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ABSTRACT: A novel perylene diimide dye functionalized with
phosphonate groups, N,N’-bis(phosphonomethyl)-3,4,9,10-perylenedii-
mide (PMPDI), is synthesized and characterized. Thin films of PMPDI
spin-coated onto indium tin oxide (ITO) substrates are further
characterized, augmented by photoelectrochemically depositing a CoO,,
catalyst, and then investigated as photoanodes for water oxidation. These
ITO/PMPDI/CoO,, electrodes show visible-light-assisted water oxidation
with photocurrents in excess of 150 uA/cm” at 1.0 V applied bias vs. Ag/
AgCl. Water oxidation is confirmed by the direct detection of O,, with a
faradaic efficiency of 80 + 15% measured under 900 mV applied bias vs.
Ag/AgCl. Analogous photoanodes prepared with another PDI derivative
with alkyl groups in place of PMPDIs phosphonate groups do not

function, providing evidence that PMPDI’s phosphonate groups may be

important for efficient coupling between the inorganic CoO,, catalyst and the organic dye. Our ITO/PMPDI/CoO, anodes
achieve internal quantum efficiencies for water oxidation ~1%, and for hydroquinone oxidation of up to ~6%. The novelty of our
system is that, to the best of our knowledge, it is the first device to achieve photoelectrochemically driven water oxidation by a
single-layer molecular organic semiconductor thin film coupled to a water-oxidation catalyst.

KEYWORDS: photoelectrochemical, catalysis, water oxidation, perylene diimide, cobalt oxide, molecular semiconductor,
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B INTRODUCTION

The growing need for clean and renewable energy has led to
considerable interest in the development of systems to harvest
and store earth’s abundant solar energy resources. One
promising solution is to store solar energy in the form of
chemical bonds by forming solar fuels such as hydrogen gas.
Indeed, the efficient photocatalytic conversion of liquid water
to hydrogen and oxygen gases by artificial photosynthesis has
been named as one of the “Holy Grails of Chemistry”.>> Since
Honda and Fujishima first reported light-induced water
oxidation by a TiO, semiconductor electrode,* photoelec-
trochemical water-splitting systems have received a great deal of
attention. Although several inorganic solar water-splitting
systems have achieved solar-to-hydrogen efficiencies above
10%°~7 (the threshold for practical commercialization), they
are limited by the use of expensive materials or by poor long-
term stability. It is, therefore, of continuing, significant interest
to study alternative water-splitting systems based on semi-
conductors and catalysts that are composed of cheap and
abundant materials.

Organic semiconductors are promising materials for
electronics and photovoltaics due to the synthetic tunabilty of
their properties, to their low cost, and to the low-temperature
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manufacturing processes they generally have available. If a
suitable system were found, then these three favorable
properties could help make organic-semiconductor-based
water-splitting systems economically viable. Several examples
of water-splitting photoelectrochemical cells employing organic
materials are present in the literature.*”"” These systems
generally use organic or organometallic dyes as light collectors
(a one electron/hole per photon process), coupled with
catalysts to assist in water oxidation (a multi-electron process).
Architectures include organic photovoltaic bilayers,g’9 tri-
layers,"® and dye-sensitized mesoporous semiconductor archi-
tectures using either organometallic''™'® or organic polymer
dye sensitizers.'”

The hypothesis on which the current research is based is that
perylene diimide dyes (PDI dyes; see the list of abbreviations at
the end of the paper) are promising organic molecules to study
for organic water-splitting schemes. This hypothesis is based on
their robust nature and strong visible-light absorption (they are
relatively cheap, industrial dyes commonly used as colorants in
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car paints and plastics).'® PDIs exhibit high thermal stability,
with decomposition temperatures typically in the range of
300—600 °C,"” and high oxidative stability in air and water,
even resisting photobleaching in concentrated hypochlorite
solutions.”® Many PDIs exhibit a highest occupied molecular
orbital (HOMO) that has a positive enough potential to oxidize
water.>! In the solid state, PDIs tend to z-stack, which often
leads to a high degree of molecular order and strong electronic
coupling between neighboring PDI molecules. Indeed, a
polycrystalline PDI derivative has shown one of the longest
exciton-transfer lengths (2.5 # 0.5 ym) reported for an organic
material.*> These favorable properties have led several groups
to propose the use of perylene derivatives in organic water
oxidation systems.®”'?%?*

Herein we examine a water oxidation photoelectrochemical
cell based on light absorption by a novel PDI derivative, N,N’-
bis(phosphonomethyl)-3,4,9,10-perylenediimide (PMPDI),
shown in Figure 1. A sub-hypothesis of this research is that

acidic solution. The purified product was dried overnight in a
vacuum oven, giving a 90% yield. The product was pure by
proton and phosphorus NMR (see Figures S1 and S2 in the
Supporting Information), although the proton NMR showed
highly broadened peaks, especially for the aromatic protons.
Peak broadening is commonly observed for PDIs and has been
attributed to z-stacking aggregation.”®** HPLC showed
evidence of trace PTCDA (see Figure S3 in the Supporting
Information), though it is likely that this impurity was due to
the slow hydrolysis of PMPDI under the basic chromatography
conditions, not from remaining starting material. Mass
spectrometry was used to confirm PMPDI by the identification
of its mono- and di-deprotonated ions ([M—H]™ and [M—
2H]*", respectively). Elemental analysis of the product, as
collected, was consistent with the monopotassium, dihydrate
salt of PMPDI (K1-PMPDI-2H,0).

Cyclic voltammetry of PMPDI (aq) was performed in pH 10
potassium carbonate buffer degassed with argon (Figure 2a). At
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Figure 1. Structure of N,N'-bis(phosphonomethyl)-3,4,9,10-perylene-
diimide (PMPDI).

the phosphonate groups of PMPDI should be beneficial when
coupling the dye with, specifically, a heterogeneous cobalt-oxide
catalyst (CoO, or Co-Pi)** which has been shown to have
phosphate groups as a disordered component of its structure
when electrochemically formed from phosphate-containing
solutions.”® We show herein that thin films of PMPDI on
indium tin oxide (ITO) plus photoelectrochemically depos-
ited”” CoO, (ITO/PMPDI/Co00,) are capable of photo-
assisted water oxidation with current densities in excess of 150
4A/cm?® under a positive bias of 1.0 V vs. Ag/AgCl We confirm
the water-oxidation reaction through the direct detection of O,,
with a faradaic efficiency of 80 + 15% under positive applied
bias. We compare the performance of ITO/PMPDI/CoO,
anodes to those using another PDI derivative, N,N’-bis(1-
ethylpropyl)-3,4,9,10-perylenediimide (EPPDI), as a way to
probe the importance of phosphonate groups in the structure,
the results of which do implicate a role for the phosphonate
groups in PMPDI. Finally, we hypothesize about the perform-
ance-limiting factors of our current system and propose future
directions for optimization of the system.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PMPDI. PMPDI was
conveniently synthesized by adjusting a literature procedure®®
for an N,N’-bis(phosphonoethyl) PDI derivative. Specifically,
PMPDI (Figure 1) was formed from the dehydration reaction
between perylene tetracarboxylic dianhydride (PTCDA) and
(aminomethyl)phosphonic acid in molten imidazole. The crude
product was purified by two cycles of dissolving the product in
water by deprotonating it to the tetra-potassium salt in basic
solution, filtering out any remaining PTCDA, precipitating the
product by adding acid until pH 1, then collecting the solid on
a filter to separate it from residual imidazole dissolved in the
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Figure 2. (a) CV of PMPDI dissolved in degassed 0.1 M carbonate
buffer (pH 10) using a diamond working electrode, Pt wire counter
electrode, Ag/AgCl reference, S0 mV/s scan rate. (b) CV of ITO/
PMPDI electrode in degassed 0.1 M pH 7 potassium phosphate buffer,
Pt wire counter electrode, Ag/AgCl reference, S0 mV/s scan rate,
showing the first and second sweeps (red and blue lines, respectively).

this pH, PMPDI is actually the fully-deprotonated, PMPDI*~
(see below). A boron-doped diamond working electrode was
used for its low background currents in the scan region.
Voltammetry was started at 0.0 V vs. Ag/AgCl and scanned in
the negative direction. The voltammogram of PMPDI*" (aq)
shows two reduction waves, typical of PDIs,*" with the E,, of
the first reduction at —0.55 V, and the second at —0.78 V vs.
Ag/AgCl. The second reductive wave shows less chemical
reversibility than the first, and if dissolved oxygen is present in
solution, both reduction waves become almost completely

dx.doi.org/10.1021/am405598w | ACS Appl. Mater. Interfaces 2014, 6, 13367—13377



ACS Applied Materials & Interfaces

Research Article

0.07 4

Absorbance (a. u.)
o
o
w

0 #F+—7——

400 500 600 700 800

Wavelength (nm)

b)

/

y=998x-1,744 /
/

(ahv)1/2

15 16 17 18 19 2 21 22 23 24 25
eV

T T T T

Figure 3. (a) Absorbance spectra of PMPDI thin films on ITO taken after spin coating from basic solution (red line), after dipping in acid solution
(blue line) and after dipping in pH 7 KPi buffer (purple line). A clean ITO slide was used as background. (b) Tauc plot®® of the KPi-rinsed film used

to estimate the band gap (see the main text below).

chemically irreversible. This is as expected, due to the known
reactivity of reduced PDIs with oxygen, even leading to their
use as OXygen Sensors.

The oxidation potentials of PDIs cannot typically be
determined in aqueous solutions, as their oxidation potential
lies more positive than that of water.>" Interestingly, we did see
a catalytic oxidative wave for PMPDI*~ (aq) on a boron-doped
diamond electrode at potentials slightly negative of the
background water oxidation (see Figure S4a in the Supporting
Information). Bulk electrolysis experiments coupled with
oxygen detection indicates that the majority of this oxidative
current does not yield O, (see Figure S4a in the Supporting
Information and the accompanying discussion). This indicates
that the catalytic oxidative wave in the CV in Figure S4 in the
Supporting Information may originate from the irreversible
degradation of oxidized PMPDI or by some other PMPDI-
catalyzed oxidation reaction that does not yield O,. Even if
these currents are caused by the degradation of PMPD], this
does not necessarily reflect the dye’s oxidative stability under
the photoelectrochemical conditions below when it is used as a
water-oxidation photoanode, as these anodes have CoO,
catalyst present to help regenerate, and thus kinetically protect,
any photo-oxidized dye.

Thin films of PMPDI were prepared by spin coating PMPDI
from basic water solution onto cleaned ITO slides, then
protonating the PMPDI by dipping the film in acidic solution
to render it insoluble. X-ray photoelectron spectroscopy (XPS)
was used to determine the C:K ratio in the films at various
stages of preparation (see Figure S6 in the Supporting
Information). The films, as spun from basic solutions, showed
C:K ratios consistent with the tetrapotassium salt, K4-PMPDI.
After submerging in acidic solution, no potassium was detected,
consistent with the fully-protonated PMPDI. After submerging
in pH 7 potassium phosphate (KPi) buffer, the C:K ratio was
consistent with the dipotassium salt, K2-PMPDL

Cyclic voltammetry was performed on the ITO/PMPDI
films in 0.1 M pH 7 KPi buffer solution, in which the dye
should be in the K2-PMPDI form. Similar to the dissolved, K4-
PMPDI dye, K2-PMPDI films also show two reductive waves
(see Figure S4b in the Supporting Information); however, the
voltammogram does not show the behavior expected for an
ideal nernstian reaction of a surface-confined film (i.e., where
anodic and cathodic waves are mirror-images reflected across
the potential axis, and where the peak anodic current and
potential equals the peak cathodic current and potential).**
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Instead, the films showed significant chemical irreversibility (as
indicated by unequal peak heights) and poor electrochemical
reversibility (as indicated by a 170 mV offset in the peak
potential between the anodic and cathodic waves at 50 mV/s
scan rate). The chemical irreversibility is likely due to a
combination of (1) reaction of reduced PMPDI with trace
dissolved oxygen, and (2) loss of the twice-reduced dye from
the film due to dissolution. Indeed, the chemical reversibility is
greatly improved if the scan is reversed before the second
reduction (Figure 2b). It should also be noted that the initial
reduction wave of a virgin film is quite broad (red line, Figure
2b), but subsequent cycles consistently result in a sharper
reduction wave which peaks at a less negative potential (blue
line, Figure 2b). The peak potential of the reduction wave after
the first sweep occurs at —0.46 V, while the subsequent
reoxidation peak is shifted positive to —0.29 V vs. Ag/AgCL
Furthermore, the integrated charge under the reoxidation wave
is only about half of that under the reduction wave. This
behavior of significant potential shift between anodic and
cathodic peaks has been reported previously for thin films of a
liquid crystal PDI derivative.’’ In that case, the results were
rationalized as a reversible molecular reorganization or phase
change in the film as a result of the reduction or oxidation
(likely as a result of counterions diffusing into or out of the
film), causing the reverse electron-transfer process to occur at a
different potential.*'

When preparing PMPDI films, it was noted that after they
are immersed in acid solution to protonate the phosphonate
groups, the film tint visibly changes from red to a darker violet
color. This change can be seen in the UV—vis as a broadening
of the absorbance, especially in the longer wavelengths, as
shown in Figure 3a. The absorbance broadens further after the
films are submerged in pH 7 KPi solution (the electrolyte used
for subsequent experiments). A similar color change was also
observed in small isolated regions of PMPDI films that were left
on the benchtop under ambient conditions for several weeks.
Red and black phases have been reported for many PDI
films,**7*® forming both spontaneously and under solvent
vapor annealing. These different phases are attributed to a slight
shift in the z-stacking offset between neighboring perylene
molecules, leading to a lower-energy intermolecular charge
transfer transition.*®*”

A Tauc plot can be used to estimate the optical band gap of
amorphous thin film materials,*® plotting (ahv)"? vs. the
photon energy, hv, where « is the absorption coefficient, h is
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Planck’s constant, and v is the photon frequency. The exponent
of 1/2 is used for amorphous solids derived under the
assumption that the density of states at the band edges have a
parabolic shape.*® The solid-state optical band gap of the KPi-
rinsed PMPDI film was estimated by this method to be 1.75 eV
(Figure 3b).

Construction of an Approximate Band Diagram. The
electrochemical and optical information gathered for PMPDI
can be used to estimate the energies of the HOMO and LUMO
(or, more accurately, the valence band and conduction band,
respectively, in the solid state) in order to generate an
approximate band diagram for our system. Although the field of
organic semiconductors and their applications are growing
rapidly, there is not yet a consensus in the literature as to the
best way of measuring their electronic energy levels.**~*' The
most direct methods are based on surface photoelectron
spectroscopy,*' which take measurement of solid films in a
vacuum; however, approximations are also frequently made by
measurement of electrochemical reduction and/or oxidation
potentials, sometimes combined with measurements of the
optical band gap.*® The latter method was chosen for this
study, since the electrochemical experiments are done on wet
films suspended in electrolyte solution, nearly identical to the
operating conditions of our final photoelectrochemical cell.

While the LUMO energy of PMPDI can be estimated from
the E,/, of its first reductive wave when dissolved in solution,
this LUMO energy is likely different from the conduction band
edge of PMPDI films because of strong intermolecular
interactions between nearest neighbors.42 Therefore, the energy
of the conduction band edge is likely best estimated by the
reduction potential of PMPDI in the solid-state film.
Unfortunately, the irreversibility of the ITO/PMPDI voltam-
mograms shown in Figure 2b makes the precise determination
of a formal reduction potential problematic; however, a rough
estimation of the conduction band edge can be made from the
average onset potential of the first reductive wave.** (The peak
reduction potential would be a more straightforward
estimation, but the peak potential shifts significantly with
scan rate, as shown in Figure S5 in the Supporting
Information.) The average onset potential for four voltammo-
grams of different scan rates was —0.39 V vs. Ag/AgCl (see
Figure SS in the Supporting Information). Combining this
value with the optical band gap of the PMPDI film as
determined above, an approximate band diagram for our system
is shown in Figure 4. Potentials of materials other than PMPDI
are estimated as described below.

The work function of ITO under similar cleaning conditions
has been reported as 4.40 eV vs. vacuum,* although the actual
potential in most of the experiments in this study is the applied
potential vs. Ag/AgCl from the potentiostat. The catalytic onset
of water oxidation by CoO, on an ITO electrode is reported as
(and was confirmed by us at) 1.23 V vs. NHE in pH 7 KPi
buffer.”®> By the Nernst equation, the potential of water
oxidation is 0.82 V vs. NHE at pH 7. The above potentials can
be reported relative to the Ag/AgCl reference electrode
employed by the following relationships*>

E

eVvs.vacuum 45eV = eEVvs. NHE

Eyynpe — 020V = EVvs.Ag/AgCI

Importantly, it is clear from the band diagram in Figure 4 that
photogenerated holes in the PMPDI film should have sufficient
thermodynamic potential to oxidize water.
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Figure 4. Band diagram for the ITO/PMPDI/CoO, system. Estimated
energy levels are given vs. Ag/AgCl; a secondary y-axis is shown vs.
vacuum as an additional reference. Arrows indicate the absorption of
light by the perylene layer, and the energy-storing transfer of indicated
charge. *The actual potential of ITO in most experiments in this study
is that applied via potentiostat vs. Ag/AgCl

Photoelectrochemical Deposition of CoO, Catalyst.
Photoelectrochemical deposition of the catalyst was chosen
since it has the advantage of preferentially depositing catalyst in
areas where there is a high concentration of photogenerated
holes.”** Briefly, ITO/PMPDI anodes were immersed in 0.1
M pH 7 KPi buffer containing 1 mM Co(NOs;),. The catalyst
was deposited at a potential of 700 mV vs. Ag/AgCl for 5 min
while illuminated by a xenon arc lamp at approximately 100
mW/cm? intensity. Controls varying the process by using
different cobalt concentrations, deposition times, and applied
bias did not yield significantly different photo-assisted water-
oxidation photocurrents. After depositing the catalyst, anodes
were removed from cobalt solution and rinsed with DI water
before further use. XPS spectra of PMPDI films were taken
before and after the deposition in order to confirm that cobalt
remains on the film after the catalyst deposition and a water
rinse (see Figure S7a in the Supporting Information).

Photoelectrochemistry of ITO/PMPDI/CoO, Anodes.
Photocurrent transients vs. applied potential of an ITO/
PMPDI/CoO, anode in 0.1 M pH 7 KPi buffer are shown in
Figure Sa. Importantly, practically no photocurrent (<1 puA/
cm?) is observed for bare ITO controls (blue line, Figure Sa, or
Figure S10b in the Supporting Information for better scale),
and relatively small photocurrents (<10 uA/cm?) are observed
for ITO/PMPDI controls (green line, Figure Sa, or Figure S10a
in the Supporting Information for better scale). The origin of
the photocurrent at ITO/PMPDI anodes is not known, but
could possibly be due to photo-oxidation of trace impurities by
PMPD], low levels of water oxidation by PMPDI, or some
destructive oxidation of PMPDI itself. When the CoO,
cocatalyst is present on ITO/PMPDI anodes, photocurrents
grow ten-fold from about 15 yA/cm® at zero applied bias to
over 150 yA/cm? at 1.0 V applied bias. At applied biases higher
than 1.0 V vs. Ag/AgCl, oxidation currents begin to flow even
in the dark (red line, Figure Sa).

The photocurrent transients of ITO/PMPDI/CoO, anodes
exhibit a spikelike behavior, with an initial peak in anodic
current when the light is turned on. This indicates the
generation of charge carriers from exciton dissociation, where
electrons are collected at the ITO/PMPDI interface and holes
are transferred to CoO, at the opposite interface where they
can then oxidize water. The initial photocurrent spike is
followed by a gradual decay to a steady-state photocurrent,
indicating that a fraction of the photogenerated holes are lost to
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Figure S. (a) Photocurrent transients vs. applied potential for ITO/PMPDI/CoO,, (red line), ITO/PMPDI (green line), and bare ITO (blue line),
in 0.1 M pH 7 KPi buffer, S mV/s scan rate starting from 0.0 V (i.e., from right to left) with S s light transients. (b) average IPCE and standard
deviation (blue squares and line) using a two-electrode configuration at short circuit in degassed 0.1 M pH 7 KPi buffer solution. The absorptance (1
— T) spectrum (red line) of a dry PMPDI film is overlaid for comparison.

bulk or surface recombination before they can contribute to the
faradaic current.*®

When the light is turned off, a reverse, cathodic current peaks
and quickly decays to zero, indicating that recombination of the
hole reservoir (i.e., the oxidized catalyst or water-oxidation
intermediates at the surface) is competitive with the forward
water-oxidation process. When a one-electron redox couple is
added to the electrolyte solution, such as Fe"(CN)¢*™ (ie, a
kinetically more facile, one-electron redox reaction vs. the four-
electron, two-water-molecule water-oxidation reaction), the
cathodic spikes are greatly reduced, especially at lower
potentials (see Figure S8 in the Supporting Information).
Also, when no catalyst is present (i.e., the ITO/PMPDI control,
Figure S10a in the Supporting Information) there are no
cathodic current spikes when the light is turned off, consistent
with the cathodic current being associated with the CoO,
catalyst.

It should be noted that many of the phenomena occurring
during the photocurrent transient experiments (such as exciton
dissociation efficiency, the amount of charge buildup, and all
charge-transfer rate constants) are potential dependent. As the
applied potential is increased, the peak anodic currents also
increase, indicating that more holes are reaching the interface to
oxidize water. This buildup of holes also leads to higher
recombination currents, as indicated by the increasing dark,
peak cathodic currents as the applied potential increases from 0
to 0.5 V vs. Ag/AgCl. At applied potentials positive of 0.5 V,
the cathodic peaks begin to decrease despite the still-rising
anodic peaks, indicating a decreasing rate of recombination,
which then leads to the higher steady-state anodic photo-
currents observed in Figure Sa.

As for the general stability of our anodes, they can be stored
under ambient conditions for months, and still show
comparable photocurrents when tested in a transient experi-
ment as described above. Also, the photocurrents tend to
increase slightly for freshly-prepared anodes after repeating
such transient experiments.

Cell Efficiency Studies. A few diagnostic cell efficiencies*
can help to determine the shortcomings of our ITO/PMPDI/
Co0O, water-oxidation anodes. First, the incident photon-to-
current conversion efficiency (IPCE), or external quantum
efficiency, can be measured in a two-electrode configuration by
a chronoamperometry experiment while holding the electrodes
at short circuit. A device’s IPCE is a measure of three
fundamental processes: the efficiency of light absorption to

13371

create excitons (#,,,), the efficiency of charge dissociation and
transport of those charge carriers to their respective interfaces
(Muans), and the efficiency of interfacial charge transfer (1) ¥
The IPCE spectrum averaged for several ITO/PMPDI/CoO,,
anodes is shown in Figure Sb. The absorptance (1 — T)
spectrum of a dry PMPDI film (KPirinsed, K2-PMPDI) is
shown for comparison, indicating that the photocurrents
observed during these measurements coincide with absorption
of light by PMPDI.

If all other processes were 100% eflicient, a device’s IPCE
could only reach as high as its light harvesting efficiency (7,,),
that is, its absorptance spectrum. The low absorptance values
measured for our ITO/PMPDI/CoO, anodes (12% at the
Ams) indicate that light harvesting limitations are a major
contributor to our low IPCE values. To investigate the other
limitations to performance, a system’s internal quantum
efficiency, or absorbed photon-to-current conversion efficiency
(APCE), can be calculated by dividing the IPCE values by the
film’s absorptance values at each wavelength. The APCE thus
measures only the efficiencies of charge dissociation and
transport, and the efficiency of interfacial charge transfer, 7.y,
and 7};,, respectively.*® By this treatment, our anodes typically
show APCEs between 1 and 2%.

Finally, if the IPCE experiment is carried out with an added
facile redox couple, and if #;, can be taken as =1, then the
APCE should be a measure of only #,,..*® For our ITO/
PMPDI/CoO, anodes, we repeated the IPCE measurements
with added K,Fe(CN)y (a kinetically more facile, albeit one-
electron, redox couple), which resulted in IPCE values that
were generally double those without any K,Fe(CN), (see
Figure S9 in the Supporting Information). The APCE values
(which should reflect only the charge transport efficiency) were
then estimated to be ~3% (assuming the efficiency of the
interfacial hole transfer to Fe'(CN),*™ is ~1; the control
performed next suggests that it is actually <1).

As a control, we also ran an IPCE experiment with added
hydroquinone, a two-electron, two-proton redox couple, a
therefore closer model to the four-electron, four-proton water
oxidation reaction. Interestingly, the IPCE values measured in
the presence of hydroquinone are roughly double the values
when Fe'(CN)*~ was used at the same concentration (~5
mM, see Figure S9 in the Supporting Information), giving
APCE values of ~6%. As an additional control, we ran an IPCE
with much more concentrated hydroquinone (200 mM), but
the photocurrents were essentially unchanged. Therefore, with
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the assumption that the 7, for hydroquinone is 1, then the
estimated maximum #,,,,,; in our ITO/PMPDI/CoQO,, anodes is
~6%.

Preliminary Optimization Studies and Controls.
Because the efficiency of light absorption is a major
performance-limiting factor in our system, one key question
to answer was whether or not our efficiencies could be
improved by employing thicker PMPDI films to absorb more of
the incident light. Attempts to alter the spin coating parameters
employed to produce thicker films (e.g., lowering the spin rate)
yielded only small changes in thickness. Thicker films, although
not very uniform, were prepared by drop coating PMPDI
solutions and letting the water slowly evaporate. A few of these
films, roughly 3 times thicker than typical spin-coated films
according to UV—vis, were used to prepare ITO/PMPDI/
Co0, anodes following the same standard procedures. Under
photoelectrochemical testing, these thicker ITO/PMPDI/
CoO, anodes showed roughly one-tenth the steady-state
photocurrents as our standard, thinner-film anodes (see Figure
S10a in the Supporting Information).

The low dielectric constant of most organic materials causes
excitons in such media to be strongly bound because of the
coulombic attraction between electrons and holes. Therefore,
excitons often must reach a materials interface in order to
dissociate into separated charge carriers.*” Exciton diffusion
lengths in most organic materials are short (between S and 30
nm); hence, if films are prepared that are thicker than the
exciton diffusion length, most excitons formed in the film bulk
are expected to relax before reaching an interface to
dissociate.* Through a combination of UV—vis and optical
profilometry measurements, the absorption coeflicient of
PMPDI films (KPi rinsed, K2-PMPDI) was estimated at 2.0
X 10" cm™ (see Figure S11 and its discussion in the
Supporting Information). This absorption coefficient was
used to determine that typical thicknesses of our spin-coated
PMPDI films are 40—50 nm. The thicker, drop-cast films were
then roughly 150 nm thick, and therefore about an order of
magnitude thicker than typical exciton diffusion lengths.
Therefore, it can be expected that the majority of excitons
formed in these thicker films will relax before they can
dissociate into useable charges.

To test the hypothesis that the phosphonate groups of
PMPDI are important for the overall performance of the device,
we also prepared anodes using another PDI derivative, EPPD],
with 1-ethylpropyl groups in the place of PMPDI’s
phosphonomethyl groups. The ITO/EPPDI films were
prepared by spin-coating EPPDI from CHCI; solutions.
Interestingly, these films remained a bright-red color upon
submerging in aqueous solution (no black phase was observed).
Regardless of film thickness, photocurrents during CoO,
catalyst depositions and subsequent photoelectrochemical
testing were about an order of magnitude smaller than our
typical ITO/PMPDI/CoQ,, anodes (see Figure S10b in the
Supporting Information). XPS spectra were collected both
before and after catalyst deposition, and showed that only trace
cobalt was present on the EPPDI films (see Figure S7b in the
Supporting Information), which is further supported by the lack
of any dark cathodic peaks during transient experiments (see
Figure S10b in the Supporting Information), as such peaks
were characteristic of the CoO,, catalyst on PMPDI films. These
results are consistent with phosphonate groups being important
for efficiently linking the CoO, catalyst to the organic film;
however, the results could also be explained by poor

conductivity of the film, which could be caused by film
morphology, poor interaction with the ITO substrate, or other
unknown factors. Indeed, we found that EPPDI films did not
adhere well to ITO, and often delaminated upon rinsing.
Needed here is a systematic study of the photoelectrochemical
properties of more PDI films, including testing derivatives with
different functionalities (i.e., studies of dyes with and without
phosphonate groups, but with otherwise similar structures) to
see if PDI dyes with different functional groups are also capable
of visible-light- and CoO,-assisted water oxidation. Such studies
are currently underway.

Evolved Oxygen Quantification. To confirm that photo-
currents observed from the ITO/PMPDI/CoO, anodes
originate from oxidation of water and not from some other
undesired process, it was necessary to directly quantify any
photoelectrochemically produced O,.*® Previous studies have
followed the concentration of oxygen in the headspace above
solution in the photoelectrochemical cell,” or dissolved oxygen
in the working electrolyte itself.""'>'” We chose the latter, well-
established method for our studies due to the relatively small
photocurrents produced by our anodes, and due to an observed
gradual deactivation of our photoanodes over the five min time
scale of water-oxidation experiments (see Figure S12 in the
Supporting Information).

Details for oxygen quantification experiments are provided in
the Experimental Section; attention to those details matter for
anyone reproducing this work as it took on the order of 3
months of research to optimize, and then make, the O, yield
measurements and controls reported herein. Briefly, a Clark-
type electrode was used to measure the dissolved oxygen
concentration in the working compartment solution both
before and after a 5 min, illuminated, amperometric water-
oxidation experiment. The change in dissolved oxygen
concentration and the known volume of solution in the
working compartment were used to calculate the number of
micromoles of oxygen produced. By recording the amount of
current passed during the S min water oxidation, and using the
stoichiometry for the water-oxidation reaction (2H,0 — 4H* +
O, + 4e7), the theoretical yield for a perfect faradaic reaction
can be calculated as

6241 X 10" ¢~ (1 molecule O,
1 Coulomb 4e

( 1 mol ) 1x 10° pmol
6.022 X 10* molecules 1 mol

= 2.591 umol O, /Coulomb passed

Then, the faradaic efficiency was calculated by dividing the
measured oxygen yield by the theoretical yield.

The literature reports that ITO/CoO, has a faradaic
efficiency of 100% in 0.1 M KPi buffer at pH 7, with an
applied bias of 1.1 V vs. Ag/AgCL>® Several controls were done
in order to both verify the literature result in our hands and to
check our multipoint calibration. First, ITO/CoO, anodes were
prepared as published,* except that a more concentrated Co**
solution was used (1 mM vs. 0.5 mM) and the deposition was
stopped after S min (depositing less catalyst) in order to closely
mimic our conditions for CoO, formation on ITO/PMPDL
The ITO/CoO,, anodes thus prepared were used for a S min
amperometric water-oxidation experiment held at or below 1.1
V vs. Ag/AgCl (slightly lowering the potential decreases
currents to more closely parallel the currents in the ITO/
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PMPDI/CoO, systems) and under both illuminated and dark
conditions (ITO/CoO, anodes have little light absorption in
the visible, and therefore exhibit no additional photocurrent;
however, these controls provided confidence in our Clark
electrode calibration concerning temperature changes in
solution caused by illumination). Results of 17 ITO/CoO,
water-oxidation control experiments, both dark and illuminated,
resulted in an average faradaic efficiency of 100 + 14%. These
controls provide confidence in the method used for oxygen
detection and its accuracy.

Finally, the same method was used to determine the faradaic
efficiency for our ITO/PMPDI/CoO, anodes held at 900 mV
vs. Ag/AgCl and under illumination. Nine anodes yielded an
average faradaic efficiency of 80 + 15%, near the theoretical
limit of 100% within our experimental error. Of course, it
cannot be ruled out that other oxidative side reactions may be
occurring, such as oxidation of trace impurities, degradative
oxidation of PMPDI, or the formation of other water-oxidation
products, such as hydrogen peroxide. Controls of ITO/PMPDI
films without the CoO,, catalyst yielded no detectable oxygen,
even when illuminated and held at 900 mV positive bias vs. Ag/
AgCl. Overall, the results are quite pleasing in that a high, 80 +
15% faradaic efficiency for water oxidation was achieved with
our novel ITO/PMPDI/CoO, system developed and studied
herein. Further study of PDI-based photoelectrochemical water
oxidation systems and their optimization and longer-term
stability studies are, therefore, of interest in our opinion.

H CONCLUSION

Although other perylene derivatives have been studied as
components in organic bi-(or tri-)layer PV and water-oxidation
devices®™'° the current study is, to our knowledge, the first
device to achieve photochemically-driven water oxidation by a
single-layer molecular organic semiconductor thin film coupled
to a water-oxidation catalyst. Our comparison with anodes
using another PDI dye, ITO/EPPDI/CoO,, yielded much lower
performance. This indicates that the phosphonate groups found
in PMPDI may be important for close electronic coupling
between PMPDI and the CoO,, catalyst, but continued studies
of other PDI derivatives will be required to further support or
refute this hypothesis, and are currently under investigation.
It is important to note that the photocurrent densities
generated by our ITO/PMPDI/Co0O, anodes, just over 150
uA/cm?® at 1.0 V applied bias vs. Ag/AgCl, are small relative to
many photoelectrochemical water-oxidation cells based on
inorganic semiconductors.”™’ However, our observed current
densities are quite comparable to those achieved using other
organic semiconductors,”""'>'” despite ours being a largely
unoptimized system. Current transient experiments revealed
that the rate of recombination between holes in the oxidized
catalyst and conduction band electrons is competitive with the
desired water-oxidation reaction. While improvements can be
expected for the current system through the use of a faster
water-oxidation catalyst, such catalysts are generally composed
of less earth-abundant, more expensive metals than cobalt (i.e.,
iridium or ruthenium). We can, however, expect that at least
some improvement in the performance of our current system
by the use of different interfacial layer material to enhance
charge separation and prevent recombination between ITO and
the perylene film. Such interfacial layers may also help to
reduce the large applied bias required in our current system to
reach its maximum photocurrents, given that the estimated

HOMO of PMPDI should have more than sufficient over-
potential to oxidize water (Figure 4).

Efficiency measurements of our system reveal that our
anodes only reach a maximum IPCE of 0.12%. APCE
calculations show that light absorption is a large limitation.
Our PMPDI thin films are optically quite thin, absorbing only
about 12% of incident light at the maximum absorbance. IPCE
experiments with added hydroquinone allowed us to estimate
the internal charge transport efficiency at 6%. Anodes with
thicker PMPDI films which absorbed more of the incident light
showed lower photocurrents, likely limited therefore by exciton
diffusion lengths. We can still hope to improve our overall
anode efficiency by employing a dye-sensitized mesoporous
semiconductor architecture, where more light can be absorbed
due to the high surface area of the semiconductor, while
keeping the dye thickness to a monolayer, thereby eliminating
the need for lengthy exciton diffusion. Those needed studies are
also in progress.

We are currently in the process of synthesizing and testing
other PDI derivatives in order to further test the hypothesis
that phosphonate or other ionic groups are important structural
components for coupling with the inorganic catalyst; those
additional PDI derivatives will also probe if device stability can
be improved by the choice of especially the most oxidation
resistant PDIs. Of particular interest are lifetime studies which
push the limit of a more optimized device, while also
characterizing any deactivated device and system to understand
its limitations (i.e., in light of the gradual drop in photocurrent
we see, Figure S12 in the Supporting Information, which raises
questions about the stability of the current PMPDI dye
employed under extended photoelectrolysis conditions).

In summary, a novel perylene diimide derivative, PMPDI,
was successfully synthesized and characterized. This dye is
conveniently soluble in basic solutions and insoluble in neutral
and acid solutions, allowing for solution-based processing.
PMPDI absorbs strongly in the visible and has electronic
energy levels conducive to water oxidation. We have
preliminary evidence that the phosphonate groups of PMPDI
may be a critical component to effectively couple the CoO,
catalyst to the organic dye. It has been confirmed that PMPDI
thin films, spin-coated from solution onto ITO, can achieve
photo-assisted water oxidation when coupled with photo-
electrochemically deposited CoO, catalyst. Our IPCE results
confirm that photocurrents generated by the ITO/PMPDI/
CoO,, electrodes originate from PMPDI absorption of light,
and water oxidation has been confirmed by the direct detection
of O,, with a faradaic efficiency of 80 + 15% under positive
applied bias. Additional studies of other PDI dyes, of
nanostructured versions of our device, of the stability of
those second-generation devices, and of the kinetics of the
photoelectrocatalysis are in progress and will be reported in due
course.

B EXPERIMENTAL SECTION

Materials. Perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA)
(97%, Aldrich), (aminomethyl)phosphonic acid (99%, Alfa Aesar),
and imidazole (99%, Acros Organics) were all used as received. N,N’-
bis(1-ethylpropyl)-3,4,9,10-perylenediimide (EPPDI) was synthesized
according to the literature.*” Characterization data can be found at the
end of the Supporting Information. One-inch-square indium tin oxide
(ITO) glass slides were purchased from Delta Technologies and
cleaned before use (see below). Solvents were purchased from Sigma-
Aldrich or Fisher Scientific and used without further purification.
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Ultrapure water (18 MQ) was used for all cleaning steps and for
preparation of electrochemical solutions.

Synthesis of N,N’-bis(phosphonomethyl)-3,4,9,10-perylene-
diimide (PMPDI). The synthesis of PMPDI was modified from a
literature procedure®® for the N,N’-bis(phosphonoethyl) PDI deriva-
tive. A mixture of PTCDA (79 mg, 0.20 mmol), (aminomethyl)-
phosphonic acid (47 mg, 0.42 mmol), and 1.5 g of imidazole were
added to a 25 mL round-bottomed flask with a magnetic stir bar. The
flask was sealed with a rubber septum to prevent evaporative loss of
imidazole and lowered into a hot oil bath at 130 °C (venting briefly as
the flask contents warmed). After stirring for 20 min in the oil bath,
the flask was removed and allowed to cool for approximately 2 min
before S mL of a 50/50 vol% mixture of 2 M HCl/ethanol was added
to precipitate a fine black solid. The solid was collected on a nylon,
0.22 um vacuum filter and rinsed with 5 mL each of 50/50 water/
ethanol, then ethanol. This product (an imidazolium salt by "H-NMR)
was suspended in 10 mL of DI water and dissolved by the dropwise
addition of 1 M KOH (the solid began to dissolve at pH ~8 and was
completely dissolved by pH 9.5). The solution was then vacuum-
filtered to remove any unreacted PTCDA. (Note: if the solution is
made too basic, the PTCDA will dissolve as well and will not be
separated from the product.) The filtrate was then acidified by the
dropwise addition of 2 M HCI while under rapid magnetic stirring.
(Note: the product precipitates in bulk at approximately pH .5,
forming a gel, likely as the dipotassium salt. More acidic conditions are
required to remove imidazole impurities, and further stirring and
dilution helps liquefy the gel before filtering.) The mixture was
brought to pH ~1, and the precipitated product was collected by
vacuum filtration. NMR of this product usually contained trace
imidazole, but can be purified by repeating the dissolving and
precipitation procedure, giving a 90% yield after drying overnight in a
vacuum oven at 100 °C. Elemental analysis of the product, as
collected, was consistent with the mono-potassium, dihydrate of
PMPD], indicating that the product kinetically precipitates as the
mono-potassium salt, which was used for subsequent studies. The fully
protonated product was also obtained by dissolving the solid in NaOH
solution and leaving the solution to slowly acidify for 24 h in a
desiccator saturated with HCI vapor. FT-IR (Nicolet SX-60 FT-IR
spectrometer with ATR-ZnSe): 3403 cm™' br m, 3067 w, 3000 w,
2948 w, 1690's, 1650's, 1589 s, 1575 m, 1506 w, 1485 w, 1435 m, 1402
w, 1392 m, 1363 m, 1335 m, 1301 m, 1248 m, 1186 w, 1162 w, 1106
w, 970 w, 928 br m, 861 w, 843 w, 809 w, 792 w, 733 w, 708 w.
Samples for NMR (300 MHz Varian Inova) were dissolved by
sonication in D,O with half a drop of 30% NaOD (in D,0). 'H-NMR,
5 (ppm): 7.85 (br, 8H, Ar); 4.16 (br, 4H, N—CH,—P ) (see Figure S1
in the Supporting Information). *'P-NMR, § (ppm): 12.15 ppm (see
Figure S2 in the Supporting Information). MS (ESI/APCI in NH,OH
matrix): m/z calculated for PMPDI (C,4H;¢N,0,,P,) = 578.03, found
m/z = 577.02 [M—H]~; 288.01 [M—2H]*". Elemental analysis of the
fully-protonated product, calculated for C,sH;(N,O,,P, (found):
53.99% C (51.97); 2.79% H (3.17); 4.84% N (4.80); 0% Na
(0.194). The product was also analyzed by HPLC (see Figure S3 in
the Supporting Information) and cyclic voltammetry (Figure 2a and
Figure S4a in the Supporting Information).

ITO/PMPDI/CoO,, Photoanode Preparation. ITO slides were
cleaned by sonication for 30 min in a Liquinox surfactant solution,
rinsed with water, then sonicated for 30 min each in acetone and
isopropanol solutions and allowed to dry under ambient air for at least
half an hour. Before use, slides were air-plasma treated (Harrick PDC-
3XG) for 15 min and moved directly into a spin coater (SCS G3P-8
Spin Coater). The phosphonate groups of PMDPI make it
conveniently soluble in water at pH > 9.5 as the tetra-potassium
salt. PMPDI solutions were prepared by adding 5 mg of PMPDI
product (K1-PMPDI-2H,0) to 1 mL of water and 2 drops of 1 M
KOH, and sonicated to fully dissolve. These solutions were dripped
through a 0.2 um filter to cover the surface of a freshly cleaned one-
inch square ITO substrate and spin-coated at 1000 rpm for 60 s. Dye
was wiped from one edge of the slide by a wet Kimwipe in order to
provide a naked ITO surface to attach copper tape as an electrical
contact. These ITO/PMPDI slides were scored with a glass cutting

tool and cleaved into two or three segments for further testing (typical
active areas were 1—1.5 cm?). The slides were then submerged for 30 s
each in 20 mL of a 50/50 mixture of 2 M HCl/ethanol (fully
protonating the PMPDI film and rendering it insoluble), distilled
water, ethanol, and then blown dry under an argon stream for about a
minute. Films were characterized at this point (before depositing
catalyst) by UV—vis spectroscopy and cyclic voltammetry (see below).
Before depositing CoO,, catalyst, a fingernail topcoat was used to cover
the slide edges and any uncoated portions of the ITO surface to ensure
that the only conductive surface in contact with solution was the
PMPDI film. After the fingernail polish had dried, catalyst was
deposited by submerging the active area of the ITO/PMPDI anode in
a glass vial containing 10 mL of 0.1 M pH 7 KPi containing 1 mM
Co(NO;),, applying a potential of 700 mV vs. Ag/AgCl, and
illuminating the anode for S min by a 65 W xenon arc lamp focused
to approximately 100 mW/cm? intensity (measured with a Thorlabs
Thermal Power Sensor Model S302A). Anodes were then removed
from the cobalt solution, rinsed with DI water, and used for further
testing. The presence of cobalt on rinsed and dried ITO/PMPDI/
Co0, anodes was confirmed by XPS (see below, and Figure S7 in the
Supporting Information).

Thicker PMPDI films were also prepared by drop coating two (or
more) drops of the above PMPDI solutions onto cleaned ITO slides,
covering with a petri dish to protect from dust, and letting them air dry
on a rotary table (Thermo Scientific Lab-Line Maxi Rotator). Such
films did not evaporate evenly and created films of nonuniform
thicknesses. These films were used to estimate the solid-state
absorption coeflicient as described in the Supporting Information,
Figure S11. A few drop-coated films (roughly 3 times thicker than
spin-coated films according to UV-—vis) were tested for their
photoelectrochemical performance. These films were processed and
catalyst deposited under the same procedures as described above, and
submitted to the same photoelectrochemical testing as described
below. Resulting transients can be seen in Figure S10a in the
Supporting Information.

ITO/EPPDI/CoO, Photoanode Preparation. Photoanodes were
prepared as described above, except spin coating was done from
CHCI; solution, still at 1000 rpm for 60 s. Using the same dye
concentrations as above (5 mg/mL), films spun from CHCI; were
roughly 10 times the thickness of standard PMPDI films, as estimated
by UV-Vis. Thinner films, comparable to the thickness of spin-coated
PMPDI films, were also prepared by reducing dye concentrations to 1
mg/mL. EPPDI films stayed bright-red upon submersion into KPi
solutions (no change to a black phase was observed). Cobalt catalyst
was deposited under the same conditions described above. XPS was
performed on one of the films after catalyst deposition, showing that
only trace cobalt remained (see Figure S7b in the Supporting
Information). ITO/EPPDI/Co0O, anodes were then submitted to the
same photoelectrochemical testing as described below. Resulting
transients can be seen in Figure S10b in the Supporting Information.
Film thickness did not significantly alter the observed photocurrents.

XPS. Spectra were taken on a PHI 5800 XPS with Al Ka source at
350 W power, and analyzed using PHI MultiPak software. Samples
were prepared by spin coating PMPDI onto ITO slides as described
above. Slides were scored and broken into 3 pieces. The first was
untreated after coating, a second was submerged in 20 mL of 50/50 2
M HCl/ethanol for 60 s, then rinsed by dipping several times in DI
water then ethanol, and drying for a minute under an argon stream.
The third piece was treated identically to the second, then also
submerged for 60 s in 0.1 M pH 7 KPi buffer and rinsed again as
above. These slides were allowed to dry overnight, and then analyzed
by XPS, taking both a survey scan and a high resolution scan in the
region of 280 to 305 eV to calculate the C:K ratio (see Figure S6 in the
Supporting Information). This experiment was performed 3 times and
the average C:K ratios were consistent with K4-PMPDI as coated,
PMPDI after acid treatment, and K2-PMPDI after KPi treatment. XPS
was also taken of PMPDI and EPPDI films both before and after a
standard CoO,, catalyst deposition (see Figure S7 in the Supporting
Information).
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UV—vis. UV—vis data were collected by a Hewlett Packard 8452A
diode array spectrophotometer. ITO/PMPDI slides were scored and
broken into 1-cm-wide slices to fit into the sample holder and pressed
against the back wall for consistent sample placement. An ITO slide,
cleaned under the standard conditions (and spin coated with ~0.05 M
KOH as a control for the basic dye solution) was used as the reference
blank.

Cyclic Voltammetry. Electrochemical experiments were per-
formed on a CH Instruments CHI630D potentiostat using a platinum
wire counter electrode and Ag/AgCl (sat. KCl) reference electrode.
The potential of the Ag/AgCl reference was confirmed to be +0.20 V
vs. NHE by a 1 mM Fe(CN)s*/* in 0.1 M HCI reference redox
system.”” Cyclic voltammetry was performed on PMPDI both
dissolved in basic solution (PMPDI*") and as a thin film on ITO in
neutral solution (K2-PMPDI). For the aqueous PMDPI experiments, a
solution of ~4 mM PMPDI in 0.1 M pH 10 potassium carbonate
buffer was degassed with argon before testing to avoid interference due
to reduction of oxygen by reduced PMPDI or at the working electrode
itself (3 mm boron-doped diamond (CCL Diamond)). Voltammo-
grams of K2-PMPDI films on ITO were performed in degassed 0.1 M
pH 7 KPi buffer.

Photoelectrochemical Testing. All photoelectrochemical experi-
ments were performed in a custom-made two-compartment photo-
electrochemical cell, with a working compartment made from 1 X 1.5
cm? quartz rectangular tubing with a working volume of 5 mL. The
ITO/PMPDI/CoO, anodes were pressed against the front wall of the
cell (the glass back of the anode against the glass cell wall)and
illuminated through the ITO-side with a 65 W xenon arc lamp (PTO
model A 1010) powered by an OLIS XL150 adjustable power supply.
The lamp was focused onto the cell through a bandpass filter (315—
710 nm, Thorlabs FGS900S) to more closely simulate the AML1.S solar
spectrum, with an incident power density measured to be
approximately 100 mW/cm? measured with a Thorlabs Thermal
Power Sensor, model S302A. Photoelectrochemical experiments were
recorded with the same potentiostat and electrodes as described above
for cyclic voltammetry. Transient light experiments were performed by
manually chopping the light source every S s using an opaque sheet of
construction paper, while the applied potential was scanned from low
to high values. Photocurrent densities tended to improve slightly upon
repeating the transient experiment.

Action spectra were collected on a separate PV testing apparatus
provided by Prof. C. M. Elliott’s research group, which consisted of a
xenon arc lamp (Oriel model 66002, 100 mW/cm?), power supply
(Oriel model 68700), monochrometer (Oriel Cornerstone 130, model
7400), and a Kiethley 2400 source meter. For these experiments, a
two-electrode setup was used (ITO/PMPDI/Co0, working electrode
and Pt wire counter electrode) in the same two-compartment
photoelectrochemical cell described above, containing degassed 0.1
M pH 7 KPi buffer (S mL in the working compartment, 3 mL in the
auxiliary compartment). The face of the cell was pressed against an
aperture, leaving an illuminated area of 0.385 cm® To collect the
action spectrum, the electrodes were held at short circuit while the
incident light was scanned from 400 to 700 nm (~10 nm bandwidth)
in 25 nm steps, recording the steady-state current between the
electrodes 15 s after each wavelength step. The incident lamp power at
each wavelength step was recorded using a Thorlabs silicon standard
power sensor, model S120B, in order to calculate the final IPCE
values.

Oxygen Detection. Due to the relatively small photocurrents and
gradual deactivation of our ITO/PMPDI/CoO, anodes, dissolved
oxygen concentration was directly detected in the KPi buffer solution
instead of detecting O, in the headspace of the cell (consistent with
this, the oxygen produced was not sufficient to generate visible
bubbles). Dissolved oxygen was measured using a Clark-type electrode
and meter (Microelectrodes, Inc., model M1-730A electrode and OM-
4 oxygen meter), and recorded on LabView software. The Clark
electrode was calibrated daily in two standard solutions of 0% (>0.1 M
Na,S0,;)*® and 20.9% (vortexed under ambient air) oxygen
solutions—which corresponds to 0 #M and 236 uM dissolved oxygen,
respectively, at 20 °C, correcting for the atmospheric pressure in Fort

13375

Collins, CO (typically between 83.2 and 85.6 kPa).*’ Because the
working solution is heated by the lamp irradiation and because the
Clark electrode response is temperature sensitive, the response was
calibrated in both standard solutions over a temperature range of 20—
30 °C (see Figure S13 in the Supporting Information for a typical
calibration).

Water-oxidation experiments for our anodes were carried out using
the same photoelectrochemical setup as described above. For these
experiments, the lamp intensity was increased to ~300 mW/cm?* and
an applied bias of 900 mV vs. Ag/AgCl was used in order to maximize
the photocurrent, and thus the resultant oxygen production, yet stay
below the potential at which PMPDI films showed dark oxidative
currents (see Figure S4b in the Supporting Information). To avoid the
difficulties of sealing the electrochemical cell from the atmosphere, we
air-saturated solutions to begin with (ie., vortexed under ambient air
for at least 10 min). This way, any increase in dissolved oxygen
concentration had to come from water oxidation and not from the
surrounding air. The Clark electrode response in the S mL volume of
solution in the working compartment and the temperature of solution
(+ 0.1 °C) were recorded both before and after a S min, illuminated,
amperometric water-oxidation experiment. The solution was stirred
only while measuring oxygen, and then only fast enough to yield a
maximum electrode response. The calibration curve was used to
convert the Clark electrode responses and temperatures to their
corresponding oxygen concentrations. The volume of solution and
change in concentration after the electrolysis was used to calculate the
number of moles of oxygen produced. Finally, the current passed
during the water oxidation was used to calculate the theoretical oxygen
yield and the faradaic efficiency of the reaction.

It is important to note here that water oxidation and rising solution
temperatures (due to high intensity illumination) resulted in solutions
with dissolved oxygen concentrations above the equilibrium value.
Controls were done by bubbling 100% oxygen into air-saturated
solutions, creating slightly supersaturated conditions. Oxygen concen-
tration was then monitored as a function of time and stir rate,
confirming that the oxygen produced during electrolysis remained
primarily in solution and did not escape to the atmosphere over the 5
min time scale of the experiments, at least to within the observed
+15% O,-yield error bars.

B ASSOCIATED CONTENT

© Supporting Information

Characterization data for PMPDI: 'H NMR, 3P NMR, HPLC,
cyclic voltammetry; XPS of PMPDI films and EPPDI films
before and after CoO, catalyst deposition; photocurrent
transients and IPCE values for ITO/PMPDI/CoQ, anodes
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decay during extended photoelecctrolysis; example Clark
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B ABBREVIATIONS

PD], perylene diimide

PMPDI], N,N’-bis(phosphonomethyl)-3,4,9,10-perylenedii-
mide

ITO, indium tin oxide

K1-PMPDI, monopotassium salt of PMPDI

K2-PMPD], dipotassium salt of PMPDI

K4-PMPD], tetrapotassium salt of PMPDI

EPPDI, N,N’-bis(1-ethylpropyl)-3,4,9,10-perylenediimide
PTCDA, perylene tetracarboxylic dianhydride

HOMO, highest occupied molecular orbital

LUMO, lowest unoccupied molecular orbital

KPi, potassium phosphate

XPS, X-ray photoelectron spectroscopy

IPCE, incident photon-to-current conversion efficiency
APCE, absorbed photon-to-current conversion efficiency
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