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Abstract

Understanding the mass uptake, morphological changes, and charge transport in organic mixed
ionic-electronic conductors (OMIECs) during device operation is crucial for applications in energy,
actuators, and bioelectronics. In this work, we quantify the chemical composition and rheological
properties of a model OMIEC material, acid treated poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS), during electrochemical cycling using electrochemical quartz crystal
microbalance (EQCM) and elemental analysis techniques. We find an asymmetry in the de- and
re-doping mass transport kinetics and attribute this process to sub-second ion migration and slower
ion reorganization. Furthermore, the kinetic constants from the EQCM measurements are
compared to those from organic electrochemical transistors and from changes in structural packing
by normalizing the corresponding RC time constants across experiments/techniques. This multi-
modal investigation allows us to deduce a sequence of mass, charge, and structure kinetics in
OMIEC materials during the de- and re-doping processes. The kinetics of processes in acid treated
PEDOT:PSS in response to step voltages can be clustered into three main sub-processes, namely:
fast polarization, charge carrier population kinetics and macroscale transport, and slow relaxation.
These findings provide a basis for future OMIEC design by determining the factors that affect
response time and short-term stability of OMIEC devices.
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Introduction

Organic mixed ionic-electronic conductors (OMIECs) are conjugated materials that transport
electronic charges, and readily uptake and transport ionic charges.! The ionic conduction and ionic-
electronic coupling makes OMIECs attractive for energy storage,” 3 light emitting devices,*®
actuators’ and bioelectronics.® ° One important implementation for OMIECs is in organic
electrochemical transistors (OECT),® where the organic semiconductor film is directly in contact
with and gated by an electrolyte, which enables both fundamental studies of transport as well as
bioelectronic application.!!2 OMIECs show volumetric capacitance allowing ions from the
electrolyte to compensate charges on the polymer backbone, and thus are ideal OECT channel

materials for high gain and actuation.

A prototypical and highly studied OMIEC material is acid treated poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).!* To achieve high performance,
pristine PEDOT:PSS usually requires extra additives or post-treatment to improve its conductivity
and stability.!*!7 In particular, concentrated strong acids (H2SO4, H3POs, etc) selectively dissolve
excess PSS and recrystallize the PSS templated PEDOT.!* 18- 1 Due to the high crystallinity for a
conjugated polymer and 3D crystalline network,'” the acid treated PEDOT:PSS has been reported
for the highest electrical conductivity in OMIECs (4380 S cm™) and uC* (the product of mobility
and volumetric capacitance),'® a figure of merit of OECT transconductance.?’ The material is
readily processable into different geometries for various applications, such as thin films,!3: 2!
fibers?? and free standing electrodes.?* 2* Acid treated PEDOT:PSS is a promising model system
for OMIEC studies, not only because of its high OECT performance, but also for the
compositional/structural simplicity. There is no requirement for extra additives, such as ethylene
glycol, dimethyl sulfoxide, ionic liquids, surfactants and crosslinker. The high crystallinity and
phase purity of acid treated PEDOT:PSS simplify the structural and kinetic models compared to
other semi-crystalline OMIECs.

Previous studies have focused on the characterization of electronic/ionic transport and structural
change that are important to OMIEC devices compared to traditional conjugated polymer-based
devices.” In aqueous electrolytes, ions together with water readily interact with the materials,
which lead to ionic-electronic coupling. The process is accompanied by significant structural

changes, ranging from microscale crystalline stacking,’® and mesoscale?’” to macroscopic
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swelling.?® 2° For acid treated PEDOT:PSS, the electronic properties have been characterized in
thin films and fibers by measuring stain dependent electronic conductivity and pC*,%% 3% showing
both improved electronic mobility and volumetric capacitance after acid treatment.?> Electron

18,21, 23,24 and

microscopy and atomic force microscopy have revealed well-crystallized nanofibers,
ex situ XRD provides the molecular spacings and orientation of these crystallites.!® 22 In addition,
both XPS and optical absorption spectroscopy confirm the removal of PSS with acid treatment.'>:
18,22 However, these measurements are carried out in steady state or ex situ, which considerably

differs from the transient/dynamic state in most of OMIEC applications.?!

To reveal the structure-property relationship in real operation conditions, recent studies have begun
to tackle the transient kinetics of OMIECs. Paulsen et al. have probed the microstructural kinetics
of acid treated PEDOT:PSS by operando GIWAXS, and related the structural kinetics with charge
population kinetics by spectroelectrochemistry.?® Similar time-resolved optical measurements
were reported by Rebetez et al. for PEDOT:PSS with EG added, arguing that ion diffusion might
not be the limiting parameter for the redox process in OMIEC films.?? Direct characterization of
electron and mass transport kinetics is more important to OMIECs. Physical models of OECTs
under transient voltage steps have been developed, and the electronic transport transients can be
readily converted via LaPlace transform from frequency dependent data measured from devices. >
35 Compared to electronic transport, mass transport kinetics are more difficult to access. In-plane
ionic transport has been probed using optical spectroscopic analysis of electrochromic moving
fronts in end-biased OMIECs.?”> 3¢ 37 This method only measures the transport of net
ionic/electroactive species and cannot deconvolute different ions and water. Due to the geometry
of the setup, this method is difficult to translate for most device geometries. Electrochemical quartz
crystal microbalance with dissipation monitoring (EQCM-D) can be used to track mass, thickness
and mechanical property variation of OMIEC thin films.?* 342 This technique has been
successfully applied on P3HT to reveal the slow mass transfer kinetics during electrochemical

43.44 Despite the lack of effective deconvolution between water and ions, this method has

doping.
a time resolution less than 1s and is adequate for monitoring the mass transport kinetics in

commonly used OMIECs.

Herein, we focus on the mass and electronic transport transient of the model OMIEC material, acid

treated PEDOT:PSS. We employ time-resolved EQCM-D to reveal the mass transfer and its
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related mechanical kinetics during operation. The mass transport at different depths is probed by
analyzing different overtones. These results were combined with charging dynamics and ex situ
elemental analysis methods (XPS, XRF) to reveal different ions participating the electrochemical
cycling process and to deconvolute the mass changes due to ions and water. Additionally, transient
OECT experiments were performed to monitor channel conductivity and hole mobility transients.
By normalizing these transient data with experimental RC time constants,* we related the kinetics
of ion transport, water transport, hole transport, and mechanical properties along with our previous
data on kinetics of polaron/bipolaron transformation and microstructural molecular packing.*®
Finally, we find that the mass and rheological transients are the fastest steps following by a slow
charge transfer. On longer time scales, the charge within the film undergoes reorganization and

eventually converges to an equilibrium state after a slow relaxation.

Experimental section

Materials and sample preparation:

PEDOT:PSS (Clevios PH-1000), purchased from Heraeus Holding GmbH, was filtered through
0.45 um PES filters to remove large particles. For EQCM-D samples, the filtrate was spin-coated
on QCM chips (Quartz PRO, 5.000 MHz, 14mm Ti/Au) for 1000 rpm for 4 minutes, following
by 3000 rpm for 10 s to remove extra solution on the edge. For the thick samples that simulate
the bulk film, the chip was heated at 70 °C for 1 minute and the spin-coating process was
repeated for 6 times. The cast films were dried in ambient at 120 °C for 10 minutes to fully
remove water and then immersed into concentrated H>SO4 (Sigma-Aldrich, 95.0% - 98.0%) at
room temperature for 10 minutes (for 1-layer thin samples) and 60 minutes (for 6-layer thick
samples), respectively. The films were rinsed with DI water for 3 times after acid treatment and
then dried in ambient at 120 °C for 10 minutes. For XPS and XRF samples, the filtrate was drop-
casted on degenerately p-doped Si wafer (0.001-0.005 ohm ¢cm™') (University Wafer) at 70 °C
that had been successively sonicated in acetone and isopropyl alcohol, and exposed with UV-
ozone prior to drop-casting. For pseudo-OECT samples, the films were drop-casted on glass
substrate following the same method described above. Due to the thickness of the drop-cast film,

all drop-casted films were dried at 120 °C for 20 minutes and the acid treatment time was
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prolonged to 3 hours. After rinsing in DI water, the samples were first heated at 60 °C for 30

minutes and then 120 °C for 30 minutes in ambient to form homogenous metallic purple films.

EQCM-D measurement: EQCM-D was performed using a potentiostat (Ivium) connected with
a QSense electrochemistry module. Three-electrode setup comprised a Ag/AgCl reference
electrode, Pt counter electrode, and the EQCM chips with Au coated (0.785 c¢cm?) as the working

electrode. All data analysis and model simulation were performed with Matlab software.

X-ray photoelectron spectroscopy measurement: The XPS spectra were taken using Thermo
Scientific ESCALAB 250Xi equipped with a monochromatic KR Al X-ray source (spot size of
900 pm) at the Northwestern University Atomic and Nanoscale Characterization Experimental
center (NUANCE). For depth profile, each ionic beam etching time was set at 120s (~600nm).
Before data collection, a flood gun was used for charge compensation. The curve fitting was
performed with the Avantage (Thermo Scientific) software. All the ex situ samples were rinsed

in DI water for three times to avoid the remained external electrolyte on sample surface.

X-ray fluorescence measurement: The XRF measurements were carried out at the 5-BM-D
beamline located at Sector 5 of the Advanced Photon Source (Argonne, Illinois). A Si (111)
monochromator is used for X-ray energy selections. The incidence X-ray beam intensity is
monitored using the spectroscopy-grade ionization chamber (FMB-Oxford). The X-ray beam
size on the sample is 1.0x6.0 (VxH) mm. The X-ray beams with the energies of 15,000 eV and
15,250 eV are used, respectively, to excite the samples, which are 200 eV below and 50 eV
above the Rb K absorption edge (15,200 eV). This allows decouple the overlapping Br K and
Rb K, peaks. The X-ray fluorescence spectra were recorded using a 4-element Si-drift solid state
detector (Hitachi, USA) equipped with a 4-channel xMAP digital X-ray processor. All data
analysis was performed with Matlab software. All the ex situ samples were rinsed in DI water for
three times to avoid the remained external electrolyte on sample surface. Calibration samples
were made from thiourea and RbBr mixtures spin coated on Si substrates (1200rpm), with S to

ion ratio of 1:1, 1:4, 1:16, 1:80 and 1:160.

OECT transfer curve measurement: Transistors were tested in ambient conditions using a
potentiostat (Ivium) and recorded using IviumSoft. OECTs underwent four transfer curves in the
diode-connected configuration with a scan rate of 250 mV/s to ensure reproducible current—

voltage behavior.
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Pseudo-OECT samples: The patterned pseudo OECT samples were placed in the same cone
cell as in the previous study,?® and 2mL 0.1 M NaCl was sealed in the chamber over the sample.
The setup was connected in the three-terminal configuration, and the gate, source and drain

current curves were recorded using a potentiostat (Ivium).

Results and discussion

To understand the mass transfer dynamics of acid treated PEDOT:PSS, the resonant frequencies
together with the dissipation of material-coated piezoelectric crystal sensors (quartz chip with Au
deposited) were monitored in situ during stepped electrochemical potentials. Sensors were coated
with six spin-coated PEDOT:PSS layers prior to acid treatment to better mimic the drop-cast
materials used in previous reports?® while avoiding delamination. The acid treatment has been
reported to have no effect on the performance of the QCM sensors.*’ Single layer spin coated
PEDOT:PSS films were also used in EQCM-D studies for quantitative mass transport analysis.
Quantitatively, the resonant frequency shift recorded by the EQCM-D follows an inverse trend to
the mass change, i.e., an increase in resonant frequency indicates a decrease in film mass.*®
Because of the negative frequency shift in EQCM-D measurement, a larger frequency difference
(f: — fo) means a larger gain in mass, which is described by the Sauerbrey equation (Equation 1):

2nf,’
AfSauerbrey,n = 7

AM (1)
q

Where Afsquerbreyn 18 the Sauerbrey frequency shift for n order overtone, and AM is the change
in mass. The constant f; is the fundamental frequency of the QCM chip and Z, is the acoustic
impedance of the quartz crystal. The dissipation of the frequency signal is related to the mechanical
properties of the film, and a sample in air with increased dissipation is generally considered to be

softer.* However, hydrated films in water show complex viscoelastic behavior.>%->2

Depending
on the geometry and mechanical/rheological properties of the films, the mass change might need

to be quantified with appropriate viscoelastic models.>

In the case of single spin-coated layers,
the results of both Sauerbrey and viscoelastic models were comparable (See the discussion in SI

Part 2).°!
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Figure 1. Mass and compositional changes during electrochemical cycling. a) Single
electrochemical cycle in EQCM after reaching quasi-stable state, showing the stepped potential
(black line), current density (grey line) and the frequency shift of 3rd order overtone (brown); b)
the XRF spectra of pristine (red), naturally doped state (blue), de-doped state (yellow) and over-
doped state (green); c) the ratio of doping ions and sulfur atoms for the above four states. Schematic
diagram of acid treated PEDOT: PSS in d) de-doped state (-0.6V vs Ag/AgCl) e) naturally doped
state (OV vs Ag/AgCl) and f) over-doped state (0.6V vs Ag/AgCl). The blue gradient around the
ions within the OMIECs represents the water shell.

To maintain consistency with previous studies, three states of acid treated PEDOT:PSS were
selected for electrochemical cycling, namely naturally doped state (OV vs Ag/AgCl, ~ -0.2V vs
open circuit potential, OCP), de-doped state (-0.6V vs Ag/AgCl) and over-doped state (+0.6V vs
Ag/AgCl). The four steps between these three states are known as de-doping (0 to -0.6 V vs
Ag/AgCl), re-doping back to OV (-0.6 to 0 V vs Ag/AgCl), over-doping (0 to + 0.6 V vs Ag/AgCl)
and de-doping back to OV (+0.6 to 0 V vs Ag/AgCl). The acid treated PEDOT:PSS films were first
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exposed to aqueous electrolyte, where film mass increased due to ion exchange and water uptake.
After reaching mass transport equilibrium, in which the material swelled ~33% in mass (Figure
Sla, from viscoelastic model) compared to the dry state (thickness from profilometer listed in
Figure S1b), step voltages were applied to the material. During initial cycles, film mass further
increased and finally equilibrated after 4-5 cycles (using 3™ order frequency, shown in Figure S2).
The equilibrated negative frequency shift following these cycles indicates a stabilized mass
increase, likely due to a further ion exchange between the electrolyte and polymer film that leads
to the permanent ion accumulation. The equilibrated state was used as a baseline for comparison

during the further electrochemical cycling.

The degree of swelling of the film in electrochemical equilibrium relates to the applied potentials,
which constitute the quasi-stable (equilibrium) endpoints in the transient measurement experiment,
as shown in Figure 1a. While the degree of swelling in the de-doped and re-doped states depended
on applied potential, the degree of swelling in the over-doped state was shown to be further
sensitive to the film OCP (Figure S3). In the naturally doped state of the film (0V vs Ag/AgCl),
further swelling of ~6% compared to the exposed state was accompanied by an increase in
dissipation, implying that the trapping of ions makes the film thicker and more viscoelastic. A
significant decrease in EQCM frequency (increase in mass) was observed for both de-doped and
over-doped states relative to the naturally doped state (Figure S4). When a bias voltage of -0.6 V
vs Ag/AgCl was applied, the holes in the material were extracted. The metal cations in aqueous
electrolyte replaced the positively charged holes in the material, triggering the expected mass
increase. This state is the most swelled and shows the largest dissipation of the three biasing
conditions, implying that the de-doped state is the softest state among the three. When a bias
voltage of +0.6 V vs Ag/AgCl was applied, the material was further electrochemically oxidized
and reached the over-doped state. The mass increase in this state can be attributed to the charge
balance of the anion (not enough PSS") that is needed to compensate the newly generated holes in

the material.

For single layer spin coated thin films (~40nm, Figure S1a) that can be quantitatively analyzed by
EQCM, we are able to deconvolute the mass of water, cations, and anions by combining the current
signals and elemental analysis. The composition deconvolution in previous EQCM work was

based on a number of assumptions made in OMIECs, such as the complete ion replacement of
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holes at the maximum doping level and a fixed ion/water ratio, but without support on elemental
analysis.? For frequency shift in EQCM measurement, the results from the Sauerbrey equation
and viscoelastic model are shown in Figure S5, from which the Sauerbrey equation slightly
underestimates the mass change during the cycling. The following discussion is based on the
viscoelastic model due to the viscoelastic nature of the OMIEC film. In the de-doped state, the
mass of single layer thin film increased by ~0.8 pg/cm compared to the naturally doped state; in
the over-doped state, the film mass increased by ~0.15 pg/cm™ compared to the naturally doped
state. The transient current and EQCM frequency was also measured across electrochemical
potential steps, showing a current spike and the subsequent exponential decay as potential step
applied on the material. From the analysis of the transient current, the mass change calculated from
the EQCM frequency shift (and its dissipation) cannot be accounted for by the mass of the cations
alone. Using the de-doping process for example, the expected mass increase calculated from the
transient current assuming only cations participate in de-doping (0.4 pg/cm2), is still smaller than
the total weight gain of the film (0.8 pg/cm?) from EQCM frequency shift. In fact, over 80% of
the mass change happened within the first few hundred milliseconds, which corresponds to the
spike in the current signal. The maximum cation mass increase calculated from the current spike
is 0.02 ug/cm. This implies the transport of a large amount of water (larger than 4 water molecules

per cation reported in previous study)?® along with the solvated cations into the film.

Therefore, additional elemental analysis methods, including ex situ X-ray fluorescence (XRF) and
X-ray photoelectron spectroscopy (XPS) were performed to assess the ion to thiophene ratio. The
XRF results are shown in Figure 1b,c, where RbBr solution instead of NaCl was used as the
electrolyte to match the hard X-ray source and achieve a better resolution. The similar mass
transport behavior between metal halides was proven by XPS of films immersed in NaCl solution
(Figure S6). The EQCM measurements (Figure S5 and Figure S7) and OECT transfer curves
(Figure S8) of single layer PEDOT:PSS films in both RbBr and NaCl solution are also consistent
with each other. The XRF data gives quantitative insights into the elemental composition of the
films in different doping states. lons per thiophene in each sample were calculated from XRF peak
ratios (calibrated against known composition films). Related ion mass per area was calculated from
the XRF-determined concentration using the initial film thickness and an assumed density of 1.0
g-cm™. In the naturally doped state, more anions (both PSS and Br’) than cations were present in

the film to balance the extra holes in the acid treated PEDOT:PSS (Figure 1e). In the entire

9
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electrochemical cycle, both anions and cations were involved, consistent with previous QCM and
XRF studies of OMIECs and conjugated polymers.** 343% Based on our XRF analysis, when the
material was de-doped, cations (0.01 per thiophene, 0.01 pg/cm2) entered the film, while a large
number of anions (0.02 per thiophene, 0.02 ug/cm) left the film (Figure 1d). From this result,
the cations carried more solvated water, causing the film to exhibit significant overall swelling.
When the film was over-doped, more anions (0.03 per thiophene, 0.03 pg/cm2) re-entered the film
and extra cations (0.01 per thiophene, 0.01 ug/cm2) were expelled (Figure 1f). Despite the
possible underestimation in these ex situ measurement (the loss of non-electrostatic bonded ions
upon DI rinsing), quantitative calculations from XRF data also show that the mass change from
dopant ions only occupies a small fraction of the total mass change, indicating significant water

transport during the electrochemical cycling.

The time-resolved measurements of EQCM frequency shift reveals the kinetics of the mass
transport in OMIECs, and the simultaneous current measurements capture the charge transients.
An applied potential step results in a current spike and the subsequent exponential decay, from
which the RC time constant can be fitted. The mass and charge transport kinetics of OMIEC films
in de-doping and re-doping processes as expressed in QCM frequency shifts and normalized
charge density changes in response to applied potential steps are plotted in Figure 2a&b. In
comparison, the frequency shift can be divided into two parts, a fast, sub-second step followed by
a slow step lasting several to tens of seconds. For both de-doping (the original state in Figure 2c-
1) and re-doping processes (the original state in Figure 2d-4), the fast step has the largest
magnitude of mass change and occurs within less than half of the RC time constant (charge
accumulation) of the film (Figure 2c-2, Figure 2d-5). This process may arise from an
instantaneous non-equilibrium ion migration due to the suddenly changed electric field. Ions and
water are attracted/repelled by the field induced by the polarizable buried Au electrode. Previous
studies claiming that the ion migration is the limiting factor on device response time are
inconsistent with the following observations.>’ The hole extraction/injection happening after the
fast mass transport leads to the equilibrium state, following with a slow concurrent ion/water
reorganization (Figure 2¢-3, Figure 2d-6). The slow process has a smaller magnitude compared
to the fast process and the resonance frequency always increases, implying the loss of mass. Thus,
the mass change of this process can be the same or opposite to the fast process, depending on the

direction of the voltage. This process is slower compared to the RC time constant and may arise

10
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Figure 2 a) The potential profile for de-doping and re-doping process; b) Different step of charging
curve (grey), 3 overtone frequency shift (brown). Schematic pictures of the step order occurring
during c¢) de-doping process and d) re-doping process. The blue gradient around the ions within
the OMIECs represents the water shell. The dotted white arrows represent ion/charge migration
across the interface, and the solid white arrows represent the ion/water reorganization that will be
discussed later. The “+” and “-” are used to represent the unbalanced positive and negative electric

field. The de-doping process is highlighted with gray background.

Compositional Depth Dependence

To get a deeper insight into the ionic transport within OMIEC films, thicker films (formed by
successive spin coating and soft baking of 6 layers, ~220 nm in dry state, Figure Slc-d) were
investigated. The voltage profile and the recorded current are plotted in Figure 3a&b. For thicker

films, the use of Sauerbrey equation produces a large deviation among the results based on

11
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different EQCM overtones (Figure S9c¢). While the viscoelastic model also did not give
quantitative fits, qualitative analyses of the frequency shift from different overtones gave insight
into the thickness dependent mass changes. In general, the higher order shear waves are more
sensitive to the material close to the electrodes, while the lower order waves damp less in the film,
thus reflecting the bulk properties of the film (Figure 3d).*> 5 With a vertical mass/density
gradient, there is a difference between the effective mass detected by the higher order waves and
that of the lower order waves (discussed in detail in SI Part 2, also Figure S9). The difference
between the different order overtones becomes more pronounced in a thicker film (Table S2). For
the single-layer thin film, no significant order-dependent differences were observed in the
electrochemical cycles (Figure S4) because the attenuation of different overtones (from 3™ order
to 11™ order) is not pronounced in the thin film. For thicker films, the higher order overtones
exhibit greater frequency shifts (implying greater mass changes deeper in the film) compared to
the lower order overtones (Figure 3¢ and Figure S10), both for individual de-doping/re-doping
processes and for the overall mass increase relative to the exposed state (naturally doped state).
This implies that more ions are accumulated closer to the substrate, which is also supported by the
depth profile from XPS (Figure S11). Similar overtone dependent frequency shifts have been
reported in previous mass transport studies of OMIECs using EQCM,? but has not received

explicit discussion.
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Figure 3 Potential step with time resolved EQCM for thick (~300nm) acid treated PEDOT:PSS

film in electrochemical equilibrium state: a) potential profile, b) charging current density, c)
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frequency shift for different overtones subtracted to the start point of the cycle. The overtones are
expressed with different colors: 3™ (brown), 5% (orange), 7 (yellow), 9% (light green) and 11"
(dark green); d) Schematic diagram for the setup and shear wave decay of different overtones; ¢)
The frequency shift of the film de-doped back to OV from the over-doped state, from which the
frequency of different overtones jumped in different directions at the start point (highlighted in red
shadow). The normalized kinetics for the following slow frequency shift (mass transport) for f)

de-doping process and g) re-doping process.

As with the 3 order frequency change demonstrated in Figure 1b, the higher-order overtones also
displayed a large instantaneous (sub-second) mass change. In the de-doping and re-doping
processes, this frequency shift reached more than 90% of the total shift in the first second.
Although only a rough estimation of mass increase can be made from the frequency shift, we can
still extract the mass change of the charged ions in the thick film by integrating the current signal
spike. Taking the de-doping process as an example, if only cationic uptake contributes to ionic
charge transport, the expected mass increase would be 0.06 pg/cm2. However, the measured cation
content by XRF is only equivalent to 0.04 pg/cm throughout the de-doping process (calculated
assuming the dry film thickness is 220 nm and a film density of 1.0 g-cm™). Therefore, anion
expulsion must also contribute to the ionic charge transport in the thick film during de-doping,
which is consistent with the presence of anions confirmed by XRF. At the same time, the migration

of water accounts for most (>95%) of the mass change in the process.

As assessed by different overtones in EQCM, the proportion of cations and anions is not constant
through the depths of the 6-layer films in this instantaneous mass transfer step. In the first de-
doping process, the larger frequency shift exhibited by the higher order overtones indicates a
greater mass gain in the material near the substrate. This reflects the establishment of an ion
gradient during de-doping, which stems from the cation accumulation due to more cation influx
caused by the instantaneous negatively polarized gold electrode. This effect is more evident when
the film is de-doped back to 0 V from the over-doped state, producing the opposite direction of the
initial frequency spike (Figure 3e). For higher order overtones (deeper in the film and closer to
the substrate), an initial frequency drop (mass increase) reflected cations being drawn towards the

negatively charged electrode surface, which after a few seconds was overcome by a frequency
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increase (mass decrease) ascribed to anion expulsion. For lower order overtones (which average
the entire bulk), the anion expulsion (presumably from the shallower part of the film) dominated
across all time scales, thus exhibiting a transient mass decrease. During the opposite processes (re-
doping and over-doping, Figure 3c), the anion should be attracted to the buried positively
polarized electrode interface. In the re-doping process (Figure 3g), this transport is overshadowed

by the larger magnitude of cation expulsion, resulting in a net mass decrease.

The subsequent slow process of mass transport shows a kinetic asymmetry of the de-doping and
re-doping processes. For the de-doping process, this slow process manifests as a slow mass decay
(frequency increase) after the initial mass increase spike, while for the re-doping process, the
process manifests as a further mass decay (frequency continues to increase) after the initial mass
decrease (Figure 3c). When the film was de-doped (from OV to -0.6V vs Ag/AgCl), the
frequencies of higher order overtones shifted more than that of the lower orders, in terms of both
percentage and absolute frequency difference. At the same time, the higher-order overtones
exhibited a faster decay rate (Figure 3f and Figure S12a-c) and a larger overall shift, indicating
that ions (and water) transported away from the electrode interface faster and to a greater degree
compared to the rest of the film volume. When the film was re-doped (from -0.6 to 0V vs Ag/AgCl),
different overtones showed a similar frequency decay rate (Figure 3g, perhaps even a slight
inversion trend, see Figure S12d-f), representing a more uniform mass transport through the depth

of the film.

Putting together the above discussion, the mechanism of acid treated PEDOT:PSS during
electrochemical cycles can be described as follows: in the de-doping process, polarization of the
buried Au electrode induces an immediate cation flux through the film toward the buried
OMIEC/electrode interface, and an opposite anion flux out of the film into the electrolyte. The
rapid accumulation of cations at the OMIEC/electrode interface produces a mass gradient through
the thickness of the film. As the slower process of hole extraction progresses via thermally
activated hopping and charge transfer at the OMIEC/electrode interface,* a cation reorganization
occurs to establish charge neutrality throughout the film. In the re-doping process, positive
polarization of the gold electrode causes a rapid expulsion of cations out of the film and an opposite

anions flux from the electrolyte into the film. The holes are then injected into the OMIEC via
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charge transfer at the OMIEC/electrode interface, which leads to a further expulsion of cations

remaining in the film.

In order to better understand the proposed depth dependent ion reorganization followed the initial
mass uptake/expulsion, we developed a simplified layered kinetic model (see SI Part 3, Figure
S13). In the model, the film is divided into three layers in the vertical direction. In addition to the
direct ion flux from/towards the external electrolyte in each layer, the cations have additional
kinetic constants for diffusion between layers. This cation reorganization may be related to the
binding of cations to excess PSS after the holes are neutralized and is slower than the electronic
charge transport. This explains the different mass transport kinetics exhibited at different depths
in the de-doping process: the ions close to the OMIEC/electrode interface yield larger apparent
rate constants due to the consistent directions of the cation reorganization and anion efflux, while
the ions close to the OMIEC/electrolyte interface have smaller rate constants due to the opposite
directions of ion flux (Figure 2¢-3). In the re-doping process, the rate constant of cations leaving
the film is much larger than that of cation upward reorganization, precluding the mass

reorganization process from dominating the mass transport kinetics (Figure 2d, also Figure S13c).
Mechanical/Rheological Transients

The dissipation information from EQCM-D gives more information on mechanical and rheological
properties kinetics of the film.*® 33 Different from the frequency shift that shows a mass minimum
near the naturally doped state, the dissipation decreased monotonically as the voltage increased
(Figure S14). Considering the thickness of the film and the penetration depth of the shear wave, a
double layer viscoelastic model that includes electrolyte and polymer film was used to qualitatively
analyze the dissipation from the material (see SI Part 2).%° In this model, the 3™ order shear wave
penetrated whole polymer film with tiny decay and were completely dissipated in the bulk
electrolyte (as the top layer). Based on the work by DeNolf and Sadman,*” ¢! the elastic to viscous
transient of the material can be qualitatively discussed by normalizing the ratio of the resonant

frequency shift and wave dissipation (Equation 2, also see SI Part 2):

—Real(L)

- _Af3 _ AfSauerbrey,3 (2)
oA Afs”
mag( )
AfSauerbreyS
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Where Af;" is the complex frequency shift, and A fsauerbrey,3 1S the 3" order frequency shift of

Sauerbrey equation (Equation 1). The frequency dependent dissipation Al'; can be expressed as

Equation 3:

AD5 X f
L=—3— ()
The differential ratio r; is positively correlated to the film phase angle between 25 and 65 degrees
(Figure S15b), where the phase angles of common hydrated polymers locate.®? As the r; increases,
the phase angle also increases, implying that the film changes from a glassy polymer to a more

Newtonian-like fluid. Thus, r; is selected as the rheological indicator of the acid treated

PEDOT:PSS during electrochemical cycling in the following discussion.

In general, the increase in r; during the de- and over-doping of the acid treated PEDOT:PSS
signals an increase in the water content of the film. These steps were manifested in the AD; — Af;
phase plot (Figure S16a), in which the de-doping process shows a gradually r; change (relatively
constant phase angle) across voltage, while the over-doping process shows a sharp increase in the
r3 across voltage, which arises from the divergent film mass and dissipation changes (Figure S16).
Focusing on the kinetics of de- and re-doping processes, similar to mass transport, these two
processes can be divided into a fast and a slow process, where the normalized r; was able to be
fitted in the slow process. (Figure S17) The change in r; in the fast and slow processes is in the
opposite direction, implying that the polymer produces an excess of rheological changes during
the instantaneous voltage step and slowly returns to an equilibrium state that differs less from the
initial state over a longer period. During de-doping, the slow steps showed similar time constants
across different orders, (~50s), larger than the mass change. This indicates the further mass
relaxation is not closely related to the cation distribution. During re-doping, the relaxation of film
phase angle is also slower than the mass transport. The relaxation of the material rheology is
always going on after the other processes have reached equilibrium, which may be accompanied

by mesoscale structure changes within the material.
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Figure 4 Pseudo OECT measurement and the results: a) cone cell used for OECT measurements,
and the patterned acid treated PEDOT:PSS chip; b) electrochemical cycling of the OECT at Vs.p
=10mV. The channel current (yellow) and gate current (blue) were deconvoluted from source and
drain current (grey, see the discussion in SI Part 4). The normalized channel current together with
the gate current for c¢) de-doping and d) re-doping process, showing the channel current under

different channel voltages, Vps (solid-colored lines) and the gate current (dash grey lines).

Charge Transport Transients

For OECTs, mass and charge transport are not the only parameters to be concerned with; the
formation of effective macroscopic charge transport pathways is also very important. Using a cone
cell consistent with the previously reported operando GIWAXS (Figure 4a),?° the same stepped
potential patterns as EQCM-D measurements were applied to the patterned, acid treated
PEDOT:PSS with the channel biased in the linear regime (Figure 4a). The charging current is
deconvoluted from the S-D current of the device (Figure 4b and SI Part 4).% The transient
changes and equilibrium states of channel conductivity with different S-D biases were found to be

approximately the same (Figure S18).

To further analyze the change in hole mobility of the material during individual electrochemical
steps, we calculate the differential mobility from the incremental change in conductivity and
charge density (see SI Part 4). From the differential mobility, we can compare the effective
mobility of the added/extracted carriers during electrochemical cycling. When applied potential

decreases the charge density (de-doping and returning of 0V from over-doped state), conductivity
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decreases faster than charge density (Figure 4c, Figure S19b), implying that high mobility charge
carriers are extracted first. Conversely, with potential steps increasing the charge density (re-
doping and over-doping), conductivity increases slightly faster than charge density (Figure 4d,
Figure S19a), indicating that the initial injected charge carriers have a higher effective mobility
than successive injected carriers. This is rationalized as due to the increased energetic and
structural disorder that accompanies increased dopant and charge carrier densities, which
diminishes hole mobility.®* Additionally, the differential mobility in de-doping and re-doping
processes is larger than that in over-doping process as hole density increased after over-doping

(Figure S20), implying that the DOS of the doped acid treated PEDOT:PSS is over half-full.®®

The electric field profile change caused by ionic lateral transport is negligible for the kinetics of
the channel current decay. When a large D-S voltage saturates the channel, the non-equilibrium
lateral ion current may affect the distribution of holes and thus change the kinetics of the channel
current.®® However, the very small D-S voltage (10mV) in our measurements still show the kinetic
asymmetry between de-doping and re-doping process. The amount of charge extracted from drain
and source electrode is nearly equal (~50%) when the D-S voltage is small (10mV and 50mV),
implying the channel material is in the linear region and far from saturation (Table S3). This
kinetic asymmetry persisted as the D-S voltage increased, where the time constant of the de-doping
process slightly decreased and the time constant of the re-doping process slightly increased
(Figure S19¢). The asymmetry of the charge transport kinetics during de-doping and re-doping
processes observed in OECT is consistent with the results in EQCM (Figure 2b). This asymmetry
may originate from a difference in driving force applied. The threshold voltage of PEDOT:PSS is
closer to the voltage in de-doped state than that in re-doped state,?? which likely results in a slower
charge transport in de-doping than that in re-doping. The above experimental results all indicate
that the change in hole mobility, rather than the change in electric field due to ion migration/

reorganization, is the rate-determining factor in channel current kinetics.
The sequence of mass, charge, and structure Kinetics

As OMIEC charging and discharging occur via an RC process, the kinetic data across experiments
can be compared by normalizing with the individual experiment RC time constants (trc) in order
to compare different dataset at similar degrees of charging. In this study, transient behavior of

mass (manifest as normalized frequency shift), rheological properties (manifest as r3), channel
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conductivity, and effective mobility were aligned to the previously reported transient data of
molecular packing (manifest in the lamellar d-spacing), and UV-visible optical spectra
(polaron/neutral population) (Table S4). In all cases, an exponential or double exponential fit was
used to extract the time constant 1, and all these fits yielded good agreement with observed
functionality (Figure 5). The mass transport process is the fastest compared to other processes,
which is not necessarily expected in OMIECs. In general, this is consistent with studies of P3HT

4 However, the

from Flagg et al which showed that mass transport is faster than hole injection.
overall time constants here are much faster than that of P3HT due to the faster ion transport in the

more hydrophilic acid treated PEDOT:PSS.
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Figure 5 RC normalized curves between Otrc to 2.5trc for a) de-doping process and b) re-doping
process to show the order of fast polarization, charge carrier population kinetics and macroscale
transport. RC normalized curves between Otrc to 30trc for ¢) de-doping process and d) re-doping
process to show the order of slow macroscale mass and rheological relaxation. In a-d, data are
shown as symbols, solid lines represent the exponential/double exponential fits. The color scheme
corresponds to the techniques/processes listed in the legend in (¢). €) RC normalized time constants
for de-doping (filled symbols) and re-doping (open symbols) processes. The error bars shown are
the larger of either the 95% confidence interval of the fit parameters, or single time step for each
measurement. In this figure, the triangles, circles, diamonds, and squares are experimental data
points. The triangles are from EQCM measurement; the circles are from the pseudo OECT
measurement; the diamonds are from in situ GIWAXS measurement; and the squares are from
optical measurements. Colors correspond to: integrated charge (black), channel current (grey),
differential mobility (light grey), lamellar spacing (light red), polaron absorption (dark red), neutral
absorption (light blue), bulk mass change (brown), rheological property change (cyan) and deep

layer mass change (light green).

In the de-doping process of the material (Figure Sa), the film mass, rheological properties and
initial polaron/bipolarons concentration changes are closely overlayed and in an extremely short
time scale (<0.21rc), indicating that these three factors are strongly sensitive to the polarization of
the buried electrode, and their response precedes any significant changes in hole density. The rapid
response of these three is immediately followed by the lamellar expansion within the crystalline
domains as assessed by in situ GIWAXS (~0.5trc).2® The slower charge extraction continued
throughout, accompanied by the growth of neutral species absorption and successive bleach of the
polaron absorption. The decrease in film conductivity and the increase in effective hole mobility
are further slower than the charge transfer (Figure S20a-b). In analyzing the temporal error, the
main source of uncertainty was identified to be the relative onset of the mass and rheological
transients with respect to the polaron absorption and lamellar contraction transients (see SI Part 5
for detailed discussion). That they (mass and rheological property transients) occur rapidly and
precede all others (charge, neutral absorption, channel current, and differential mobility transients)

is determined with certainty.
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In the re-doping process (Figure 5b), the large mass decrease and concomitant rheological
property changes again are the most rapid processes, which is overlayed with the conversion of
neutral species to polarons. The polarons then further convert into bipolarons, which is associated
with the reduction of the lamellar spacing. Lagging behind this is the bleach rate of neutral species,
and the increase in channel current, differential mobility, and film charging, in that order. The
difference between the neutral bleach and channel current transients is minimal such that their
relative order cannot be determined with certainty, however, both processes are significantly faster

than the differential mobility and charging current transients.

While the mass and rheological responses are large and rapid, they both display a slow relaxation
process spanning tens of trc. In the de-doping process, the mass transfer near the buried
OMIEC/electrode interface takes the lead in equilibrium (Figure Sc). The equilibrium time
constants for rheology (r3) and mass transport in the bulk material are similar, and both are
remarkably longer than the mass transport material near the OMIEC/electrode interface. This is
because the dissipation change (as the denominator of r3) in this process is small, allowing the
rheological kinetics to be consistent with the mass transport kinetics in the bulk film (as the
numerator of r3). In the re-doping process, the kinetic rates of mass transfer are similar at different
depths, while the overall film rheological properties remain far from equilibrium after the mass
transfer reaches the equilibrium state (Figure 5d), indicating that there are long term mesoscale

relaxations occurring on the order of minutes.

Summarized in Figure Se, we plot the extracted time constants of the above-mentioned transients
on a log trc time scale and label the errors of each time constant based on the corresponding error
discussion. The de-doping and re-doping processes can be clustered into three sub processes: the
fast polarization of the electrode and OMIEC materials, charge carrier population kinetics and
macroscale transport, and the slow relaxation. In the de-doping process, the boundaries of all three
processes are clear. In the re-doping process, there is time overlap between two fast sub processes,

but the time scale of the slow relaxation is still dramatically different.

Conclusions
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This work investigates compositional, mass, rheological, and charging transients in a prototypical
OMIEC material, acid treated PEDOT:PSS during electrochemical cycling, building on previous
operando X-ray scattering and EQCM works on OMIECs. With EQCM-D, we investigate the mass
transport in relation to charge, conductivity, carrier concentration and microstructure. In OMIECs,
the transients of the mass transport and rheological properties and the conversion of
polaron/bipolarons are the fastest process. By comparing different overtones from EQCM-D data,
we reveal the depth dependence of the fast mass transients and point out the ion reorganization
process later. Finally, we establish an order of operations in response to changes in electrochemical
potential: the mass/rheological properties, polaron concentration, and microstructure respond first,
followed by the charge accumulation, neutral absorption, and macroscopic conductivity changes;
with the relative order of the latter depending on whether the film is undergoing doping or de-
doping. These results open the door to further inquiry into the kinetics of OMIEC structure and
rheology. For example, this work invites further dedicated rheological experiments to produce
quantitative rheological models, and highlight the need for future studies to connect rheological
properties with in situ/operando meso-scale structural characterization (such as neutron scattering,
small angle X-ray scattering and X-ray photon correlation spectroscopy). Further, the mapping of
properties over relatively long timescales should be combined with future ultrafast studies to
investigate the discrete processes underlying the kinetics discussed here. Finally, as OMIECs are
a diverse class of materials, similar studies on other OMIEC material classes (e.g., conjugated
polyelectrolytes, conjugated polymer electrolytes, small molecules, etc.) will inform the generality
the observed kinetics. The results reported here not only provide insight into the operation
mechanism of acid treated PEDOT:PSS, but also reveal the factors affecting the response time of

OMIEC devices, guiding the future design of OMIEC materials.
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