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Abstract: Heterogeneous light-driven catalysis is a
cornerstone of sustainable energy conversion. Most
catalytic studies focus on bulk analyses of the hydrogen
and oxygen evolved, which impede the correlation of
matrix heterogeneities, molecular features, and bulk
reactivity. Here, we report studies of a heterogenized
catalyst/photosensitizer system using a polyoxometalate
water oxidation catalyst and a model, molecular photo-
sensitizer that were co-immobilized within a nanoporous
block copolymer membrane. Via operando scanning
electrochemical microscopy (SECM), light-induced oxy-
gen evolution was determined using sodium peroxodi-
sulfate (Na,S,0y) as sacrificial electron acceptor. Ex situ
element analyses provided spatially resolved informa-
tion on the local concentration and distribution of the
molecular components. Infrared attenuated total reflec-
tion (IR-ATR) studies of the modified membranes
showed no degradation of the water oxidation catalyst
under the reported light-driven conditions. )

Introduction

Heterogeneous catalysis is a cornerstone of modern chem-
ical research, and most industrial chemical processes use one
or more heterogeneous catalysts.!'! More recently, the field
of sustainable energy has become one of the main drivers of

heterogeneous catalyst development, as the splitting of
water into hydrogen (H,) and oxygen (O,) is one of the
major paths to carbon-neutral fuels.”) One particularly
promising approach to this end is artificial photosynthesis
where chemical and materials solutions for light-driven
water splitting are developed.”! The concept relies on highly
active and stable catalysts for the hydrogen evolution
reaction (HER) and water oxidation catalysis (WOC)."
Specifically, the 4-proton-4-electron WOC is a bottleneck, as
suitable catalysts must combine high redox-activity and
oxidative/hydrolytic stability with economic viability.”! This
has led to materials design approaches ranging from single-
atom catalysts® to molecules,”’ clusters,’! nanoparticles
and bulk materials.”'” Independent of the type of catalyst,
there is common consensus that photo(electro)catalytic
water splitting schemes require the use of heterogeneous or
heterogenized catalysts to ensure their compatibility with
large-scale technological deployments.'! Thus, high-per-
formance heterogeneous WOCs based on earth-abundant
components,*>'? embedded in suitable supports are devel-
oped. To-date, most heterogeneous or heterogenized WOC
relies on bulk reactivity analyses, such as quantification of
the evolved O, in solution and/or the gas phase using
fluorescence-based oxygen sensors,'* head-space gas chro-
matography, or Clark-type electrodes.'! While these ap-
proaches provide viable averaged (bulk) information on the
performance of the catalyst (i.e. amount of O, evolved per
gram of catalyst material), no information, e.g., regarding
possible heterogeneity of the matrix, or distribution and
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molecule-in-matrix stability of catalysts is obtained. Critical
insights into the catalytic performance of reactive sites, e.g.,
photosensitizer molecules or water oxidation sites, are not
accessible by bulk methods. In addition, fundamental
limitations of the material, e.g., poor light-penetration into
the bulk materials, inaccessibility of catalytic sites, inhomo-
geneous distribution of the active compounds, or major
mass-transport limitations cannot be extracted from these
bulk measurements. In this regard, we use scanning electro-
chemical microscopy (SECM) to measure locally the O,
evolution and correlate the SECM data with micro-X-ray
fluorescence spectroscopy (uXRF) and scanning transmis-
sion electron microscopy/energy-dispersive X-ray spectro-
scopy (STEM/EDX) data that reveal the element distribu-
tion within the matrix at different length scales. By this
approach, we demonstrate how spatially and temporally
resolved in situ/operando WOC reactivity data and ex situ
information on spatial distribution can be obtained for
molecular photosensitizer and molecular WOC systems
heterogenized within nanoporous block copolymer mem-
branes. The concept is inspired by studies where SECM has
been employed for H,/O, quantification at the surface of
photocatalytic systems including BiVO,-based
semiconductors,”™  photoanodes,'®  cobaloxime HER
catalysts,"” and manganese-based WOC electrocatalysts.['®
We use SECM to locally determine the O, evolution rate
for light-driven heterogenized WOC, using the prototype
ruthenium photosensitizer [Ru(bpy);]*" (=Ru-PS; bpy=
2,2-bipyridine),'"” which features well-understood photo-
physics and is characterized by high oxidative redox-

a)

[ bl

lock copolymer

P

P35 POMAE MA

Research Articles

F roewe
POM-WOC

pore structure | | °

die

Chemie

Internatic

potentials capable of driving many WOCs. As WOC, we
chose the polyoxometalate (POM) cluster [Co,(H,O),-
(PW,0,,),]"~ (=POM-WOC),™ whose WOC activity under
a range of photochemical and electrochemical conditions
has been explored. So far, the POM-WOC has been mainly
embedded in polymeric membranes for electrocatalytic
anodes.?!l Here, we demonstrate the heterogenization of the
active components using nanoporous membranes based on
polystyrene-block-poly(2-(dimethylamino)ethyl ~methacry-
late) (PS-b-DMAEMA), where hydrophilic PDMAEMA
units can be positively charged by protonation® to facilitate
POM-WOC immobilization. The hydrophobic polystyrene
(PS) block provides a mechanically rigid membrane scaffold
(Figure 1a). The light-induced reaction Scheme using
Na,S,0; as sacrificial electron acceptor is depicted in
Figure 1b.

The resulting PS-b-PDMAEMA block copolymers were
then used to prepare nanoporous membranes via the so-
called NIPS (non-solvent induced phase separation)
process.”! This type of membrane has recently been
successfully applied for the heterogenization of POM-based
oxidation catalysts for the oxidation of organic compounds
like anthracene or tetrahydrothiophene,?! as well as Ru-PS
and thiomolybdate catalysts for light-driven hydrogen
evolution.”! Anchoring of the photoactive components can
be achieved through electrostatic® or covalent
interactions.””

To the best of our knowledge, the present study reports
the first spatially and temporally operando O, measure-
ments of soft matter-embedded molecular photoactive
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Figure 1. a) lllustration of the nanoporous block copolymer and heterogenized PS and WOC through electrostatic interactions. b) Depiction of the
reactions of the light-driven O, evolution and c) illustration of local operando O, measurements at a nanoporous block copolymer membrane

(SEM image in false colours) using SECM.
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components, i.e., hereafter referred to as WOCbranes.
Conventionally used bulk photocatalytic measurements may
result in lower apparent O, values, due to O, entrapment
within the porous nanostructured membrane. SECM enables
the time-resolved quantification of dissolved O, in close
proximity to the membrane surface using a customized
SECM setup that allowed gentle purging of the membrane
with Argon (Ar) to drive produced O, out of the membrane.
In combination with ex situ element analysis by STEM/
EDX, uXRF, total reflection X-ray fluorescence (TXRF)
and high resolution-continuum source-graphite furnace
atomic absorption spectrometry (HR-CS-GFAAS), quanti-
tative analysis of Co and Ru could be achieved along with
correlated information on homogeneity, morphology and
molecular distribution of photosensitizer and catalyst.

Results and Discussion

The Ru-PS and POM-WOC were immobilized in PS-b-
PDMAEMA block copolymer membranes via electrostatic
interactions. In contrast to the reported two-step synthesis
procedure of PS-b-PDMAEMA by anionic
polymerization,” we utilized here stepwise nitroxide-medi-
ated polymerization (NMP, Figure S1). In brief, the hydro-
phobic block was prepared via NMP of styrene forming the
membrane scaffold as depicted in Figure S1. In a second
step, the PS macroinitiator was used for the NMP of
DMAEMA, which led to the final block copolymer PS;,-b-
PDMAEMA,, (M,=42,900 gmol™', BD=1.20, Figure S2a);
the subscripts denote the degree of polymerization in the
respective segment. Nuclear magnetic resonance (NMR)
measurements (Figure S2b) resulted in a weight fraction of
2629 wt % of DMAEMA for different WOCbrane batches,
which has an increased hydrophilic fraction compared to
earlier studies.”**! Figure S3 shows SEM images of the
block copolymer membrane, where the nanoporous nature
is clearly visible. The anionic POM-WOC was anchored to
the positively charged DMAEMA units by immersion of the
membrane into an aqueous POM-WOC-containing solution
(see Supporting Information). The anionic POM units
(POM-WOC charge: —10) facilitate the subsequent immobi-
lization of the cationic Ru-PS (see Figure 1a and Supporting
Information for details). Thermogravimetric analysis gave
approximately 38.8 wt% POM-WOC and ca. 3.7 wt% Ru-PS
(Figure S2c¢). Based on earlier results and electrostatic
considerations,™ we assume that the relatively low Ru-PS
loading observed is due to repulsive electrostatic interac-
tions between Ru-PS and cationic PDMAEMA chains
(Figure 1a).

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM), respectively (see Figure S3 and
Figure S4) show the “sponge-like” morphology of the
membrane with pores of varying size up to 20-30 pm (blue
arrows, Figure S4a,c), and varying shapes and density,
which is in line with literature reports for this type of block
copolymer membranes.**?** The “finger-like” or “rod-
like” features with a thickness of ca. 50-60 nm (red arrows,
Figure S4b, d) are associated with the block copolymer. The
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thickness of the membrane can be tuned during fabrication
and is typically in the range of approx. 52.5 to 55.4 um, as
determined via SEM and TEM cross-sectional images,
however thicker, more rigid membranes up to 100 um can
be obtained. For high-resolution STEM/EDX mapping of
the distribution of Ru-PS and POM-WOC within the inner
pores of the membrane, the WOCbranes were embedded
within an EPON™ epoxy resin.”!! Thereby, artifacts due to
sample preparation (e.g., vacuum drying) are avoided (for
details see Supporting Information).

The dark fringes adjacent to the rod-like polymeric
structures evident in the STEM image (Figure 2) and TEM
images (Figure S4) reveal the presence of heavy elements,
which originate from the POM-WOC (W and Co) and from
the Ru-PS (Ru). These are also clearly discernible in the
EDX maps surrounding the rod-like features (i.e., the
carbon EDX map shown in Figure S5 reflects the high
carbon content of the rod-like polymer structures). The
EDX maps show the high oxygen content originating from
[Co4(H,0),(PWo03,),]""". The rod-shape and round features
visible in the STEM image are related to the orientation of
the polymer within the EPON resin and differences in the
intensities of the dark fringes are likely related to the
orientation as well as sectioning artifacts. The distribution of
the mapped elements at the edges of the rod-like structures
shows the successful immobilization through electrostatic
interactions between positively charged PDMAEMA and
the negatively charged POM-WOCs. The element ratio of
0.26 for Co:W derived from the EDX data is in excellent
agreement with the element ratio of the POM-WOC itself
(Co:W=0.22). For Ru ([Ru(bpy);]*"), an unambiguous
quantification from EDX data is difficult due to an overlap
of the Ru and ClI signals. The difference in energy between
Cl (2.62 keV) and Ru (2.58 keV) is only 40 eV. Hence, with
a detector resolution of around 130 eV, a clear distinction is
impeded.®™ The observed ClI signal (see Figure S5) origi-
nates from the [Ru(bpy);]Cl, counter-anions or may origi-
nate from residual NaCl used in the POM-WOC
crystallization.”™ Consequently, the Ru content within the
modified block copolymer membranes was determined via
HR-CS-GFAAS after digestion of small amounts of the
WOCbranes. Low Ru concentrations were found, varying
among different immobilization batches and storage times of
the membranes (see Table S1). A possible explanation for
these low concentrations is that the positively charged
DMAEMA fraction of the block copolymer partially
counteracts the attractive electrostatic interaction of the
photosensitizer with the catalyst.

Typically, heterogeneous WOC is predominantly charac-
terized by bulk O, detection, which provides no spatially
resolved information on the local performance of complex
heterogeneous catalysts. Hence, SECM is an attractive
alternative for operando O, detection, as measurements can
be performed in close vicinity to the WOCbranes for
determining light-driven WOC activity during illumination.
Electrochemical O, measurements using microelectrodes
have been recently demonstrated to determine photocata-
lytic WOC activity of the semiconductor strontium titanate
(SrTiO;) doped with aluminium,”™ however have not yet
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Figure 2. STEM/EDX mapping of the elemental distribution of tungsten (W), cobalt (Co), oxygen (O), and ruthenium (Ru).

been shown for heterogenized molecular water oxidation
catalysts. Here, we used static SECM measurements using
Pt microelectrodes to quantitatively analyse the light-driven
evolution of O, (for details on positioning the microelec-
trode at the membrane, see Figure S6a). A customized
SECM cell facilitates illumination of the membrane with a
fiber-coupled LED (A=470 nm) and allows simultaneously
purging of the membrane with Ar. Current-time (i-t) curves
depicting the current response when the membrane is
purged either with air (magenta) or Ar (grey) are shown
schematically and experimentally in Figure S6b,c. The mem-
branes were purged with Ar (for approx. 15 min) prior to
irradiation to remove any O, (below the detection limit of
our measurements) trapped within the membrane. During
the light-driven O, measurements, a continuous Ar flow of
1 mLmin~' was maintained to drive the produced O, out the
membrane. Operando O, measurements were performed in
O,-free borate buffer solution (pH 8.05) with Na,S,04 as
sacrificial electron acceptor™ in substrate generation/tip
collection mode™ applying a potential of —500 mV vs. Ag/
AgCl at the SECM tip.

The pH dependence of the permeability of PDMAEMA
membranes has been previously reported.”! According to
the pore size, O, bubbles in the size range around 15 nm
should completely pass the membranes at pH 6-10. It has
been reported that during homogeneous catalysis, in
dependence of the concentrations of the catalyst [Co,
(H,0),(PW,404,),]""", the amount of O, concentration
reached a plateau after 5—15 min of illumination.” Three
different immobilization batches from two independently
synthesized membranes were investigated (in the following
termed WOCbrane 1-3). WOCbrane 1 and WOCbrane 2
were illuminated by 60s intervals separated by 60s dark
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intervals. Samples from WOCbrane3 were constantly
illuminated to explore the effect of different irradiation
conditions on the photocatalytic performance.””

Figure 1c shows schematically the O, measurements
under irradiation and Figure 3a exemplarily depicts the
increase of cathodic current measured at the SECM tip
originating from the reduction of O, during the individual
irradiation steps (chopped illumination, green curve). The
same experiments were carried out under dark conditions
(magenta curve) and resulted, as expected, in a constant
background current.

The current response reveals an initially slow increase in
O, evolution with a delay of 60 s to 180 s, corresponding to
one to three illumination steps, after which an exponential
increase of the current with the illumination time is observed
for most of the examined WOCbranes (Figure 3b). This
behaviour is in contrast to homogeneous photocatalysis of
the WOC-POM reported in the literature using the same
sacrificial electron acceptor and photosensitizer,* although
the reported O, measurements were obtained via head-
space gas chromatography (GC). We hypothesize that the
observed delayed onset is mainly attributed to diffusion
limitations within the membrane, which is dependent on the
actual investigated area. The variation in onset of the O,
detection for chopped illumination is depicted in Figure 4a.
Areas with high polymer density and thus smaller pores may
lead to the observed longer delay. It should be noted that
the two different WOCbrane 1 and WOCbrane 2 were
stored in ultrapure water for different times prior to the
SECM measurements and for further ex situ analytical
characterization (see Supporting Information).

In addition to the chopped illumination experiments,
continuous illumination experiments were carried out for

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. a) Exemplary current response recorded at the microelectrode
during illumination (green, illumination was started after 500 s) and
under dark conditions (magenta) in 5 mM Na,S,0,/100 mM borate
buffer solution (see Table S2, measurement membrane 2.2). The
cathodic current increase per illumination step is shown by the blue
bars. b) Charge evolution during 15 individual irradiation steps (60 s)
measured at 6 individual WOCbranes (WOCbrane 1 and 2—two
immobilization batches (M1.1 dark blue, M1.2 light blue, M2.1 red,
M2.2 orange, M3.1 light green, M3.2 dark green).

WOCbrane 3 immediately after WOC-POM/Ru-PS loading
(i-t curve is shown in Figure S7a). The observed prolonged
delay time up to 9 minutes (Figure 4a) observed for WOC-
brane 3 may be related to the increased thickness (thick-
ness =104 um), which is twice the thickness of WOCbrane 1
and 2. Interestingly, the investigated batches of WOC-
brane 3 exhibit a prolonged activity time in the range of
38 minutes up to 66 minutes compared to WOCbrane 1 and
2, where 66 % of the studied patches showed no activity
after 15 min of illumination. One sample of WOCbrane 3
was also illuminated under comparable conditions as carried
out for WOCbrane 1 and 2 (chopped illumination, Fig-
ure S7b). Over a period of 60 illumination steps, this sample
exhibits an O, evolution-rate of 0.28 fmols™!, which is in
good agreement with the continuously illuminated samples
(see Table S2). After storage of the illuminated WOCbranes
for several hours in ultrapure water, bubbles of O, were
observed at the WOCbrane surface as shown in Figure S7c,
which may be associated with trapped oxygen.

Figure 4b summarizes the O, evolution rate (amount of
produced O, per second), which was in the range of 0.18 to
1.10 fmols™" (Table S2) for the different WOCbranes. The
apparent variabilities are related to the fact that different
areas were probed, which may reflect the heterogeneity in

Angew. Chem. Int. Ed. 2023, 62, €202217196 (5 of 9)

M1 M2

M3

Figure 4. a) Bar diagram showing the reaction rate (blue) and delay
time in O, evolution (green) for the different membrane batches.

b) Amount of O, per second (blue bars) of three different immobiliza-
tion batches from two membranes (M1: n=2; M2: n=4; M3: n=6).

terms of pore space and pore size distribution. Figure S8
shows the change in cathodic current of the three inves-
tigated WOCbranes within 15 min illumination, non-modi-
fied block copolymer membranes and measurements at the
WOCbrane under dark conditions, clearly indicating the
photocatalytic activity of the WOCbrane. We performed
further studies with respect to the immobilized POM-WOC
and Ru-PS content to exclude that this variability in the
current response and the time of photocatalytic activity is
related to degradation and loss of the WOC. We inves-
tigated WOCbranes via EDX prior and after the operando
light-driven measurements, as shown in Figure S9. The EDX
data show some decrease of W and Co content after
illumination which may originate from minor degradation of
the WOC or again reflects the heterogeneity of the
WOCbrane. Although the same WOCbrane was investi-
gated before and after illumination, the investigated area of
the WOCbrane was likely not the same for the EDX
measurements. A standard-less quantification of the EDX
spectra before and after photocatalytic conditions was used
to estimate the ratio between W and Co content. The trend
reveals a slight decrease of approximately 4 % in the W
signal. This is in line with our TXRF measurements in

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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leaching experiments, as discussed in the last paragraph and
shown in Figure S12.

Degradation of the POM ([Co,(H,0),(PW,03,),]'"") was
reported for electrochemically driven water oxidation.*™
Thus, to gain insights into POM-WOC stability under the
given conditions, the POM-WOC and WOCbranes were
spectroscopically investigated before and after illumination.
We used infrared attenuated total reflection spectroscopy
(IR-ATR) to detect any degradation induced by the
immobilization process or photocatalysis. The IR spectra
(Figure S10) show the characteristic bands of the pure
POM-WOC (blue spectrum) (P-O stretching at 1020 cm™,
W-O stretching at 941 cm™', W—O—W bending at 872 cm™
and 783 cm™') and the WOCbrane before (grey spectrum)
and after illumination (red spectrum).”* Upon immobiliza-
tion, a shift of the W—O—W bands to higher wavenumbers
(from 872 cm™ to 890 cm ™' and from 783 cm™ to 795 cm™,
respectively) was observed, which is expected due to the
molecular interaction with the block copolymer membrane.
More importantly, after illumination, only a small shift of
approx. 4-5 cm ™! from 795 cm ™! to 790 cm ™' and 890 cm™! to
886 cm™' of the W—O—W bands was observed indicating no
major changes of the molecular structure. Also, no charac-
teristic bands for CoO, species (e.g., at 510 cm™, 661 cm™,
690 cm™', 840 cm™' and 1013 cm™') were observed by IR
spectroscopy at observable concentrations under the given
conditions.”” Based on this data, we do not observe
degradation of the POM-WOC into CoO, species, either
upon immobilization or after 30 min of illumination. This is
in line with previous studies, where similar behaviour was
reported by Schiwon et al.l*”! However, we cannot rule out
that small amounts of CoO, are formed during light-driven
catalysis, given the limit of detection (LOD) of our IR-ATR
measurements. As expected, also no shift of the character-
istic bands of the polystyrene-based block copolymer was
observed.

Although, high-resolution STEM/EDX mappings (Fig-
ure 2) clearly show a quite uniform presence of POM-WOC,
the probed sample sections in these high-resolution maps
cover an area of less than 2 um?, which is not representative
for statistically meaningful evaluation of the macroscopic,
homogeneous distribution of WOC and Ru-PS in these
molecule-in-matrix systems. This information is crucial for
optimization of synthesis and loading procedures of the
nanoporous block copolymer membranes to achieve high
photocatalytic activity. Moreover, heterogeneities on a
larger scale may explain the variations in the observed O,
evolution, as the probed membrane volume in the SECM
experiment is approx. 0.025 mm® to 0.05 mm® (in depend-
ence of the membrane thickness) giving the overall
dimension of the microelectrode (i.e., assuming a cylindrical
configuration). As a novel non-destructive 2D elemental
mapping method, uXRF remains rarely used for soft
materials.”!! However, the technique is ideally suited to
study the element distribution of WOC-POM within the
membranes on a macroscopic scale, as it gives access to
element distribution maps of sample areas up to 20 x30 cm,
in a concentration range from low ppm up to wt.-%, and
with a spatial resolution of about 25 pm. Figure 5 presents
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exemplary intensity maps of W and Co of WOCbranes from
membrane 1 and 3. W and Co were detected in all three
investigated WOCbrane batches and evaluation of inten-
sities revealed quite uniform distributions.

To evaluate whether the observed minute variations in
the element maps may influence the observed O, evolution,
the resolution of the electrochemical measurement— provid-
ing a probing volume of 0.025-0.05 mm? taking the thickness
of the membranes into account—was translated to this
experiment by summing up of the corresponding pXRF
probing volumes. The intensity variation along a marked
line (Figure 5a,c) was evaluated by calculation of mean
intensities in SECM-analogous probing volumes (Figure 5a,c
red squares). As can be seen from the insets in Figure Sa
and Sc, the relative intensities differ for Co between 34 and
38a.u. and for W between 120 and 135 a.u. Intensity
variation at blank level (26) are 3 a.u. for Co and 5 a.u. for
W. Assuming comparable variance in presence of the
analyte, these data reveal minor distribution inhomogene-
ities which may add to the observed variations in O,
generation. However, most likely other effects, such as
inhomogeneity in pore connectivity and/or limitations in
diffusion will have a more pronounced effect.

The impact of long-term illumination up to 110 min
under photocatalytic conditions was also studied by record-
ing element maps of Co and W in WOCbrane 3. Figure 5b
(Co) and 5d (W) show pieces of WOCbrane 3, which were
used in SECM experiments and illuminated for 60 min,
110 min, 60 min, and 60 min (left to right) compared to a
pristine WOCbrane piece kept in the dark in ultrapure
water for storage. Signal intensities for W as well as for Co
are on a comparable level for all investigated membrane
pieces revealing no significant changes of W and Co load
after photocatalysis.

Quantification of Co as catalytically active element, as
well as of Ru (photosensitizer) were achieved in digests of
WOCbrane pieces via TXRF and HR-CS-GFAAS, respec-
tively. The results are presented in Table S1.

The Co and Ru content of the three investigated
replicate samples from WOCbrane 1 and 3 resulted in
similar concentrations for Co and Ru, respectively. The
found mean Co content for WOCbrane 1 is in the range of
228.0468.9 to 271.3465.4 nmol mm , whereas as expected,
a much lower Ru content of 1.140.3 to 1.34+0.4 nmol mm™
was determined (see Table S1). The more rigid WOC-
brane 3 (thickness of 104 um) resulted overall in a lower Co
content and a Ru content below the detection limit of 0.1
nmol mm, which may be associated with the increased
thickness of the membrane. However, the reaction rate is
not significantly lower compared to e.g., WOCbrane 2
(M.2.2, see Table S2).

To understand possible effects occurring due to storage,
we also studied leaching of Co, W and Ru from WOC-
branes 1 and 3 stored in ultrapure water for up to six days.
Element contents in the storage solutions were quantified
using HR-CS-GFAAS and TXREF, respectively, and were
related to the element loss in a membrane volume of 1 mm’.
WOCbrane 1, which had a 3 times higher content of POM
and Ru-PS also showed significantly higher leaching com-
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Figure 5. Exemplary element maps (each at the top part) and corresponding intensity distribution along the marked line (each lower part) of cobalt
(a, b) and tungsten (c, d) in pieces of WOCbrane 1 (a, c) and WOCbrane 3 (b, d). WOCbrane 1 (a, c) was investigated after preparation and storage
in pure water. WOCbrane 3 was investigated either after preparation and storage in pure water (pristine; very right) or after photocatalysis, i.e.,
immersed in 5 mM Na,S,03/100 mM borate buffer solution and illuminated for 60 min, 110 min, 60 min, and 60 min, respectively. (Resolution in
maps and line scans ca. 25 ym; Insets in a, c): red squares are mean values at 400 ym resolution corresponding to SECM probing volume. Line

scans in b, d are baseline corrected).

pared to WOCbrane 3 (Figure S11). WOCbrane 3 was
investigated directly after immobilization within a period of
six days. For the photosensitizer, Ru leaching was observed
within the first three days after which the amount of Ru
leaching remained constant.

The element ratios of W and Co with ratios between 4.1
and 4.3, as determined by pXRF (WOCbrane 1), fit well
with the theoretical value of 4.5. The found molar ratio of
Co to Ru of 210 to 219 suggests that only approx. every 50"
WOC-POM interacts electrostatically with a photosensitizer
molecule, which may be associated with the positively
charged PDMAEMA that counteracts the electrostatic
interaction of the photosensitizer with the catalyst. Despite
the unfavorable ratio of POM-WOC/Ru-PS, and the fact
that the heterogenized system suffers from reduced light-
penetration of the WOCbrane, as shown in Table S3, the
significant light-driven catalytic activity as demonstrated by
our SECM measurements, may indicate a favorable, syner-
gistic effect of the molecule-in-matrix system, compensating
the relatively low loading of Ru-PS. This is also indicated by
the prolonged -catalytic activity compared to previous
results.P! It should be noted that for homogeneous photo-
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catalysis in solution typically a significant excess of Ru-PS is
used and typical concentration ratios of 0.002-0.01 CAT/Ru-
PS are employed.*

We also studied possible WOC leaching under photo-
catalytic conditions that may influence the light-driven
activity of the WOCbrane over time. W leaching into the
buffer solution was observed under irradiation as well as
under dark conditions at a quite low level (see Figure S12)
resulting in a maximum W loss of approximately
0.11 pmolmm™ after 120 min. Based on our IR-ATR
measurements, we assumed leaching of intact POM with a
W to Co atomic ratio of 18 to 4. Thus, Co leaching should
be 4.5 times lower than W leaching. In fact, Co concen-
tration in the studied buffer solution was below the limit of
detection in all samples. In relation to the initial content of
Co in this WOCbrane (89-101 nmolmm ), we can therefore
approximate maximum possible leaching of POM to be in
the range of only 0.02 % after 120 min under photocatalytic
conditions.
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Conclusion

In conclusion, we demonstrated that POM-WOC catalysts
and [Ru(bpy);]** photosensitizers can be immobilized within
nanoporous block copolymer membranes via electrostatic
interactions resulting in active hybrid materials for light-
driven water oxidation. Such block copolymer membranes
are highly suitable matrices, as the degree of protonation of
PDMAEMA and therefore POM-WOC/Ru-PS loadings can
be controlled. A thorough characterization of these complex
materials based on complementary analysis techniques
facilitated obtaining unprecedented insight into the distribu-
tion of the WOC-POM and Ru-PS along with quantitative
data on membrane loading and photocatalytic activity.
SECM is ideally suited for performing spatially resolved,
operando measurements of dissolved O, at WOCbranes
probing sub-millimetre sized areas. Thus, obtained informa-
tion on variations in O, evolution offered insight on the
membrane heterogeneity and on possible heterogeneity in
WOC-POM/Ru-PS loading, demonstrating that the mem-
brane structure such as distribution of pores may have a
significant impact on the observed variations. For high-
performance heterogeneous WOCs, the macroscopic uni-
formity of the CAT/PS distribution is a prerequisite. uXRF
element mapping provides access to the homogeneity of
WOC elements within the membranes on a macroscopic
scale. It was also shown that leaching effects need to be
considered during extended storage periods. IR-ATR stud-
ies suggest that the immobilized POM stays mainly intact
over the duration of the measurements and only small
amounts of CoO, (below the detection limit of our measure-
ments) may be formed. Reduced leaching and prolonged
light-driven activity were observed for more rigid (i.e.,
thicker) membranes, even so these membranes showed
lower catalyst loading, which indicates a stabilizing effect by
embedding the molecular components into the matrix. We
herein present the first successful in situ, local measurements
on such heterogenized WOC-POM modified nanoporous
block copolymer membranes and to our best knowledge, no
bulk measurements of such hybrid materials have been
reported so far.
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