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ABSTRACT: The unique properties of conducting polymers make
them ideally suited for applications in organic electronics,
photovoltaics, and energy storage systems. Depending on the
specific application, they can outperform metal-based electronics by
cost, mechanical flexibility, molecular design opportunities, and
environmental impact. Many composites of conducting polymers
with polyanions can be processed in water. However, the facile
processing of such composites comes at a cost of reduced
conductivity. In this manuscript, electronic conductivity depend-
ence on composition for a composite of polypyrrole (PPy) with
carboxymethyl cellulose (CMC) has been studied. Secondary ion
mass spectrometry and electron energy loss spectroscopy mapping
indicate the formation of a nanostructure forming PPy-rich
nanospheres with a CMC-rich surface coverage. This structure requires inter-particle electron conduction to occur via quantum
tunneling. Variations in the tunneling distance are dependent on the applied pressure, giving rise to a pressure-dependent electronic
conductivity and thus piezoresistance. This behavior opens new applications of conducting polymer composites in pressure-sensitive
electronic devices, providing metal-free alternatives to quantum tunneling composites.

■ INTRODUCTION
Intrinsically conducting polymers exhibit electronic conduc-
tion, thanks to an extended conjugated bonding network along
the backbone of the polymer.1 They have found applications in
organic electronics,2 including in organic light-emitting
diodes,3 bioelectronics,4 solar cells,5,6 energy storage devices,7,8

and others.9 In many commercial applications, their processing
is challenging and limits the choice of materials that can be
used. In particular, the most basic conducting polymers by
themselves, polyacetylene, polypyrrole (PPy), polyaniline, and
polythiophene cannot be dispersed in any solvent,9 nor can
they be melted without decomposition.10 Moreover, these
polymers exhibit limited elasticity and fail easily under
mechanical stress.10 For this reason, the polymer blend of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) has found tremendous commercial success.6,10

Ionic interactions between the positively charged backbone of
PEDOT with negatively charged sulfonate groups on PSS form
an irreversibly mixed composite. Due to the hydrophilicity of
sulfonate groups, the composite is easily dispersed in water,
notwithstanding the intrinsically hydrophobic extended con-
jugated bonding in the conducting polymer. The thus-formed
dispersion can be processed to form coatings and bulk
materials. Moreover, the composite gains elasticity from the
incorporation of PSS. Consequently, the development of

applications of conducting polymers has largely centered
around the modification of PEDOT:PSS blends.10

For many large-scale applications, however, lower cost
alternatives to PEDOT:PSS are required. For example,
composites of PPy and cellulosic materials, including
carboxymethyl cellulose (CMC), have found applications as
flexible conductors, supercapacitor electrode materials,11,12

battery electrode binders,8,13 microbial fuel cell anodes,14,15

and self-healing conductive hydrogels.16 Composites of
cellulosic materials have in recent years been explored in a
wide range of applications for more sustainable materials
toward water remediation,17 antimicrobial fabrics,18,19 proton
conducting membranes,20,21 and many other applications.
While electrochemical pyrrole polymerization in solutions
containing cellulose derivatives showed higher conductivity,
chemical polymerization leads to composites that can be
produced at a large scale, which are easily processed and
exhibit better mechanical properties.22 However, these
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composites show a rapid drop in conductivity with decreasing
PPy volume fraction. For many applications of PPy:CMC,
these low conductivities necessitate the addition of other
conductive components, such as graphene or carbon. Few
studies addressed the origin of the drastic conductivity
dependence of such composites on PPy volume fraction. In
PEDOT:PSS, Lang et al. determined the nanostructure by
electron microscopy and energy-dispersive X-ray spectrosco-
py.23 The authors found a core−shell nanostructure that
exhibits a PEDOT-rich core and a PSS-rich surface. Horii et al.
expanded on this work by showing that the material’s
hierarchical structure and primary particle size can be affected
by changing the PSS content.24 Sasso’s investigation of
composites of PPy with CMC, PSS, and lignosulfonate exposes
ζ-potentials in composite dispersion that indicate the likely
formation of composite particles exhibiting a polyanion shell.25

Such nanostructures provide a possible explanation for the
observed conductivity loss.
The current paper presents an investigation of conductivity

and nanostructure of PPy:CMC composites obtained from
simple, aqueous solutions. Electron microscopy and secondary
ion mass spectrometry (SIMS) confirm the formation of
spherical PPy-rich nanoparticles with an inhomogeneous CMC
shell. An analysis of conduction behavior indicates partial
control of conductivity by quantum tunneling between PPy-
rich domains. For the first time, we show evidence from
impedance spectroscopy that this conduction mechanism
results in the piezoresistive behavior of the composite that
may be exploited in pressure-sensitive electronics. Conse-
quently, these materials represent metal-free alternatives to
current commercial quantum-tunneling-based piezoresistive
materials. In particular, quantum tunneling composites
(QTCs) are useful for wearable, flexible electronics but limited
in their applications with direct skin contact due to nickel
allergies.26 While PPy−cellulose-based composites with
piezoresistive behavior have been demonstrated previously,27

those composites require a complex microstructure design.
The piezoresistance of PPy:CMC bulk materials studied here
can provide a simpler and cheaper path toward metal-free
flexible pressure sensors.

■ RESULTS AND DISCUSSION
PPy has been synthesized by oxidative chemical polymerization
with ferric chloride in an aqueous solution containing CMC.
The reaction yields a dark dispersion that is stable up to 1 h.
Conversely, polymerization of pyrrole in water without CMC
yields PPy powder that settles immediately. The composite can
be separated from the solution by addition of an equal amount
of ethanol to the reaction solution. After washing in ethanol
and drying, electron microscopy was performed on the
composite, revealing a homogeneous composite with a
spherical nanostructure (Figure 1). The observed nanospheres
exhibit an average diameter of 57.0 nm with a standard
deviation of 5.5 nm (N = 26).
Chemical composition and microscale homogeneity were

confirmed by Fourier transform infrared - attenuated total
reflectance (FTIR-ATR) microscopy. Figure 2 shows the
spectra of PPy and CMC separately as well as a spectrum of
the composite. Chemical uniformity was assessed by
processing the PPy:CMC FTIR-ATR images for the ratio of
the CMC signature band at 1326 cm−1 to that of PPy at 963
cm−1. The FTIR-ATR surface scan, rendered as a false-color
image, confirms that both polymers are homogeneously

distributed at the microscale. Further chemical characterization
by X-ray photoelectron spectroscopy is shown in Figure 2b,c,
confirming the presence of all relevant elements, together with

Figure 1. (a) Scanning electron microscopy (SEM) and (b)
transmission electron microscopy (TEM) images of the PPy:CMC
1:1 (w/w) composite.

Figure 2. (a) Characteristic FTIR-ATR spectra from CMC (blue)
and PPy (green) are identifiable as common features in the spectrum
of PPy:CMC composite (red). The false color image of the
composite, top left, was created as the ratio of characteristic bands
for CMC and PPy at 1326 and 963 cm−1, respectively. The color
variation within the image is principally due to variable contact with
the pellets. The top edge of the image shows typical peak ratio
variations when the ATR probe is lacking good contact with the
sample. Survey XPS spectra for PPy (b) and PPy:CMC (c) show
expected elemental composition and significant attenuation of the N
1s signal after introduction of CMC. Peaks above 600 eV are assigned
to iron contamination and Auger emissions from oxygen.
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a significant increase in oxygen and depletion of nitrogen at the
material surface upon doping with CMC.
Measuring the electronic conductivity of the synthesized

materials by a four-point probe, it is apparent that the formed
PPy exhibits near-metallic conductivity around 10 S cm−1.
Upon addition of CMC, the composite conductivity decreases
drastically (Figure 3, black circles). In a 1:1 weight ratio

composite of PPy and CMC, the conductivity is reduced by a
factor of more than 1000 to just below 10 mS cm−1. This
severe drop in conductivity affects the applicability of
PPy:CMC-type conducting polymer composites. For many
applications, sufficient mechanical strength of the composites is
achieved at CMC weight fractions above 40%.13

As a composite between a conductive and a non-conductive
material is formed, the effective medium approximation may be
applied to estimate the apparent conductivity of the composite.
The Bruggeman relationship accounts for volume fraction and
path length (tortuosity) of conduction and is typically used for
this purpose. It describes conductivity as an exponential
function of volume fraction and is thus consistent with the
observed exponential decrease in conductivity. In a conductive
material with spherical, non-conductive, randomly distributed
inclusions, the following relationship between apparent
conductivity σeff, volume fraction ϵ, and intrinsic conductive
phase conductivity σ is found28,29

= ·eff
3/2 (1)

Assuming similar densities of the two polymers, this
relationship leads to a change of conductivity by less than 1
order of magnitude over the measured composition range
(Figure 3, red curve). It should be noted that other disordered
distributions of conducting and non-conducting material in a
composite lead to a similar behavior with slight variations in
the Bruggeman exponent.30 The observed discrepancy of the
slope of the conductivity with weight fraction poses a
significant deviation from the expected behavior in a
disordered composite. Hence, a random orientation cannot
be assumed.

Instead, the composite consists of an ordered arrangement
of more and less conductive areas in the material. Given
previous ζ-potential measurements of PPy:CMC composites, a
core−shell structure is most likely.25 Assuming full separation
of PPy and CMC, the material would exhibit a pure PPy core
and a pure CMC shell, and conduction would have to occur by
electron quantum tunneling. As the quantum tunneling current
decreases exponentially with distance, and the thickness of the
CMC layer increases near-linearly with CMC weight fraction,
the observed exponential decrease in conductivity is also
consistent with quantum tunneling.
Pressure-sensing materials, named QTCs, have been built

based on similar structures.31 These materials consist of
metallic microparticles in an elastomeric matrix. Conduction
occurs upon tunneling and is minimal in the unstrained
material. Under compressive strain, the elastomeric matrix is
compressed, distances between particles are reduced, and
quantum tunneling conduction is drastically increased.
Commercial strain sensors have been developed from these
QTCs in the form of rubber mats, foams, grains, inks, and
pads.32 The here prepared conducting polymer composite
material exhibits a similar behavior. We measured the
impedance of PPy:CMC composite pellets between two
stainless steel electrodes. The pressure between the two
electrodes was controlled. Stassi et al. studied the impedance
response of QTCs to changing pressure.33 Their work
proposed an equivalent circuit as shown in Figure 4a. The
series resistor (Rs) represents intrinsic material resistances.
Charge-transfer resistance (Rp) and constant phase element
(CPE) in parallel represent resistance to electron tunneling
between conducting particles and conductive particle surface
capacitance, respectively. A CPE is used in place of a capacitor
to account for a dispersion in particle size and non-conductive
film thickness, as well as a non-ideal capacitive behavior.
However, in all cases, the CPE’s exponent β is above 0.8,
approaching an ideal capacitor behavior.
Figure 4b shows that the application of pressure to

PPy:CMC significantly increases its conductivity, similar to
the behavior of typical QTCs. At the same time, increased
pressure increases the determined capacitance, as the distance
between conductive particles is reduced. As such, the
impedance behavior shows both characteristic behaviors of
QTCs. As typical for QTCs, this behavior is reversible (Figure
4c), showing that high resistance is recoverable upon release of
pressure over multiple cycles. The conductivity in the prepared
PPy:CMC composite changes by a factor of 2 within the first
bar of applied pressure, which is less sensitive than typical
QTCs, which apply spiky metal particles with large localized
electric fields, and exhibit double the sensitivity in a sample of
similar shape.33 Yet, the conductivity behavior of PPy:CMC is
clearly mirroring typical QTCs, suggesting that electron
tunneling contributes to electron conduction in the produced
PPy:CMC composite.
Quantum tunneling conduction exhibits a characteristic

tunneling distance dependence. Electron tunneling conductiv-
ity σt can be expressed as a function of a constant A, the
electron mass me, the material’s work function Φ, Planck’s
constant h, and the tunneling distance d34

= ·A e m hd
t

2 /e (2)

It is possible to estimate the expected conductivity
dependence on mass fraction for the synthesized material.

Figure 3. Trend in the electrical conductivity of PPy:CMC
composites (black circles) with standard deviation and comparison
to the Bruggeman relationship for spherical conductive particles in a
non-conductive matrix (red solid line) and quantum tunneling
conduction based on the core−shell PPy:CMC composite with full-
phase separation (blue dashed line).
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Assuming a work function of PPy around 5 eV,35 and similar
densities of PPy and CMC, conductivity should change by 3
orders of magnitude for each 10 wt % change in mass fraction
around the 1:1 ratio (Figure 3, blue curve). The observed
resistance exhibits a much smaller slope. Rather, it behaves
intermediate to quantum tunneling conduction of completely
separated PPy and CMC and tortuous conduction in a fully
dispersed composite. The most likely arrangement exhibits
thus a CMC-rich surface on PPy-rich nanospheres. In this
scenario, the PPy concentration near the surface is drastically
reduced, and the conductivity of the particle surface is low.
To test this hypothesis, depth profiling by SIMS was applied

to the composite material. SIMS spectra show fragments of
PPy, containing C, H, and N (dominantly CN− and C3N−) as
well as fragments of CMC, containing C, H, and O (C2HO−,
CO2H−, C2H3O2

−, and others). Depth profiling shows a CMC-
rich surface (Figure 5a). The PPy concentration increases from
the material surface to a constant value as the signal is averaged
over multiple particles at different depths of ion milling.

Electron energy loss spectroscopy (EELS) applied to the
materials reveals that the PPy-rich nanospheres include a
homogeneous distribution of CMC within the particles as a co-
dopant. In contrast, a CMC surface layer is inhomogeneously
distributed over the particle surface. This nanostructure is
likely a consequence of the more hydrophilic nature of CMC
compared to PPy. Acting as a surfactant, CMC thus coats the
surface of PPy particles. Concurrently, CMC interacts with
PPy as a co-dopant during polymerization and doping of PPy,
leading to partial mixing of the two polymers. Notwithstanding
the inhomogeneous CMC surface distribution, EELS analysis
shows that CMC is enriched all over the PPy:CMC particle
surface. The conductivity measurements demonstrate that the
CMC-rich low-conductivity surface disrupts Ohmic conduc-
tion within the PPy:CMC composite.

■ CONCLUSIONS
The reported work shows that conducting polymer−polyanion
composites can allow simple aqueous processing of plain
conducting polymers for applications in which their electronic
conduction is used. It demonstrates the formation of spherical
nanostructures in PPy:CMC composites that are contained
within a CMC matrix with significant impediment to their
conduction behavior. The demonstrated pressure dependence
of PPy:CMC electronic conductivity can be exploited for
pressure sensors. While the presented material exhibits a
pressure sensitivity that is several orders of magnitude smaller
than those of metal-containing QTCs, design of the PPy
particle shape has the potential to improve the performance of
all-polymer QTCs. The composite needs further optimization
for application of this principle in commercial pressure sensors.
This includes an optimized PPy-to-CMC ratio for a targeted
sensing range: a designed non-conductive polymer formula-
tion, which can improve the elasticity of the non-conductive
component; and processing parameters for targeted film
thicknesses, robustness, optimized contact, and sensitivity.
Moreover, with the design opportunities afforded by the use of
conducting polymers, similar composites may be able to
combine piezoresistive behavior with other properties, such as
electroluminescence, for novel, pressure-sensitive electronics.

■ METHODS
PPy:CMC composites were synthesized via chemical oxidative
in situ polymerization as described in the previous study.13

Briefly, aqueous mixtures of pyrrole and Na−CMC were
polymerized with FeCl3 as oxidizing and polymerizing agents
for 4 h in an ice bath. After immersing in ethanol solution
overnight, PPy:CMC suspensions were filtered, washed with
ethanol, and then dried at 80 °C under dynamic vacuum.
The morphologies of PPy:CMC composites were inves-

tigated by TEM (FEI Talos F200X microscope) and SEM
(FEI Nova NanoSEM 450 microscope). X-ray photoelectron
spectra were collected on a Kratos Axis Ultra X-ray
photoelectron spectrometer with an aluminum anode. EELS
and HAADF-TEM images were obtained at the Canadian
Centre for Electron Microscopy on a FEI Talos 200X. The
electrical conductivity of PPy:CMC composites with different
PPy:CMC mass ratios was measured by the four-point probe
method (Miller Design FPP-5000 instrument) on 0.6 mm-
thick PPy:CMC pellets compressed at 200 MPa.
FTIR-ATR data were obtained with an Agilent Cary 670

spectrometer and a 620 IR imaging microscope with a slide-on

Figure 4. (a) Impedance spectra and fit for PPy:CMC pellets under
varying pressure from 50 kPa (blue) to 400 kPa (green) and fitted
model (black dots) with equivalent circuit;33 (b) changes in resistance
(black) and capacitance (blue) showing a strong decrease in
resistance and increase of capacitance with increasing pressure; and
(c) pressure cycling showing that resistance values recover reversibly
after application and release of pressure.
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Ge micro-ATR accessory. The micro-ATR contact area was
imaged onto a 64 × 64 focal plane array detector, affording
4096 spectra per contact, with a nominal pixel resolution of 1.4
× 1.4 μm2.36 The material was dispersed on a glass slide, and at
least three ATR contact images were obtained for each
compound. The spectra were collected as a sum of 256 scans
ratioed against an air background of 512 scans recorded at 4
cm−1 spectral resolution.
Pressure−response electrical conductivity measurements

were performed on Au/Pd-coated PPy:CMC pellets by
potentiostatic electrochemical impedance spectroscopy (EIS).
PPy:CMC composites (50 mg) were ground and compressed
at 25 MPa to form 0.3 mm-thick, 13 mm diameter PPy:CMC
pellets. Pellets were sputter-coated with 15−20 nm-thick Au/
Pd on both sides to eliminate contact resistance during
measurement. Any coating along the edges that would allow a
short circuit between the two sides was removed by carefully
polishing the coated pellet. Au/Pd-coated PPy:CMC pellets
were placed between two 13 mm diameter, T-shaped stainless
steel rods covered by an insulating sample holder. The EIS
measurement was performed using a potentiostat (Gamry
Interface 1000E) running from 1 MHz to 0.1 kHz at different
pressures. The pressure varied from 0 to 400 kPa by applying
the appropriate weight to the sample die.
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