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Simultaneous Enhancement in Electrical Conductivity and 
Thermopower of n-Type NiETT/PVDF Composite Films by 
Annealing

Rylan M. W. Wolfe, Akanksha K. Menon, Thomas R. Fletcher, Seth R. Marder, 
John R. Reynolds, and Shannon K. Yee*

Nickel ethenetetrathiolate (NiETT) polymers are promising n-type thermoelec-
tric (TE) materials, but their insolubility requires the use of an inert polymer 
matrix to form films, which is detrimental to the TE performance. In this 
work, the use of thermal annealing as a post-treatment process simultane-
ously enhances the electrical conductivity from 6 ± 2 to 23 ± 3 S cm−1 and 
thermopower from −28 ± 3 to −74 ± 4 µV K−1 for NiETT/PVDF composite 
films. Spectroscopic characterization reveals that the underlying mechanism 
involves removal of residual solvent and volatile impurities (carbonyl sulfide 
and water) in the NiETT polymer backbone. Additionally, microscopic charac-
terization reveals morphological changes caused by a densification of the film 
that improves chain packing. These effects result in a 25 × improvement in 
power factor from 0.5 to 12.5 µW m−1 K−2 for NiETT/PVDF films and provide 
insight into the composition of these coordination polymers that maintain 
their stability under ambient conditions.
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techniques. There has been consider-
able effort recently in the area of organic 
TEs; however, much of this has focused 
on derivatives of poly(3,4-ethylenediox-
ythiophene)[1–4] that have high electrical 
conductivities, σ, but often suffer from a 
low Seebeck coefficient or thermopower, 
S. In contrast, organic n-type materials 
tend to have high S and low σ values,[5–7] 
necessitating the use of doping, which 
often drastically reduces the thermopower 
and can render the materials air sensi-
tive. These results illustrate the inherent 
inverse correlation between these TE prop-
erties, and these trade-offs have been well 
studied in inorganic TE materials[8] within 
the framework of band-like transport.[9] 
Polymers, however, are unique in that the 
material performance is strongly deter-
mined by the processing conditions that 

impact film morphology,[10,11] and transport is better described 
by thermally activated hopping conduction.[3,12,13]

Metal-coordination compounds, specifically metal-dithiolene 
coordination polymers, consisting of bridging ethenetetrathi-
olate ligands and nickel metal centers (nickel ethenetetrathiolate, 
NiETT), are one of the best-performing n-type organic TE mate-
rials. Pressed pellets of poly[K(NiETT)] have demonstrated high 
TE properties with S = −120 µV K−1 and σ = 44 S cm−1 at room 
temperature, but the insoluble nature of the material limits its 
applicability.[14] One route to make NiETTs solution processable 
is by blending it with an inert matrix ( e.g., poly(vinylidene fluo-
ride), PVDF) and casting from low vapor pressure solvents (e.g.. 
dimethyl sulfoxide, DMSO) albeit at the sacrifice of electrical 
conductivity.[15] Other strategies include fabricating composites 
with carbon nanotubes that yield high power factors, but the 
resulting material is often p-type.[16,17] This indicates the need 
for studying NiETTs further, and developing an n-type mate-
rial that is both highly performing and solution processable. 
We have recently reported an optimized synthesis of Na[NiETT] 
that provides a reproducible material as validated by elemental 
analysis, X-ray photoelectron spectroscopy, and consistent TE 
properties across batches.[18] In that study, it was observed that 
thermal annealing composite films of ETT with PVDF/DMSO 
at ambient pressure resulted in a simultaneous increase in 
σ and S, thereby yielding power factors over 20 µW m−1 K−2; 
this represents a significant improvement (50 ×) over previous 

Organic Thermoelectrics

1. Introduction

Thermoelectric (TE) devices use p- and n-type semiconducting 
materials for the conversion of heat into electricity. Compared 
with traditional inorganic semiconductors, organic materials 
based on conjugated polymers are promising for large-scale 
and low-cost thermal energy conversion because they can be 
processed from solution using inexpensive manufacturing 
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reports which had a power factor of 0.4 µW m−1 K−2 for these 
same blends.[19] Herein, we elucidate on mechanisms that occur 
during annealing these films that results in the simultaneous 
improvement of σ and S. Specifically, important morphological 
and chemical compositional changes are induced by annealing 
at 160 °C. This observation also provides insight into the 
behavior and composition of these metal-coordination polymers. 
The effects of annealing NiETT have not been reported before, 
and these results suggest a novel pathway to increase the TE 
power factor of metal-coordination polymers.

2. Annealing Enhances Thermoelectric Properties

We refer the reader to our previous work on ETT optimization 
to obtain details on the synthesis parameters and reaction con-
ditions (or see Experimental Section).[18] At the end of the syn-
thesis, the reaction solution is vacuum filtered and the insoluble 
product dried under vacuum at room temperature for 24 hours 
to obtain NiETT particles in the form of a blue-gray lustrous 
powder (elemental analyses are given in Table S1, Supporting 
Information). Due to the insoluble nature of NiETT, films are 
fabricated by dispersing the particles in a 10 mg mL−1 solution 
of PVDF dissolved in DMSO. This mixture was then drop-cast 
on glass substrates and dried under vacuum for 30  min at 
50  °C to remove solvent resulting in films that are 5–10 µm 
thick. This binder and solvent system is best suited for the for-
mation of continuous composite films by drop-casting.[20] The 
films were subjected to a thermal annealing post-treatment pro-
cess in air on a hot plate. To establish ideal annealing condi-
tions, the temperature was varied for NiETT/PVDF films from 
80 to 160 °C. The processing and annealing conditions for the 
NiETT/PVDF composite films are expected to give α-PVDF, 
which does not exhibit ferroelectricity.

The electrical conductivity and thermopower of composite 
films increase simultaneously with increasing annealing 
temperature up to 160 °C (Figure 1). Annealing at higher 

temperatures resulted in severe cracking of films and delami-
nation from the substrate in many cases. The binder and film-
forming polymer, PVDF, has a Tm of 169 °C. Near and above 
this temperature, phase separation between NiETT and PVDF 
is observed. The conductivity increases from 6 ± 2 S cm−1 for an 
as-cast film (control) to 23 ± 3 S cm−1 upon annealing at 160 °C; 
this is accompanied by an increase in the Seebeck coefficient as 
shown in Figure 2 from −28 ± 3 (sample #1) to −74 ± 4 µV K−1 
(sample #2), to yield a power factor over 10 µW m−1 K−2 for this 
n-type composite film. To test for air stability during annealing, 
additional films were annealed at 160 °C in a vacuum and under 
nitrogen for 1 h – the resulting TE properties and elemental 
analysis were equivalent to air annealed samples, suggesting 
that there is no appreciable degradation (which would manifest 
as a significant reduction in TE properties and a change in ele-
mental composition) or redox activity (which would manifest as 
a trade-off between conductivity and thermopower and a change 
in elemental composition) during the annealing process. The 
improvement in the electrical conductivity with annealing can 
be attributed to morphological changes, but the simultaneous 
enhancement in Seebeck is surprising. Thermogravimetric 
analyses (TGAs) show that annealing results in a 5% mass loss 
in NiETT powder and a 7% mass loss in the NiETT/PVDF film, 
indicating that different species may be evolved during the 
annealing process resulting in the enhancement in measured 
TE properties.

To isolate changes in NiETT powders from morphological 
changes in NiETT/PVDF composite films upon annealing, the 
NiETT powder was first annealed at 160 °C for 1 h in air and 
then cast as a NiETT/PVDF thin film from DMSO yielding 
a material with a thermopower of −45 µV K−1 (Figure 2, 
sample #3). This is an improvement compared with the con-
trol film at −28 µV K−1 (Figure 2, sample #1) suggesting that 
a chemical change may be occurring in the NiETT powder 
when annealed. Upon annealing films prepared with these 
annealed powders (APs) at 160 °C for 1 h in air, the magnitude 
of the thermopower further increases to −80 µV K−1 (Figure 2, 
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Figure 1.  Electrical conductivity and Seebeck coefficient (magnitude) of 
NiETT/PVDF composite films as a function of annealing temperature. 
All films are annealed in air for 1 h on a hot plate prior to making TE 
measurements.

Figure 2.  Seebeck coefficient (magnitude) of NiETT/PVDF composite 
films can be tuned by annealing the PP as well as the film. All samples 
are annealed in air for 1 h on a hot plate at 160 °C.
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sample #4). This reveals that the underlying mechanism for 
this enhancement is present in both the NiETT powder itself 
and in composite form with NiETT/PVDF films.

2.1. Annealing Changes Film Morphology

It is known that favorable interaction between the binder and 
solvent could significantly impact the amount of residual sol-
vent in the film. Given that DMSO is a hygroscopic, low vapor 
pressure solvent, vacuum drying for 30 min may not remove 
all the solvent. Figure 3 shows SEM images of a NiETT/PVDF 
film before and after annealing. During the annealing post-
treatment process, some of this residual solvent is removed 
which causes a densification of the film and closes existing 
cracks (potentially formed from thermal stresses during the 
original vacuum drying process) present toward the center 
of the film; some cracks are still observed toward the edges 
of the film. Annealing just below the melting temperature of 
PVDF (i.e., at 160 °C, see Figure S1, Supporting Information) 
allows NiETT to reorganize into more well-connected domains. 
Similar observations have been made with carbon nanotubes 
in an inert matrix, where the filler reorganizes into more con-
ducting pathways upon annealing.[21,22] This morphological 
effect is reflected in a higher σ for annealed NiETT/PVDF 
films compared with as-cast films. However, an increase in 
the thermopower is also observed, which cannot be explained 
by reorganized conducting pathways alone; this suggests that 
another mechanism is present during the annealing pro-
cess. We hypothesize that annealing results in the removal of 
volatile impurities in addition to the observed morphological 
effects, and tandem TGA–mass spectrometry (TGA-MS) was 
employed to gain insight into species that are evolved during 
this annealing process.

2.2. Annealing Changes Material Composition

TGA indicates that four mass-loss events (Events A–D) occur 
in the NiETT powder and in the NiETT/PVDF composite films 
during heating to 600 °C (see Figure S2, Supporting Informa-
tion, for TGA temperature profile; see Figures S3–S6, Sup-
porting Information, for full ion signals). Event A, mimicking 
the annealing conditions, occurs upon heating to and holding 

at the annealing temperature of 160 °C for 
1 h. Event B begins at ≈190 °C and shows 
a peak mass-loss rate at ≈235 °C, indicating 
significant decomposition of the polymer at 
these temperatures. Event C (peak loss rate at 
385 °C) and Event D (peak loss rate at 595 °C 
in powders, 470 °C in films) are attributed 
to continued decomposition of NiETT and 
PVDF. Mass-loss Event A is critical to under-
standing the effect of annealing on NiETT 
powders and NiETT/PVDF composites.

First, NiETT powder in its original state 
(pristine powder, PP) and NiETT powder after 
annealing at 160 °C for 1 h in air annealed 
powder (AP) are considered (Figure 4). In 

these samples, the onset of mass loss is as early as 50 °C (the 
full duration at half-maximum, FDHM, of the derivative ther-
mogravimetry (DTG) curve is used to identify the temperature 
range of each event). While this corresponds to the vacuum 
drying temperature of the films, water is the only signal active at 
50 °C. In PP, Event A is a broad, shallow loss that begins at 70 °C 
and ends during the isothermal hold, and Figure 4a shows two 
species are evolved – water and carbonyl sulfide – contributing 
to a total mass loss of 5.3%. The presence of water is expected 
as mass losses up to 7% have been previously attributed to water 
in NiETTs.[23] However, this is the first reported observation of 
an impurity or decomposition product such as carbonyl sulfide 
being removed upon annealing a NiETT polymer. The water 
evolved is hypothesized to be contact moisture; the heating rate 
(10 K min−1) prevents differentiation between water removed 
at or below the boiling point (surface or contact moisture) and 
water removed above the boiling point (incorporated water). 
For example, NiSO4

●6H2O shows incorporated water removed 
at 100–220 °C and >300 °C[24]; β-Ni(OH)2 shows surface mois-
ture removed at 80–90 °C, and incorporated water removed at 
160 °C; and α-Ni(OH)2 shows incorporated water removed at 
240–300 °C.[25] The second component, carbonyl sulfide, is an 
unexpected decomposition product when considering the ideal 
atomic composition Nax[Ni(C2S4)]n for these polymers. The 
source of this signal is potentially from unreacted carbonyl end 
groups or sulfonyl irregularities[26] in the polymer backbone. 
Previous elemental analyses and X-ray photoelectron spectros-
copy (XPS) data support the presence of such impurities.[18] 
Even in carefully controlled syntheses, impurities and deviations 
from the idealized structure are present and should be expected.

In AP, Event A consists of a 2.8% mass loss during 
annealing, as shown in Figure 4b, and the signal from carbonyl 
sulfide is significantly reduced compared with PP. Water, spe-
cifically contact moisture, is the major contributor to the 2.8% 
mass loss, along with small amounts of carbonyl sulfide as 
evidenced from the MS ion traces for AP. Therefore, the mass 
loss in PP (5.3%) is approximated to be ≈2.8% contact moisture 
and ≈2.5% carbonyl sulfide. This highlights the importance 
of proper reaction and work-up conditions as well as material 
post-treatment as removing a small amount of impurity (e.g., 
carbonyl sulfide) by annealing the NiETT powder increases the 
thermopower from −28 to −42 µV K−1 when cast into a film.

Event B (203–288 °C FDHM), in both PP and AP, begins 
the irreversible and destructive decomposition of the NiETT 

Adv. Funct. Mater. 2018, 28, 1803275

Figure 3.  SEM images of NiETT/PVDF composite films a) before annealing and b) after 
annealing for 1 h in air at 160 °C.
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polymer. The onset temperature (180 °C) is recommended as 
the maximum temperature for any processing method (e.g., 
annealing, printing, extruding) for NiETT. Event B evolves 
additional water and carbonyl sulfide and begins the release 
of sulfur dioxide and carbon disulfide. As no combustion is 
taking place, the water released is expected to originate from 
incorporated water. The strong signal in Event B from carbonyl 
sulfide alongside the signals from sulfur dioxide and carbon 
disulfide indicates that carbonyl sulfide is released as both a 
beneficial removal of impurities (Event A) and as a destructive 
decomposition of the NiETT backbone (Event B). The pres-
ence of sulfur dioxide provides additional evidence of sulfonyl 
groups in the backbone, as it is evolved at a lower tempera-
ture (200 °C) than sulfur dioxide from NiSO4 decomposition 
(>700 °C).[27] The start of evolution of carbon disulfide indi-
cates that the main backbone of NiETT is decomposing at these 
elevated temperatures. Event C (288–444 °C) 
is a continuation of Event B, and releases 
additional carbon disulfide, hydrogen sulfide, 
and sulfur dioxide. The final decomposi-
tion, Event D (515–600 °C), continues to the 
end of the run releasing carbon disulfide, 
sulfur dioxide, hydrogen sulfide, and water. 
Based on these observations from TGA-MS, 
we hypothesize some additional structures 
that are likely present in these NiETT poly-
mers, shown in Figure 5. Elemental analysis 

confirms the chemical compositional changes observed in the 
TGA-MS experiment (see Table S1 Supporting Information).

Extending the analysis to composite films, Figure 6 shows 
the TGA-MS curves with associated ion signals for two film 
samples: a NiETT/PVDF film cast from DMSO (pristine film, 
PF) and a NiETT/PVDF film cast from DMSO that is annealed 
at 160 °C in air for 1 h (annealed film, AF). As in the powder 
samples, the films show four mass-loss events, denoted as 
Events A–D. The signal-to-noise ratio is decreased in these 
samples due to the small mass of an individual film. We note 
that the NiETT powder used in both these films is not annealed 
(similar to PP discussed earlier). For both film samples, Event 
A (≈80–160 °C) aligns with the annealing process, and is cru-
cial for obtaining high TE properties. Event B (206–266 °C) 
and Event C (346–438 °C) are the major NiETT decomposition 
events that occur after annealing. Both have similar FDHM and 

Adv. Funct. Mater. 2018, 28, 1803275

Figure 5.  Possible structures present in NiETT that give rise to carbonyl sulfide, water, or sulfur 
dioxide signals. These are in contrast to the idealized backbone represented by Nax[Ni(C2S4)]n 
found in the literature.

Figure 4.  TGA with tandem MS of PP and AP samples of NiETT. a) TGA with plotted differential (DTG) of PP and normalized ion signals from QMID, 
b) TGA with plotted DTG of AP and normalized ion signals from QMID. See Figures S1 and S2 in the Supporting Information for additional data.
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peak mass-loss temperatures as the powders, confirming that 
this is a NiETT decomposition. Event D (440–487 °C) occurs 
at a lower temperature in the films that is consistent with the 
decomposition onset of PVDF (Figure S7, Supporting Informa-
tion). In PF, the mass loss in Event A totals 7.0% and shows a 
weak signal of water and almost no signal of carbonyl sulfide 
when compared with the powder samples. The most prominent 
mass-loss signal during this step is from DMSO. Beyond Event 
A, during the isothermal hold, there is an additional 1.7% mass 
loss in PF that is believed to be the slow release of DMSO from 
the film. In contrast, in AF, Event A consists of a smaller mass 
loss of 4.3%, with no discernable water or carbonyl sulfide 
signals; the most prominent ion signal is also from DMSO. 
Less surface moisture is expected to return to the films com-
pared with the powders upon exposure to atmosphere after 
annealing, as the hydrophobic PVDF surrounding the NiETT 
particles prevents reabsorption of water. Vacuum drying films 
at 50 °C for 30 min followed by annealing for 1 h at 160 °C does 
not fully remove DMSO from the composite films. However, 
complete removal of DMSO is not required to realize the full 
enhancement in TE performance.

As with the powder samples, Event B in both films (PF and 
AF) reveals the loss of sulfur dioxide and carbon disulfide from 
the decomposition of NiETT. The signal for water is minimal 
in PF and indiscernible in AF, and instead, a signal for DMSO 

is observed in both. The DMSO released in Event B originates 
from a separate source more strongly bound within the film 
(analogous to the incorporated water in PP and AP), as com-
pared with the DMSO released in Event A (which is DMSO 
trapped within the PVDF). We hypothesize that, in the NiETT 
powder form, water is bound to both the particle surface and 
to nickel centers, either in the backbone of the NiETT or as 
impurities in the film. Annealing the powder removes sur-
face moisture (Event A signals) but does not remove the more 
strongly bound hydrates (Event B signals). In these powder 
samples, the surface moisture is rapidly replaced upon cooling 
in atmosphere causing a similar water signal in both PP and AP 
in Event A. During the film fabrication process, NiETT experi-
ences a saturated DMSO environment, and contact moisture 
moves from the surface into the bulk solution. Water bound to 
nickel centers, both main chain and impurity hydrates, is also 
exchanged for DMSO. This results in the formation of a nickel–
DMSO complex in the composite film.[28]

When both film samples (PF and AF) are dried at 50 °C under 
vacuum, the contact moisture and previously bound water are 
removed along with the majority of the DMSO. Some DMSOs 
remain trapped in the PVDF film and is released in PF – Event 
A, and additional DMSO is bound to nickel centers and is 
released in PF – Event B. For AF, DMSO trapped within the 
PVDF matrix is readily removed, as evidenced by the rapid 

Adv. Funct. Mater. 2018, 28, 1803275

Figure 6.  TGA with tandem MS of PF and AF samples of NiETT/PVDF/DMSO. a) TGA with plotted differential (DTG) of PF and normalized PF ion 
signals from QMID, b) TGA with DTG of AF and normalized AF ion signals from QMID. See Figures S3 and S4 in the Supporting Information for 
additional data.
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decline of DMSO ion signal in AF – Event A, and the DMSO 
signal in AF – Event B is significantly smaller than PF – Event B. 
This suggests that the process of removing DMSO from the film 
helps drive the film reorganization, which manifests as a boost 
in electrical conductivity. Event C in AF and PF shows the same 
evolution of carbon disulfide and sulfur dioxide as the powder 
samples, suggesting the NiETT polymer is unaffected by pro-
cessing into a composite. Event D shows a spike in the fluorine 
signal that matches well with the decomposition of neat PVDF.

For the fabrication of TE devices using NiETT, alternative 
binders beyond PVDF may be required to address issues such 
as ink viscosity and solvent compatibility. A preliminary study 
suggests that the efficacy of annealing is highly dependent on 
the choice of binder–solvent system used to disperse NiETT 
particles – solubility, glass transition and melting point, crystal-
linity, and interaction with NiETT are different factors that may 
impact the annealing conditions and TE properties. As such, a 
systematic study of binder and solvent systems could provide 
further understanding of this mechanism.

3. Charge Transport in NiETT/PVDF Films

Temperature-dependent S and σ measurements were per-
formed to elucidate the charge transport mechanism in 
annealed NiETT/PVDF composite films. Figure 7 shows the 
electrical conductivity and Seebeck coefficient magnitude for 
Na(NiETT) films as a function of temperature.

The electrical conductivity increases with temperature 
indicating that the transport is thermally activated. In this 
temperature range, the Seebeck coefficient increases slightly 
but this increase is within measurement uncertainty limits. 
Temperature-dependent properties of NiETT/PVDF films prior 
to annealing follow the same trend as that shown in Figure 7 
albeit with lower S and σ values. This is indicative of semicon-
ducting behavior and follows hopping conduction, as expected 
for disordered materials. Fitting the temperature-dependent 
data to Mott’s variable range hopping model yields a linear fit 
for a 3D system (Figure S8, Supporting Information). However, 

percolation mechanisms also show a similar power-law conduc-
tivity dependence, which may be a more accurate description 
of charge transport in NiETT/PVDF composites due to sample 
inhomogeneity. Low-temperature S and σ measurements 
coupled with gated measurements may be required to fully 
elucidate the transport mechanism in these materials.

4. Conclusion

NiETT/PVDF is a promising air-stable n-type TE material. This 
work investigates the use of an annealing post-treatment pro-
cess to enhance the performance of NiETT/PVDF thin films cast 
from DMSO. While we previously demonstrated the reproduc-
ibility between batches and batch sizes,[18] nonetheless a single 
batch of Na(NiETT) was selected for all annealing studies to 
remove any possible differences in particle size or composi-
tion. The TE properties were simultaneously enhanced upon 
annealing composite films, and are attributed to i) improved 
film morphology and ii) compositional changes in the NiETT 
material. TGA-MS reveals the reversible removal of water (as 
contact moisture and incorporated in the polymer backbone) 
and the irreversible removal of carbonyl sulfide upon annealing 
NiETT powder. For PP, removal of ≈3% mass, corresponding 
to carbonyl sulfide as an impurity, results in an increase in the 
thermopower from −28 to −42 µV K−1. For the films, TGA-MS 
indicates that DMSO is the major contributor to mass loss 
during the annealing process; the solvent replaces both contact 
moisture and incorporated water in NiETT during film fabrica-
tion. Annealing near the melting point of the binder (PVDF) 
could allow for reorganization of domains to form highly inter-
connected pathways that increases the conductivity from 6 to 
23 S cm−1. The removal of moisture, residual solvent, and impu-
rities through annealing works in tandem with the thermal- or 
solvent-driven morphological changes to yield a 25 × increase in 
power factor from 0.5 µW m−1 K−2 in PFs to 12.5 µW m−1 K−2 in 
AFs that maintain their stability under ambient conditions.

5. Experimental Section
Polymer Synthesis: A single batch of Na[Ni(ETT)], prepared according 

to our recent literature procedure, was used for all experiments.[18] In 
a cool, dry roundbottom flask with magnetic stir bar, thiapendione 
(500 mg, 2.4 mmol, 1.0 equiv) was added against a positive flow of 
argon. The atmosphere was thoroughly purged with argon. Anhydrous, 
degassed MeOH (15 mL) was added by syringe, and the reaction was 
heated to 60 °C. Separately, NaOMe (648 mg, 12 mmol, 5.0 equiv) was 
dissolved in MeOH (15 mL). The NaOMe was added to the reaction. 
The reaction immediately turns a light yellow color that becomes darker 
(brown to black) over time. The reaction was stirred for 24 h at 60 °C, 
resulting in a black solution. Separately, anhydrous Ni(II)OAc2 (424 mg, 
2.4 mmol, 1.0 equiv) was dissolved in anhydrous MeOH (20 mL). At 
the 24 h reaction mark, the addition of the Ni(II) solution was started 
at a rate of 20 mL h−1, such that the Ni(II) solution is added over 
1 h. The reaction becomes a “sol–gel” during the addition, such that 
stirring was significantly impeded. The reaction was stirred at 60 °C for 
an additional 23 h, to give a total reaction time of 48 h. Glacial acetic 
acid (1 mL in 10 mL MeOH) was added rapidly by syringe to quench 
any remaining base before addition of the oxidant. The reaction vessel 
was shaken to homogenize the contents. Iodine (609 mg, 2.4 mmol, 
2.0 equiv of oxidant) in MeOH (10 mL) was added in one portion. The 
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Figure 7.  Temperature-dependent TE properties of annealed NiETT/
PVDF films are indicative of thermally activated hopping transport.
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reaction was allowed to stir for several hours at 60 °C, at which point 
the iodine color had faded from the solution, the “sol–gel” had become 
a fine suspension, and the reaction suspension settles upon removal 
of stirring. The solids were collected on a 0.45 µm nylon filter. Without 
allowing the slurry to filter completely between washes, the product was 
washed three times each with MeOH, distilled water, methanol again, 
and finally ether. The resulting lustrous grey-blue material was allowed 
to dry on the filter before being dried under high vacuum overnight. 
After crushing in an agate mortar and pestle, the powder was dried 
again under high vacuum to remove any trapped solvent to give PP. A 
portion of this material was annealed in a boroscilicate vial on a hotplate 
at 160 °C in air for 1 h to give AP.

Characterization: The content of carbon, hydrogen, and sulfur was 
obtained by Atlantic Microlabs (2400 II analyzer, PerkinElmer for CH, 
1108 analyzer, Carlo Erba for S). The analysis of nickel and sodium 
was carried out on an inductively coupled plasma optical emission 
spectrometer (OPTIMA 7300 DV, PerkinElmer) by the Renewable 
Bioproducts Institute at Georgia Tech. Each sample was dissolved 
in concentrated nitric acid and diluted with deionized water prior to 
analysis. XPS was performed on the powder samples using a Thermo 
K-Alpha XPS (Thermo Fisher Scientific Inc.). TGA on PVDF was 
performed using Pyris 1 Thermogravimetric Analyzer (PerkinElmer) 
under nitrogen. SEM images were obtained using the SU-8230 
tool (Hitachi). The melting point of PVDF was obtained on a Q200 
Differential Scanning Calorimeter (TA Instruments) and taken to be at 
the point of maximum heat flow. TGA coupled with MS was performed 
by the NETZSCH Applications Laboratory Thermoanalytical Section on 
a NETZSCH STA 449F1 Jupiter coupled with an NETZSCH QMS 403 
Aeolos MS via a transfer line kept at 300 °C. Samples were run in a 25 µL 
aluminum crucible under a constant flow of Argon (70 mL min−1). The 
heating profile was 40–160 °C at 10 K min−1, isothermal at 160 °C for 
60 min, and 160–600 °C at 10 K min−1. Ion traces were normalized to the 
noise in the signal during the end of the isothermal hold (34– 71 min). 
SEM images were obtained using the Hitachi SU-8230 tool (Hitachi).

Film Fabrication and Annealing: A composite film was obtained by 
blending the ETT powder with a polymer matrix to form a dispersion.  
First, PVDF (Sigma Aldrich, Weight average molecular weight 
(MW) ≈180 000) was dissolved in DMSO (Amresco) at 80 °C for 4 h under 
continuous stirring in an Erlenmeyer flask to form a 10 mg mL−1 solution. 
Next, 40 mg of ETT powder was added to 1 mL of the PVDF/DMSO 
solution with 10 zirconia beads (diameter = 1 mm) in a microvibration 
mill for 30 min (MSK-SFM-12M, MTI Corporation). The dispersion was 
pippetted out and 35 µL was drop-cast on 1 cm × 1 cm pretreated glass 
substrates (pretreatment of glass substrates involves sequential cleaning 
with deionized water, acetone, and isopropyl alcohol for 3 min each and 
placement in oxygen plasma for 5 min). Films were obtained by drying in a 
vacuum oven at 50 °C for 30 min to give PF. Four gold contact pads (1 mm 
× 1 mm, ≈100 nm thick) were then deposited on the prepared films using 
a shadow mask in an e-beam evaporator. All films were 5–10 µm thick as 
measured with a profilometer (Dektak XT, Bruker). Several samples (films) 
were prepared to capture sample-to-sample variations in TE properties 
generating representative error bars that are reported as the standard 
deviation. For the annealing post-treatment process, films were placed on 
an aluminum block and heated on a hot plate set to 160 °C in a fumehood. 
After 1 h, samples were removed from the hot plate and allowed to cool to 
room temperature over a 30 min period in air to give AF, following which 
TE measurements were performed.

TE Measurements: Micromanipulators with tungsten tips were used to 
make electrical contact to the gold contact pads and in-plane electrical 
conductivity was acquired using the four-probe Van der Pauw technique. 
Samples were placed on a temperature-controlled Peltier stage using 
thermal grease on the backside of the substrate to ensure good thermal 
contact. The Seebeck coefficient was measured by suspending the 
sample between two temperature-controlled Peltier units (separated 
≈3 mm) and applying a series of temperature differences up to ΔT = 10 °C 
between the stages. The TE voltage was measured between two contact 
pads on separate stages using the probe tips, while the temperature of 
each pad was measured with a K-type thermocouple in close proximity 

to the probe tips. Voltage and temperature data were acquired using a 
Keithley 2700 DMM with a 7708 Mux card via a LabVIEW interface. The 
Seebeck coefficient was extracted as the slope of the V versus ΔT plot.
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