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Co-doping polypyrrole (PPy) with dodecylbenzenesulfonate and multicharged phosphotungstate anions
(PT) from the phosphotungstic acid (PTA) led to free-standing PPy/DBS-PT films, which were studied for
their linear actuation properties. FTIR and Raman spectra revealed that PT was successfully embedded
in PPy/DBS during electropolymerisation. Isometric stress and isotonic strain measurements in aqueous
electrolyte under various electrochemical experiments showed an increase in the obtainable strain and
stress, which was attributed to the electrocatalytic role PTA plays during the electropolymerisation. This
results in lower synthesis potential and the formation of more compact films in comparison to PPy/DBS
Linear actuators films under equal conditions. With the improved structure as well as the higher-charged immobilized
Strain and stress PT dopant, 17 times higher conductivities, 1.7 times higher redox charge, and 1.8 times higher specific
FTIR capacitance were obtained (at equal frequency). Energy dispersive X-ray (EDX) spectra indicated that
Raman contrary to some other published works, the majority of PT stayed stably in the film during consecutive
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redox cycles.
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1. Introduction

Linear conducting polymer (CP) actuators have been widely
studied during the last decades [1-3] with main focus on opti-
mization towards maximum strain and stress. PPy/LiTFSI and
PPy/TBACF3S03 linear actuators have shown strains as high as 20%
[1,4] and stress in range of 10-20 MPa [4]. The main reasons why
such actuators are not appearing in any real application has been
due to the low efficiency and poor reliability of such materials. It has
been shown that minor changes in the electropolymerisation pro-
cess [5], electrolyte [4,6] or solvent [7-9] can significantly change
the properties of the actuators. Conducting polymers are faradaic
actuators where the amount of exchanged charge is linearly related
to the actuation properties [6]. Common linear actuators are based
on PPy doped with dodecylbenzenesulfonate (PPy/DBS), showing
mainly cation-driven actuation [10] with strain in range of 2%
and maximal stress around 0.5MPa [11]. It has been shown that
for the case of PPy/DBS trilayers, the actuation direction can be
changed by replacing the solvent [12]: from cation driven in water
to anion-driven in organic solvent. The actuation properties of lin-
ear conducting polymer films are also known to depend strongly
on the electrolyte solution, a typical cation-driven PPy/DBS film can
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be turned into anion-driven by changing solvent and electrolytes
[13].

The incorporation of redox active and multi-charged POM
in conducting polymer is expected to lead to improved charg-
ing/discharging properties [ 14]. Different opinions have been given
in the literature [15] about the attachment of POM and conduct-
ing polymers, which could either be covalent bonding such as
monomer fixation on POM; or forming ionic complexes by applying
POM as the electrolyte during electropolymerization [16]. Polyox-
ometalates contain a specific metal-oxide structure with a general
formula [MxOy]n~ (M=V, Mo, W) [17]. In most cases the Keg-
gin type POM [PW;,040]3~ (PT) is applied in combination with
PPy [18], leading to films with improved charging/discharging.
PPy/DBS, a typical cation-driven actuator is chosen here to show
the effects of POM (in our case PTA) on a well-known system. The
improvement of charging/discharging of PPy/DBS-PT is assigned to
the improved structure, leading to higher conductivity, but also to
the immobilised highly-charged PT3~ in comparison to PPy/DBS
where just DBS~ is immobilised.

Applications drawn from these hybrid materials include elec-
trochemical capacitors [15,19], where heteropolyacids (protonated
POMs) are applied, with reported specific capacitance for PEDOT/PT
in range of 31F/g [20] and PPy/12-molybdosilicic acid (PMA) in
range of 34F/g [21]. Improvement of PPy/PMA using nanoporous
chemical polymerized composites gave specific capacitance in the
range of 700F/g [19].
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Photoelectrochromic devices [15], sensors [22], corrosion pro-
tection [23], and electrocatalysts [24] are some of the other
common applications for CP-POM hybrids. A large variety of
hybrids with combinations of different POM types and CPs like PPy,
PEDOT and PANi have been made, to study their combined prop-
erties for improved charge and energy storage [17]. In some cases,
POM has been applied to embed nano-particles such as metals or
carbon based materials [25] in conducting polymers to enhance
conductivity and stability [26].

Recentresearch has revealed that PTA was able to embed carbon
particles (carbide-derived carbon) during electropolymerization
forming PPy/DBS-CDC hybrids, which had increased maximum
strain due to changing of the films elastic modulus [27]. The
formation of PPy linear actuators (free-standing films) contain-
ing PTA as electrolyte has not been reported until now, mostly
due to the extreme brittleness of these films. Here we report
PPy/DBS-PT linear actuators to demonstrate the benefits of PTA
to the maximum strain and stress in comparison to PPy/DBS lin-
ear actuators in aqueous electrolyte. Isometric stress and isotonic
strain measurements under different electrochemical schemes
(cyclic voltammetry, chronoamperometry and chronopotentiom-
etry) were applied to evaluate the differences in charge density,
strain and stress, and specific capacitance. Material characteriza-
tions were made by FTIR, Raman, SEM and EDX.

2. Material and methods
2.1. Materials

Sodium dodecylbenzenesulfonate (NaDBS, 99%), ethylene glycol
(EG, 99.8%), bis(trifluoromethane)sulfonimide lithium salt (LiTFSI,
99.95%), phosphotungstic acid hydrate (PTA, PW;,0403~, reagent
grade) were supplied by Sigma-Aldrich and used as supplied. Pyr-
role (Py, >98%) from Sigma-Aldrich was distilled prior to use and
stored at —20°C in the dark.

2.2. Polymerization of PPy/DBS and PPy/DBS-PT

PPy/DBS was polymerized galvanostatically at 0.1 mAcm—2
(40,0005 at —20°C) in a 2-electrode cell with stainless steel mesh
counter electrode and stainless steel sheet working electrode
(18 cm?) in 0.1 M NaDBS, 0.1 M Pyrrole in EG/Milli-Q (1:1) mixture.
PPy/DBS-PT was polymerized under the same conditions but with
the addition of 0.01 M phosphotungstic acid. Both films were peeled
off from the stainless steel sheet after the polymerization finished,
washed with ethanol to remove excess monomer and washed with
Milli-Q to remove the excess of NaDBS. The films were stored in
0.2 M NaDBS EG:Milli-Q solution. The thickness of PPy/DBS films
was 19 wm and for PPy/DBS-PT films 23 pm.

2.3. Isotonic stress and isometric strain measurements

PPy/DBS and PPy/DBS-PT films were cut into strips of 15 mm
length and 1 mm width. The weight of PPy/DBS and PPy/DBS-
PT films (after 48 h in LiTFSI-aq electrolyte) was 2244+ 18 g and
295+ 23 ug, respectively. The films were connected to a force
sensor (TRI202PAD, Panlab) with a fixed arm that served as a work-
ing electrode in the linear muscle analyzer set up [28]. Platinum
sheet was used as counter electrode and Ag/AgCl (3M KCI) as
reference electrode in the measurement cell (0.2 M LiTFSI-aq elec-
trolyte). The initial length of the films between the clamps was
1 mm. The force (isometric, constant length of 1 mm) and length
changes (isotonic, force of 9.8 mN, calculated as stress for PPy/DBS
0.52MPa and for PPy/DBS-PT: 0.43 MPa) under applied electri-
cal signal were measured in real time with self-written software.
Within a voltage range of 0.65V to —0.6V, the cyclic voltammetry

(scan rate 5mVs~1), the chronoamperometry and the chronopo-
tentiometry at constant charge of 1 mC (frequencies 0.0025Hz,
0.005Hz, 0.01Hz, 0.025Hz, 0.05Hz and 0.1 Hz) were performed.
The stiffness before film charging (PPy/DBS: 0.2 MPa, PPy/DBS-PT:
0.18 MPa), after 20 redox cycles (PPy/DBS: 0.11 MPa; PPy/DBS-PT:
0.12 MPa) and after nearly 600 actuation measurements (PPy/DBS:
0.07 MPa, PPy/DBS-PT: 0.09 MPa) was determined. Each complete
measurement set up (force and strain) needs 8 h measurements
time and contains cyclic voltammetry at different scan rates,
chronoamperometry and chronopotentiometry at different fre-
quencies, including one long term measurement of 400 cycles at
0.1Hz.

2.4. Characterization of the films

PPy/DBS and PPy/DBS-PT films were analysed by FTIR (Alpha,
Bruker) in oxidized state after 600 actuation cycles. Raman spectra
were recorded by using a Renishaw in Via micro-Raman spectrom-
eter (spectral resolution 2 cm~1) employing the 514 nm line of an
argon-ion laser for excitation and a 50x objective for focusing of the
laser beam and collecting the backscattered Raman signal (films
in oxidized state after 600 actuation cycles). SEM (Helios NanoLab
600, FEI) and EDX analysis were performed of the unactuated films,
films in reduced state (polarized 5 for min at —0.8 V) and films in
oxidized state (+0.8 V, 5min) to determine the ions on the surface
of the film and in the cross-section (films broken under liquid nitro-
gen). The conductivity of the films was determined by four-point
probe method with a surface resistivity meter (Guardian SRM). The
conductivity was calculated from equation: o =1/(R*w), where o
is the electric conductivity, R is surface resistivity (£2/sq) and w is
material thickness (m).

3. Results and discussion
3.1. Polymerization of PPy/DBS and PPy/DBS-PT

A typical PPy/DBS galvanostatic deposition takes place in the
aqueous solution of NaDBS and pyrrole monomer [13]. Polyox-
ometalates such as PW;,0493~ engage as electro catalystin solution
during the polymerisation process forming a small amount of
chemically polymerized PPy if the concentration of PTA is too high.
Several attempts of synthesis with PTA as the sole supporting elec-
trolyte in the deposition solution failed resulting in no solid PPy/PT
films. Polymerization with 0.1 M PTA in NaDBS solution, however,
did lead to film formation due to the plasticiser properties of NaDBS
but the films were brittle and the removal from stainless steel
was not possible (material broke in pieces). Therefore, we applied
PPy/DBS polymerization with less PTA (0.01 M) and a solid film on
stainless steel was obtained. The polymerization curves of PPy/DBS
and PPy/DBS-PT are shown in Fig. 1.

During galvanostatic polymerization, the applied voltage
reached the value of 2.2V in the 2-electrode system [27]. It is
notable that the addition of PTA results in lower synthesis potential
in the range of 1.4V [17]. The addition of PTA and lowered poly-
merization potential was assumed to lead to two effects on the
polymer: a) denser PPy/DBS-PT films with fewer defects (due to
lower synthesis potential); b) immobilised PT anions in the film
influencing the charging/discharging properties [18] of the films.
The SEM images of the surface and cross sections of PPy/DBS and
PPy/DBS-PT free-standing films after polymerization are shown in
Fig. 2.



744 Z. Zondaka et al. / Sensors and Actuators B 247 (2017) 742-748

2.5
gug
s 1.5+
e
1.04 e PPy/DBS
—— PPy/DBS-PT
0.5
0.0+ - . .
0 4 12

t (h)

Fig. 1. Polymerisation curves of PPy/DBS (dotted) and PPy/DBS-PT (black). Poly-
merisation was performed in 1.8 mA and —20°C in solution consisting of ethylene
glycol and water in ratio 1:1 in a 2-electrode cell of stainless steel sheet working
electrode and stainless steel mesh counter electrode.

Fig. 2. SEM micrographs of surface (scale bar 10 wm) and cross section (inset, scale
bar 5 pm) of films after polymerization in oxidized state (0.5V) of a: PPy/DBS and
b: PPy/DBS-PT.
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Fig. 3. Raman spectra (1800-500cm~', 514nm) of: PPy/DBS, as-synthesized
PPy/DBS-PT, and PPy/DBS-PT (after actuation of 600 redox cycles) in oxidized state
(0.65V).

3.2. SEM micrographs

PPy/DBS films showed a typical rough surface morphology with
less compact structure (inset cross section, Fig. 2a). The surface of
PPy/DBS-PT (Fig. 2b) is different from PPy/DBS showing a smoother
morphology with more compact film formation (Fig. 2b, inset). The
conductivity of the free-standing films before actuation (in oxidized
state) of PPy/DBS and PPy/DBS-PT was found to be 0.5 +0.04Scm™!
and 8.5+0.5Scm™!, respectively.

3.3. Spectroscopic characterisation of PPy/DBS and PPy/DBS-PT
films

There are controversial opinions about the retention of POM
during charging/discharging processes. Otero et al. [29] proposed
that PPy/POM films cycled in LiCIO4 acetonitrile electrolyte partly
lose POM, being replaced by ClO4~ anions, which was detected over
amass loss of the films before and after charging/discharging reac-
tions. Sung et al. [30] showed that in aqueous solutions of different
electrolytes, no leaching of POM takes place. In order to verify if
PT content is stable in our PPy/DBS-PT films during actuation, FTIR
spectroscopy (Supplementary Fig. S1) and Raman measurements
(Fig. 3) were performed.

The Raman spectra for PPy/DBS, as-prepared PPy/DBS-PT and
PPy/DBS-PT after actuation are shown in Fig. 3, with the typical
PPy Raman shifts at 1573 cm~! (C=C stretching [31]), 1348 cm™!
(C—C stretching [31]) and 1250cm~! (C—H in plane asymmetric
bending [32]). The typical structure of the doped PPy film is shown
by the peaks at 932cm™! (ring deformation [31]) and 1082 cm™!
(to C—H in-plane symmetric bending [31]), which are associated
to the bipolaron structure and those at 980cm~! (C—H bending
[31] with evidence to cationic behaviour [32]) and 1049 cm~! (in
plane symmetric bending [31]) are associated to the polaron struc-
ture [33]. PPy/DBS-PT (actuated) showing (Fig. 3) a small shift of
the C=C stretching peak 1573cm~! to 1565cm~! which refers
to PPy films with higher conductivities [34], which were in case
of PPy/DBS-PT after actuation 17 times higher in comparison to
PPy/DBS. The Raman spectra of the Keggin heteropolyacid has been
investigated before with Raman shifts between 904 and 1007 cm™~!
[35], which cannot be observed here in PPy/DBS-PT spectra’s (Fig. 3)
due to the overlapping with PPy peaks between 930 and 1050 cm™!.
One sharp peak at 805cm~! was observed for PPy/DBS-PT which
shows the WOs3 (tungsten trioxide, crystalline form) attributed to
the symmetric stretching vibration of the double bonded tungsten-
terminal oxygen species [35]. In PPy/DBS-PT actuated, this peak is
not detected anymore, which either means that residues of PT on
the surface of PPy/DBS-PT film got removed from there after several
redox cycles or that the form of PT has changed during actuation
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cycles. FTIR measurements are presented in supplementary (Fig.
S1). The main peaks for PPy/DBS (Fig. S1) were found at 1521 cm™!
assigned to N—H bending [36], 1436 cm~! (C—C stretching vibration
[37],1278 cm~! (C—N stretching), 1030 cm~' and 1130-1140cm™!
are attributed to the bending vibration of pyrrole (polaron and
bipolaron bands appear between 1045 and 1190cm~! [38]), and
885cm~! shows with little shift (871 cm~! [37]) the C—H in plane
vibrations. All PPy signals can be found in PPy/DBS-PT and PPy/DBS-
PT (after actuation) spectra’s (Fig. S1) with additional peaks at
1070cm~! (P—O stretching vibration [37]) and 963cm~! (W—0
stretching vibrations [37]) revealing that PT anions are incorpo-
rated in PPy/DBS network.

3.4. Isometric stress and isotonic strain cyclic voltammetric
measurements

Isometric stress and isotonic strain measurements were per-
formed under cyclic voltammetric driving signals. The results of
PPy/DBS free standing film and PPy/DBS-PT free standing film are
presented in Fig. 4. It needs to be noted that the film thickness
of PPy/DBS and PPy/DBS-PT was somewhat unequal, 19 wum and
23 wm, respectively.

PPy/DBS films (Fig. 4a and b) showed strain in range of 1.9 % and
stress in range of 0.62 MPa at reduction; due to the immobilised
anionic species (DBS™), the solvated Li* cations are dragged into the
film inducing volume change. The similarly prepared PPy/DBS-PT
(Fig. 4a and b) linear actuators achieved stress in range of 0.86 MPa
and strain of 3.8 %. The CV curve in Fig. 4c shows for PPy/DBS a
broad oxidation peak at 0.33V and a reduction wave at —0.3V.
For PPy/DBS-PT films, the oxidation peak shifted to —0.03V and
the reduction wave to —0.25V. The redox properties of PTA are
strongly dependent on the nature of counter cations and solvents
[39]. Counter cations influence the structure, where it was found
that for the smaller type such as Li* or Na* the reduction wave
is shifted towards more positive values [39]. The higher current
density of PPy/DBS-PT in comparison to PPy/DBS is reflected in
the higher charge density curves (Fig. 4d). PPy/DBS films show-
ing charge density in range of 78 Ccm~3 while PPy/DBS-PT having
1.4 times higher charge density of 111.3 Ccm~3. In earlier reports,
the higher charging/discharging rates of PTA containing conduct-
ing polymers [18] has been also related to the higher amount of
solvated counter-ions. In the present case, it was also observed
that after immersing dry actuators in the working electrolyte solu-
tion, the PPy/DBS-PT films swelled up some 20% more than PPy/DBS
films (+10 wm vs +8 m).

Keeping in mind that the concentration of PTA in the elec-
tropolymerisation solution is low (0.01 M) in comparison to NaDBS
(0.1 M), we assume that the ratio of species incorporated into PPy
during electropolymerisation is similar. Nevertheless, the effect on
the properties of the material is substantial, as the PPy/DBS-PT
showed 2 times higher strain with concurrent higher charge den-
sity. The relation is logical, as conducting polymers are faradaic
actuators where based on the ESCR model, the exchanged charge
density determines the actuation properties [12].

3.5. Chronoamperometric isometric stress and isotonic strain
measurements

The PPy/DBS and PPy/DBS-PT linear actuators were submit-
ted to consecutive square potential waves at different frequencies
(0.1Hz-0.0025Hz) in LiTFSI aqueous electrolyte for measuring
strain (Fig. 5a) and stress (Fig. 5b) response in potential range 0.65 V
to —0.6V, and coulodynamic Q-strain (Fig. 5¢) and Q-stress (Fig. 5d)
responses.

The chronodynamic (strain-time) actuator response (Fig. 5a)
shows for PPy/DBS-PT strain in range of 5.2% and PPy/DBS strain at

2.1% with main expansion at reduction. PPy/DBS-PT films reached
stress of 0.8 MPa which is 1.45 times higher than the stress observed
for PPy/DBS linear actuators (0.55MPa). In Fig. 5b, the stress of
PPy/DBS-PT films decreased at applied potential of 0.65V, which
can be explained by relaxation and creep effects of conducting
polymers, seen before elsewhere [40]. The effect so far cannot be
observed in the strain curve (Fig. 5a).

The current density curves against time are shown in Fig. S2
(Supplementary) with much higher current density observed for
PPy/DBS-PT than PPy/DBS. The integration of the current den-
sity time curve for each step gives the charge density shown
in Fig. S3a for the oxidation and reduction (Fig. S3b) for each
applied frequency. The low frequency of 0.0025Hz (Fig. S3a and
b) exhibit highest charge density that as an example at oxidation
of PPy/DBS was found in range of 70.43 Ccm~3 and for PPy/DBS-
PTA at 131.2Ccm3, as expected for a material of interest for
energy storage applications. For both films, the charge decreased
with increasing frequency (Fig. S3a and b). High charge density
(low frequency) corresponds to high strain and stress while low
charge density (high frequency) leads to low strain and stress.
The coulodynamic strain-Q (Fig. 5¢) and stress-Q (Fig. 5d) describe
faradaic actuators at applied frequencies 0.1 Hz-0.0025 Hz, where
the strain and stress follow a linear dependency of the consumed
charge [6]. Long-term measurements (200 cycles between 0.65V to
—0.6V at 0.1 Hz) of strain were performed (Fig. S4a-d). For PPy/DBS
films, 0.6% strain was found (Fig. S4a and b) at charge density of
4.25Ccm~3, and for PPy/DBS-PTA the strain was 2% with charge
density of 4.6C cm~3. For both samples the strain remained virtually
constant during the 200 cycles (Fig. S4a-d).

3.6. Chronopotentiometric isometric stress and isotonic strain
measurements

The linear actuators were further characterized by square cur-
rent waves, under different frequencies, each wave involving the
same charge of 1 mC. To obtain the specific capacitance Cs of the
material, the slope after the IR drop during reduction was calcu-
lated by applying Eq. (1) with current I and volume of the film
(area*thickness).

I
~ —slope x Volume

G (M

The potential response to two square current waves for PPy/DBS
and PPy/DBS-PT at applied frequency 0.005Hz and the specific
capacitance Cg as a function of frequency are presented in Fig. 6.

The specific capacitance Cs of PPy/DBS-PT and PPy/DBS lin-
ear actuators (Fig. 6b) was calculated following Eq. (3), indicating
nearly 1.8 times higher maximum specific capacitance (143 F/g)
for PPy/DBS-PT in comparison to PPy/DBS (80 F/g). Therefore, even
a small addition of PTA in the electropolymerisation solution
increases the specific capacitance of PPy significantly.

3.7. EDX spectra of PPy/DBS-PTA

The EDX spectra, featuring peaks of carbon (C), oxygen (O),
sodium (Na), Tungsten (W), phosphorus (P) and sulphur (S) are
presented in Fig. 7.

The Na peak at 1.04 keV for PPy/DBS (Supplementary, Fig. S5)
and PPy/DBS-PT (Fig. 7) films are residues from the electropolymer-
ization. The sulphur peak at 2.32 keV, the oxygen peak at 0.52 keV
and the carbon peak at 0.26 keV remain virtually unchanged after
oxidation and reduction (Figs. S5 and 7). The immobilized DBS~
ions in PPy/DBS and PPy/DBS-PT films are reflected in the sulphur
and oxygen peaks, which shows no significant change during the
redox cycles in aqueous electrolyte. As for PTA, the typical tungsten
peak at 1.78 keV is followed by a small broad peak for phosphorus
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in potential range 0.65V to —0.6V in a three electrode setup (working electrode: free-standing film, counter electrode: platinum sheet, reference electrode: Ag/AgCl (3 M
KCl)) of a: strain Al/l (%) vs. potential E (applied stress: PPy/DBS 0.52 MPa and for PPy/DBS-PT 0.43 MPa); b: stress o (MPa) vs. potential E; c: current density j vs. E; and d:
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0.65V to —0.6V in a three electrode system (counter electrode: platinum sheet, reference electrode: Ag/AgCl (3 M KCl)) of a: 2 cycles of strain response to potential steps at
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=« =PPy/DBS-PT (-0.8V, actuated)

Counts (Arb. u.) 10°

X-Ray Emission (keV)

Fig.7. EDX spectra (0.1-3 keV) of PPy/DBS-PT linear films not actuated (red, dotted),
actuated and oxidized (solid black) at 0.8 V (5 min), and actuated and reduced (blue,
dash dot dash) at —0.8 V (5 min). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

at 2.02 keV. While conclusive quantitative comparisons are diffi-
cult to make from such spectra, the tungsten peak is still clearly
observed after actuation (Fig. 7). There is also no indication of it
being replaced by TFSI~, as no fluorine signal is detected after actu-
ation.

From FTIR (Supplementary section, Fig. S1), Raman and EDX
spectra, it can be summarized that a) PTA is definitely incorporated
into PPy films during electropolymerisation, and b) at least most
part of it is retained in the film during redox cycling/actuation in
aqueous electrolyte and does not get replaced by TFSI~ ions.

4. Conclusion

Freestanding PPy/DBS and PPy/DBS-PT films were compared
using a variety of methods, with the focus on their linear actuation
properties. The small addition of PTA during electropolymerisa-
tion remarkably changes virtually every aspect, starting from the
significantly lowered synthesis potential, due to the electrocat-

alytic effect. As a result, more compact, expandable films are
formed, with higher conductivity and improved electrochemical
and electro-chemo-mechanical characteristics. The cation-driven
actuators showed 3.4 times higher strain and 5 times higher stress
than the PPy/DBS analogues. The improved actuation response of
PPy/DBS-PT is mainly attributed to the higher conductivity, in turn
leading to higher exchanged charge (in same time-scale), here man-
ifested as higher specific capacitance. The FTIR, Raman, and EDX
spectra confirmed that tungsten gets incorporated during the syn-
thesis and at least in most part stays in the film during the redox
cycling/actuation. The higher electro-chemo-mechanical response
is even more significant if one considers the somewhat higher
thickness and weight/density of the PPy/DBS-PT samples.
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