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ABSTRACT: A conjugated polymer known for high
stability (poly[benzimidazobenzophenanthroline], coded
as BBL) is examined as a photoanode for direct solar water
oxidation. In aqueous electrolyte with a sacrificial hole
acceptor (SO;°7), photoelectrodes show a morphology-
dependent performance. Films prepared by a dispersion-
spray method with a nanostructured surface (feature size
of ~20 nm) gave photocurrents up to 0.23 + 0.02 mA
cm™ at 1.23 Vgpy under standard simulated solar
illumination. Electrochemical impedance spectroscopy
reveals a constant flat-band potential over a wide pH
range at +0.31 Vyyg. The solar water oxidation photo-
current with bare BBL electrodes is found to increase with
increasing pH, and no evidence of semiconductor
oxidation was observed over a 30 min testing time.
Characterization of the photo-oxidation reaction suggests
H,0, or eOH production with the bare film, while
functionalization of the interface with 1 nm of TiO,
followed by a nickel—cobalt catalyst gave solar photo-
currents of 20—30 uA cm™? corresponding with O,
evolution. Limitations to photocurrent production are
discussed.

hotoelectrochemical (PEC) cells have long held promise as

an inexpensive route for the storage of solar energy as
chemical bonds." A dual band gap tandem cell with an n-type
semiconductor photoanode connected in series to a p-type
photocathode can split water into O, and H, at a solar-to-
hydrogen (STH) efficiency potentially over 20% even assuming
reasonable losses.” However, economically competitive PEC H,
production at a scale commensurate with the global energy
demand requires not only high efficiency but also long-term
stability and the ability to construct large-area devices at a
fraction of the cost of traditional high-performance semi-
conductor devices.” While many promising semiconducting
materials are currently under development, the identification of
new robust photoelectrode materials with ideal energy levels and
inexpensive production is urgently needed.

One class of semiconductors that offers tunable energy levels
and processability in many solvents is the 7-conjugated organic
polymers. While their promising aspects have motivated intense
investigation for economical roll-to-roll organic photovoltaic
(OPV) devices, due to their poor stability in aqueous conditions,
they have not been generally pursued as photoelectrodes for
direct solar water splitting.” Encapsulated OPVs have recently
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been demonstrated in PV-biased photoelectosynthetic cells for
solar water splitting,5 but the lack of intrinsic material stability
limits their application in this configuration. Polymeric carbon
nitride based materials® and conjugated microporous network
polymers” have recently shown promising performance for the
direct solar water reduction, suggesting that conjugated carbon-
based materials can be suitable as photocathodes. However, the
task of identifying suitable #-conjugated materials for the
photoanode is more difficult due to the harsh conditions of
photoelectrochemical water oxidation. Organic dyes based on
porphyrins or perylene diimides (PDIs) can possess HOMO
levels suitable for water oxidation in certain conditions.®” "’
However, solution-processing these materials can be problematic
given their strong tendency to aggregate.'' As certain conjugated
polymers can possess similar energy levels to porphyrin and PDI
dyes while also exhibiting superior film forming characteristics
and improved intrinsic stability, we hypothesized that they could
be viable candidates for inexpensive solution-processed photo-
anodes.

Here we present promising performance and stability of an n-
type polymer, poly(benzimidazobenzophenanthroline), known
as BBL, as a photoanode in a direct semiconductor-liquid
junction (SCLJ) configuration for solar water oxidation. Indeed,
among n-type conjugated polymers BBL is a ladder-type polymer
known for exceptional stability'” and good electron mobility up
to 0.1 cm® V™' s7."% BBL has been reported as an electron
acceptor in OPV cells,"* as a buffer layer for inorganic thin-film
PV," and for n-channel field-effect transistors.'® These favorable
aspects encouraged us to consider BBL for PEC application.

To begin our investigation of BBL as a potential photoanode
material, we first examined the effect of the thin-film morphology
on the extraction of photogenerated charges. Indeed, the
relatively short excited-state transport length expected in
BBL'” suggests a high surface area mesostructured SCL]J would
be beneficial to charge extraction similar to a bulk heterojunction
OPV. BBL thin-films were prepared via two different deposition
techniques: dip coating from a BBL solution in methanesulfonic
acid (MSA)"? and spray deposition of an aqueous BBL nanofiber
dispersion. '**° See Supporting Information for full details of the
thin-film formation methods.

Scanning electron microscopy (SEM, Figure 1) reveals
considerable morphological differences with respect to the
deposition technique. While both films display a homogeneous
coverage of the FTO, the dip-coated film (Figure 1a) shows a
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Figure 1. SEM top view of an optimized dip-coated (a) and sprayed (b)
films with optical images of both electrodes (c). Panel (d) shows the J—
V curve of a thin sprayed film (blue line) and a dip-coated film (red line)
in sacrificial electrolyte (0.5 M Na,SO;, pH 7) under chopped light
substrate-side illumination (scan rate 10 mV s™').

relatively smooth surface with feature size similar to the
underlying FTO (100—500 nm, see additional SEM images in
Figure S1). In contrast, the spray-coated film (Figure 1b) exhibits
feature size as small as 20 nm and a higher roughness due to the
interconnecting network formed from the nanofiber dispersion.

To determine the effect of the morphology on the PEC
performance we prepared films using both deposition methods
to have similar light absorption (Figure 1c). The absorptance
spectra (Figure S2) reveal a maximum of ~40% light absorption
at A = 590 nm, corresponding to an average thickness of 40 nm
based on the reported absorption coefficient.”’ A Tauc plot
analysis verified a direct band gap transition at 1.86 eV matching
previously reported values.'> We note that preparing thicker
films by dip coating was not possible given solubility limitations.
The two similarly absorbing films were next examined by linear
scanning voltammetry (LSV) in a three-electrode PEC cell using
a buffered aqueous electrolyte (pH 7) and a hole scavenger
(SO,>7) under intermittent simulated solar illumination (100
mW cm™2). The oxidation of SO;>~ is thermodynamically and
kinetically more facile than the oxidation of water.”> As such,
measuring photocurrent for SO;*~ oxidation enables the
investigation of the PEC properties of BBL with minimum
kinetic limitations. The LSV data are presented in Figure 1d with
respect to the reversible hydrogen electrode (RHE). Both BBL
electrodes show an anodic photocurrent upon illumination (n-
type behavior) and reproducibility in the potential range
scanned. Moreover, the LSV behavior offers insight into charge
transport and transfer. The dip-coated film exhibits transient
spikes when illuminated in the photocurrent onset range (from
+0.7 to 1.0 V), suggesting a limitation of charge transfer to the
SO;*" (accumulation of holes at the SCLJ). In contrast, only
small spikes are seen in the spray-coated film, and the
photocurrent density in the plateau region (from +1.0—1.3
Viue) is 6.5 times higher. Given the similar light absorption of
the two electrodes, it is reasonable to conclude that greater
photocurrent density of the spray-coated film results from the
porous morphology, which facilitates harvesting of the photo-
excited states due to their short transport distance.

Optimization of the spray-coating deposition method showed
that films thicker than 40 nm gave higher photocurrent density,
Jons (Figure S3). Electrodes with a thickness of about 120 nm gave
an average J;, of 0.23 £ 0.02 mA cm™* at +1.23 Vyyg, while
thicker films gave lower values. ], was consistently ~30% larger
for substrate-side illumination (compared to electrolyte-side)
indicating a limitation in majority carrier (electron) transport.
This observation together with the effect of the nanostructure are
consistent with free charge generation occurring exclusively in
high proximity to the SCLJ, where excitons are split either by
direct hole injection into the electrolyte or a space-charge electric
field. The electron transport could be perhaps limited due to
grain boundaries between the individual fibers.

To next obtain information regarding the electronic structure
of the SCLJ and determine the suitability of BBL to oxidize water,
electrochemical impedance spectroscopy and Mott—Schottky
(M=S) analysis were performed on spray-coated electrodes at
various pH without sacrificial hole acceptors. We used thicker
films (230 nm) to avoid direct substrate—electrolyte contact.
Figure 2a shows the M—S plot obtained using the space charge
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Figure 2. (a) Mott—Schottky plot from a sprayed-deposited BBL film in
aqueous electrolyte (buffered sulfate/phosphate) at various pH. A
Randle equivalent circuit was used to fit the impedance data (inset). (b)
Energy band diagram of BBL under flat-band condition at pH 3 and 10.
(c) J-V (LSV, 10 mV s7') curve in aqueous sulfate/phosphate
electrolyte (pH 7) under chopped illumination. The inset shows the
evolution of the photocurrent density at 1.23 Vyyp with the pH.

capacitance, C,, extracted from the Nyquist plots (Figure S4),
which were fit with a simple Randle equivalent circuit (Figure 2a
inset). For each pH, the expected accumulation region, where
C,. % is small, is observed in Figure 2a at potentials <~ +0.25 V vs
the normal hydrogen electrode (Vyyp). At more positive
voltages, an increase in C,.~> is observed consistent with a
space-charge depletion region. Complete depletion of the
semiconductor film leads to a leveling-off of C,. "> at higher
applied potentials. We note that application of the M—S model
rigorously requires a planar electrode. The sublinear onset of the
depletion region is reasonably due to a changing effective surface
area as the small features of the electrodes are depleted.” Given
the nanostructure, the flat band potential, Epg, will be
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overestimated by extrapolating the linear region of the plots, and
thus Egp is better estimated by regression of the onset region of
C,. % Nevertheless, it is clear that in the pH range from 3.5 to
10.5, Egg only varies slightly with pH. We estimate a value for Egg
of +0.31 + 0.03 Vyyg, which is consistent with the observed
onset of photocurrent when using the sacrificial hole acceptor
SO, In contrast, at pH 1.9 a positive shift of Egy to +0.40 V is
observed. While inorganic oxide semiconductors typically exhibit
a Nernstian shift with pH due to the dynamic equilibrium of H*
and OH™ adsorption/desorption,** it is likely that few (if any)
species adsorb at the BBL/electrolyte interface in the pH range
from 3.5 to 10.5 leading to the constant Egg. In contrast, the
known acido-basic behavior of BBL with a pK, of 2.2*° could
explain the shift of Egg at pH 1.9.

The Egg estimation together with the band gap and LUMO
position'” allow construction of an energy band diagram of BBL
in water at flat-band conditions for different pH (Figure 2b). At
pH 3 the HOMO is well-positioned for the oxygen evolution
reaction (OER), and the driving force for the OER reasonably
increases with pH given the constant Epy of the BBL. To evaluate
the ability of the bare BBL to directly photo-oxidize water, we
next measured 230 nm-thick spray-coated electrodes in aqueous
electrolyte without a sacrificial hole scavenger at different pH. An
example of a LSV at pH 7 is given in Figure 2c. Here the onset of
photocurrent is similar to the sacrificial case, however the
photocurrent density is considerably smaller and large transient
spikes are observed, especially near the photocurrent onset
potential. Remarkably, sustained photocurrent was observed as a
plateau region of the LSV from ~ +0.9—1.4 V. The sustained J;,
in the plateau region (after the decay of the transient, taken to be
15 s, see Figure SS) under continuous 1 sun illumination (100
mW cm?) in different pH is given in the inset of Figure 2c. The
magnitude of ], increases with pH consistent with the increasing
driving force.

Importantly, the possibility that the photocurrent arises from
oxidation of the BBL itself was eliminated through longer
stability measurements (Figures S6 and S7 ). See full discussion
in the Supporting Information.

The incident photon-to-current spectrum (IPCE, Figure S8)
verifies that the photocurrent in nonsacrificial electrolyte at pH 7
arises from light absorption by the BBL. However, the observed
reduction of the IPCE when using a white light bias can be
ascribed to increased geminate recombination in the ﬁlm,26 and
brings into question the nature of the sustained oxidation
reaction occurring on the bare electrode (see Supporting
Information for full explanation). In fact the observation of O,
production by gas chromatography was unsuccessful despite that
the expected concentration was within GC detection limits. This
suggests that molecular O, is not the product of the sustained
photo-oxidation reaction. Another possibility is that water
oxidation occurs via a two-electron process producing H,O,.
This oxidation is thermodynamically feasible (E = +1.8 Vyyz),””
as it corresponds roughly to the estimated HOMO level position
under flat band conditions at pH 6. Moreover ketonic functional
groups on BBL could support the production of H,O, similar to
observations on oxidized carbon nanotubes.*®* However, H,0,
was not directly detectable in the electrolyte using titration with
KMnO,, likely because the produced H,0, is directly reduced at
the anode to produce the hydroxyl radical (¢OH).”” The
occurrence of this 2pathway can be detected by using a florescence
probe technique,””*" wherein coumarin reacts with hydroxyl
radicals to produce a new compound (umbelliferone, see Figure
3a) quantifiable by photoluminescence spectroscopy. To

aos 15 |30
0\&? HO. 0_o .
Jreon — +others o
0.6 Coumarin Umbelliferone s J/ .
2 < A [e)
s 210 & [20T
8 5 s -]
£0.4- 2 y 3
o = s =3
@ = i
o [} a’ o
s 25 44 F108
202 £ 7 S
o B b =
~ =
before test K
0.0 T T T T 0
350 400 450 500 550 600 0.0 1.0 20
Wavelength (nm) Time (h)

Figure 3. (a) The fluorescence probe reaction used to detect hydroxyl
radicals (top) is shown together with the fluorescence spectra of
buffered sulfate/phosphate aqueous electrolyte (pH 7) containing 0.1
mM coumarin (before test) and after the photoelectrochemical
experiment at 1.23 V vs RHE for 1 and 2 h. (b) Comparison of the
hydroxyl radical concentration estimated by the fluorescence probe to
the calculated concentration from the photocurrent density.

demonstrate the production of the hydroxyl radical by BBL, a
solution of coumarin (Figure S9) was used as described in the
Supporting Information.

The photoluminescence spectra of the original electrolyte and
after one or 2 h under photoelectrochemical operation with BBL
are shown in Figure 3a, where peaks for coumarin at 374 nm and
for umbelliferone at 450 nm are observed. The concentration of
the umbelliferone in the electrolyte was estimated using a
calibration curve (Figure S10) and is compared to the maximum
amount of ®OH that could have been produced (based on the
integrated J,,, and assuming 100% Faradaic efficiency) in Figure
3b. While the concentrations differ in magnitude significantly due
to the low expected yield of the coumarin reaction”” and other
potential factors decreasing the umbelliferone production,’’ the
rate of increase in the concentrations indicates a direct linear
relation suggesting that the production of umbelliferone is
correlated to the photocurrent and supporting the notion that
the bare BBL produces the hydroxyl radical through photo-
oxidation. Other possible routes for the production of ®OH are
discussed in the Supporting Information. Regardless of the origin
of the ®OH, its production—instead of molecular O, via the
four-electron OER—is consistent with the lack of defined
catalytic center on the bare BBL.

Given the demonstrated photoelectrochemical stability of the
bare BBL photoanode and the thermodynamic suitability for
water oxidation we next sought to show O, production by
applying an appropriate co-catalyst overlayer. Attempts to
directly attach an OER catalyst to the BBL surface did not result
in sustained O, production, likely due to poor semiconductor/
catalyst attachment. However, when the BBL was pretreated with
a sufficiently thin layer of TiO, (~1 nm) to act as a tunnel
junction, a suitable surface could be obtained (Figure S11) that
allowed successful attachment of a nickel—cobalt catalyst.”” LSV
data are shown in Figure S12 for the film before and after the
TiO, and with the co-catalyst. Application of the TiO, did not
significantly change the observed J (~15-20 pA cm™),
however a slight increase (to ~30 yA cm™2) was observed upon
the application of the co-catalyst layer. Photocurrent transient
spikes remain at all conditions. Despite this, gas chromatography
confirmed molecular O, production at a rate of 20 + 3 nmol h™"
during a constant-illumination chronoamperometry measure-
ment when a steady-state ], 0f 10.3 + 0.1 A cm™* was produced
corresponding to a Faradaic efficiency of 82 + 16% (similar to the
value obtained with a related system).' Overall the similar onset
behavior and J;, observed with the overlayer present, compared
to the bare film in sacrificial and nonsacrificial electrolytes,
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suggest that charge separation in the semiconductor layer is
kinetically limited by interfacial exciton dissociation®® and thus
ultimately controlled by the driving force as previously discussed.
The use of a solid-state semiconductor heterojunction or other
overlayers specifically designed to enhance free charge
generation is a reasonable strategy to increase the photocurrent
in BBL electrodes, and efforts in this direction are underway in
our laboratory.

In summary, our investigations of BBL as a photoanode for
solar water oxidation reveal a strong dependence of the sacrificial
photocurrent density on the morphology of the film consistent
with a limitation in excited-state transport to the SCLJ.
Electrochemical impedance spectroscopy showed that the
driving force for water oxidation could be tuned with electrolyte
pH and suggested that water oxidation is thermodynamically
teasible. Furthermore, for the first time, a 7-conjugated organic
semiconductor demonstrated sustained direct solar water
oxidation. The water oxidation photocurrent density was found
to increase with increasing pH, and no evidence of semi-
conductor oxidation was found over testing time on the order of
hours with bare BBL films. H,O, or hydroxyl radical production
proceeds, instead of molecular O, evolution, on bare BBL likely
due to the lack of catalytic sites. Notably the produced «OH
could be employed to degrade organic pollutants in waste-
water.”* While molecular O, evolution was measured upon
functionalization with a Ni—Co catalyst, the smaller photo-
currents observed for water oxidation, compared to the sacrificial
case, suggest a limitation in charge separation, which is related to
the driving force for charge injection into the electrolyte. Overall
this demonstration suggests that robust n-type conjugated
organic semiconductors are suitable for direct PEC water
oxidation and opens a new path for the rational design and
optimization of photoanodes for solar water splitting.
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