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Abstract : Trace water content in non-aqueous electropolymerization media is often regarded
as a contaminant, yet its deliberate incorporation can profoundly influence the electronic prop-
erties of conducting polymers. In this work, we demonstrate that water functions as a tunable
performance-enhancing additive in the electrosynthesis of polypyrrole (PPy) on fluorine-doped
tin-oxide (FTO) substrates. By systematically varying water concentration from 0.0 to 10.0 wt.%
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in an acetonitrile/LiCIO, electrolyte, we achieve a > 70% reduction in sheet resistance (from 433
to 131 Q/sq), while bulk conductivity (c) exhibits a maximum of 120 S/cm at 0.3 wt.% water
content followed by a decreasing trend, revealing a divergent relationship between these electrical
properties. This divergence can be explained by a predominant edge-on texture that aligns con-
jugated backbones and m-m stacking parallel to the substrate, facilitating in-plane transport while
volumetric conduction remains constrained by intercolumnar charge transfer across lateral spacing.
Chronoamperometry (CA), FTIR spectroscopy, and four-point probe measurements reveal that
water enhances sheet resistance by acting as a proton scavenger that suppresses acid-catalyzed for-
mation of conjugation-disrupting defects. These findings establish water as a simple, cost-effective,
and highly effective molecular tool for tuning the electrical performance of PPy films, with direct
implications for applications such as gas sensors and solar cells.

Keywords : Polypyrrole, Polymerization additive, Electropolymerization, Sheet resistance, FTO
substrate, 3D Progressive Nucleation, Proton scavenger

1. Introduction

Electrical conduction is the hallmark feature that
distinguishes conducting polymers from conventional
organic polymers. Unlike typical polymers, these
materials conduct electricity via delocalized m-elec-
trons along a conjugated backbone, a feature that
can be enhanced by chemical or electrochemical
doping to achieve conductivities that rival those of
metals.”” This characteristic has positioned conduct-
ing polymers as indispensable components in next-
generation devices such as supercapacitors, recharge-
able batteries, and sensors.”™ While their optical,
magnetic, and mechanical properties are also valu-
able, it is their ability to conduct electricity that
fundamentally enables these applications and drives
research to optimize their performance through
molecular design and control of synthesis.*>

Polypyrrole (PPy) is among the most widely investi-
gated conducting polymers, valued for its highly
tunable electronic properties.*® In its undoped state,
PPy is essentially insulating; however, its electrical
conductivity, far from being intrinsic, can be
enhanced by several orders of magnitude through
careful control of synthesis parameters.”'” Tt can be
synthesized either by chemical oxidative polymeriza-
tion, in which an external oxidant initiates chain
growth in solution, or by electrochemical polymer-
ization, in which the chemical oxidant is replaced
by an applied potential at the electrode sur-
face'5,11,12)

In chemically synthesized PPy, the choice of dop-
ant plays a decisive role in determining the effi-

ciency of charge transport.'®!® Beyond dopant
selection, reaction conditions such as polymerization
temperature significantly affect the resulting conduc-
tivity, as PPy conductivity increases at lower tem-
peratures.'¥ The oxidant-to-monomer ratio is another
critical variable; an optimal balance is required to
maximize polymer yield and conjugation length
without inducing over-oxidation or side reac-
tions.151® Likewise, the chemical identity of the
oxidant, such as iron (II) chloride, directly affects
polymerization kinetics and film quality, thereby
shaping the final electrical performance.'’2D
Together, these parameters illustrate that PPy’s elec-
tronic properties are not predetermined but can be
rationally engineered through synthesis design.

In the context of electrochemical polymerization,
despite extensive optimization of classical synthesis
parameters, such as dopant ions, monomer concen-
tration, and electrolyte, the role of additives in the
electrolyte has historically been overlooked.'” Water
exemplifies this oversight and presents an apparent
paradox: Yan et al. showed that when used as a
solvent, water yields low-conductivity PPy due to
its high donor number and strong nucleophilic
interference with radical intermediates.”” In contrast,
Zhou and Heinze established that when employed
as an additive in aprotic media such as acetonitrile
(ACN), water acts not as a contaminant but as a
proton scavenger that suppresses acid-catalyzed side
reactions. Their work revealed that controlled incor-
poration of water in such systems can significantly
improve PPy electropolymerization, highlighting its
role in determining electronic performance.””
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In this study, we demonstrate that the “water
effect” is a tunable design parameter for engineer-
ing the electronic performance of PPy. By varying
water content from 0.0 to 10.0 wt.% in an acetoni-
trile/LiCIO,4 electrolyte, we achieve a progressive
enhancement in in-plane charge transport, culminat-
ing in a >70% reduction in sheet resistance at the
highest concentration, while bulk conductivity
reaches a maximum at 0.3 wt.% water content and
subsequently declines, demonstrating a non-parallel
response between these transport metrics. Using
chronoamperometry, FTIR spectroscopy, and four-
point probe measurements coupled with nucleation
and growth kinetics on PPy/FTO films, we establish
that water is a simple, cheap, and effective additive
for tailoring the electronic properties of PPy films.
These results provide a practical and sustainable
strategy for optimizing conductive PPy films in
next-generation sensing, energy, and optoelectronic
devices.

2. Materials and methods

2.1. Electrode preparation and electropolymerization
of PPy

Fluorine-doped tin oxide (FTO) glass substrates
(Sigma-Aldrich, SnO;:F, purity of at least 99%)
were used as working electrodes (WE). Prior to
deposition, FTO slides (1.0cm x 2.0 cm) were ultra-
sonically cleaned for 10 min each in acetone, ethanol,
and deionized water, and then dried. The geomet-
ric area of the FTO working electrode exposed to
the electrolyte was carefully masked to 1.0 cm?
The electrosynthesis of PPy was performed via
chronoamperometry at a constant potential of
+0.8 V vs. Ag/AgCl (3M KCI, Metrohm) using an
Autolab PGSTAT302N potentiostat/galvanostat in a
standard three-electrode cell. A stainless steel plate
served as the counter electrode.

The polymerization electrolyte consisted of pyr-
role monomer (Sigma-Aldrich, purity of at least
98%, 0.25 M) dissolved in acetonitrile (Sigma-
Aldrich, purity of at least 99.9%), with lithium per-
chlorate (LiClO4, Sigma-Aldrich, purity of at least
95%, 0.5 M) added as the supporting electrolyte.
To evaluate the effect of water content on the PPy
films, variable volumes of deionized water (0—

2000 pL, corresponding to 0.0-10.0 wt.%) were
added to the 20 mL electrolyte solution under stir-
ring immediately before deposition. Each experiment
was conducted for 210 s, and after deposition, the
PPy-coated FTO electrodes were rinsed gently with
acetonitrile and dried under ambient conditions.

2.2. PPy films characterization

The temporal evolution of current during polym-
erization was analyzed to determine the mecha-
nism of nucleation and growth according to the
theoretical model proposed by Scharifker and
Hills.>*2® By fitting the experimental chronoamper-
ometric curves to the dimensionless current-time
relationships for instantaneous or progressive nucle-
ation under diffusion-controlled conditions. Follow-
ing electrochemical analysis, the sheet resistance
(Rs) of the deposited PPy films was evaluated
using the four-point probe technique with a Signa-
tone S301 system (Signatone, USA), equipped with
a manual probe head and digital multimeter
(Keithley 2410, USA). Measurements were per-
formed at room temperature on multiple points
across each sample to ensure reproducibility. To
gain deeper insight into the intrinsic electrical prop-
erties of the PPy films, the bulk conductivity (o)
was calculated from the Rs and film thickness. The
film thickness was estimated from the electrodeposi-
tion charge density via Faraday’s law, assuming
100% faradaic efficiency and uniform growth.>-?
Although this assumption is idealized, it provides a
consistent comparative framework. Finally, to cor-
relate film performance with molecular structure,
the synthesized polypyrrole films were character-
ized using attenuated total reflectance Fourier trans-
form infrared spectroscopy (FTIR). Spectra were
recorded on a PerkinElmer Spectrum 100 spectrom-
eter equipped with a diamond ATR crystal. Mea-
surements were performed directly on the surface
of the PPy/FTO electrodes without any sample
preparation, over the wavenumber range of 4000-
400 cm™, with a resolution of 4 cm™ and 32 scans
per spectrum. To facilitate quantitative and compar-
ative analysis across the synthesized films, the
transmittance data were converted to absorbance.
This conversion is fundamental in infrared spectros-
copy, as absorbance exhibits a direct linear relation-
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ship with the concentration of the absorbing
functional group, in accordance with the Beer—-Lam-
bert law, thereby enabling more accurate and mean-
ingful comparisons between samples.’!3? The
conversion allowed the absorption bands to be visu-
alized as positive peaks, enhancing clarity for iden-
tifying and comparing the intensity of characteristic
signals.

3. Results and discussion

3.1 Interfacial proton accumulation during PPy
electropolymerization

The influence of water concentration on the elec-
trochemical behavior during pyrrole polymerization
is clearly illustrated in Fig. 1, which shows chrono-
amperometric curves for electrolytes containing 0.0-
10.0 wt.% water. All curves exhibit the characteris-
tic behavior of pyrrole electrochemical polymeriza-
tion, with an initial current peak associated with
monomer oxidation and film nucleation, followed
by a stabilization phase reflecting the growth of the
polymeric film.'***3% However, it is evident that
the current magnitude is directly proportional to the
water percentage: whereas the red curve correspond-
ing to 0.0 wt.% water displays the lowest and most
stable current, indicative of a slow reaction likely
limited by low ionic mobility, the orange curve
with 10.0 wt.% water reaches significantly higher
current values, featuring a more pronounced initial
peak and a subsequent rising trend, suggesting
enhanced electronic conductivity. This systematic
variation in the electrochemical response confirms
that water acts as a key modulator of PPy deposi-
tion kinetics, substantially increasing both the
polymerization rate and the electrochemical process
efficiency on FTO.

The influence of water can be understood in
terms of the polymerization mechanism, in which
the generation and removal of protons (H") are
critical. During pyrrole electropolymerization, each
propagation step involves the electrochemical oxi-
dation of monomers or growing oligomers, fol-
lowed by a-a coupling and deprotonation to
restore aromaticity and m-conjugation in the poly-
mer backbone. This final step releases protons
directly at the electrode—solution interface.5*3637
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Fig. 1. Effect of water content on the chronoamperometric
response during electropolymerization of PPy/FTO.

At the initial instant (t=0), the proton concentra-
tion throughout the bulk solution is homogeneous
and, in non-aqueous systems such as acetonitrile,
can be extremely low. However, upon application
of an anodic potential and initiation of polymer-
ization (t>0), protons are generated at the elec-
trode surface, creating a concentration gradient.
This gradient drives the diffusion of H' ions from
the interface into the bulk solution, establishing a
proton diffusion layer whose thickness (6H™)
increases with deposition time (Fig. 2).3%

This accumulation of H' creates a highly acidic
microenvironment that promotes an undesired sec-
ondary reaction pathway. While the ideal conductive
PPy forms through o-o coupling, preserving a con-
jugated backbone, the proton concentration favors
competing B-coupling pathways.”**** When pyrrole
monomers are joined by a-a coupling, a linear and
planar backbone with extended m-conjugation is
formed. This structural continuity lowers the ener-
getic barrier for electrochemical oxidation, effec-
tively promoting extended charge delocalization
along the m-conjugated backbone. Consequently, a-a
coupling facilitates the efficient generation of a
high density of polarons and bipolarons, while
simultaneously enhancing intrachain charge-carrier
mobility along the conjugated polymer backbones.
In contrast, B-coupling introduces structural kinks
that disrupt backbone planarity and break the con-
tinuous m-orbital overlap. This effectively shortens
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Bulk solution

Fig. 2. Schematic representation of proton accumulation
at the electrode—solution interface during pyrrole electro-
polymerization, leading to localized acidification and
potential disruption of the polymerization mechanism.

the conjugation length, fragmenting the polymer
into isolated conductive segments separated by ener-
getic barriers. Consequently, charge transport can no
longer proceed via efficient intrachain delocaliza-
tion but must rely on interchain hopping, a signifi-
cantly less efficient mechanism that reduces both
polaron mobility and the effective density of mobile
charge carriers.">%%

To prevent the local accumulation of protons that
promotes the formation of defective structures in
PPy, it is essential to incorporate an additive capa-
ble of reducing the H' concentration at the elec-
trode—solution interface. The ability of a species to
scavenge these protons depends on its basicity,
which reflects its molecular capacity to accept pro-
tons.*” Pyrrole can act as a base, but its ability to
accept a proton is limited, as reflected by its pK,
value of 3.4. This weak basicity arises because the
nitrogen lone pair is delocalized into the aromatic
n-system of the five-membered ring, where it plays
a crucial role in maintaining aromaticity. Conse-
quently, this electron pair is unavailable for bonding
with a proton without disrupting the ring’s reso-
nance stabilization. Nevertheless, under conditions
of high proton concentration, pyrrole can undergo
protonation, resulting in the loss of aromaticity.*!*?
In contrast, water possesses a localized lone pair on

oxygen that is readily available for proton accep-
tance. The conjugate acid of water is the hydro-
nium ion (H;0"), which has a pK, of —1.7. This
difference demonstrates that water is a stronger
base than neutral pyrrole. This higher basicity
enables water to effectively compete for the protons
released during electropolymerization, thereby miti-
gating local acidification at the electrode inter-
face.*'*¥ This water-buffering action is crucial for
promoting the desired polymerization pathway and
for obtaining a well-conjugated, highly conductive
polypyrrole film.”

3.2 FTIR characterization of PPy films.

All spectra shown in Fig. 3 exhibit the funda-
mental vibrational bands that confirm the presence
of the PPy skeleton. The broad, strong absorption
band centered at 3338 cm™' is attributed to the
overlap of different functional-group bands, includ-
ing the N-H stretching vibration of the pyrrole
rings and the O-H stretching vibration of residual
or incorporated water, suggesting the likely presence
of hydrogen-bonding interactions within the polymer
matrix.**” The bands at 2956 cm™ and 2925 cm
correspond to asymmetric and symmetric C—H
stretching vibrations of the pyrrole ring. The peak
at 1630 cm™ is assigned to the combined C=C and
C—C skeletal stretching vibrations of the aromatic
pyrrole ring, a key indicator of m-conjugation exten-
sion. The absorption band at 1249 cm™ is character-
istic of C-N stretching vibrations, confirming the
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Fig. 3. FTIR absorbance profiles of PPy/FTO films
synthesized with 0.0-10.0 wt.% water content.
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successful polymerization and the linkage of pyrrole
units via nitrogen atoms. Additionally, the peaks at
1399 cm™ and 1110 em™ are associated with =C-H
in-plane deformations, while the band at 992 cm
corresponds to out-of-plane =C-H wagging modes,
both consistent with the planar geometry of the
conjugated polypyrrole chain. These spectral features
align well with those reported in the literature for
polypyrrole, confirming the identity of the deposited
material 48

Beyond confirming the PPy structure, particular
attention should be paid to specific spectral regions
that can provide insights into the electronic proper-
ties of the synthesized films. In the 1000-1200 cm'
region, specific vibrational modes are highly sensi-
tive to the doping level of PPy.>" Within this spec-
tral window, the integrated band area centered at
1110 cm™ shows a systematic dependence on the
water content used during synthesis. The signal
increases progressively from the water-free sample
(0.0 wt.%) to reach a maximum at 1.50 wt.%. Beyond
this optimum, a pronounced decrease is observed at
5.00 wt.%, followed by a partial recovery at 10.00
wt.%. The observed trend suggests that a 1.50
wt.% water content promotes optimal doping and a
more ordered polymer matrix. Conversely, excess
water (=5.00 wt.%) likely introduces structural
defects or chain disorder, thereby diminishing the
intensity of these characteristic bands and indicating
a less efficient doping process.

3.3 Nucleation and growth kinetics of PPy films

It is important to study the nucleation and
growth mechanism of the film structure during
modification. In the literature, the nucleation and
growth mechanism for the electrodeposition of met-
als has been reported most often. The theory model
for the nucleation and growth of metals was well
developed. Thus, the mechanism of conducting
polymer growth can be demonstrated using the the-
ory model of metal growth.>**® Unlike metals, PPy
electrodeposition involves dynamically evolving
electroactive areas and porous, anisotropic struc-
tures that violate assumptions of constant surface
area.’” The process includes multiple simultaneous
contributions rather than a single nucleation event.’”
Thus, quantitative parameters should be interpreted

Table 1. R? values from fitting chronoamperometric data
to instantaneous and progressive 2D/3D nucleation
models.

Film 2Dinst 2Dprog 3Dinst 3D prog
0.0wt% 051136 037351  0.82519  0.88281
03wt% 0.53586  0.42518  0.82343  0.92452
0.5wt% 050901  0.41173  0.78358  0.91282
L.5wt%  0.50711  0.41517  0.77600  0.91221
50wt.%  0.52862  0.38562  0.76514  0.87920
10.0 wt.% 035957 023424  0.65655  0.73046

with caution regarding the variable electroactive
area.

The chronoamperometric behavior of PPy film
formation on FTO substrates was analyzed by fit-
ting the experimental current-time transients to the-
oretical models for instantaneous and progressive
nucleation under both two-dimensional (2D) and
three-dimensional (3D) growth regimes, as illus-
trated in Fig. 4. The corresponding R values are
summarized in Table 1. A clear trend emerges: for
all water contents tested, the highest R* values con-
sistently correspond to the progressive 3D nucle-
ation model. In contrast, the fits to 2D models
significantly lower R? values, never exceeding 0.55.
This indicates that the electrochemical deposition of
PPy on FTO is best described by a mechanism
involving progressive nucleation and 3D growth.

The 3D progressive growth observed in all PPy
films deposited originates from the combined influ-
ence of interfacial energetics and the substrate’s
surface topography. The weak chemical interaction
between PPy and FTO results in low adhesive
forces relative to the cohesive forces within the
polymer, creating a thermodynamic driving force for
the deposit to minimize contact with the substrate
by forming isolated three-dimensional islands.’**>
Moreover, FTO’s rough and defective surface pro-
vides a heterogeneous landscape rich in preferen-
tial nucleation sites.’*” These defects do not
activate simultaneously; instead, they become elec-
trochemically active gradually over time, leading to
the continuous emergence of new nuclei during the
early stages of deposition. Thus, the 3D progressive
growth mode is a direct consequence of the FTO
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Fig. 4. Chronoamperometric analysis of PPy film formation: fitting to instantaneous and progressive 2D and 3D

nucleation models.

substrate’s physical characteristics. Thus, the sub-
strate’s microstructure plays a decisive role in dictating
the nucleation mechanism, favoring progressive 3D
growth even under varying synthesis conditions.
These findings underscore that water does not alter
the nucleation mode.

3.4 Influence of controlled rate addition on
sheet resistance and bulk conductivity

3.4.1 Sheet resistance (Rs)

The sheet resistance (Rs) of electrosynthesized
PPy films on FTO substrates exhibits a pronounced
dependence on the water content in the polymeriza-
tion electrolyte, as illustrated in Fig. 5. A sharp
decrease in Rs is observed upon introduction of
even small amounts of water: from 433.11 Q/sq for
the film deposited without water (0.0 wt.%), to
272.86 Q/sq at 0.3 wt.% and 235.15Q/sq at
1.5 wt.%. This trend suggests that water plays a
critical role in enhancing the in-plane conductivity
of PPy during its formation. Notably, the lowest
sheet resistance (131 €Y/sq) is achieved at 10.0 wt.%
water content, representing a reduction of over 70%
compared to the dry condition.

These results stand in stark contrast to the well-
documented limitations of using water as the pri-
mary solvent, which typically yields poorly conduct-
ing and electrochemically inefficient PPy. As
demonstrated by Yan et al., PPy synthesized in
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Fig. 5. Sheet resistance (Rs) of PPy films as a function of
water content in the polymerization electrolyte.

water exhibits the lowest conductivity among com-
mon solvents such as acetonitrile or nitromethane,
highlighting that while water enables electropoly-
merization, it is suboptimal for achieving high elec-
tronic performance in PPy.?? This conclusion is
strongly supported by Istakova et al., who quanti-
fied the extremely low electrochemical efficiency of
PPy synthesis in pure water using chronoamperome-
try. They reported that over 99% of the charge
passed during polymerization does not yield electro-
active material, effectively confirming that aqueous
media fail to produce functional conducting polymer
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under these conditions.®” Another explanation for
the detrimental role of water lies in its strong sol-
vating power toward small cations.®” As demon-
strated by Dorn et al., ions with small ionic radii,
such as lithium, are extensively surrounded by
water molecules, forming a bulky solvation shell
that increases their effective radius. This solvation
reduces ionic mobility, thereby impairing charge
transport and negatively affecting the electrical con-
ductivity of the electrolyte solution during polymer-
ization.? Conversely, in the less polar ACN
medium, the solvation shell is less voluminous,
allowing for higher intrinsic ion mobility despite
the potential for partial dissociation behavior charac-
teristic of less polar solvents.5”

Despite these detrimental effects when used as a
solvent, water plays a fundamentally different and
beneficial role when employed as an additive in
non-aqueous electrolytes. First, as previously dis-
cussed, it mitigates local acidification at the elec-
trode—solution interface. This suppresses defect-
forming side reactions, enabling the growth of a
more ordered polymer backbone with extended m-
conjugation.”” Second, water enhances the ionic con-
ductivity of the supporting electrolyte. Its high
dielectric constant (¢ = 78.35 vs. 35.9 for ACN)
promotes more complete salt dissociation, increasing
the concentration of free charge carriers and lower-
ing solution resistance.®” This effect is clearly evi-
dent in the chronoamperometric curves, where
polymerization currents rise systematically with
water content. Even small water concentrations
(0.3-0.5 wt.%) produce a marked enhancement in
current response, with the highest currents observed
at 10 wt.% water content. This observation aligns
with the findings of Carquigny et al., who reported
that trace amounts of water in ACN solutions led
to a significant increase in the oxidation current
peak, which they directly attributed to improved
electrolyte conductivity.¥ This enhancement in elec-
trolyte conductivity directly affects the ohmic poten-
tial drop (iR drop) between the reference electrode
and WE. As established by Anantharaj et al., low
electrolytic conductivity is a primary driver of the
iR drop, which lowers the effective interfacial
potential below the applied value. By reducing
solution resistance, water ensures that the WE expe-

rience a potential closer to the nominal applied
value.®® Consistent with this observation, Oliveira et
al. demonstrated that the conductivity of PANI
films is directly related to low iR drop values, and
optimized electrolyte conditions enhance the over-
all film conductivity.®® Collectively, these mecha-
nisms, local proton mitigation and enhanced electrolyte
conductivity, ensure that the applied potential effec-
tively drives pyrrole oxidation and promotes effi-
cient chain propagation.

However, beyond 10 wt.%, the same interactions
that initially enhance polymerization kinetics could
begin to trigger degradation mechanisms. At water
concentrations above this limit, the electropolymer-
ization environment may become more susceptible
to oxidative side reactions. As water content
increases, pyrrole radical cations generated during
monomer oxidation are expected to interact more
frequently with water molecules, leading to the for-
mation of undesirable, electrochemically inactive
products, such as carbonyl groups. These groups
incorporate at the B-position of the pyrrole rings,
disrupting the m-conjugated backbone and driving
the polymer into an overoxidized, insulating
state.’”%® This mechanistic interpretation is corrobo-
rated by Debiemme-Chouvy and Tran, who identi-
fied a characteristic Raman band at 1715 cm’’,
which they assigned with confidence to B-carbonyl
defects arising from oxidative degradation in the
presence of water.” Furthermore, as the water con-
tent approaches and exceeds 50 wt.%, the acetoni-
trile—water system typically exhibits limited
miscibility, which may lead to partial phase separa-
tion.®® Collectively, these chemical and physical
considerations suggest that the beneficial effects
observed at lower water contents are likely to
diminish beyond 10 wt.%, potentially leading to a
gradual increase in Rs as the water content rises.
This trend aligns with the previously discussed lit-
erature, which consistently shows that using pure
water as the primary solvent negatively affects the
electrical performance of PPy.?>%0-63)

3.4.2 Bulk conductivity (o)

According to the results shown in Fig. 5. Sheet
resistance (Rs) of PPy films as a function of water
content in the polymerization electrolyte., sheet
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resistance decreases with increasing water content,
suggesting that bulk conductivity should increase.
However, the opposite behavior was observed in
Fig. 6: bulk conductivity decreased with increasing
the water content above 0.3 wt.%, indicating a con-
trasting relationship between the two electrical prop-
erties. To interpret this non-parallel response, it is
essential to examine the microstructural architecture
of the conducting polymer.

Conducting polymers possess a semi-crystalline
microstructure where charge transport is inherently
anisotropic. While intrachain conduction along con-
jugated backbones is highly efficient and interchain
hopping between m-stacked chains is moderate, lat-
eral charge transfer across the wider intercolumnar
spacing is severely hindered by amorphous domains
and dopant-mediated gaps. This directional depen-
dence makes the macroscopic orientation of poly-
mer crystallites relative to the substrate a decisive
factor in determining overall electrical perfor-

Crystallite
region

55

mance.**3*%7? Guided by this principle, the diver-
gent electrical trends observed in our PPy/FTO
films can be rationalized through a specific molecu-
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Fig. 6. Bulk conductivity (G) of PPy films as a function of
water content in the polymerization electrolyte.
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lar packing arrangement. Consistent with this frame-
work, the experimental data suggest that the film
adopts a predominant edge-on texture, in which
both the conjugated backbone and m-m stacking are
aligned parallel to the substrate while the lateral
interchain spacing is oriented perpendicular to it
(Fig. 7).3*’V This structural arrangement provides a
coherent framework for interpreting the divergent
electrical trends observed with increasing water con-
tent. Because the conjugated pathways and m-stack-
ing planes lie parallel to the FTO surface, in-plane
charge transport is highly efficient, which directly
accounts for the continuous reduction in Rs across
the entire 0.0-10.0 wt.% water range. In contrast,
volumetric conduction requires carriers to repeatedly
hop across the wider, less-ordered intercolumnar
gaps that are oriented perpendicular to the substrate.
This through-thickness charge transfer acts as the
primary kinetic bottleneck, explaining why bulk
conductivity (o) does not scale proportionally with
Rs.

This characteristic suggests a tunable approach to
aligning electrical performance with the operational
requirements of specific device architectures.
Accordingly, for applications that depend on lateral
charge transport across the film, such as solar cells
or resistive gas sensors, sheet resistance (Rs) is the
critical metric.”>’® Specifically, for ammonia gas
sensors, where Rs directly influences the detectabil-
ity of resistance changes upon gas exposure, higher
water contents (=5 wt.%) may be advantageous for
achieving high sensitivity and enabling fast response
times.”” Conversely, for applications requiring three-
dimensional charge transport throughout the mate-
rial, such as supercapacitors, batteries, and thermo-
electric devices, minimal water addition (0.3 wt.%)
appears more suitable for optimizing intrinsic bulk
conductivity.”>’® Taken together, these findings pro-
vide a practical framework to guide future material
optimization for prospective sensor, energy conver-
sion, and storage applications.

In summary, the systematic investigation of both
sheet resistance (Rs) and bulk conductivity (o) as a
function of water content provides comprehensive
experimental evidence that water significantly
enhances the electrical performance of electrosynthe-
sized PPy films through multiple mechanisms. This

enhancement stems from water's dual role as a pro-
ton scavenger, which minimizes structural defects,
and as an electrolyte, which enhances conductivity
and reduces iR drop during polymerization. These
findings underscore the importance of carefully tun-
ing the water concentration in non-aqueous elec-
tropolymerization systems to achieve conductive
polymers with tailored electronic properties for
applications in flexible electronics, sensors, and
energy storage devices.

4. Conclusion

This study demonstrates that water, when used as
a controlled additive in acetonitrile-based electropo-
lymerization, is not a contaminant but a strategic
molecular regulator that significantly enhances the
electrical performance of PPy films. The system-
atic increase in water content (0.0-10.0 wt.%) leads
to a decrease in sheet resistance (from 433 to 131 (Vsq,
representing a > 70% reduction), while bulk conduc-
tivity exhibits a maximum of 120 S/cm at 0.3 wt.%
water content followed by a decreasing trend, reveal-
ing a fundamental decoupling between in-plane and
volumetric charge transport. This enhancement in Rs
arises from the suppression of proton-driven side
reactions that generate structural defects, thereby
preserving extended conjugation length along the
polymer backbone. The divergent behavior is con-
sistent with a predominant edge-on texture, in
which both conjugated backbones and n-m stacking
align parallel to the substrate, enabling efficient in-
plane charge transport that continuously reduces Rs.
However, bulk conductivity is fundamentally con-
strained by charge transfer across the lateral inter-
chain spacing, which is oriented perpendicular to
the substrate, acting as the kinetic bottleneck for
three-dimensional conduction. At 0.3 wt.% water
content, optimal bulk conductivity results from the
dual effect of extended conjugation length and min-
imized intercolumnar spacing. Crucially, this optimi-
zation occurs without modifying the fundamental
progressive 3D nucleation mechanism on FTO,
underscoring that water acts at the molecular level
rather than altering growth kinetics.

The results further highlight the context-dependent
nature of water’s influence: while it degrades PPy
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conductivity when used as the primary solvent due
to its high donor number and nucleophilic interfer-
ence with radical intermediates, it becomes highly
beneficial as a trace additive in aprotic media by
mitigating interfacial acidification. This duality
emphasizes that the role of water must be evalu-
ated in terms of concentration and chemical envi-
ronment.
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