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ABSTRACT: Immersing polymer solar cells in aqueous electrolyte for
photoelectrochemical (PEC) hydrogen production is likely to cause
photophysical changes that could present both challenges and
opportunities for engineering functional and durable devices. Herein
we study the bulk heterojunction blend poly(4,8-bis(5-(2-ethylhexyl)-
thiophen-2-yl)benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl)-alt-(2-(((2-
ethylhexyl) oxy)carbonyl)-3-fluorothieno[3,4-b]thiophene-4,6-diyl):poly-
(N,N’-di(2-octyldodecyl)naphthalene-1,8:4,5-bis(dicarboximide)-2,6-
diyl)-alt-(2,2-bithiophene-5,5’-diyl) (PTB7-Th:N2200) excited-state dy-
namics in electrolyte from femtosecond to millisecond time scales using
pump—probe microwave conductivity and absorption spectroscopy.
While the blend swells very little, electrolyte exposure increases the
microwave-frequency mobility and possibly the yield of photogenerated
charges while also decreasing crystallinity. These results indicate an enhancement in key performance metrics, implying that
any limitations on the performance of PEC test devices do not arise from active layer—electrolyte interactions. For the PTB7-
Th:N2200 blend or similar photocathode systems, our results indicate that improving the interfacial kinetics and/or the
carrier lifetime should be prioritized, not protecting the active layer from the electrolyte. Since this observation may not be
universal to all polymer systems, future research should focus on identifying their limiting photophysical processes.

rganic semiconductors (OSCs) are promising alter the thermodynamics and kinetics for charge separation
O candidates for photoelectrochemical (PEC) hydro- and charge recombination,'®™** modifying the rates of these
gen production.l_lo PEC applications with OSCs process by several orders of magnitude or, in some cases, mean
take inspiration from the well-developed field of organic the difference between achieving or not achieving a charge
photovoltaics (OPVs). There, electron-donating and electron- separated (CS) state at all. Similarly, the interface between the
accepting materials are combined in a thin-film bulk- high dielectric-constant electrolyte and the low dielectric-
heterojunction (BHJ) to drive photoinduced charge separa- constant conjugated polymer could selectively stabilize charge
tion, which becomes thermodynamically favorable after the carriers, providing a greater opporﬁtunity for those charge
materials have absorbed a photon of the appropriate carriers to perform a given function.” On the other hand, the
energy.n_ls Charges then travel via hopping transport to electrolyte could cause structural alterations to the complex
their ultimate destinations.'”~"” Unlike OPVs, photoelectro- polymer network and its different domains, be they regions of
chemical applications require that OSCs operate in contact
with an electrolyte (often aqueous) to drive catalysis. Very Received: June 12, 2025
little is known about how these semiconductor/electrolyte Revised:  July 17, 2025
interfaces may influence photophysical behavior of OSCs." In Accepted: July 18, 2025
small-molecule donor—acceptor dyads in solution, changes in Published: July 28, 2025
the solvent dielectric constant and the reorganization of the

solvation shell around the excited molecules can significantly
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Figure 1. (a) The chemical structures of the repeat units of PTB7-Th and N2200. (b) A schematic of the device stack used in HER
experiments with energy levels depicting the roles of both polymers. A photogenerated hole is created in PTB7-Th and scavenged into a hole
transport layer (Me-2PACz) and ultimately the cathode, while a photogenerated electron in N2200 is transferred to a Pt cocatalyst and
reduces H' to H,. (c) A schematic of the samples used for spectroscopy including only the active layer from the device stack. (d) Absorption
spectra of both polymers, PTB7-Th (red) and N2200 (blue) scaled according to their contribution to the blend film, and the PTB7-
Th:N2200 blend (black). A linear combination of both scaled spectra (“Composite”, gray) is included for comparison and shows excellent
agreement with the measured blend film spectrum. (e) The photocurrent density at zero applied potential with respect to the reversible
hydrogen electrode (RHE), a proxy for H, generation,”* decreases as the ionic strength of the electrolyte increases. Photocurrents are

plotted in the polarographic convention.

pure donor or acceptor,’' ' regions with varying degrees of
long-ran§e order,””** or regions with different aggregate
phases.”” This could disrupt an otherwise high performance
BHJ structure. Factors such as these will impact optimization
of the interface between the semiconductor, catalyst, and
electrolyte to best utilize the photogenerated charges within
the active layer.

To explore the issues noted above, we examine the changes
in photophysical behavior of polymer:polymer BHJ blend
formed from poly(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-
benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)-alt-(2-(((2-
ethylhexyl) oxy)carbonyl)-3-fluorothieno[ 3,4-b]thiophene-4,6-
diyl) and poly(IN,N’-di(2-octyldodecyl)naphthalene-1,8:4,S-
bis(dicarboximide)-2,6-diyl)-alt-(2,2-bithiophene-5,5'-diyl)
(PTB7-Th:N2200) through exposure to electrolyte environ-
ments. We test the hypothesis stated above: the polymer:-
electrolyte interface or “interphase” can stabilize charges,
extending this to include the influence of salt concentration.
Salts have sometimes been shown to improve hydrogen
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evolution reaction (HER) performance through Coulombic
stabilization of charge carriers, > %* though exposure to water
can have deleterious effects on some OPV materials.”” " As
noted previously, producing and stabilizing photogenerated
charges to be harvested is but one step in this complex process.
In testing this hypothesis, we focus on related subquestions to
elucidate this step: how permeable is a nominally hydrophobic
film*>** to the aqueous electrolyte with which it is in direct
contact? Is the microstructure of the BH]J significantly
perturbed?

We find that the GHz-frequency charge carrier mobility and
possibly also the charge carrier yield in a PTB7-Th:N2200 (2:1
w/w) BHJ blend increase in the presence of aqueous
electrolyte, driven primarily by an antisolvent annealing effect
that reduces the crystallinity of the film. Changes to the
dynamics from femtoseconds to millliseconds are accompanied
by drastic changes to the structure, as shown by X-ray
scattering, but with very little water uptake. The trends in HER
performance in test devices do not reflect the enhancement of
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Figure 2. (a) Photomodulation spectra of the blend film taken in various electrolyte environments at a modulation frequency of 10 kHz and

1.1 X 10" absorbed photons/cm?/s (4

exc

= 640 nm). The total signal magnitude (R) was used as a measure of polaron yield. (b) A summary

of the SSMC photoconductance data for the blend film in various electrolyte environments (filled symbols) measured at 10 kHz modulation
frequency and 5 X 10'¢ absorbed photons/cm?/s (broadband white-light source (400—800 nm)). Note that a neat N2200 film was used to
act as a control for the dielectric response of the electrolyte (empty symbols).

photogenerated charge carrier yield and mobility in the active
layer. This observation underscores the fact that charge
generation and transport are but the first steps in a complex
process leading from photon absorption to hydrogen
evolution. We thus conclude that the model PTB7-
Th:N2200 BH]J studied here is fundamentally suitable for
PEC applications from a photophysical durability standpoint
and the performance of the HER devices may well be limited
by steps further down the photochemical pathway, possibly
including macroscopic mass transport, charge access to the
electrochemically active interface, or interfacial kinetics for
hole extraction or hydrogen evolution.

Figure 1 shows the structures and absorbance spectra of the
polymers used in this study, as well as the construction of the
PEC half-cell and samples for spectrocopic measurements, and
the magnitude of the photocurrent density at zero applied
potential vs the reversible hydrogen electrode (RHE) (see
Sections S1.2 and S1.3 for a detailed description of the PEC
device construction, Section S3.4 for details on the HER
experiments, and S3.14, including Figures S47 and S48, for
further discussion on the impact of Pt nanoparticles on the
charge dynamics). A blend of PTB7-Th:N2200 in a 2:1 weight
ratio was used as the BHJ active layer (see Figure 1d for the
blend’s absorption spectrum, as well as Figure S13) with
platinum nanoparticles deposited as a surface cocatalyst and
solutions of either Na,SO, and H,SO,, which is typical for the
HER reaction, or NaCl, which has a high solubility in water,
enabling study of highly concentrated electrolyte. The
photocurrent densities at zero potential with respect to the
reversible hydrogen electrode (RHE) of ~2 mA/cm® we
measure here are only 15—20% of the 10—15 mA/cm? typical
of comparable OPV devices® and optimized inorganic PEC
cells.”® Moreover, we find that the photocurrent density
declines with increasing salt concentration, contrary to a recent
motivating report on a different photocathode,*® and contrary
to our base hypothesis that solvation or ion pairing of charges
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in the conjugated polymer with the electrolyte solution could
stabilize carriers and enhance hydrogen evolution.

Thus, we investigated the polymer active layer, since
photogenerated charge carrier density in it governs the
reduction of H" to H,. We performed a detailed series of
spectroscopic experiments spanning from the femtosecond to
millisecond time scales in order to discover whether the
observed trends in photocurrent density are caused by changes
in the ability of the active layer to maintain a sufficient
concentration of photogenerated charge, or if they are instead
limited by device-level phenomena such as the transport of
charges to the electrochemically active interfaces, deleterious
interfacial trap states, or the rate of interfacial proton
reduction.

Combining steady-state photoinduced absorption (SSPIA)*’
and steady-state microwave conductivity (SSMC)***” methods
allows us to separate trends in charge carrier concentration and
mobility on the millisecond time scale relevant to the catalytic
process. SSPIA (see Section S1.11, Figure S6 for a detailed
description of SSPIA and the control experiments performed)
provides information about the charge concentration via Beer’s
Law, assuming a near-constant extinction coeflicient of
charges, while SSMC gives a carrier concentration-mobility
product via photoconductance. Figure 2a shows a near-infrared
SSPIA spectrum for four different environmental conditions of
the same PTB7-Th:N2200 film. Notably, the peaks that we see
are identical to those observed in our transient absorption
(TA) data (vide infra, notably Figure 3b), and in published TA
and spectroelectrochemistry data.”***~** We therefore assign
the photoinduced absorption (PIA) with a 4,,,, between 1100
and 1200 nm to the PTB7-Th positive polaron and the
shoulder around 900 nm to the polarons in both polymers (see
Section $3.13, particularly Figure S37). We used the same
acidic (Na,SO,with H,SO,) and neutral (NaCl alone) media
as in the HER experiments to enable direct comparisons. The
increase in the PTB7-Th positive polaron PIA peak height
between the dry and electrolyte immersed film indicates a
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Figure 3. (a) Transient absorption spectra of the neat polymer
films, PTB7-Th (red) and N2200 (blue), at several delay times.
Note these are two separate experiments done under the same
conditions (lpump = 600 nm, 40 nJ/pulse or ~2.6 X 10'® photons/
cm?) and all spectra are shown on the same AOD scale. (b)
Transient absorption spectra of the blend film showing rapid
evolution from the PTB7-Th exciton to a new feature centered
between 1100 and 1150 nm, which we attribute to the PTB7-Th
cation. The feature between 800 and 900 nm contains
contributions from the charged states of both polymers. (c)
Transient absorption kinetic traces of the blend film showing
concomitant decay of the PTB7-Th exciton and the rise of charged
states in both polymers, as well as their decay on the several-ns
time scale. (d) The results of global fitting of the transient
absorption data for the blend film showing the evolution of the
populations of the PTB7-Th exciton (Ex), two spectrally distinct
charge-separated (CS) states, and the sum total of both CS states
over time as a fraction of the number of absorbed photons.

modest increase of up to 43% at the 10 kHz modulation
frequency used in these experiments. Section S3.9 of the
Supporting Information, especially Figure $26, details the
determination of upper (43%) and lower (0%) bounds using
the PIA data.

For comparison, Figure 2b shows the trends in photo-
conductance measured by SSMC on identical PTB7-
Th:N2200 blend films upon exposure to electrolyte. These
data show up to a 4-fold increase under the same conditions.
Using the 0—43% charge yield from SSPIA, this translates to an
increase in the AC GHz-frequency mobility of ~2.8—4X.
Control SSMC experiments with N2200 films (Figure 2a),
which do not readily generate large charge carrier den-
sities,""" were performed to rule out interference from
thermal artifacts (see Sections S1.7 and S1.8, Figures S4 and
$5).** SSPIA cannot distinguish between bound and free
charges, whereas SSMC is only sensitive to free mobile
charges. Immersion in aqueous electrolyte could be shifting the
fraction of bound vs free charges,* thus increasing the average
measured mobility. These are not distinguishable possibilities
with the present data, and we conclude that at steady-state, the
concentration of photogenerated charges and their average
GHz frequency mobility both appear to increase when PTB7-
Th:N2200 blend films are submerged in aqueous electrolyte
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with increasing salt concentration, providing a stark contrast to
the modest HER performance observed with the whole device,
which decreases with increasing electrolyte concentration. We
proceeded to investigate the origins of the observed effects,
particularly with regard to the possible increase in charge yield,
with ultrafast spectroscopic techniques.

Figure 3a shows pertinent spectral features probed by fs-ps
TA of the neat polymer films in the NIR after photoexcitation
at 600 nm. The signal of the PTB7-Th exciton dominates
compared to the N2200 exciton, which absorbs weakly at this
wavelength (Figure 1d). Figure 3b shows the TA spectrum of
the blend film as it evolves over time. The spectrum at 0.1 ps
closely resembles the neat PTB7-Th exciton. Over the next few
ps, new PIAs appear at wavelengths <900 nm and centered
around 1125 nm, which based on previous literature
reports”"**~** correspond to charged states in both polymers
(<900 nm) and the PTB7-Th radical cation (1125 nm). The
PIA of the PTB7-Th radical cation redshifts and broadens over
time as the hole migrates to lower-energy regions of the
polymer (see Figures S35—S37 for the complete TA spectra for
all tested conditions). Figure 3c shows the kinetics at key
wavelengths, showing that charge separation is complete by ~5
ps. Since the spectral features associated with the different
excited state species are rather broad and overlap, we
performed global fitting*® of the two-dimensional TA data to
extract population dynamics. See Section S3.13, Figures S38—
S46, and Tables S8 and S9 for a detailed discussion. Figure 3d
shows the results of the global fit in terms of the evolution of
the population of states over time as a fraction of the number
of absorbed photons. Based on the rate constants connecting
the Ex to CS, (5.7 X 10" s7!), CS, to CS, (6.8 x 10° s7*), and
each of these states to the ground state (GS; 2.8 X 101571, 6.4
x 10° s7%, and 1.9 x 10® s7, respectively), the global fitting
estimates residual charge at S ns corresponding to approx-
imately ~14% of the absorbed photons.

The blend films in aqueous environments all showed slower
decay of the PTB7-Th radical cation peak than the dry blend
film in fs-ps TA measurements (Figure 4c), indicating that an
aqueous environment leads to greater residual charge on the ns
time scale. This is consistent with the SSPIA/SSMC data and
is corroborated by the observed increase in the initial (t = 0)
yield-mobility product (¢Zu) from time-resolved microwave
conductivity (TRMC) measurements in the same environ-
ments (Pigure 4; see Section S3.7, Figures S19—S24 for a
description of the measurements and control experiments
performed). The fact that the trend in the initial pZu from the
TRMC, with an instrument response function (IRF) of
roughly 10 ns, tracks well with the trend in residual PTB7-
Th cation signal at the maximum delay time for our TA
instrument (5.3 ns) suggests that more photogenerated
charges survive into the ns time scale in the films exposed to
an aqueous environment. Global fitting of the TA data for all
conditions supports this, estimating 19% charge retention for
the solution in § M NaCl, 16% in 0.1 M Na,SO, and 0.1 M
H,S0,, and 18% in water, compared to 14% in the dry film at 5
ns (see Section S3.13, Figures S38—S46, and Tables S8 and S9
for a detailed discussion of the global fitting process). If the
SSPIA measurements (Figure 1b) indeed indicate greater
charge yield for films in aqueous environments, it is likely due
to the slower recombination observed on the ps-ns time scale,
leading to the higher residual charge concentration.

The blend films in aqueous media also have higher amounts
of charge at very early times (Figure 4b: 1 ps spectra) as
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Figure 4. (a) A representative two-dimensional map of the
transient absorption data of the dry blend film spanning the
visible and NIR regions of the spectrum (4, = 600 nm, 40 nJ/
pulse). The other conditions can be found in Figures $42, S44, and
$46. (b) A comparison of the evolution of the spectra of the dry
blend film and the blend film soaked in water. Note the higher
peak at 900 nm corresponding to charges at 1 ps, the lack of a
shoulder at 1300 nm at 100 ps, and the larger residual peak at
4500 ps in the film exposed to water. (c) Kinetic traces of the
blend film in various electrolyte environments tracking the decay
of the PTB7-Th cation at 1150 nm. The Na,SO, + H,SO, solution
is 0.1 M in each component, while the NaCl solution is 5§ M. (d) A
comparison of the initial yield-mobility product (solid bars) from
TRMC measurements and residual peak amplitude at S ns of the
PTB7-Th cation from TA measurements (striped bars) of the
blend film for various electrolyte environments. The concen-
trations are the same as in (c).

indicated by the higher relative absorbance in the 800—900 nm
region. Additionally, spectral differences between dry and
aqueous conditions suggest morphological changes in the
polymer via the disappearance of a shoulder at 1300 nm,
blueshifting of the PTB7-Th positive polaron (Figure 4b: 100
ps spectra, Sections S$3.10—S3.12, Figures S30—S34, and
Tables S6 and S7), and narrowing of peaks (Figure 4b: 100
and 4500 ps spectra). We therefore performed a series of X-ray
characterization measurements on both dry blend films and
blends soaked in water to evaluate the nature of any structural
changes.

We performed X-ray reflectivity (XRR) and grazing-
incidence wide-angle X-ray scattering (GIWAXS) measure-
ments on the polymer BHJ film to gain insight into the
structural changes induced in the film by aqueous media (see
Section S1.12 for a detailed discussion of XRR and Section
S$1.13 for a detailed discussion of GIWAXS). Figure S10 shows
the results of GIWAXS measurements of films soaked in
electrolyte taken ex-situ under vacuum. They show a decrease
in signal intensity of roughly two-thirds upon soaking and
drying. Such a sizable decrease clearly indicates increased
disorder in the soaked films, as only ordered regions are able to
diffract X-rays. The differences in intensity cannot be explained
by differences in thickness, which were within 10% of each
other according to profilometry measurements (see Table S2).
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Additionally, for the film exposed to aqueous media there is a
slight peak shift to lower q of the ~0.4 A™" diffraction feature,
indicating a small increase in the interlamellar spacing.
Intriguingly, in situ XRR measurements (Section S1.12, Figure
S8) show an increase in film thickness of only ~2.3% for a
sample measured in a chamber held at 94% relative humidity
after soaking in water. Though a more complicated relation-
ship between the electrolyte identity, concentration, and
structural reorganization likely exists (see Figures 2b, S10b,
$20—S24), it is beyond the scope of this investigation. The
most impactful factor, though, is simply exposure to water,
which is not absorbed into the film in significant quantities.

A consistent picture emerges when considering the totality
of the data: The yield and GHz-frequency mobility of charges
increase upon exposure of the BH]J film to aqueous media. The
amount of solvent taken up by the films is small, as shown by
XRR and complementary FTIR measurements, the latter
showing no measurable OH stretching peaks in a film soaked
for an hour in water (see Section $3.3, Figure S15).
Accordingly, any change to AG of charge separation or
recombination is expected to be small—roughly 100 meV (see
Section S3.8, Figure S25 for further discussion). We find the
sizable structural changes to be a more compelling explanation
than the small change in driving force for the observations
shown here. GIWAXS reveals a definite decrease in long-range
order, with the scattering intensity decreasing by about two-
thirds between the dry samples and those exposed to an
aqueous medium. We propose that the primary driver of
photophysical changes in PTB7-Th:N2200 blends upon
electrolyte immersion is an antisolvent annealing effect that
drives polymer chain reorganization, propagating from the
polymer—water interface to minimize the energetic penalty of
the hydrophobic polymer being in contact with water. The
increase in the GHz-frequency mobility of the films combined
with the loss of structural order seen in GIWAXS strongly
suggest that we are observing the intra-chain mobility of
charges increase as chain—chain contacts decrease. This is
consistent with prior studies that have shown similar
contributions to thin-film mobilities from inter- and intrachain
components, and the general observation that extended
polymer chains in solution usually present much larger
microwave-frequency mobilities than the corresponding thin-
films.*’~>°

While it is possible to view the photophysics through the
lens of Marcus charge-transfer kinetics, it is likely that the
recombination rate constants we observe are connected with
diffusional re-encounter of electron hole pairs, not the
fundamental rate constant of a charge-transfer state recombin-
ing. Nonetheless, we include such an analysis in Section $3.8;
see particularly Figure S25 and Tables S3—SS.

It is important to emphasize that no deleterious effects on
the photophysics of the active layer were seen from simply
exposing it to electrolyte. The polymer active layer shows no
change in absorbance by UV—vis—NIR spectrophotometry
after HER testing (Figure S18) and has therefore not
degraded, as this would cause photobleaching of the
intramolecular charge-transfer band at ~700 nm.”" The device
stability shown in Figures S17 and S18 reinforces this. Figure
S17 shows that the SSPIA and SSMC signals are reduced by
10—20% over the course of an hour of continuous illumination
as long as oxygen is excluded, indicating minimal degradation.
The chronoamperometry data performed under HER con-
ditions shows an initial drop in current (Figure S17), possibly
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due to the formation of hydrogen bubbles that cover the
electrode, })reventing large portions from contacting the
electrolyte.”*>* Surface trap states on the ITO, depletion of
H* in the vicinity of the electrode, and transient capacitive
current from turning on the light source may also contribute to
the photocurrent reduction (see Section S3.5 for more
discussion).

We have shown that the presence of aqueous electrolyte
enhances key metrics such as the GHz-frequency mobility and
the nanosecond charge yield in the model donor—acceptor
polymer blend PTB7-Th:N2200; it is not detrimental to the
photoinitiated charge generation step in the HER process.
Antisolvent annealing causes structural changes in the
polymers when exposed to an aqueous environment, leading
to the increased yield and intrachain charge carrier mobility. As
a result, charges separate more quickly and recombine more
slowly, though at this time it is hard to establish with certainty
the mechanistic origin of this effect and how it is induced by
these structural changes. The operation of a whole device
involves more than simply generating charges in the active
layer: generated electrons must interact with H* at the surface
of a cocatalyst. Thus, the charge carrier lifetimes must be
commensurate with mass transport of the H' to the cocatalyst.
Meanwhile, holes must be transported through the polymer
network and hole-transport layer (HTL) into the ITO (see
Figure 1). They may be impeded from doing so by, e.g,
interfacial trap states. This is not to say that PTB7-Th:N2200
is already an optimal photocathode material for PEC
generation of hydrogen—only that electrolyte exposure does
not make it worse, and researchers should look elsewhere to
understand why HER photocurrent densities are relatively low
compared to corresponding OPV devices. Thus, in addition to
further optimization of charge generation and lifetime for these
and similar polymers, other factors, such as the impact of the
solution composition on mass transport, alterations of
interfacial behaviors, changes in hydrophilicity, porosity, and
surface area, etc. are prime candidates for further study in
improving photoelectrochemically driven reactions in OSCs.
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