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Abstract 

This work elaborates the effect of dynamic irradiation and enhanced mass transport on light-driven 

molecular water oxidation to counteract catalyst deactivation. It highlights the importance of overall 

reaction design 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 21 referring to the 

external energy efficiency by applying low irradiation intensities and high flow rates. 

Main Text 
Photocatalytic reactions have received tremendous attention from both academia and industry as 

sunlight presents an abundant and sustainable energy source.[1,2] 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.[3] 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.[4–8] 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.[9] 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.[10] Thus, catalyst 

development and reaction engineering need to be combined synergistically.[11–13]  

To understand the impact of mass transport and irradiation conditions on the photocatalytic water 

oxidation, we adopted the well-known system consisting of [Ru(dpp)(pic)2](PF6)2 (Ru(dpp), dpp = 2,9-



di(pyridine-2’-yl)-1,10-phenanthroline, pic = 4-picoline, 2.6 µM), which acts as single-site water 

oxidation catalyst (WOC), the photosensitizer [Ru(dceb)2(bpy)](PF6)2 (PS, dceb = diethyl[2,2’-

bipyridine]-4,4’-dicarboxylate, bpy = 2,2’-bipyridine, 0.3 mM) and Na2S2O8 (10 mM) as sacrificial 

electron-acceptor in a solvent mixture of 96 v-% of aqueous H3BO3 / NaHCO3 buffer (pH 6.5, 0.08 M 

H3BO3) and 4 v-% MeCN (Fig. 1 a).[14–16] 

 

Figure 1. Illustration of the homogenous three component water oxidation system (a) and schematic depiction of the 
capillary flow-through-reactor setup (b – e). 

 

A novel capillary flow-through reactor design, operated in recycling mode, is used to study the impact 

of flow rate and light intensity on the performance of a molecular system for light-driven water 

oxidation (Fig. 1).[17–21] In this reactor system the reaction mixture is cycled from the storage vessel 

through a capillary which is wound in a 3D-printed scaffold.[22,23] The parallel arrangement of the 

capillary creates a defined projection area that is adapted to the emission characteristics of the light 

source (Fig. 1 c and b). Oxygen formation was monitored in solution as well as in the gas phase by an 

optical sensor (Fig. 1 d).[17] 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-1 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). 

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 the 

interaction of mass transport and reaction rate as well. 

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 (ξE) and photonic efficiencies (ξp,), referring to the amount of product in regard to 

energy consumed or photons emitted by the light source (detailed description in ESI).  



Table 1. Mean pulse durations in the scaffold for different flow rates. 

flow rates /(mL/min) mean irradiation pulses /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 also leads to an increase in catalytic 

performance,[24] however, in our case, lower irradiation intensity generally lead to higher maximum 

TONs. 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 mL min-1, 

0.76 W) to 378 (50 mL min-1, 0.22 W). These changes in performance become more obvious when 

analyzing the efficiency parameters ξE and ξp. A 21-fold increase in external energetic efficiency form 

around 2 µmol Wh-1 to 42 µmol Wh-1 was found. ξp increases from 0.7 % to 17 %, representing a 24-

fold increase of the external photonic efficiency. The even more pronounced increase is attributed to 

the higher efficiency of the LED at lower current. 
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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 (ξE). c: Results in external photonic efficiency(ξp). 

It is very clear from these analyses, that excess photons are detrimental for the overall performance. 

A possible explanation is that excess light could drive competing side reactions, which destabilize the 

catalytic system and lead to its premature deactivation.[25] A likely deactivation pathway for ruthenium 

polypyridine PSs is ligand photosubstitution.[26–28] 



The PS shows visible emission with a maximum at 635 nm (Fig. S7), while Ru(dpp) is not emissive.[14] 

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.  

 

Figure 3. 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 min-1 and 0.5 W. 

These observations indicate destruction of the PS to such a low level that catalytic turnover is no longer 

promoted efficiently. Comparative measurements conducted at different light intensities show a fast 

breakdown of the catalytic activity for high irradiation intensity (Fig. 4). At a flow rate of 6 mL min-1 

and a radiant power of 1.1 W the maximum TON of 60 was reached in around 10 min, while at 0.22 W 

radiation power the maximum TON of approximately 110 was reached after 65 min (Fig. 4 a). 

Accordingly, TOF at 1.1 W intensity reached 0.38 s-1 and declined fast after reaching maximum activity. 

While at 0.22 W a maximum TOF of only 0.09 s-1 was reached but maintained over a prolonged period 

(Fig. 4 b). Measurements at different flow-rates generally showed the same trend. 

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 a more efficient mass transport, which in turn improves catalytic performance by overcoming 

diffusion limitations. Beside this, secondary flows are induced at higher flow rates in the windings that 

break up the typical laminar flow conditions and induce radial mass transport in the capillaries as 

well.[29] This additionally reduces the impact of steep intensity gradients in the irradiation zone. Thus, 

for flow rates of 29 mL min-1 and above, mass transport reaches an ideal level for the investigated 

irradiation intensity range. 

 



 

Figure 4. Comparison of TON (a) and TOF (b) between measurements at 0.22 W (black) and 1.1 W radiation power, 
conducted at a flow rate of 6 mL min-1. 

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.[17] A custom 

made stirrer was used to ensure intense stirring of the entire solution. Although the vial-setup is only 

of limited comparability to the more complex capillary reactor, the TON is roughly doubled from 

around 110 to 230 when stirring the solution (see ESI). While these experiments do not address the 

possible influence of light and dark periods, it still indicates the positive influence of increased mass 

transport. 

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 irradiation intensity and improving mass 

transport through high flow rates in our capillary photoreactor, an improved synchronization of 

different reaction steps is achieved. This improvement is reflected in a 11-fold increase in TON and is 

even more pronounced for the external photonic efficiency, here a 20-fold increase is achieved. Thus, 

we show for the first time the synergistic effect of molecular and macroscopic 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.[30–33] Here the oxidative half 

reaction usually proceeds on a much shorter timescale than the reductive half reaction.[34] Smart 

reaction design and engineering will help to overcome these limitations.  
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