization 
is a versatile tool. Therefore, Tikhonov regularization was used as an 
alternative approach to interpret impedance spectroscopy data and 
to verify the chosen EEC, respectively. Data evaluation was performed 
using an L-curve approach coupled with the Tikhonov regularization as 
proposed in ref. [38] with a self-written Python code based on MATLAB 
regularization tools.[45] Method verification was performed on impedance 
data from samples SPE0– SPE5 (see Figure S10, Supporting Information).

Thermoelectric Generator: A prototype of a solid polymer electrolyte 
thermoelectric generator was built as depicted in Figure  5a consisting 
of one junction. The n-type leg was made of a UV-cured PEGMA/
BEMA LiTFSI MWCNT blend of length L  = 4 mm and cross section 
A  = 0.75 cm2. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) dry-pellets (Sigma Aldrich) were re-dispersed and after 
evaporation of the solvent used for the p-leg (length L = 2 mm and cross-
section  A  = 1 cm2) as its (thermo)electric properties are well known. 
The two legs were connected by a copper block. Different temperature 
gradients had been applied to the TEG and the corresponding open-
circuit voltages were measured. Afterwards a fixed ΔT was applied and 
different load resistances were used and the current passing through the 
respective load was measured by a Keithley KE6517A electrometer.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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