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Abstract

Heterogeneous light-driven catalysis is a cornerstone of sustainable energy conversion
schemes such as solar water splitting. However, to date most catalytic studies in the field focus
on bulk analyses quantifying the amount of produced hydrogen and oxygen. Here, we report
on ex situ and operando studies with micrometer to nanometer resolution of a heterogenized
catalyst/photosensitizer system. As a model, the molecular photosensitizer [Ru(bpy)s]** and

the molecular metal oxide water oxidation catalyst [Cos(H20)2(PWgOs4)2]'"

were co-
immobilized within a nanoporous block copolymer membrane via electrostatic interactions. In
a yet unprecedented approach, operando scanning electrochemical microscopy (SECM)
allowed tracking the light induced oxygen evolution with spatial and temporal resolution.
Complementary ex situ element analyses using micro-X-ray fluorescence (uXRF) and
scanning transmission electron microscopy/x-ray energy dispersive spectroscopy
(STEM/EDX) provided spatially resolved information on the local concentration and distribution

of the molecular components.
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1. Introduction

Heterogeneous catalysis is a cornerstone of modern chemical 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 develop-
ment, as the splitting of water into hydrogen (Hz) and oxygen (O3) is one of the major paths to
carbon-neutral fuels.”? One particularly promising approach to this end is artificial photosyn-
thesis 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®'". In-
dependent of the type of catalyst, there is common consensus that industrial photo(electro)cat-
alytic water splitting schemes require the use of heterogeneous or heterogenized catalysts to
ensure their compatibility with large-scale technological deployments.['? Thus, modern mate-
rials science is targeting the development of high-performance heterogeneous WOCs based
on earth-abundant components,®® embedding them in suitable supports. However, to-date,
most heterogeneous or heterogenized WOC development 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 chromatography,''¥ or Clark-type electrodes.!"!
While this approach provides 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., regard-
ing the distribution and 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, inhomoge-
neous distribution of the active compounds, or major mass-transport limitations cannot be ex-
tracted from these bulk measurements. In this regard, we use scanning electrochemical mi-
croscopy (SECM) and correlate the SECM data with micro-X-ray fluorescence spectroscopy
(uXRF) and scanning transmission electron microscopy/energy-dispersive X-ray spectroscopy
(STEM/EDX). By this approach, we demonstrate how spatially and temporally resolved in situ
/ operando WOC reactivity data, kinetic information and ex situ information on spatial distribu-
tion can be obtained for molecular photosensitizer and molecular WOC systems heterogenized

within nanoporous block copolymer membranes. The concept is inspired by ground-breaking



studies where SECM has been employed for H2 / Oz quantification at the surface of photocata-
lytic systems including BiVOs-based semiconductors,!'® photoanodes,!''® cobaloxime HER
catalysts,"® and manganese-based WOC electrocatalysts.*”

To explore the use of SECM in light-driven heterogenized WOC, we designed a model system
utilizing the prototype ruthenium photosensitizer [Ru(bpy)s]** (= Ru-PS; bpy = 2,2’-bipyri-
dine),?"which features well-understood photophysics and is characterized by high oxidative
redox-potentials capable of driving many WOCs. As WOC, we chose the polyoxometalate
(POM) cluster [Co4(H20)2(PW9034)2]"" (= POM-WOC),?>24 whose WOC activity under a range
of photochemical and electrochemical conditions has been explored, and where embedding in
polymeric membranes has been reported recently.*>2%! For heterogenization of the active com-
ponents, nanoporous membranes based on polystyrene-block-poly(2-(dimethylamino)ethyl
methacrylate) (PS-b-DMAEMA) are used, where hydrophilic PDMAEMA units can be positively
charged by protonation?”! to facilitate POM-WOC binding. In contrast, the hydrophobic poly-

styrene (PS) block provides a mechanically rigid membrane scaffold (Figure 1a).
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Figure 1: a) Schematic of the nanoporous block copolymer and heterogenized PS and WOC through
electrostatic interactions. b) Schematic of local operando O2 measurements within a nanoporous block

copolymer membrane (SEM image using false colors) using SECM.

The resulting PS-b-PDMAEMA block copolymers were then fabricated into 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,*® as well as Ru-PS and thiomolybdate catalysts for light-driven
hydrogen evolution.®"! Anchoring of the photoactive components can be achieved through

electrostaticl®% or covalent interactions.?*

To the best of our knowledge, the present study reports the first spatially and temporally, op-
erando O, measurements of soft matter-embedded molecular photoactive components, i.e.,
hereafter referred to as WOCbranes. Instead of conventionally used bulk photocatalytic meas-

urements. The latter may result in lower apparent O, values, as O. may be trapped within the



porous nanostructured membrane, and also they do not provide information on spatial and
temporal reactivity differences of the heterogeneous system, as mass transport effects as well
as heterogeneous component distribution are typically not observable via bulk measurements.
Hence, a strategy was developed enabling the time-resolved quantification of O, in close prox-
imity to the membrane surface using a customized SECM setup that allowed gentle purging
with Ar to drive produced O- out of the membrane. In combination, with ex-situ element anal-
ysis by STEM/EDX, uXRF, and high resolution-contiunuum source-graphite furnance atomic
absorption spectrometry (HR-CS-GFAAS) quantitative analysis of Co and Ru could be deter-
mined along with correlated information on homogeneity, morphology and molecular distribu-

tion of photosensitizer and catalyst.

2. Results and Discussion

The Ru-PS and POM-WOC were immobilized in PS-b-PDMAEMA block copolymer mem-
branes via electrostatic interactions. PS-b-PDMAEMA was synthesized in a two-step proce-
dure by anionic polymerization adapted from the literature.®® In brief, the hydrophobic block
was prepared via nitroxide-mediated polymerization (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 PS30s-b-PDMAEMA71 (M= 42,900 g
mol™, P=1.20, Figure S2); the subscripts denote the degree of polymerization in the respective
segment. Nuclear magnetic resonance (NMR) measurements (Figure S2a) resulted in a
weight fraction of 26 wt% of DMAEMA, which has an increased hydrophilic fraction compared
to earlier studies.??”*'3® Figure S3 shows SEM micrographs 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 immobilization of the cationic RuPS (see Figure 1a and
Supporting Information for details). Thermogravimetric analysis gave approximate 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 interactions between Ru-PS and cationic PDMAEMA chains (Figure
1a).

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
respectively (see Figure S2 and Figure S4) show the “sponge-like” morphology of the
membrane with pores of varying size up to 20 — 30 ym (blue arrows), and varying shapes and
density, which is in line with literature reports for this type of block copolymer

membranes.?*3%371 The “finger-like” or “rod-like” features with a thickness of ca. 50 — 60 nm



(red arrows) are associated with the block copolymer (Figure S4b,d). The thickness of the
membrane in the range of 52.5 to 55.4 ym, as determined via SEM and TEM cross-sectional
images. 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
(Error! Reference source not found.) 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 also the high oxygen content originating from
[Co4(H20)2(PW9034)2]'". 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 is likely related to the orientation and sectioning artifacts. The distribution of
the mapped elements at the edges of the rod-like structures indicates the successful immobi-
lization through electrostatic interactions between positively charged PDMAEMA and the neg-
atively charged POM-WOCs.

Error! Reference source not found.: STEM/EDX mapping of the elemental distribution of tungsten (W),
cobalt (Co), oxygen (O), and ruthenium (Ru).

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)s]**), an unambiguous

quantification from EDX data is difficult, as there is an overlap of the signals of Ru and Cl in



EDX mappings. 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 Cl signal (see Figure S5) originates from the [Ru(bpy)s]Cl. counter-anions or
may originate from residual NaCl used in the POM- WOC crystallization.?” Consequently, the
Ru content within the modified block copolymer membranes was determined via high
resolution-continuum source-graphite furnance atomic absorption spectrometry (HR-CS-
GFAAS) after digestion of small amounts of the WOCbranes. Ru concentrations in the range
of nmol mm™ were found (see below), varying among different immobilization batches and
storage times of the membrane. An explanation may be that the positively charged DMAEMA
fraction of the polymer counteracts the electrostatic interaction of the photosensitizer with the
catalyst.

Next, we used operando SECM measurements to demonstrate that the WOCbranes show
light-driven WOC activity and evolve Oz under irradiation. Electrochemical O, measurements
using microelectrodes have been proven to be a valuable way to determine photocatalytic
activity as recently shown for strontiumtitanate (SrTiO3).*® We used static SECM
measurements with Pt microelectrodes to quantitatively analyze the light-driven evolution of
O at a distance of 30 um of the microelectrode to the membrane surface (for details on
positioning the microelectrode at the membrane, see Figure S6a). A customized SECM cell
was used, which facilitates illumination of the membrane (with a fibre-coupled LED (A = 470
nm) and allows purging the membrane with Ar (i-t curves depicting the current response when
the membrane is purged either with air (magenta) or Ar (grey) are shown in Figure S8a) . The
membranes were purged (for approx. 15 min) prior to irradiation to remove any O; (below the
detection limit of our measurements) from the membrane. During the photocatalytic measure-
ments, a continuous Ar flow of 1 mL min™" was maintained to drive the produced O, out the
membrane as schematically depicted in Figure S6b. Operando O, measurements were
performed in O,-free borate buffer solution (pH 8.05) with Na>S,0s as sacrificial electron do-
nor*" 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 re-
ported.”® O, bubbles in the size range around 15 nm should completely pass the membranes
at pH 6 — 10. During homogenous catalysis, it has been reported that in dependence of the
concentrations of the catalyst [Cos(H20)2(PW9O34).]'" the amount of O, concentration reached
a plateau after 5-15 min of illumination.*¥! We initially adapted this exposure time of 15 min,
yet, applied intervals of 60 s irradiation for insight in the kinetic of the Oz evolution. Figure 1b
shows schematically the O. measurements under irradiation and Figure 3a exemplarily de-
picts the increase of cathodic current measured at the SECM tip originating from the reduction

of O2 during the individual irradiation steps (green curve). The same experiments were carried



out under dark conditions (magenta curve) and resulted, as expected, in a constant back-
ground current. The current response reveals an initially slow increase in Oz evolution, which
increases exponentially with illumination time — a behaviour that was observed for most of the
examined WOCbranes (see Figure S7a). Exemplary i-t curves for continuous illumination for
a WOCbrane and a non-modified block copolymer membrane are shown in Figure S8b, clearly
indicating a current response only for the WOCbrane. Interestingly, after storage of the illumi-
nated WOCbranes for several hours in ultrapure water, bubbles of oxygen were observed at
the membrane surface as shown in Figure S8c. This is in contrast to homogeneous photoca-
talysis reported in the literature of the WOC-POM using the same sacrificial electron donor and
photosensitizer,*® although it should be noted that the reported O, measurements were ob-
tained via head-space gas chromatography (GC). We hypothesize that the observed delayed
onset might be still attributed to diffusion limitations within the membrane, which is dependent
on the actual investigated area of the membrane. Areas with high polymer density may lead to
the observed delay. Based on Faraday laws and assuming - for simplicity - a cylindrical volume
given by the distance of the microelectrode to the membrane and the overall diameter of the
microelectrode (active microwire and glass sheath), the O, concentration can be approximated.
Figure 3b shows the obtained O, concentrations measured at two different immobilization
batches (termed membrane 1 and membrane 2 here). It should be noted that the two different
membranes were stored in ultrapure water for different times prior to the SECM measurements
(see Supporting Information) and further ex-situ analytical characterization. The Oz concentra-
tions of the six samples were in the range of 163.37 to 386.15 umol L™ for a total illumination
time of 15 min (see Table S2), indicating apparent variabilities between the individual samples.
Also, Figure S7b shows the change in cathodic current measured under irradiation at a non-

modified block copolymer membrane and at the two investigated immobilization batches.
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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), (see Table S2, measurement




membrane 2.2). The current increase per illumination step is shown by the blue bars; b) Oz concentration
of two different immobilization batches with a total exposure time of 15 min (n=6).

The nature of this variability in the current response and the time of photocatalytic activity was
further qualitatively and quantitatively analyzed with respect to the immobilized POM-WOC
and Ru-PS content. We investigated, WOCbranes via EDX prior and after the operando light-
driven catalytic measurements, as shown in Figure S9. A decrease in the W and Co EDX
signal after illumination indicates that during catalysis, the WOC may undergo some
degradation, which may be associated with the observed current decrease over time most
observed over a period of 15 min for most operando SECM measurements.

Although, high-resolution STEM/EDX mappings (Figure 2) clearly show the 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
homogenity 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 area in the
SECM experiment is approx. 0.06 mm? giving the obverall dimension of the microelectrode
and the distance to the membrane surface (i.e., assuming a cylindrical configuration). As a
novel non-destructive 2D elemental mapping method, uXRF remains scarsely used for soft
materials,*¥ gives access to element distribution maps of sample areas up to 20 x 30 cm, in a
concentration range from low ppm up to wt.-%, and with a spatial resolution of about 25 ym; it
is therefore ideally suited to study the elemental distribution of WOC-POM within the mem-
branes on a macroscopic scale. Figure 4 presents examplary intensity maps of W and Co of
a WOCbrane with a size of 105.2 mm? or 3.1 mm?, respectively from the immobilization batch
A. Maps of another batch are presented in Figure S10 and Table S3, respectively. W and Co

were detected in both investigated membrane batches and evaluation of intensities revealed
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Figure 4: a) - d) Exemplary element maps and e), f) intensity distribution along the marked line of cobalt
and tungsten in membrane 1. a), d) Sample size: 3.04 mm?; b), e) sample size: 105.2 mm?; ¢), f) relative
intensities of Co/W along the 400 um thick line marked in b), d): grey line: intensity at 25 ym resolution;

red squares: mean values at 400 ym resolution.

To evaluate whether the observed variations in the element maps may influence the observed
O: evolution, the resolution of the electrochemical measurement - providing a probing area of
approximately 400 um x 400 um (0.16 mm?) - was translated to this experiment. The intensity
variation along a marked line (Figure 4b, d) was evaluated by calculation of mean intensities
for 400 um x 400 um areas (Figure 4e, f red squares). As can be seen from the insets in Fig.
4e and 4f, the relative intensities differ only slightly, for Co between 34 and 38 a.u. and for W
between 120 and 135 a.u., which confirms a quite uniform distribution of the WOC-POM within
the membrane also on the macroscopic scale. To estimate the corresponding molar
differences of Co as catalytically active element, quantitative analysis was performed. Several
smaller pieces of a few mm? were obtained from membrane 1 (see Figure S10a-c) and after
digestion, the Co content as well as the Ru content were quantitatively determined by GFAAS.
The results are presented in Table 2 (results for membrane 3 can be found in Supporting
Information, Table S3). The Co and Ru content of the three investigated samples from
membrane 1 resulted in similar concentrations for Co and Ru, respectively. The found mean
Co content (for all three pieces) corresponds to 2.1 + 0.6 nmol per probing area of 400 ym x
400 um. Estimating now the observed variation width of 4 a.u. for Co results in ~0.3 nmol Co
(~14.3%). However, it should be noted that this value is - due to the restricted sample number
- within the range of precision of measurements but showing a clear trend. Thus, these minor
inhomogeneities may slightly add to the observed variations in O, generation, however, most
likely other effects, such as inhomogeneity in pore connectivity and/or limitations in diffusion

might have a more pronounced affect.

Table 2: Concentration of Co and Ru determined by GFAAS measurement in digests of pieces of
membrane 1. (Uncertainties given as * one standard deviation with n=4 for concentrations and

combined uncertainty for ratio.)

Concentration found by Ratio
Sample  °° GFAAS [nmol mm?] Co/Ru
[mm?]
Co Ru
1.1 3.04 143+£1.0 0.068 £ 0.015 210 £ 1
1.2 3.42 120+£2.3 0.057 £ 0.006 2122

1.3 5.66 13.8+24 0.063 = 0.003 219+ 2




The element ratios of W and Co with ratios between 4.1 and 4.3, as determined by uXRF, fit
well with the theoretical value of 4.5. The found averaged molar ratio of Co to Ru of 215 + 4
suggests that only every 50" WOC-POM interacts electrostatically with a photosensitizer mol-
ecule. An explanation for this ratio may be that the positively charged PDMAEMA counteracts
the electrostatic interaction of the photosensitizer with the catalyst. Despite this ratio of POM-
WOC/Ru-PS and the fact that the heterogeneized system may lead to reduced light-penetra-
tion of the WOCbrane, significant light-driven catalytic activity as demonstrated by our SECM
measurements, which may indicate a favorable, synergistic effect of the molecule-in-matrix
system, compensating the relatively low loading of Ru-PS. It should be noted that for
homogeneous photocatalysis in solution typically a significant excess of PS is used and typical
concentration ratios of 0.002 — 0.01 CAT/Ru-PS are employed.[*>4°!

Another aspect, which may contribute to the observed heterogeneity in activity is leaching
during prolonged storage in solution. We observed varying Co contents for different
membranes (Supporting Information Table S3). Hence, we investigated the effect of storage
of a WOCbrane in ultrapure water for a period of 5 days. The obtained results confirm
considerable and increasing concentrations of W and Co in the storage water (see Figure
S$11) indicating that also the content of WOC-POM varies with time. For SECM measurements,
the membrane was usually stored in ultrapure water prior to the measurements (at least for 24
hours). It should be noted that the decrease in Co content in the storage water after 3 days is

related to adsorption of Co at the walls of the storage container.

Conclusions

In conclusion, we demonstrated that POM-WOC catalysts and [Ru(bpy)s]** photosensitizers
can be immobilized within nanoporous block copolymer membranes via electrostatic
interactions resulting in photocatalytically active hybrid materials. 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 distribution of the WOC-POM and Ru-PS along with quantitative
data on membrane loading and photocatalytic activity. Uniquely, SECM proved ideally suited
for performing operando measurements of dissolved O, at WOCbranes probing sub-millimeter
sized areas. Thus, obtained information on variations in Oz evolution offered insight on the
heterogeneity in WOC-POM/Ru-PS loading and membrane structure next to pore size and
pore density. For high-performance heterogeneous WOCs, the macroscopic uniformity of the
CAT/PS distribution is a prerequisite. uXRF element mapping provides access to the
homogeneity of WOC elements within the membranes at a macroscopic scale. It was also

shown that leaching effects need to be considered during extended storage periods. EDX



analysis of WOCbranes prior and after photocatalysis indicates a degradation/loss of the WOC,
which may explain the observed decrease in photocatalytic activity with time. We present here
the first successful 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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