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Inkjet Printed Negative Supercapacitors: Synthesis of
Polyaniline-Based Inks, Doping Agent Effect, and Advanced

Electronic Devices Applications

Alessandro Chiolerio,* Sergio Bocchini, and Samuele Porro

Low frequency negative supercapacitors and high frequency negative capaci-
tors are realized developing a polyaniline (PANI) based ink for piezoelectric
inkjet printers, water based. PANI is synthesized by oxidation polymerization
starting from the aniline dimer, thus avoiding the use of a toxic/mutagen
substance such as aniline. In order to work in aqueous phase, the reverse
addition of the dimer in the oxidative solution is made. The chlorinated
emeraldine salt of PANI is produced and emeraldine base is prepared by
dedoping. Two different doped PANI solutions are produced by solubiliza-
tion of the emeraldine salt in dimethylsulphoxide and addition of respectively
trifluorosulfonic acid and camporsulfonic acid, and then used as inks for the
fabrication of inkjet-printed tracks of different geometries. The properties of
inkjet-printed devices are characterized both in DC and AC regimes, showing
very good performances under specific measurement conditions in terms

of conductivity, as well as extremely interesting phenomena whose origin is
still under debate, such as low frequency negative supercapacitance, high
frequency negative capacitance and negative resistance. The realization of the
highest negative supercapacitance realized so far, of 2.3 mF @ 30 Hz, cor-
responding to a specific mass capacity of -799 F g7/, is reported.

stability and processability.’! Because of
its easy preparation, good environmental
stability, interesting redox properties, and
outstanding potentiality for application in
electronic and optical devices, PANI has
become one of the most important con-
ducting polymers and been intensively
studied in the last two decades.*

PANI can be considered as being
derived from alternatively reduced and
oxidized forms of the same monomer.>~7]
However, the average oxidation state of the
single PANI molecule cannot be varied
continuously. Only the completely reduced
polymer, the “half-oxidized” polymer and
the completely oxidized polymer are stable
and at the molecular level all intermediate
oxidation states consist of mixtures of
the chromophores characteristic of these
states.5#l The terms leucoemeraldine,
emeraldine, and pernigraniline refer to
these oxidation states.

1. Introduction

Intrinsically conducting polymers (ICPs) are inherently con-
ducting in nature due to the presence of a conjugated 7 elec-
tron system in their structure. ICPs have a low energy optical
transition, low ionization potential, and a high electron
affinityll With their discovery in 1960, an attractive subject
of research was initiated because of the interesting properties
and numerous possibilities of application. It was expected that
ICPs would find their output in multidisciplinary areas such
as chemical, electrical, electronics, thermoelectric, electroactive
applications, membrane, and sensors.!]

Polyaniline (PANI) is an ICP showing relatively low values
of conductivity as compared to other ICPs such as doped poly-
acetylene or polyphenylene, but it has the advantage of high
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In principle, the imine nitrogen atoms
can be protonated in whole or in part to
give the corresponding salts (Figure 1a,b), the degree of protona-
tion of the polymeric base depending on its oxidation state and
on the pH of the aqueous acid, because complete protonation
of the imine nitrogen atoms in emeraldine base results in the
formation of a delocalized polysemiquinone radical cation (679
(Figure 1c,d) and is accompanied by an increase in conductivity
of about ten orders of magnitude. The partly protonated emer-
aldine salt can be synthesized easily either by the chemical or
electrochemical oxidative polymerization of aniline.””! Tt can
be deprotonated by aqueous ammonium hydroxide to give
emeraldine base powder (a semiconductor).

Many different acids such as dodecylbenzensulfonic acid
(DBSA),[1% poly(4-styrenesulfonic acid) (PSS),!! trifluoroacetic
acid CF;COOH (TFA), camporsulfuric acid (CSA),!**l and so
on were used in order to obtain protonated emeraldine salt.

The ageing of PANI and the loss of electrical properties is
usually a consequence of a complex combination of struc-
tural changes: deprotonation, loss of conjugation, oxidative
processes, crosslinking, and other chemical reactions on
PANTI chains (chlorination, sulfonation) driven by the doping
agent.I™ The doping agent is thus important from the point of
view of stability; it could influence deprotonation, which is the
main mechanism of ageing and degradation. As an example,
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Figure 1. PANI Emeraldine base a) before protonation, b) after 50% pro-
tonation, and c) formation of bipolaron and d) polaron forms.[l

it was reported that the gradual conversion of the PANT salt to
base in the case of HCl-doped PANI reduces the conductivity
of PANI of about 50% in 500 days.'®) On the other hand, it
seems that the relatively fast room temperature loss of conduc-
tivity of HCl-doped PANTI is a singular case, probably due to the
volatility of HCIL The vast majority of doped
PANI types results stable below 70 °C.161 A
glass-like transition at about 70 °C has been
reported.l'’] Generally, it is believed that
doped PANI can be used for several years
without chemical/structural modifications,
independently from the different type of
doping agents (except for some very specific
cases).

In the available literature different ways
to produce PANI have been demonstrated,
including chemical, electrochemical, tem-
plate, enzymatic, plasma, photo, and a
number of other unusual methods.®! Chem-
ical polymerization can be in turn subdi-
vided into heterophase, solution, interfacial,
seeding, metathesis, self-assembling, and
sonochemical  polymerizations.}! ~ How-
ever, aniline is classically chosen as the
starting monomer, and the first step of
polymerization (Figure 2) in acidic solutions
is oxidation with the formation of a radical
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cation (1) and a dimer (2)."¥! The radical formed in (1) can be
localized either on the nitrogen atom or on the ortho- or para-
carbons, which could result in structural heterogeneity of the
reaction products. The further oxidation of the aniline dimer
(DANTI) forms radicals that couple to produce aniline oligomers
and thus the PANI (3 and 4).

The chemical polymerization is therefore an autocatalytic
process and the limiting step is the formation of the aniline
dimer.’! The direct use of DANI as starting monomer allows
avoiding this limiting step obtaining as a plus a more ordered
structure, moreover the reaction avoids the use of a toxic/
mutagen substance such as aniline. However, the low water
solubility of DANIPY has classically limited its use, thus only a
few articles on PANI synthesis starting from DANI were pub-
lished.2-231 An alternative method was used by our group by
the use of an anionic surfactant such as polystyrene sodium
sulfonate to form a stable DANI emulsion in water and thus
the use of a classical oxidant such as ammonium persulfate.**]
However, this method has the drawback that the counterion
in the doped PANI should be the emulsioning agent. This
problem can be solved by reserve addition of DANI into the oxi-
dant solution. In fact, by direct addition of DANI in the solu-
tion of ammonium persulfate the pernignaline was obtained
and thus, once the oxidant was exhausted, exceeded DANI was
oxidized by the pernigraniline, allowing formation of the emer-
aldine form as already demonstrated previously.?! This method
allows having other counterions in the final compounds, such
as the classical chlorine anion or other counterions obtained by
dedoping and doping. In this work, the synthesis of a printable
PANI-based ink by DANI polymerization using reverse addi-
tion is presented. The obtained PANI emeraldine salt doped
with chlorine anions was dedoped and thus used to prepare
inks of PANI doped with CSA and trifluoromethylsulfonate
acid (TFMS) in order to increase PANI electrical properties.
The physical and chemical properties of the developed pol-
ymer, its printing on flexible polymeric substrates and the elec-
trical properties of printed tracks were studied. In particular,
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Figure 2. Mechanism of PANI synthesis starting from aniline.
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Figure 3. UV-vis spectra of DANI (N-phenyl-1,4-phenylendiamine),
PANI-EB (Polyaniline emeraldine base), PANI-CSA (Polyaniline emeral-
dine salt doped with camphorsulfuric acid) and PANI-TFMS (Polyaniline
emeraldine salt doped with trifluorometansulfonic acid). DMSO solvent
was subtracted and results were normalised to the 7—m* transition peak
for all the solutions.

we focused on DC and AC analyses up to 2 MHz. This work
opens new interesting possibilities of actively controlling the
electronic properties of devices based on PANI ink realized by
means of inkjet printing, whose versatility is well known in
realizing additively manufactured circuits.[26-3%

2. Results and Discussion

2.1. UV-VIS

In Figure 3 the UV-vis spectra of DANI, PANI-EB, PANI-
CSA and PANI-TFMS doped in DMSO solution are reported.
In order to have comparable results, the DMSO spectrum was
subtracted for all the solutions and the results were normal-
ized to have maximum absorbance equal to 1. In this solvent,
as for the majority of available solvents, PANI adopts compact-
coil conformation with the expected bands both for the emeral-
dine base and the emeraldine salt.?!l The DANI shows a single
peak at 294 nm due to the m—7* transition as expected for an
aromatic molecule. Because of higher conjugation, this band
shifts to higher A in the case of the polymer. This peak is per-
fectly superimposable for the emeraldine base of PANI and the
doped forms. In the case of PANI doped with CSA and TFMS,
a band with a maximum at 440 nm appears, ascribed to the
polaron—m* transition that gives a green color to the solution.
This band is independent from the acid used, demonstrating
a complete protonation in both cases. Finally, the emeraldine
base shows a band at =600 nm arising from n—n* transition.

2.2. Infrared Analysis
The FTIR spectrum of PANI-EB (Figure 4) shows main

absorbance of PANI assessing its formation. The strong band
with maximum at 3250 cm™ has often been attributed to
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Figure 4. FTIR spectra of PANI-EB, PANI-CSA, and PANI-TFMS.

different types of intra- and inter-molecular hydrogen-bonded
Vw.u sStretching vibrations of secondary amines.’? The
3100-2950 cm ™! zone shows the v¢y of aromatic rings.>*l The
band at 1594 cm™ is attributed to C=N stretching of quinoid
diimine unit (the oxidised form of PANI). C-C aromatic ring
stretching of the benzenoid diamine unit (the reduced form of
PANT) appears at 1502 cm™..3#3°] The 1306 cm™ is attributed to
the C-N stretching of aromatic amines.*” The 1160 cm™ peak
refers to the stretching of quinoid ring.*® The 821 cm™ peak
is the absorbance of the out of plane bending for para-disubsti-
tuted benzenel*®! confirming the formation of the right polymer
configuration.

The addition of CSA partially changes the infrared spectrum.
All the absorbance features described above were still present,
with the addition of the bands due to CSA anion. The 3450 cm™*
is due to the vy formed in the emeraldine salt.’”] The 2959,
2919 and 2850 cm™ bands are the vy of the CSA aliphatic
part.’®l The 1740 cm™ peak is the v _ ¢ of the ketonic group
of CSA,B while the 1230 and 1039 cm™ are respectively the
asymmetrical and symmetrical vgo;_ of the camphor sulfonic
salt.3® The TFMS salt of PANI has absorbance similar to the
CSA salt, the main differences being the absorbance at 1242
and 1029 cm™ (respectively the asymmetrical and symmetrical

Vs03-) B

2.3. Thermal Gravimetric Analyses

The results from TGA in nitrogen and air for the starting dimer
(DANI) and PANI-EB are shown in Figure 5. The dimer shows
one main degradation step both in nitrogen and air atmosphere
with maximum degradation rate respectively at 273 °C and
263 °C. The boiling point of this compound is about 360 °C
(database source)*’ thus this weight loss is probably due to
the thermal decomposition of the molecule with formation of
volatile fragments. There are not enough data to define the
decomposition mechanism, however, taking into account the
mechanism of polyaniline polymerization, a dismutation of
the dimer with fragmentation to aniline and volatile diazide
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0 views of the printed tracks obtained by pro-

filometry are shown in Figure 7, where
02 PANI-CSA and PANI-TFMS are compared
(both 1 and 3 passes). Each profile shown
in Figure 7 is the numerical average of ten
profile acquisitions performed in direction
orthogonal to each inkjet printed track along
their full length of 2 cm, the error bars rep-
resenting the standard deviation from the
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Figure 5. Thermal degradation of a) DANI and b) PANI-EB at 10 °C min~', respectively in
nitrogen (continuous lines) and air (dotted lines). Derivative curves are also reported.

compounds can be supposed. This mechanism is supported
from the anticipation of the reaction in oxygen atmosphere:
in fact, oxygen is a well known initiator of radical reactions
by formation of radicals by hydrogen abstraction. The TGA
of PANI-EB in nitrogen and air are completely different from
the starting monomer (Figure 5b). Two major stages of weight
losses for PANI-EB in nitrogen have been reported.[*!]

The first at lower temperature results from moisture evapo-
ration and perhaps outgassing of unknown small molecules.
The second at higher temperature indicates a structural decom-
position of the polymer. Because of the drying step during
preparation, the first degradation step is very small and it is a
continuous weight loss from 100 °C to 400 °C with a maximum
at about 331 °C. In our case, the low molecular weight and the
formation of by-products from the polymerization reaction of
PANI are probably responsible for this weight loss. The main
degradation step is at about 500 °C, probably due to formation
of carbon char with the elimination of nitrogen and hydrogen,
for example, by production of ammonia. The TGA of PANI-EB
in air is quite similar. In this case the first degradation step is
anticipated at 200 °C because of the oxidizing atmosphere. The
second step is similar, demonstrating that the nitrogen elimi-
nation is consisting with the results. In this case, a final step
of weight loss due to carbon char oxidation at about 700 °C is
present as expected in oxidizing atmosphere.

2.4. Morphology of Inkjet-Printed Tracks

Imaging by optical microscopy was performed on the inkjet-
printed tracks in order to evaluate the homogeneity of printing
and understand if doped PANI tends to form an emulsion
and thus retaining a particle shape or dissolve as occurs in a
solution. The analysis demonstrated a good printability of the
PANI-based inks: the tracks resulted homogeneously deposited
without evidence of irregularities. The printed material pre-
sented microstructuring (Figure 6), moreover, at the edges of
the printed tracks, a coffee-stain effect is visible (more or less
pronounced depending on sample), probably due to the fact
that the evaporation rate of the used solvent (DMSO) is slower
than crystallization of the solid phase.

As demonstrated by electrical characterization, the presence
of these features does not hamper the electron percolation nor
influence the overall properties of the devices. Cross-sectional

Temperature (°C)
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average. Substrate bending-bowing was
compensated by subtracting a polynomial fit,
while other positioning errors—offsets were
compensated by a numerical alignment rou-
tine based on the computation of the first
derivative of the profile.

Although the nominal width is 100 pm, the effective track
width may vary considerably from the nominal value, being
2.5 times larger in the case of PANI-CSA (both 1 and 3 passes)
and up to 4 times larger for PANI-TFMS (3 passes). The surface
roughness of the printed tracks is quite high for PANI-CSA as
indicated by the error bars, which in the case of single pass
extend up to 50% of the mean track height, whilst in the case of
3 passes are close to 20%. For PANI-TFMS, surface roughness

a) b)

50um

Figure 6. Optical microscopy images of a portion of a) PANI-CSA and
b) PANI-TFMS printed tracks showing coffee-stain effect.

Nominal track width = 100 um
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Figure 7. Average cross-sectional profile as acquired by profilometry of
PANI-CSA and PANI-TFMS printed tracks (1 and 3 passes). For clarity,
only one point every three measured is shown.
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Figure 8. |-V curves of inkjet-printed a) PANI-CSA tracks and b) PANI-TFMS tracks. The plots refer to a single pass.

is close to 35% and seems independent from the number of
passes.

The typical profile is regular for PANI-CSA, whilst a coffee-
stain effect is revealed for PANI-TFMS. This effect can be
explained by the occurrence of complex solvent evaporation
dynamics due to accumulation of deposited material, which is
more likely at the edges.

The differences in the track profile/width can also be attrib-
uted to the different hydrophobicity of the materials, in the case
of CSA the counterion is more hydrophobic than TFMS, which
is polar and thus hydrophilic. Taking into account the polar
nature of the polyamide substrate it is natural that the PANI-
TFMS ink tends to form larger tracks.

2.5. Electrical Properties
2.5.1. DC Analyses

In Figure 8a, the -V curves of the inkjet-printed PANI-CSA
are reported, related to a single pass pattern. Track widths of
100, 200, 500 pm, and 1 mm are compared. It is clear that the
transport regime is not based on diffusion, since the highest
currents are always sustained by the widest lines. However,
increasing the number of passes (Figure S1, Supporting Infor-
mation) produces a negative effect on the overall performance
of the material, causing a four-fold reduction of the current
density through the printed tracks, as will be commented in the
following.

In Figure 8b, the -V curves of the inkjet-printed PANI-
TFMS are reported, related to a single pass pattern. Once again
the highest currents are sustained by the widest lines, but in
this case increasing the number of passes produces a dramatic
increase in track conductance, by almost one order of magni-
tude (Figures S2,S3, Supporting Information). In particular,
the effect produced by increasing the number of passes may be
seen in the phase-plot shown in Figure 9, where the measured
resistivities of all tracks of the two compositions are compared,
both at 1 and 3 passes. Remarkably, the experimental errors
are very low (error bars collapsed) with the only exception of

Adv. Funct. Mater. 2014, 24, 3375-3383
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the sample PANI-TFMS 3 passes 1 mm in width, whose quite
high error (10%) may be explained in terms of an anomalous
geometry reproduction (image not shown). Thus, neglecting
this single point, it is possible to observe that the resistivities
of all 3 passes tracks are almost independent on the track width
(as logical), confined in the same order of magnitude. On the
contrary, the single pass track resistivities are more dependent
on the nominal width, since their geometry may include local
restrictions limiting the maximum current, which disappear in
thicker tracks. The ultimate resistivity in the best experimental
case (PANI-TFMS, 3 passes, 200 pm track width) was calculated
to be 990 Q cm. Please note that the resistivity values shown in
Figure 9 are based on real measurements of track thickness,
according to average cross-sectional profiles data (Figure 7).

2.5.2. AC Analyses

The characterization of electrical properties was completed
by acquiring a full set of AC measurements in the range

10
O PANI-CSA 1x
o A PANI-CSA 3x
1o R & PANI-TFMS 1x | |
@ © PANI-TFMS 3x
A A
105_4E—A—L
— =]
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10° o =
10° T T T T T T T T
0 250 500 750 1000
Width [um]

Figure 9. Resistivity versus track width for PANI-CSA and PANI-TFMS
transmission lines printed at different conditions: single and triple pass.
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Figure 10. Series resistance of the widest/thickest track of PANI-CSA (1 mm in width, triple pass) as a function of a) signal amplitude and b) series
capacitance, including a magnification of the 1 to 5 kHz region shown in the inset.

20 Hz-2 MHz. Starting from PANI-CSA devices, the pres-
ence of a negative capacitance was observed, particularly in
the low frequency range. The series resistance (Figure 10a)
and capacitance (Figure 10b) were calculated as a function
of the signal amplitude, varied between 10 mV and 10 V, for
a 1 mm-wide track (triple pass). In particular, Figure 10b
shows a dispersion of experimental points revealing a small
negative capacitance (absolute value around 15 pF) for each
curve.

A low frequency negative supercapacitance was found in
the case of PANI-TFMS tracks. Starting from a small signal,
having amplitude of 1V, resistance fluctuations around zero in
the low frequency regime and a negative capacitance in the nF
range (hence two orders of magnitude higher with respect to
PANI-CSA) were found (Figures S4,S5, Supporting Informa-
tion). By increasing the signal amplitude to 5 V (Figure S6,S7,
Supporting Information), a more pronounced negative capaci-
tance was observed in the same frequency range, reaching a
value around some units of pF. It is remarkable that the series
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6.0x10*
4.0x10" 4
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resistance curves are such that an algebraic average performed
on the experimental curves would produce a value close to zero,
while each measurement is such that the resistance fluctuates
between very small values of some hundreds of Ohms. Finally,
increasing the signal amplitude up to 10 V (Figure 11a,b), huge
negative capacitances up to some mF were observed at very low
frequencies, meaning that this material could be very interest-
ingly exploited as negative supercapacitor, for devices running
at commercial grid frequencies (50, 60 Hz). Once again, the
resistance state oscillates between negative and positive values
after experiencing a high conductivity state. A variation in the
number of passes is reflected in the absolute maximum value
of negative capacitance reached: for example tracks at one pass
result in negative capacitances in the order of nF; furthermore
both resistance and reactance are reduced, and also the typical
low frequency response shows a slight difference. Figure S8
(Supporting Information) shows in logarithmic scale a com-
parison between the response of a 1-pass track and a 3-passes
track.

b 3x 1mm 10V, 0V,

0.0 4
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Figure 11. Series resistance of a PANI-TFMS track (1 mm in width, triple pass) measured in two subsequent experiments in the low frequency range
for a) signal amplitude of 10 V and b) series capacitance, including a magnification of the 500 to 1000 Hz region shown in the inset.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Funct. Mater. 2014, 24, 3375-3383



el
Mot oS
www.MaterialsViews.com

3. Discussion

The production of polyaniline from DANI was already per-
formed in literature however all the methods developed need
longer times because of the low solubility of DANI in water/?*!
or they are effective for specific synthesis such as function-
alization.”!! From the analyses of the PANI-EB obtained by
the reverse addiction of DANI to the oxidant solution it was
demonstrated that the rapid production of PANI with a scal-
able method was feasible. The structure and properties of the
resulted PANI were confirmed by Fourier transform infrared,
UV-vis and thermal gravimetric analyses.

The optimized rheological properties of both PANI-CSA
and PANI-TEMS inks resulted in an excellent jettability of the
material and very good geometry realization, which represent
the first requirement for the realization of advanced electronic
devices. The second requirement is an optimal cross-sectional
profile, which could be obtained for PANI-CSA according to
our cross-sectional analyses, while PANI-TFMS suffers from
coffee-staining and material accumulation in correspondence
of the track edges, however these effects can be avoided by
the optimization of the printing process or by the addition of
another solvent.

Inkjet printed devices showed unexpected behavior. Despite
their high conductivity, in the range between 10° and less than
10® Q cm, we have seen negative supercapacitance and anoma-
lous negative capacitance, at frequencies much higher than
those naturally arising from complex carrier mobility. For what
concerns DC electrical properties, we have seen that PANI-CSA
results in almost constant and uniform resistivity values both
for a single pass and for multiple passes, probably because of
the optimized cross-sectional profiles and optimal geometry
reproduction. PANI-TEMS produces uniform and constant
resistivities only in the case of multiple pass, probably because
of coffee-staining and poor geometry reproduction. Neverthe-
less, geometry reproduction problems may be solved by mul-
tiple pass printing, allowing to feature the lowest measured
resistivity of 990 Q cm.

Moving to the AC range, we may point out that the hetero-
geneous system under study, formed by a dispersion of crystal-
line PANI domains in an amorphous PANI matrix, where the
mobility of doping counterions is higher in the latter environ-
ment, because of the higher free volume, may be characterized
in two different regimes. Where the measurement frequency
is such that the ion mobility is able to follow the signal (below
1 kHz), we could identify interesting phenomena such as nega-
tive resistance/capacitance and supercapacitance, resulting
from the counterion displacement induced by the measurement
signal. Providing that the frequency is well above the charac-
teristic diffusion time scale of counterions (above 1 kHz), we
could measure conventional behavior comprising small positive
parasitic capacitance and a decreasing resistive component. But
even in the range below 1 kHz, it is possible to evidence two dif-
ferent phenomena. The first phenomenon involves charged car-
rier trapping, which cannot respond to the AC driving voltage
and result, when the transit time is comparable to the reten-
tion time, in an opposite phase.*?l This occurs at frequencies
comprised between 20 (which is our instrumental lower bound)
and 300 Hz, and the minimum negative supercapacitance
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measured was —2.3 mF @ 30 Hz for PANI-TFMS 1 mm-track
realized in 3 passes, sampled at 5 Vjc. This value represents
the biggest negative capacitance realized so far; considering
the surface/mass of the device, we obtained a specific nega-
tive capacity of —3.8 mF cm™2 (surface) =799 F g™! (gravity). The
second phenomenon is such that negative capacitances arise in
the polymer even around 1 kHz, being far too above the typical
retention times of trapped charges in our system.

We may deduce that interesting practical applications such
as negative capacitors/negative supercapacitors could be found
in the low frequency range, for those devices working at nom-
inal grid conditions (50-60 Hz) and up to short waves radio fre-
quencies. Negative capacitors are extremely interesting objects
which could fully compensate ubiquitous losses induced by
parasitic capacitances in commercial devices.

4, Conclusions

We reported on the fabrication of inkjet printed all-polymer
flexible devices featuring interesting properties, such as low
frequency negative supercapacitance, high frequency negative
capacitance, negative resistance, and high DC conductance.
Furthermore, a new synthesis for PANI starting from DANI
was developed, and it was demonstrated that the facile and fast
production of PANTI soluble in organic solvents such as DMSO
can be obtained by the reverse addition of a organic solvent
solution of DANT in the oxidant solution. The synthesis can be
performed without the use of toxic/mutagenic reagents such as
aniline and thus in a safer environment. By a classical action
of de-doping and doping, it is thus possible to obtain PANI
with the preferred counterions on the basis of the requirements
such as in our case, where two different inks were prepared
with excellent jettability and very good geometry realization.
The produced inks have almost constant and uniform resis-
tivity values; moreover, they show interesting phenomena
such as negative resistance/capacitance and supercapacitance,
resulting from the counterion displacement induced by the
measurement signal. Practical applications, such as negative
capacitors/negative supercapacitors, could be found in the low
frequency range, for those devices working at nominal grid
conditions (50-60 Hz) and up to short waves radio frequencies.

5. Experimental Section

Materials: N-phenyl-1,4-phenylendiamine 98%, that is the aniline
dimer  (DANI), (1S)-(+)-10-Camphorsulfonic acid (CSA) 98%,
trifluoromethanesulfonic acid (TFMS), ammonium persulfate (APS)
98%, hydrochloric acid 37 wt%, ammonium hydroxide 28-30 wt%
dimethylsulfoxide (DMSO) 99.9% were purchased from Aldrich and
used as received.

PANI Synthesis: 40 mL of a solution of DANI (4 mmol, 0.9212 g) in
DMSO was added drop by drop to 360 mL of a solution of APS (6 mmol,
1.369 g) in HCI 0.1 m. During the addition the solution first turned violet,
then blue and eventually dark green demonstrating the formation of
Cl-doped PANI. After 3 h, the product was firstly separated by filtration
and then washed with both double distilled water and ethanol. The
product was a green powder. In order to obtain dedoped PANI, the green
powder was added to 400 mL of a solution of ammonium hydroxide
0.1 m. After 24 h the solution was filtered and the PANI in the emeraldine
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base form was obtained (PANI-EB). Finally, PANI-EB was washed with
double distilled water and dried at 60 °C until constant weight.

PANI Inkjet Printing Process: The samples of doped PANI were
prepared by dissolving PANI-EB in DMSO, subsequent addition of CSA
(PANI-CSA) or TFMS (PANI-TFMS) (0.5 mol every 1 mol of nitrogen
atom in PANI) and thus diluted in DMSO at the concentration of
5.0 wt% with respect to the doped formula.

The solutions were stable for a limited time before jellying (normally
1-2 d), thus they needed a one-hour ultrasonication step just before
printing, in order to warrant dispersion of the polymer into the solvent.
The solutions were then inserted into a 3 mL reservoir and loaded to
the inkjet printing system (JETLAB 4-XL from Microfab, US). The system
is equipped with independent heaters for the printing nozzle and the
substrate, with the possibility of printing a maximum size of 21 cm x 26 cm.
Printing tests were achieved through piezoelectric nozzles made in
quartz, with diameter of 80 ym, with a vibration frequency set to 250 Hz
for PANI-CSA and 500 Hz for PANI-TFMS. The three-axis movement and
the values of voltage and wave form that command the piezoelectric
nozzle were computer controlled, and the dimension and speed of ink
drops were controlled by a horizontal camera located onto the x-y stage
for direct drop observation. Jetting parameters were set as follows, using
an asymmetrical pulse: first rise time 12 ps, dwell time 15 ps, fall time
5 ps, echo time 20 ps, second rise time 2 ps, idle voltage 0 V, dwell
voltage 35 V, echo voltage —13 V. The nozzle and substrate holder were
heated to a temperature of 30 °C in order to obtain the correct value
of ink viscosity suitable for printing. All samples were printed onto
commercial polyimide sheets (poly-oxydiphenylene-pyromellitimide)
and let dry in air. Using the described printing setup, ink drops with
diameter of =100 ym were normally obtained. Consequently, the script
used for test tracks printing was set to achieve a drop spacing of
100 pm to achieve complete coverage of the substrate. For the electrical
characterization, standard arrays of tracks having widths of 100, 200,
500 pm, and 1 mm were used, depositing patterns at single, double and
triple passes.

UV-Vis Characterization: Absorption spectra were recorded in the
wavelength range of 190-800 nm at room temperature using a Cary
5000 UV-vis-NIR spectrometer using DMSO solutions.

Fourier Transformed Infrared Spectroscopy (FT-IR): FT-IR transmittance
spectra were collected on a Nicolet 5700 FTIR Spectrometer
(ThermoFisher). The samples were prepared via casting on Si wafer
from DMSO. 64 scans were signal-averaged at a resolution of 2 cm™
from 4000 to 400 cm™".

Thermal Gravimetric Analyses (TGA): TGA was carried out on about
10 mg samples using a TG 209 F1 Libra (NETZSCH GmbH), at 10 °C
min~" heating rate, from 25 °C to 800 °C under nitrogen or air flow
(60 cm® min7"). The reported thermal degradation temperatures were
the temperatures of maximum weight loss rate (T,,). The weight
residue percentage (wt.s) was taken at 800 °C. Experimental error was
estimated to be by typically less than 0.05 mg (approximately £ 0.5%).

Dimensional Analysis of Printed Tracks: The thickness and width of
the printed tracks was measured by profilometer (Tencor PLA 10)
with a scanning speed adjusted between 50-100 m s~', sampling rate
50-100 Hz, scan length 1-3 mm and force applied to the tip 0.5-1 mg.
The length of the printed tracks was measured by optical microscopy.
The measured values were used in the calculation of resistivity from
|-V electrical measurements. In particular, each track was profiled in
five different points, successively averaged and integrated in order to
extrapolate the cross-sectional area.

Electrical Properties: Electrical properties were tested on printed tracks
and on a self-standing film obtained by deposition of the same solution
used for inkjet printing on a Teflon film and dried under vacuum at 60 °C
until constant weight. Standard 2-point micro-contact setup??’ was used
at room temperature, both in DC and in AC regime, up to 2 MHz, using
a Keithley 2635A multimeter (DC) and an Agilent E4980A precision LCR
meter (20 Hz up to 2 MHz).
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