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ABSTRACT: While loading of cocatalysts is one of the most widely investigated strategies to promote the efficiency of
photoelectrodes, the understanding of their functionality remains controversial. We established new hybrid molecular pho-
toanodes with cobalt-based molecular cubane cocatalysts on hematite as a model system. Photoelectrochemical and rate
law analyses revealed an interesting functionality transition of the {Co(II),O,}-type cocatalysts. Their role changed from
predominantly hole reservoirs to catalytic centers upon modulation of the applied bias. Kinetic analysis of the photoelec-
trochemical processes indicated that this observed transition arises from the dynamic equilibria of photo-generated surface
charge carriers. Most importantly, we confirmed this functional transition of the cocatalysts and the related kinetic prop-
erties for several cobalt-based molecular and heterogeneous catalysts, indicating wide applicability of the derived trends.
Additionally, complementary analytical characterizations show that a transformation of the applied molecular species oc-
curs at higher applied bias, pointing to a dynamic interplay connecting molecular and heterogeneous catalysis. Our insights
promote the essential understanding of efficient (molecular) cocatalyzed photoelectrode systems to design tailor-made
hybrid devices for a wide range of catalytic applications.

Introduction We here comprehensively investigate the functionalities of
molecular cocatalysts on photoanodes for the first time.
Such studies are now vital to open up the unlimited varia-
bility of molecular building blocks for enhancing the per-
formance of semiconductor electrodes.”’> We present in-
sight leading to an overarching concept that correlates pre-

vious diverse assignments of cocatalyst roles.’>7 Thereby,

Photoelectrochemical water splitting offers a promising
route for direct solar energy-to-fuel conversion.' To date,
the development of efficient photoanodes remains chal-
lenging due to the thermodynamically sluggish four-elec-
tron-transfer process involved in the oxygen evolution re-
action (OER).*7 Cocatalyst loading has emerged as one of

the most important approaches for eliminating OER over-
potential losses with most emphasis placed on heterogene-
ous systems to date. However, the actual functionalities of
such cocatalysts are still widely debated, because their un-
derstanding is essential for future efficient photoanode de-
sign.? In contrast, the remarkable tuning options of molec-
ular catalysts for water splitting with hybrid photoelec-
trodes have only been explored since 2010.° As the interest
in hybrid molecular photoanodes is just rising,'*"* less than
ten studies on hybrid photoanodes for water splitting with
noble metal-free molecular cocatalysts had been reported
until 2017.9

we bridge and compare the fields of molecular and hetero-
geneous cocatalysts.

Manifold techniques have been applied in preceding
studies to clarify the role of heterogeneous cocatalysts,
with special emphasis on cocatalyst-modified hematite
photoanodes.’® In a key study, similar transient absorp-
tion spectroscopy (TAS) properties were observed on bi-
ased hematite photoanodes and on unbiased electrodes
modified with CoPi. These results suggested that CoPi co-
catalysts could increase the band bending of the hematite
photoanode through the formation of heterojunctions.*
This also applies for CoOyas cocatalysts on hematite pho-
toanodes, because such modified photoanodes required



less anodic bias for the slow decay features in TAS.* On the
other hand, (photo)electrochemical techniques such as
photoelectrochemical impedance spectroscopy (PEIS),>
transient photocurrent spectroscopy (TPS), double work-
ing electrode (DWE),*** and intensity modulated photo-
current spectroscopy (IMPS),*2® have been employed as
attractive options for probing the functionality of cocata-
lysts. In a representative study, CoPi loaded on hematite
photoanodes was identified as a hole collector with the
help of steady-state current density, TPS and PEIS anal-
yses.? In the course of a follow-up study, a similar hole
storage function was observed for mixed Ni,.sFe,;s0y 0x-
ides as cocatalysts on hematite.3* Kinetic studies using
IMPS on a NiFeOy modified hematite photoanode indi-
cated a slowdown of both charge transfer and recombina-
tion kinetics, so that a surface passivation function was
proposed for the cocatalysts.>® However, in a separate
study using the DWE technique, a bi-functional role en-
compassing hole storage and catalytic activity was demon-
strated for Ni, sFe, .0y

Interestingly, the selected investigation technique
seems to significantly influence the conclusions on the co-
catalyst functionality. Given the underlying differences in
working principles and conditions,® this does not come
unexpected. For example, TAS probes photo-generated
hole decay kinetics after a very short period of laser illumi-
nation, while PEIS data are obtained under constant illu-
mination. Furthermore, the different assignments of cocat-
alyst functionalities also highlight the complexity of the as-
sociated processes and the dependency of the results on
the context of operational conditions. For example, ultra-
fast TAS measurements on bare hematite indicate that

(="
o

2-Eu
45000 4

30000

Intensity (a.u.)

15000

J_)

more than 50% of the photogenerated charge carriers
would recombine within 6 ps without bias and over 98% in
less than 6 ps at 1.43 V vs. RHE .33 This means that only a
very small fraction of the photogenerated holes have suffi-
cient lifetime to participate in the sluggish OER, while still
undergoing recombination process.3* However, these dif-
ferent conclusions are not contradictory. Indeed, the posi-
tive correlation of charge transfer capacitance for PEIS data
and TAS peak magnitude for bare hematite photoanodes
has shown that both signals arise from the same origin.3*

Despite this encouraging progress made to date, much
remains to be understood about the true role of different
cocatalysts, given that multiple dynamic pathways are pos-
sible for the photo-generated charge carriers, as shown in
Fig. S1.35 As the majority of mechanistic studies was per-
formed on heterogeneous cocatalysts, such as CoPi and
NiFeO,, we here explore a new molecular model system.

We first applied well-defined molecular cubanes,
[Co",(dpy{OH}O),(OAC),(H,0),](ClO,), (denoted as C,) as
model cocatalysts and explored their functionality on hem-
atite photoanodes through systematic photoelectrochemi-
cal characterizations and rate law analyses of the surface
charge transfer process. Three key questions in the emerg-
ing field of molecular photoanodes are investigated in the
following: (1) What is the role of the molecular cubanes,
and how do they relate to previous systems?2°3%3 (2) Can
we apply the observed features to other cobalt based mo-
lecular and heterogeneous cocatalysts? (3) How stable are
these molecular cocatalysts on hematite photoanode sur-
faces?3®
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Figure 1. Characterization of prepared hematite photoanodes: (a) Representative top view SEM image and cross-section (inset) of
the hematite thin film, (b) HAADF-STEM image of hematite nanorods, and (c) magnified image with atomic resolution, (d) Raman
spectrum, (e) thin film XRD pattern of hematite, and (f) powder XRD pattern of the molecular cocatalyst C1 (inset: crystal structure

of C1; Co: dark blue, C: gray, O: red, N: green, H: white).



Results and discussion

Preparation of cocatalyst-modified photoanodes and
their photoelectrochemical properties. Hematite pho-
toanodes were prepared according to literature protocols
(see SI for details).3%4° Scanning electron microscopy
(SEM) images show a uniform nanorod array on top of the
FTO glass (Fig. 1a).

The nanorod morphology was further characterized by
scanning transmission electron microscopy (STEM) using
a high-angle annular dark field (HAADF) detector (Fig.
1b). The HAADF-STEM micrograph in Fig. 1c shows high
crystallinity of the hematite particles, which was further
verified by the well-defined characteristic Raman spectrum
(Fig. 1d) and by thin film X-ray diffraction (XRD) patterns
(Fig. 1e and details in Fig. Sz2). Results from the optical
absorbance spectrum yield a calculated band gap of
Es~2.08 eV (Fig. S3), which agrees with reported values for
hematite.* Further details on the Raman, XRD and optical
methods can be found in the SI. All prepared hematite pho-
toanodes were screened before loading of cocatalysts, and
only substrates with similar photoelectrochemical proper-
ties (current density error < 5 % at 1.23 V vs. RHE) were
used for further tests.

We here selected the molecular cubane water oxidation
catalyst [Co™,(dpy{OH}O),(OAc).(H,0),](Cl0O,),, C, as a
model cocatalyst (cf. powder XRD data in Fig. 1f, more in-
formation in Fig. S4, 5). This cubane was proven to be
stable under photochemical water oxidation conditions
and excels though the essential {H,O-Co,(OH),-OH.}
edge-site motif that is crucial for water oxidation on cobalt
oxide surfaces.** Different amounts of C, were then casted
onto hematite surfaces using Nafion as binding mate-
rial,## and the C, loading density was varied from 3.3 to
53.3 nmol cm™ (more details in SI). The pristine, Nafion
modified and C, loaded hematite photoanodes were de-
noted as H, H-N and H-N-C,-x (H = hematite, N = Nafion,
x represents the loading density), respectively. Linear
sweep voltammetry (LSV) data was first recorded for all
photoanodes under simulated solar irradiation (Fig. 2a).
As expected, loading of C, cocatalysts had the beneficial ef-
fect of a lower photocatalytic onset potential, while the ca-
thodic shifts were comparable (~220 mV), i.e. rather inde-
pendent on the loading density (Fig. S10).45 A loading of
26.7 nmol cm™ delivered the best activity, namely 9-fold
higher than that of H-N at 1.23 V vs. RHE. LSV data rec-
orded under dark conditions (Fig. Su1) further confirmed
the beneficial role of C, loading during the photocatalytic
process.

Identification of the cocatalyst functionality with
IM-TPS: Hole storage reservoirs vs. catalytic centers.
TPS is a technique that not only bridges the boundaries be-
tween photoelectrochemical and electrochemical do-
mains, but also connects transient and steady-state pro-
cesses (Fig. S12, cf. SI for further details). To elucidate the
function of the applied cubane cocatalysts C,, the amount
of charges passed through the photoanode during the an-
odic (Qanodic) and cathodic (Qcarhodic) transient process are
given in Fig. 2b.#7 Clearly, both the applied bias and C,

loading play significant roles in the evolving trends of both
parameters. Prior to the onset potential, the magnitudes of
both Qqanodic and Qcathodic are comparable and negligible for
all photoanodes, indicating that C, has no noticeable func-
tion. When the applied potential is higher than the onset
potential of the C, loaded photoanode, but still lower than
that of bare hematite, both Qgnodicand Qcathodic for bare hem-
atite remain negligible while they increase significantly for
C,loaded photoanodes. For example, at 0.9 V vs. RHE, bare
hematite has negligible Qqanodic and Qcqthodic Values of 14.4
and 9.6 pC cm™ respectively, while the values are 351.1 and
258.0 uC cm™, respectively, as a result of 26.7 nmol cm™ C,
loading, indicating a significant hole storage capacity. The
slight discrepancy of both values further implies that these
cocatalysts are probably acting more strongly as hole res-
ervoirs than as catalytic centers.
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Figure 2. (a) LSV curves of bare and C, loaded photoanodes
and (b) respective transient Qanodic, Qcathodic (black solid and
red dashed lines = anodic and cathodic processes, respec-
tively).
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Figure 3. Rate law analysis of bare and C, loaded (26.7 nmol
cm™) photoanodes at 0.9, 1.1 and 1.3 V vs. RHE (black, red
and blue symbols, respectively), steady-state OER rates
(roer) and surface hole densities were probed by IM-TPS.

To verify this hypothesis, intensity modulated TPS (IM-
TPS, 6-100 mW cm™) experiments were performed (more
information in Fig. S14-15), where the steady-state photo-
current density (Ji;) could be interpreted as the OER rate
(rorr), and the corresponding steady-state surface hole
density could be probed by monitoring the magnitude of
Qcathodic:>* Thus, rate law analysis was performed to identify
the apparent reaction rate constant (kq), and reaction or-
der for surface accumulated holes (Equation S1, cf. SI for
more details). As shown in Fig. 3, the C, loaded photoanode
displays an identical reaction order of ~2 with bare hema-
tite for surface accumulated holes, exhibiting a lower kg,
(0.02 and 0.08 hole™ nm?*s?, respectively). This implies that
the OER proceeds predominantly through hematite sur-
face states, involving accumulation of two holes for the rate
determining step.’>

From those results, we propose that under operational
conditions between the onset potentials of the loaded pho-
toanodes and bare hematite, respectively, the surface
loaded cocatalysts are primarily acting as hole reservoirs.

As the applied bias increases to 1.3 V vs. RHE, both Qqnodic
and Qcathodic grow slowly and their discrepancy remains
small for the hematite photoanode. In contrast, a dramatic
difference was observed for the C, loaded photoanode
(1352.8 and 68.6 uC cm™for Qanodicand Qcarhodic, respectively,
Fig. 2b). Therefore, these loaded cocatalysts are probably
working as catalytic centers, given that much higher J is
achieved (Fig. $16). Similarly, IM-TPS was performed (Fig.
S17-18), and comparable surface hole reaction orders were
again obtained for both photoanodes (Fig. 3). However,
the bare photoanode displays a significantly lower kg
(0.09) than the modified one (0.58), which indicates that
the loaded C, cocatalysts are possibly participating in the
OER process directly. Rate law analysis in Fig. 3 points out
that the role of the cocatalyst is transformed with the mod-
ulation of the applied bias from prevailing hole collectors
at lower applied bias to catalytic centers at higher applied
bias. Either functionality has been identified separately in
previous studies.8202829

Here, to the best of our knowledge, we report the transi-
tion of cocatalyst features for the first time (Fig. 4). In prin-
ciple, the dynamic features of cocatalysts represent the
shift of underlying kinetic equilibria upon bias modula-
tion. As indicated by ultrafast TAS measurements on bare
hematite, only a very small portion of the photogenerated
holes have sufficient lifetime (> ms) for the sluggish OER
process.3>3 However, they are not entirely excluded from
the recombination process.3* Thus, investigation of both
anodic and cathodic transient decay processes truly pro-
motes a deeper understanding.
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Figure 4. Schematic demonstration of the transforming role of C, with increasing applied bias at steady-state operations
under light illumination. Around the onset potential, almost all photo-generated charge carriers are subject to recombina-
tion; at moderate potentials, surface cocatalysts are activated to store large amount of photo-holes while unable to transfer
them efficiently to electrolyte; at higher potentials, surface cocatalysts are able to transfer photo-holes efficiently without
much storage (dashed arrows: very slow or kinetically negligible processes, solid arrows: fast processes.).



Dynamics of anodic decay. Other than the most widely
used TAS method for monitoring the dynamics of photo-
generated holes, both anodic and cathodic transient decay
TPS curves directly probe the dynamics of photogenerated
electrons. Despite their difference in the working principle,
united kinetics were reported for the charge carriers.3+4
Actually, the anodic transient decay exhibits an exponen-
tial nature for all photoanodes, which represents the dy-
namic interplay of multiple underlying processes. In cur-
rent experimental setups, it is very hard to fully interpret
the whole dynamic spectrum, particularly when consider-
ing that different sites for hole accumulation, transfer and
recombination are involved. Interestingly, the recorded
anodic transient curves could be well fitted with a biphasic
exponential decay model, a fast process coupled with a
slow one. Their characteristic decay constants can be ap-
proximately treated as the interplay of forward charge ac-
cumulation/transfer rate constant (kanodgic-ct, result of both
charge accumulation, ke, and charge transfer, kogr) with
backward recombination rate constant (Kanodic-rec) at fast (kq.
nodic-ct: N Kanodic-recr) and s1ow (Kanodic-ce2 ad Kanodic-rec;) decay
stages (SI for details, equations S2-8).3*>° To exclude any
OH- diffusion effect on the slow decay phase, a buffered
electrolyte (borate buffer, 50 mM) was used exclusively for
all measurements.> Additionally, constant two-phase tran-
sient decay behavior was observed at elevated pH values
(Fig. S19).

The evolution of both rate constants significantly de-
pends on several factors, such as C, loading, applied bias
and the decay phase. To clarify the function of the cocata-
lysts, the results are discussed in the following with respect
to the function of applied bias and phase of decay.

At 0.9 V vs. RHE, comparable overall kanodic-co Were ob-
tained during the fast decay phase for all photoanodes
(Fig. 5a), which indicates that the charging kinetics of C,
and hematite surface state are indistinguishable when as-
suming that the charge accumulation process is predomi-
nant. In this case, abundant C, active sites would act as ad-
ditional hole storage reservoirs. Meanwhile, the decreased
Kanodic-rear (178 and 1.14 s™ respectively for H-N and H-N-C,-
26.7 nmol cm™, Fig. 5b) revealed a positive role of C,in mit-
igating electron-hole recombination kinetics. The magni-
tudes of both Kanodic-c: and Kanodic-rec: indicate a relatively high
charge carrier density at this moment, and the recombina-
tion process is the major option (Kanodic-rec: > Kanodic-cts) for
photogenerated charge carriers for all photoanodes. In
comparison, the magnitudes of both kanodic-ct> and Kanodic-rec:
are much smaller in the slow decay phase which reveals
that only a very small percentage of charge carriers are re-
maining.> The abnormally higher kanodic-ct- derived for bare
and low C, loaded photoanodes at lower bias highlights the
difficulty for separation of charge accumulation and trans-
fer processes (Fig. 6a), so that an unambiguous assignment
of the cocatalyst function is challenging at this stage. Nev-
ertheless, it is clear that C, is still capable of reducing re-
combination process as kqnodic-rec. (Fig. 6b) keep decreasing.

Opverall, these long-lived holes still have a stronger ten-

dency for recombination (Kanodic-recs > Kanodic-ct:) during the
slow decay phase, which is possibly due to the inability to
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Figure 5. Anodic fast decay phase for (a) forward hole accu-
mulation/transfer rate constants kanodicct: and (b) electron-
hole recombination rate constants Kanodic-rec:-

empty the trapped electrons in the hematite intraband-
states.

At high applied bias (1.3 V vs. RHE), the depletion of
trapped electrons would significantly retard the recombi-
nation process for all photoanodes, which is supported by
the reduced magnitudes of both Kkanodic-re and Kanodic-reca-
When comparing to the bare photoanode, the addition of
C, further facilitates the overall charge separation process

as indicated by smaller kanodic-rec: (0.89 and 0.35 s™ respec-
tively for H-N and H-N-C,-26.7 nmol cm™, Fig. 5b) despite
the reduced kqnodic-c: (Fig. 5a). In the slow decay phase, it is
surprising that Kgnodic-rec. is remarkably stable for all pho-
toanodes (Fig. 6b), pointing out that the recombination
process is indeed greatly retarded through the efficient ex-
traction of generated electrons by the applied electric field.
Surface loaded C, participates in the water oxidation pro-
cess, because higher J;; is obtained (Fig. $16) although k.
nodic-ct decays slightly (Fig. 6a). In this case, these remnant
long-lived holes are mostly transferred for OER (kanodic-ct> >
Kanodic-rec2)- The kinetic analysis of the anodic transient pro-
cess again highlights the transformation of the cocatalyst
role as a function of the applied bias (Fig. 4). Furthermore,
the two- phase decay model reveals a similar dynamic role
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hole recombination rate constants kanodic-recz-

of the cocatalyst even at constant bias, which is determined
by the changing charge carrier populations. Nevertheless,
it remains very challenging to fully interpret the whole dy-
namic spectrum of charge carrier density, especially when
considering all involved factors, namely both types of cat-
alytic centers, hematite surface states®*>* and surface
loaded C,.5> All of the above analyses from both a steady-
state and a dynamic perspective enable us to understand
the transformation of the cocatalyst role in a qualitative
manner.

Dynamics of cathodic decay. Similar to the anodic
transient decay process, the above applied biphasic de-
scription of the exponential decay behaviour could also be
well employed for the cathodic decay part, so that the same
analytical strategy was applied (equations S2-8). Clearly,
the amplitudes of both recombination rate constants k.
thodic-recr AN Keathodic-rec» are much larger than corresponding
hole transfer rate constant keqehodic-c @nd Keathodic-ct values for
all photoanodes at all applied biases (Fig. S20-21), which
indicates the dominant role of recombination during the
cathodic decay process. This is in stark contrast to the ob-
servations during the anodic process, especially at high

bias, thus indicating substantial differences in the under-
lying kinetics. Meanwhile, the reduction of both kcathodic-rec:
and keq¢hodic-rec. for C, loaded photoanodes again highlights
the positive role of the cocatalyst in reducing the recombi-
nation kinetics. In addition, kinetic analyses of this ca-
thodic current density decay actually point out that the re-
combination rate is depending on the charge carrier con-
centration. At low and medium applied biases, C, loaded
photoanodes are following higher recombination orders
(higher decay slope) than their bare photoanode counter-
parts (Fig. S22-24). In comparison, similar recombination
orders are obtained at high bias (Fig. S25). This agrees well
with the respective Qcq¢hodic €volution behaviour, thus indi-
cating that the stored holes in C, are not exempted from
recombination. The interesting ‘self-limiting’ phenome-
non of surface accumulated holes underscores the dynamic
as well as balancing role of loaded C, for providing catalytic
and recombination centers.

Verification of cocatalyst functionality by PEIS.
PEIS is another powerful and versatile analytical approach
to probe surface charge carrier concentrations under
pseudo-steady state conditions. To validate the dynamic
functionality of the cocatalysts proposed above, PEIS was
conducted at a wide range of applied bias for all prepared
photoanodes. Two semicircles are present in the Nyquist
plots for all photoanodes at 1.3 V vs. RHE (Fig. $26), and
the second semicircle (high impedance at low frequency)
for C, loaded photoanodes is much smaller than that of the
bare photoanode, indicating the important role of C, in
lowering the charge transfer resistance. To understand
quantitatively the variation of charge carrier concentra-
tions, a simplified equivalent circuit (EC) (Fig. S26 inset)
was chosen for PEIS data interpretation as the second sem-
icircles of the Nyquist plots significantly changes with C,
loading. This is similar to previous observations for CoPi as
cocatalyst.?>5°57 The evolution of the fitted charge transfer
capacitance (C.) for both bare and C, loaded photoanodes
(Fig. 7) significantly mimics the behavior of the respective
Qcathodic determined with TPS (Fig. 2b), which
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Figure 7. C. values for C, loaded and bare hematite pho-
toanodes measured under AM 1.5 G simulated sunlight at
100 mW cm™ in 0.05 M borate buffer (pH 8.5).



again underscores a plausible functionality transition of
the applied C, cocatalysts. Similar to the IM-TPS approach
used above, intensity modulated EIS (IM-EIS) was per-
formed to modulate the C., which could be applied to es-
timate the corresponding surface hole density (Equation
S9 and more details in the SI). Therefore, an analogous
strategy for rate law analysis (Equation S1) was applied to
compare both kg, and reaction order evolution as a func-
tion of cocatalyst loading and applied bias (Fig. 8a). Inter-
estingly, the applied bias dependent log-log dependent be-
haviour of C,loaded photoanodes bears close analogy to
the dynamic features derived from IM-TPS analyses, except
that higher surface hole densities were probed, which re-
flects the resolution difference of both techniques. Never-
theless, the IM-EIS analysis again highlights the transfor-
mation of the cocatalyst functionality from active hole
storage centers to catalytic sites (Fig. 4).

From a kinetic perspective, both the charge transfer rate
constant (k) and the recombination rate constant (ki)
derived from PEIS are inversely proportional to the respec-
tive charge transfer resistance (R, Fig. S27) and the bulk
resistance (Rpuik, Fig. S28b).5® Equation S10 was used to es-
timate the dynamic interplay of k. and k.. Obviously, the
recombination process is the major option for charge car-
riers in all photoanodes at low biases as the ratio of both
rate constants is always below 50 % (ke < krec) (Fig. 8b).
However, 3.3 nmol cm™ of C, loading already promotes and
stabilizes this ratio, and it deteriorates at higher C, loading.
This interesting phenomenon demonstrates that C, is not
only storing photo-generated holes, but also provides re-
combination sites. As the applied bias increases, the ratio
raises fast, especially for C, loaded photoanodes and OER
becomes dominant at the point where the ratio exceeds 50
% (ke > krec). This kinetic PEIS analysis is in line with pre-
vious kinetic analysis of TPS data. In addition, there is no
significant flat band potential change for these C, loaded
photoanodes and bare ones, as indicated by the Mott-
Schottky (MS) plots in Fig. S29. This implies that C, load-
ing does not alter the interfacial energetics of pho-
toanodes, which is in line with previous investigations em-
ploying CoPi as surface cocatalyst.*>%

Viability of the dynamic concept of the cocatalyst
role. The previously published molecular cubane water ox-
idation catalysts [Co",(hmp),(pu-OAc),(p.-OAc),(H,0),]
(C,, Fig. S6-7) (hmp = 2-(hydroxymethyl)pyridine)®® and
[Co';Er(hmp),(OAc)sH,O] (C;, Fig. $8-9)° as well as het-
erogeneous cobalt oxide (CoOy, referred to as C,) were also
loaded on the screened photoanodes. These cobalt-based
cocatalysts were capable of decreasing onset potentials and
increasing photoelectrochemical activities to different ex-
tents (Fig. S30 and Table S1). First, similar TPS and IM-
TPS measurements were conducted and summarized in
Fig. S31-33, S40-42, and S49-51. Interestingly, the evolu-
tion of the related TPS parameters and IM-TPS rate law
analyses clearly display the general features observed for
C,, regardless of the molecular or heterogeneous nature of
the initial cocatalyst. Subsequent kinetic information dur-
ing both anodic and cathodic decay processes was also de-
rived and interpreted using the previous bi-phasic model.
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Figure 8. (a) Rate law analysis of bare and C, loaded (26.7
nmol cm) photoanodes at 0.9, 1.1 and 1.3 V vs. RHE (black,
red and blue color, respectively), rogr and surface hole densi-
ties were probed by IM-EIS, (b) kinetic analysis as the function
of cocatalysts loading and applied bias.

Despite the differences in absolute magnitude, a very sim-
ilar evolution behaviour emerged for the characteristic ki-
netic parameters (Fig. S34-37, S43-47 and Ss52-55). There-
after, all of these cocatalyst modified photoanodes were
subjected to PEIS and IM-EIS measurements under the
same operating conditions. The corresponding C.. (Fig.
$38, S47 and S56) and rate law features (Fig. S39, S48 and
S57) largely reproduce the characteristics probed from TPS
and IM-TPS, respectively. In conclusion, an analogous dy-
namic functionality behaviour can be observed for four dif-
ferent cocatalysts loaded on hematite photoanode sur-
faces.

Photocatalytic stability of photoanodes loaded with
molecular cocatalysts. We furthermore performed sta-
bility investigations on the above-mentioned modified
photoanodes.'>™52 Firstly, the CV-controlled potential pho-
toelectrolysis (CPE, at 1.3 V vs. RHE)-CV cycles were imple-
mented. Compared to the stable hematite photoanode
(Fig. S58), the slow photocurrent density decay of pho-
toanodes loaded with molecular cocatalysts (Fig. Ss9a,
S60a and Sé61a)
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Figure 9. STEM-HAADF analysis of the hematite surface
loaded with C, after aging at 1.3 V vs. RHE (a), magnified
image (b), selected area HAADF (c¢) and EDX elemental
maps of Fe (d), Co (d), O (f), Fe and Co (g), scale bars for
(c)-(g) are the same.
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could possibly be explained by either transformation of
these surface molecular cocatalysts or generation of oxy-
gen bubbles which gradually block the effective surface
area (Fig. $62). We can exclude the bubble effects due to
the observation that the characteristic Co**/Co3* redox po-
tentials of the electrode modified with molecular cocata-
lysts remain unchanged before and after 5 h of stability
tests (Figure Ssgb, S60ob and S61b), which indicates that
these surface species are predominantly remaining in their
initial molecular state (the prevailing presence of molecu-
lar species up to 1.3 V of applied bias is further discussed in
the SI).

Next, STEM coupled with energy-dispersive X-ray spec-
troscopy (EDX) analysis was carried out to probe Ci stabil-
ity after different applied bias. There were no particular
species that could be identified after aging at 1.3 V vs. RHE
(Fig. 9a-b), and EDX elemental maps of Fe, Co and oxygen
(Fig. 9c-g) clearly indicate an uniform cobalt distribution
on the hematite surface. However, a thin layer of small
clusters could be identified on the hematite surface after
aging at 1.7 V vs. RHE (Fig. S63a-b), and they might be as-
signed to CoOy species due to their cobalt enrichment (see
EDX elemental maps in Fig. S63c-g). Similar stability fea-
tures were also concluded from X-ray photoelectron spec-
troscopy (XPS) investigations (Fig. $65-66 and more de-
tails in the SI). It is important to mention that the gradual
decomposition of molecular species at 1.3 V vs. RHE is in-
evitable (as indicated by XPS data), but it is a very slow
process. For the (photo)electrochemical analyses we ap-
plied here, data acquisition takes a short time period (mi-
nute scale) and a fresh electrode was employed for every
data set. Thus, it is safe to conclude that the molecular spe-
cies are the dominant active species during data collection
and that the observed functionality transition is represent-
ing the behavior of molecular species.

Conclusions

In this work, three fundamental questions of molecular co-
catalysts for water oxidation were newly addressed,
namely, (1) their role on photoanode surfaces, (2) transfer-
able concepts for their functionality, (3) their operational
stability. Hematite photoanodes loaded with the molecular
cobalt cubane {Co",(dpy{OH}O),(OAc),(H,O).} as a new
model cocatalyst system were investigated with compre-
hensive (photo)electrochemical analyses (LSV, TPS and
PEIS) and related rate law analyses (IM-TPS and IM-EIS).
(1) We observed enhanced performance of hematite after
molecular cocatalyst loading. For the first time, our results
point to an interesting dynamic functionality of molecular
cocatalysts as a function of the applied potential. The role
of the cocatalysts is transformed from predominant hole
reservoirs to catalytic centers. We newly observed that this
complex role results in an overall dynamic functionality of
cocatalysts. This was in particular evidenced from the ki-
netic analysis of both TPS and PEIS data.
(2) Most importantly, we observed these trends for other
molecular {Co(II),0,} cubanes and for heterogeneous co-
balt oxide cocatalysts.
(3) Furthermore, the stability of the applied surface molec-
ular cubane {Co",(dpy{OH}O),(OAc),(H,O),} cocatalysts
was monitored with complementary STEM and XPS meth-
ods, and the precise onset of heterogeneous CoOy species
formation was identified at higher operation potentials.
As for design perspectives, the cocatalysts could accu-
mulate large amounts of holes at low bias (0.9 V vs. RHE),
but they were less efficient in transferring these holes for
the OER process, which might be due to the slow for-
mation kinetics of high valent species such as Co'V=0.5
This renders development of cocatalysts that could stabi-
lize these high valent intermediates at relatively low ap-
plied potentials a key optimization target.
It is, however, important to note that the complex dynamic
nature of the semiconductor/cocatalyst/electrolyte inter-
faces (interplay of multiple kinetic processes, involving ac-
cumulation, transfer and recombination of charge carriers
etc.) still makes it difficult to unambiguously assign the
general role of cocatalysts. Further investigations are
therefore required that combine insight from different
technical angles with theoretical calculations to establish a
full description of such challenging hybrid systems.
Our work paves the way to combine the inexhaustible lig-
and engineering possibilities of molecular catalysts®7
with the rapidly developing field of photoelectrodes. This
opens up tremendous possibilities for the targeted design
of a new generation of tailored solar-driven devices.
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