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Abstract

This work elaborates the effect of dynamic irradiation on light-driven molecular water oxidation to
counteract catalyst deactivation. It highlights the importance of overall reaction engineering to
overcome limiting factors in artificial photosynthesis reactions. Systematic investigation of a
homogenous three component ruthenium-based water oxidation system revealed significant potential
to enhance the overall catalytic efficiency by synchronizing the timescales of photoreaction and mass
transport in a capillary flow reactor. The overall activity could be improved by a factor of more than 10
with respect to the turnover number and a factor of 31 referring to the external energy efficiency by
controlling the local availability of photons. Detailed insights into the mechanism of light driven water
oxidation could be obtained using complementary methods of investigation like Raman, IR and UV-
vis/emission spectroscopy, unraveling the importance of avoiding high concentrations of excited
photosensitizers.



Main Text

Photocatalytic reactions have received tremendous attention from both academia and industry as
sunlight presents an abundant and sustainable energy source.[*? The light-driven splitting of water
into oxygen and hydrogen — artificial photosynthesis — is a promising approach to supply renewable
fuels and feedstock to the economy.® Many heterogeneous and homogenous systems for the
photochemical splitting of water have been developed and chemically optimized in regard to molecular
components, buffer conditions and pH-ranges.[*®! Artificial photosynthetic reactions are so far usually
broken down into two half reactions, which are studied separately: Oxidation of water to form oxygen,
protons and electrons, and reduction of protons to yield hydrogen.”! The overall performance of
photocatalytic reactions depends on a complex interplay between molecular properties of the involved
chemical species, the environment around the active components and the presence of light of suitable
intensity and wavelength.’® The highly ordered and synchronized mechanisms of biological
photosynthesis can serve as a source of inspiration: to unleash the full potential of artificial
photosynthetic catalysis, a thorough understanding of the interaction between the catalytic species,
the micro- and macroscopic mass transport as well as the radiation field is necessary.*" Thus, catalyst
development and reaction engineering need to be combined synergistically.**** Detailed
investigations by Bonnet et al. into the mechanism of light driven water oxidation catalysis (WOC) with
a molecular photosensitizer (PSm), [Ru(bpy)s](PFs)2, three different molecular catalysts
([Ru(bda)(isoq).] (bda = 2,2'-bipyridine-6,6'-dicarboxylic acid, isoq = isoquinoline), Co(NOs), and
[Ir(Cp*)(dmiz)(OH),] (Cp* = pentamethylcyclopentadienyl, dmiz =1,3-dimethylimidazol-2-ylidene)) and
Na»S,0s (10 mM) as sacrificial electron-acceptor highlighted the complex interplay of various factors
determining the overall catalytic activity. The effect of the ratio of the individual components and the
light intensity were investigated in detail. It was found that the photocatalytic activity can be improved
for the combination of [Ru(bpy)s](PFs) and [Ru(bda)(isoq).] by increasing concentration of both
components. However, degradation under photocatalytic conditions of both molecular components
via decomposition of the ligand scaffolds was identified as a major deactivation pathway. The light
intensity was identified as a key parameter determining the rate of deactivation. High light intensities
lead to an accumulation of PSm* which subsequently opens the degradation pathway. For a high
activity, matching the kinetic rates of the excitation of the PSm with the subsequent electron transfer
and/or the rate of oxygen formation is required. Given that the electron transfer is rate limiting, which
causes the described accumulation of PSm*, tuning (decreasing) the rate of PSm excitation by lowering
the incident photon flux represents a reaction engineering approach to control the lifetime of the
system. As shown by Bonnet et al., this results in higher stability of the WOC systems. Thus, beside
increasing the chemical stability of the involved molecular components, reaction engineering factors
like the spatiotemporal availability of photons have to be taken into account in addition to chemical
factors.

To understand the impact of changing irradiation conditions on the photocatalytic water oxidation, we
adopted the well-known system consisting of [Ru(dpp)(pic)2](PFs)2 (Ru(dpp), dpp = 2,9-di(pyridine-2’-
yl)-1,10-phenanthroline, pic = 4-picoline), which acts as single-site water oxidation catalyst, the
photosensitizer  [Ru(dceb).(bpy)l(PFs)2  (PS, dceb = diethyl[2,2’-bipyridine]-4,4’-dicarboxylate,
bpy = 2,2’-bipyridine) and Na,S;0s as sacrificial electron-acceptor in a solvent mixture of 96 v-% of
aqueous H3BOs3 / NaHCO; buffer (pH 6.5) and 4 v-% MeCN (Fig. 1 a).1>"%!
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Figure 1. Illustration of the homogenous three component water oxidation system (a) and schematic depiction of the capillary
flow-through-reactor setup (b —e).

To study the impact a of temporally changing availability of photons, a novel capillary flow-through
reactor, operated in recycling mode, is used for WOC (Fig. 1).[*3-22) |n this reactor system the reaction
mixture is cycled from the storage vessel through a capillary which is wound in a 3D-printed
scaffold.>?4 The parallel arrangement of the capillary creates a defined projection area that is
adapted to the emission characteristics of the light source (Fig. 1 ¢ and b). Oxygen formation was
monitored in solution as well as in the gas phase by an optical sensor (Fig. 1 d).*¥! Integrity of the PS
was monitored by tracing its emission in situ with a clamp-on emission cell (Fig. 1 e). Further details on
the setup are given in the ESI.

The influence of the operating conditions on the catalytic performance was studied systematically by
varying the flow rates of the reaction mixture and irradiation intensity of the light source. While passing
through the capillary, the reaction solution passes through irradiated and non-irradiated parts of the
reactor (compare Figure 1 b). Varying the flow rate from 6 to 50 mL min™ leads to average irradiation
periods of 0.77 to 0.09 s and dark periods of 1.47 to 0.18 s (see Table 1; full details in ESI Table S1) and
thus a lower average incident photon flux. Higher flow rates lead to shorter irradiation/dark periods
and could thus be helpful to synchronize different reaction steps. Additionally, the light intensity could
be adjusted through variation of the radiant power of the LED. Both parameters directly influence the
reaction rate and with this also the interaction of mass transport and reaction rate.

The catalytic performance of the system was determined by four parameters: turnover number (TON,
amount of product per catalyst), turnover frequency (TOF, TON per time interval), as well as external
energetic (§e) and photonic efficiencies (§,), referring to the amount of oxygen generated per energy
consumed or photons emitted by the light source (detailed description in ESI).

Table 1. Mean irradiation periods in the scaffold for different flow rates.

flow rates /(mL/min) mean irradiation period /s Mean irradiation pauses /s

6 0.77 1.47
17 0.27 0.52
21 0.22 0.42
29 0.16 0.30
50 0.090 0.18




For other catalytic systems, an increase of irradiation intensity leads to an increase in catalytic
performance,'?! however, similar to the results of Bonnet et al., the results show a generally higher
maximum TONs at lower irradiation intensities. This effect is most pronounced when high flow rates
are applied (c.f. Fig. 2a). By changing the operating conditions, the TONs could be increased by a factor
of more than 11 from 33 (6 mLmin?, 0.37 W) to 378 (50 mLmin?, 0.12 W). These changes in
performance become more obvious when analyzing the efficiency parameters & and §,. A 25-fold
increase in external energetic efficiency from around 2 umol Wh to 49 umol Wh' was found. &,
increases from 1 % to 31 %, representing a 31-fold increase of the external photonic efficiency. The
even more pronounced increase is attributed to the higher efficiency of the LED at lower radiant

power. Both performance indicators give evidence that the impact of deactivation processes is
reduced under such conditions.
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Figure 2: Impact of different flow rates and light intensities on the photocatalytic performance. Dotted lines added for visual
clarity. a: Results given in maximum TON achieved, each point was measured at least three times. b: Results in external
energetic efficiency (§g). c: Results in external photonic efficiency(§,). d: Maximum TON in dependence of the flow rate.

Time resolved oxygen measurements at different light intensities show a fast breakdown of the
catalytic activity for high irradiation intensity (Figure 3). At a flow rate of 6 mL min! and a radiant
power of 0.55 W the maximum TON of 60 was reached in around 10 min, while at 0.12 W radiant
power the maximum TON of approximately 110 was reached after 65 min (Fig. 4 a). Accordingly, TOF
at 0.55 W intensity reached 0.38 st and declined fast after reaching maximum activity. While at 0.12 W
a maximum TOF of only 0.09 s was reached but maintained over a prolonged period (Fig. 4 b).
Measurements at different flow rates generally showed the same trend.
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Figure 3: Comparison of TON (a) and TOF (b) between measurements at 0.12 W (black) and 0.55 W (red) radiant power,
conducted at a flow rate of 6 mL min.

To understand the factors determining the activity and long-term stability, further investigations were
pursued. For higher flow rates, not only shorter irradiation and dark phases have to be considered, but
also induction of secondary flows such as Dean vortices that accelerate radial convective mass
transport in the capillaries.!?® For the used reaction conditions, steep intensity gradients exist in the
irradiation zone, i.e., the intensity drops by about 70 % within the first 10 % of the capillary cross
section. Hence, regions exist that are not irradiated, while other regions absorb a large photon flux.
Enhanced radial mass transport may compensate for regions that absorb a large photon flux through
intimate material exchange between irradiated regions close to the light source and dark regions.
Optimal conditions were found for flow rates of 29 mL min and above for the investigated irradiation
intensity range.

It is very clear from these analyses, that excess photons are detrimental for the overall performance,
driving competing side reactions such as ligand photosubstitution of the ruthenium polypyridine PS.
(27301 Beside this, oxidative degradation of the PS represents another degradation pathway, as outlined
by Bonnet et al. for related [Ru(bpy)s?*] serving as model photosensitizer , PSm (see Figure 4).5Y PSm*
was found to be further oxidated by an hydroxide anion, generated in almost neutral (pH 6.5)
environment, through an oxidative attack on one of the a-carbon atoms at the bipyridine sphere (PSm-
OH). This starts an oxidative degradation cascade of the PSm, fueled by competing PSm* and the
sacrificial electron acceptor. High photon fluxes and high amounts of S;0s> as sacrificial electron
acceptor were reasoned by the authors to cause an accumulation of PSm* that drives this cascade and
thus leads to fast deactivation of the catalysis.*"
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Figure 4: Simplified scheme of light-driven water oxidation. The rate of the reactions 1,2 and 3 is determined by the rates r;
formation rate of PSm*, r; electron transfer rate from cat to PSm* and rs rate of the oxygen production at the water oxidation
catalyst. Proposed decomposition pathway of PSm determined by the slowest reaction. The PSm decomposition is
characterized by the rate rq. The decomposition Product of PSm, PSm-OH is oxidized with the rates rox: and rox2 by reacting
with PSm* or S,0g%. Figure adapted from Bonnet et al.132]

To investigate the fate of the PS, [Ru(dceb).(bpy)](PFs). Figure 1a, employed here, with a different
substitution pattern compared to the model PSm, we investigated the change of its optical
spectroscopic properties under catalytic conditions. PS shows visible emission with a maximum at
635 nm (Fig. S7), while Ru(dpp) is not emissive.*> As an indicator for functionality of the PS, emission
of the reaction solution was measured with a clamp-on emission cell (see ESI) in situ. A comparison of
TOF and emission intensity is shown in Figure 3. Within 90 minutes, the emission drops to about 10%
of its original intensity and clearly correlates with the decreasing TOF. To further support this
observation, ex situ UV-vis spectroscopic investigation under catalytic conditions were conducted in
inert cuvettes at different irradiation intensities (0.12 W and 0.55 W). The results show faster
degradation of the PS at higher irradiation intensities depicted in Figure 6 and Figure 7. In good
correlation to the emission measurements, the MLCT band at 482 nm drops to approximately 13% of
its former intensity.
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Figure 5. Luminescence at 670 nm (red, see Fig. S7 for emission spectrum of the PS) and TOF over time (black). Measurements
were performed at 50 mL mint and 0.25 W.
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Figure 6: Decrease of absorbance of PS over the course of 1 hour at 0.12 W (0.043 A) radiant power (left) compared to 0.55
W (0.344 A) (right) for the same time frame.
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Figure 7: Time-resolved decrease of MLCT absorbance maximum at 482 nm of catalysis solutions at 0.12 W (0.043 A) and 0.55
W (0.344 A).

To understand the molecular origin of the observed deactivation, we employed Raman spectroscopy
as a label-free spectroscopic tool with high molecular specificity. The Raman spectra of the pure buffer,
and difference spectra of the sacrificial electron acceptor Na;S;0s and the catalytic mixture are
depicted in Figure 8. Both sacrificial electron acceptor and PS can be clearly identified on the buffer
background. Due to its low concentration, the catalyst Ru(dpp) cannot be monitored via Raman
spectroscopy (see ESI for spectra) and does not exhibit any visible Raman signal. The signal at 1075 cm"
1is indicative specifically for the S,0s% ion, for PS a range of signals in the fingerprint region (1200 —
1700 cm™) are assignable to various vibrations of the bpy ligands and weaker signals between 300 and
350 cm™ can be assigned to vibrations involving the Ru-N bonds (assignment is supported by density-
functional theory calculations, see ESI).

These regions of interest were subsequently analyzed in situ in a cuvette containing the catalytic
mixture by irradiation with a 455 nm LED (Pyight = 95 mW or 700 mW, see Figure 9). Upon irradiation, a
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rapid loss of PS signals in the fingerprint as well as the Ru-N region can be observed for both
experiments, indicating the loss of bipyridine ligands from the ruthenium center. This process is even
more rapid for the high-power experiment, indicating a photon flux dependent reaction. Furthermore,
especially for the high-power experiment (Figure 9, left) a clear loss of the persulfate band can be
observed which coincides with the appearance of a new band at 980 cm™ that can be assigned to a
sulfate vibration, i.e., indicating reduction of the sacrificial electron acceptor and therefore catalytic
activity.

Kinetic profiles of the Raman measurements allow to make two crucial observations about the system
(see Figure 10, see ESI for calculations). First, the loss of Ru-N signal and “bpy”-signal happens
concertedly. This corroborates a degradation mechanism that involves loss of ligands as deactivation
path, rather than a mechanism involving chemical changes of the “bpy”-ligands while it stays attached
to the ruthenium center for prolonged periods of time. Second, the apparent PS degradation and
catalytic activity are highly decoupled: While the signal intensity for the PS is lost almost completely in
the first minute (high power) or 5 minutes (low power), the accumulation of sulfate continues for much
longer periods of time until flattening out after around 15 minutes (high power) and 70 minutes (low
power), respectively.

A likely explanation for this behavior is a transport limited reaction around the photosensitizer: The
reaction of PS with S,0s> produces a sulfate ion as well as a sulfate radical, which is an extremely
potent oxidant capable of oxidizing even aromatic structures.®>-3° This sulfate radical is the likely cause
for the oxidative ligand substitution proposed as a degradation mechanism (see Figure 4).5Y For high
concentrations of PS, it is more likely that diffusion of SO4* leads to collision with another PS molecule,
thereby initiating oxidative decomposition. After the initial drop in PS concentration observed in the
Raman spectra (and in UV-vis as well as emission spectroscopic investigations), the probability of the
collision between the highly reactive SO,* and PS drops significantly. Therefore, stabilizing the
relatively low concentration of PS enables sustained catalytic activity. This data furthermore implies
that the initial light driven electron transfer between the PS and S,0s> does not lead to immediate
attack of the formed SO4*" on the oxidized PS in its spatial vicinity, since the low concentration of PS is
stable for extended periods of catalysis with continuous formation of SO4*. Recently performed
detailed investigations into the light driven and thermal oxidation of ruthenium complexes with S,0s*
suggested a fast dissociation of the formed SO,* from the metal cation,® leading to a decoupling of
both PS degradation and SO4* formation kinetics. This proposed mechanism is supported by the kinetic
plots for the low power experiment (see Figure 8). Here, a flattening of the SO4%/S,0s% can be seen at
around 70 minutes, which coincides with the PS band areas reaching values very close to 0. Until this
point, PS is still present inside the catalytic mixture, only degrading relatively slowly and only stopping
the catalytic activity after complete degradation.

Furthermore, the degradation of PS is less dependent on the radiant power compared to the SO,*
/520> kinetic, indicating that PS degradation is transport limited. An endpoint analysis after 60
minutes (high power, see Fig S11) and 800 minutes (low power, see Figure 8) together with DFT
calculations (details see ESI) revealed the following insights: First, a complete loss of Ru-N intensity can
be observed, without appearance of new low-frequency signals in this region, indicating that the
degradation pathway ends in a ruthenium species with a significantly lower Raman activity e.g.,
Ru(H,0) complexes. Second, the fingerprint region shows a loss of band structure but retains the
general position of the most intense bands with only slight changes to position and band shape. This
makes it likely that the degraded mixture still contains bpy like structures. The loss of some bands can
be explained by a significant decrease of Raman activity upon detachment from the Ru-center, which
makes weaker bands difficult to detect, and the loss of geometric arrangement around the ruthenium,
which removes bands induced by the geometric distortion due to metal-ligand bonds.
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To gain a deeper understanding on the crucial kinetics of the 5,05 consumption and SO4* formation,
online IR spectroscopy using the developed flow reactor was employed to avoid interference between
the signatures of the PS and WOC, and to ensure the same irradiation/reaction conditions as for the
catalytic studies (detailed description see ESI). For different irradiation intensities (i.e., 0.12 W and
0.55 W), the IR studies on the photocatalytic reactions yielded results that independently confirm the
Raman investigations, i.e., a decrease of the 5,05% signal intensity (at 1287 cm™), and correspondingly,
a gain in SO,% signal intensity (at 1116 cm™) (Figure 11).5738
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Figure 11: Difference IR-ATR absorbance spectra for radiant power of 0.12 W (left) and 0.55 W (right). Molecular changes
within the first 15 min are shown in light blue. Dark blue indicates the first spectrum, red indicates the final spectrum (i.e.,
after 60 min).

However, upon monitoring the kinetics of the changes of the signal intensity for both species in
dependence on the irradiation intensity, a difference is evident compared to the Raman results for the
kinetics of the decrease in S,0s% signal vs. the increase in SO4> signal (see Figure 12). The increase of
the SO, signal is faster at irradiation with higher intensity (i.e., at 0.55 W) compared to lower intensity
(i.e., at 0.12 W). This is evident from the different slopes during the first 15 min in Figure 12 b).
Afterwards, the changes are less evident at all irradiation intensities. In fact, the S,0s> is anticipated
to decrease with time, as it acts as sacrificial electron acceptor, and is therefore consumed during the
10



catalytic reaction and converted into SO;*. While this is clearly evident in the IR spectra (see Figure
12 a)), the kinetic of the SO4> formation is different. For the higher and the lower irradiation intensity,
the S,0s% signal is decreasing equally fast. As S,0s> reveals less intense IR bands and the temporal
evolution of the SO4%-signal is in line with the time resolved oxygen measurements (see Figure 3), it
may be concluded that the differences in catalytic activity at various irradiation intensities are more
facilely followed via the sulfate band during IR spectroscopic studies.
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The kinetic studies give evidence that degradation of the PS is limiting the performance of the light-
driven WOC system under investigation. Accumulation of PS* together with the presence of SO,* open
the degradation pathways. Lower irradiation intensities reduce the rate of PS excitation and thus the
accumulation of PS* finally leading to slower PS degradation.

Lower irradiation intensities can also be realized, when the temporal availability of photons is
controlled, leading to an on average lower photon flux. In the used flow setup, higher flow rates lead
to shorter irradiation and dark periods, while the ratio between both periods stays the same. In
addition, higher flow rates lead to enhanced mass transport along the irradiation direction.!
Correlating the TON against the radiant power (see Figure 2 a) shows similar trends for all flow rates.
Lower photon fluxes are leading to the already discussed higher TONs. Interestingly, higher flow rates
amplify this effect even further. This is attributed to the increased radial fluid movement perpendicular
to the flow direction in the capillaries that occur at higher flow rates.[?4% Note that the flow conditions
are always laminar (Reynolds number between 80 and 670) and temporal fluctuations of the flow field
that are characteristic for turbulent flows do not occur. The degree of absorption is about 80 % in the
used capillary (absorbance of about 0.7). Hence, a strong intensity gradient exists along the light ray
trajectory and thus high intensities close to the irradiated wall and very low intensities close to the
opposite wall. Radial fluid movement, accelerated by Dean vortices (Dean numbers of 401 to 3341
were calculated for the system, see ESI for further details), will transport small volume units away from
the light source and with this leads to an on average reduced availability of photons.

To further investigate the influence of mass transport, a reference experiment was conducted by
irradiating the catalytic solution in a closed vial under stirred and not-stirred conditions.!*® The larger
dimension of the closed vial setup leads to an even more pronounced formation of dark zones. This
situation may be utilized to homogenize the availability of photons to the PS along the light ray
trajectory by intense mixing. The rotational movement of the liquid together with the steep intensity
gradients will result in a dynamically changing irradiation. A reference volume is first transported to
the irradiation zone close to the LED. The more this volume approximates the LED, the higher the
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photon flux is, which is absorbed in this volume. Subsequently, the volume is transported into the dark
region, associated with a decrease of the incident photon flux. To elucidate this effect, a custom-made
stirrer was used to ensure intense stirring of the entire solution. The apparent TON is roughly doubled
from around 110 to 230 when stirring the solution (see ESI). These observations strongly support the
hypothesis that mass transport enhances the overall performance of light driven reactions by changing
the temporal availability of photons.

Conclusions

In our study we show that photon flux management is a powerful tool to bring photocatalytic water
splitting reaction performance to a new level. By reducing the temporal availability of photons through
appropriate reactor design or enhanced mass transport along the light ray trajectory, an improved
synchronization of different reaction steps is achieved. Furthermore, detailed in operando
investigations of the photocatalytic mixtures with complementary spectroscopic methods suggest an
additional photocatalytic activity limiting reaction pathway. Loss of PS as validated by UV-vis, Raman
and emission spectroscopy is caused by attack of SO4* on PS in close vicinity, i.e. during the initial
phase of photocatalysis. Monitoring rise of SO4* concentration and decline of S,0s* utilizing IR and
Raman spectroscopy does show that the significantly lower concentration of PS is active and stable
over prolonged time of catalysis. Therefore, attack of the SO4*, formed after the reduction of S;0s> by
the excited PS, at the newly generated PS* in its immediate vicinity is not the dominant pathway.
Minimizing the decomposition of PS through reducing the rate of excitation results in a 11-fold increase
in TON. This effect is even more pronounced for the external photonic efficiency with an increase by a
factor of 31, effectively improving the efficiency of light harvesting by more than an order of
magnitude.

Thus, we show for the first time the synergistic effect of reaction engineering in light driven water
splitting reactions with molecular catalysts. With ever more elaborated (photo)catalysts being
developed, it is clear that tuning reaction conditions on all relevant scales will play a crucial part in
achieving maximum performance of the catalytic system, especially in view of the future industrial
application of such processes. While the complex apparatus of biological photosynthesis features
mechanisms to synchronize different reactions steps and protect or repair light-harvesting units, this
is often not the case in artificial photosynthesis.[**~%4 Here the oxidative half reaction usually proceeds
on a much shorter timescale than the reductive half reaction.*”! Smart reaction design and engineering
will help to overcome these limitations.
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