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In situ Time-Resolved Spectroelectrochemistry Reveals Limitations of Biohybrid Photoelectrode Performance

Photosynthetic reaction centres catalyse the majority of solar energy conversion on Earth. Under low-intensity illumination this achieved with a near-unity quantum efficiency, almost every absorbed photon producing a photochemical charge separation. Biohybrid technologies seek to capture the high efficiency of natural photoproteins by combining them with manmade electrodes. However, the transfer of photoproteins from their membrane environment into an abiotic architecture invariably results in efficiency losses. Here, we combined spectroscopy and analytical electrochemistry to identify loss processes in a reaction centrebased biophotoelectrode. While over 90% efficient under low-intensity illumination, the biophotoelectrode efficiency dropped to ~11% under high-intensity illumination. This loss stemmed from bottlenecks in electron transfer that rendered 60% of reaction centres inactive, as well as a short-circuiting of 73% of the separated charge from active reaction centers. The quantitative insights into loss processes presented in this work will be instrumental in shaping future rational design of biophotoelectrode devices.

INTRODUCTION

Many man-made devices for solar energy conversion operate by mechanisms that have similarities to, or are inspired by, those that take place in the photosystems of plants, algae and bacteria. A much remarked upon feature of the primary reactions of natural photosynthesis, energy transfer within light-harvesting pigment-proteins and charge separation in photochemical reaction centres (RCs), is their high quantum efficiency (events per photon absorbed) that approaches 100% in yield at low light intensity. [START_REF] Croce | Natural strategies for photosynthetic light harvesting[END_REF] This innate efficiency has driven interest in the direct utilization of natural and engineered pigment-protein complexes in biohybrid devices. [START_REF] Sokol | Rational wiring of photosystem II to hierarchical indium tin oxide electrodes using redox polymers[END_REF][START_REF] Stieger | Biohybrid architectures for efficient light-to-current conversion based on photosystem I within scalable 3D mesoporous electrodes[END_REF][START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF] A challenge of using a photosynthetic RC as a primary photovoltaic component is the retention of the mechanisms that underpin a high quantum efficiency of charge separation when the RC is incorporated into a device.

In the case of the reaction centre light-harvesting 1 (RC-LH1) complex from the anoxygenic photosynthetic bacterium Rhodobacter (Rba.) sphaeroides, its location within an architecture provided by the photosynthetic lipid bilayer membrane prevents electrical short circuits between mobile carriers of charge (Figure 1a). Accordingly, removal of the RC-LH1 complex from the lipid bilayer for interfacing with electrodes may introduce loss processes such as short-circuits (process 4 in Figure 1c). [START_REF] Van Rotterdam | Steady-state cyclic electron transfer through solubilized Rhodobacter sphaeroides reaction centres[END_REF] Loss processes also stem from electron transfer bottlenecks -limitations in electron flow on either the donor-or acceptor side of RCs -which further decrease the overall yield of photochemistry. [START_REF] Rutherford | Back-reactions, short-circuits, leaks and other energy wasteful reactions in biological electron transfer: Redox tuning to survive life in O(2)[END_REF][START_REF] Goyal | Competition between intra-protein charge recombination and electron transfer outside photosystem I complexes used for photovoltaic applications[END_REF][START_REF] Van Amerongen | Light harvesting in photosystem II[END_REF] The type and extent of these bottlenecks can be assessed by examining the proportions of RCs that are open, closed, or oxidised during the operation of a device (Figure 1b). A comprehensive description of these RC states in the Rba. sphaeroides RC (bRC), the limitations that induce them, and the loss processes they lead to, are described in Figure S1 and the accompanying text.

A challenge in the optimization of photocurrent generation by RC proteins in biohybrid devices is the identification of kinetic bottlenecks and loss processes in the desired electron transfer pathway. Absorbance spectroscopy offers a tool to probe electron transfer, [START_REF] Kaim | Spectroelectrochemistry: The best of two worlds[END_REF] and has been applied to electrochemical systems for many decades. [START_REF] Tachibana | Subpicosecond interfacial charge separation in dye-sensitized nanocrystalline titanium dioxide films[END_REF][START_REF] Heineman | Studies of Biological Redox Systems by Thin-Layer Electrochemical Techniques[END_REF] For example, transient absorption spectroscopy of dye-sensitized solar cells has revealed the kinetics of electron injection, [START_REF] Tachibana | Subpicosecond interfacial charge separation in dye-sensitized nanocrystalline titanium dioxide films[END_REF][START_REF] Pijpers | Picosecond electron injection dynamics in dye-sensitized oxides in the presence of electrolyte[END_REF] resolved reaction mechanisms [START_REF] Pastor | Spectroelectrochemical analysis of the mechanism of (photo)electrochemical hydrogen evolution at a catalytic interface[END_REF] and reaction intermediates, [START_REF] Anderson | Simultaneous transient absorption and transient electrical measurements on operating dyesensitized solar cells: Elucidating the intermediates in iodide oxidation[END_REF] and has been used to characterize loss processes such as charge recombination. [START_REF] Nelson | Trap-limited recombination in dye-sensitized nanocrystalline metal oxide electrodes[END_REF][START_REF] Palomares | Slow charge recombination in dyesensitised solar cells (DSSC) using Al2O3 coated nanoporous TiO2 films[END_REF] Additionally, extensive transient absorption measurements have been applied RCs suspended in solution, revealing the mechanisms of charge separation and stabilization of the charge separated state that underpin high quantum efficiencies (see SI for details). [START_REF] Goyal | Competition between intra-protein charge recombination and electron transfer outside photosystem I complexes used for photovoltaic applications[END_REF][START_REF] Tiede | Electron-Transfer Kinetics and Electrostatic Properties of the Rhodobacter sphaeroides Reaction Center and Soluble c-Cytochromes[END_REF][START_REF] Gerencsér | Unbinding of oxidized cytochrome c from photosynthetic reaction center of Rhodobacter sphaeroides is the bottleneck of fast turnover[END_REF][START_REF] Gerencsér | Turnover of ubiquinone-0 at the acceptor side of photosynthetic reaction center[END_REF][START_REF] Białek | Insight into Electron Transfer from a Redox Polymer to a Photoactive Protein[END_REF][START_REF] Szewczyk | Electron Transfer in a Bio-Photoelectrode Based on Photosystem I Multilayer Immobilized on the Conducting Glass[END_REF] However, only a few spectroscopic studies on biohybrid systems have manged to investigate RC operation at the electrode surface in a biohybrid system, an environment in which mediator-electrode interactions and substrate depletion can drastically shift limiting processes during operation. [START_REF] Szewczyk | Electron Transfer in a Bio-Photoelectrode Based on Photosystem I Multilayer Immobilized on the Conducting Glass[END_REF] Furthermore, no study to date has provided a comprehensive method that empirically deconvolutes all electron transfer pathways and loss processes in a biophotoelectrode exposed to continuous illumination and under operating conditions of an applied potential. Investigations in situ and in

Context & Scale

Solar energy fuels life in two-ways: through photosynthesis, providing food for virtually all organisms on Earth; and by generating electricity in photovoltaic devices. Biohybrid photoelectrodes combine the best of both worlds, coupling natural light-driven photoenzymes with complex artificial materials in a bid to achieve sustainable, low-power tools. These may be used in a wide range of applications, from the production of solar fuels and added-value chemicals to electricity. However, bridging nature and technology often proves challenging, as biohybrid devices remain inefficient and unstable due to the creation of harmful sidereactions.

Using combined spectroscopic and electrochemical tools, we discover the origin of productivity losses during the operation of a state-of-the-art biohybrid device. A comprehensive quantification of loss processes is provided together with a blueprint for removal of these hurdles, bringing us closer to a zero-carbon economy driven by sustainable photo-enzymes.

operandum are crucial for the rational design of high-performing biohybrids, particularly in the context of recent and more complex benchmark architectures that drive large photocurrent densities but encounter multiple loss channels from short-circuits, electron transfer bottlenecks, and excitation quenching. [START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF][START_REF] Friebe | Plasmon-Enhanced Photocurrent of Photosynthetic Pigment Proteins on Nanoporous Silver[END_REF][START_REF] Ciornii | A precursorapproach in constructing 3D ITO electrodes for the improved performance of photosystem I-cyt c photobioelectrodes[END_REF][START_REF] Wang | Closing the Gap for Electronic Short-Circuiting: Photosystem I Mixed Monolayers Enable Improved Anisotropic Electron Flow in Biophotovoltaic Devices[END_REF][START_REF] Longatte | Investigation of photocurrents resulting from a living unicellular algae suspension with quinones over time[END_REF] In this work, we utilized a combined spectroelectrochemical instrument, based on a ms/µs pump-probe Joliot-type spectrophotometer, to measure the redox states of Rba. sphaeroides RC-LH1 complexes adsorbed on a semi-transparent mesoporous ITO electrode (Figure 1d). By simultaneously recording photocurrents and spectrally derived functional bRC oxidation states, kinetic bottlenecks and loss processes were identified at various stages of excitation and electron transfer in this mITO|cyt c|RC-LH1 electrode. We found that 73% of energy loss stemmed from short-circuiting between the product of photochemical charge separation and the electrode, as well as 60% of bRCs that were not capable of performing photochemistry because of donor-and acceptor side bottlenecks. We further extended this approach to accommodate a range of case studies to demonstrate the capabilities of our method to pinpoint various bottlenecks and loss processes. Furthermore, the approach can be adapted to systems that utilize other photoproteins such as Photosystems I and II, to aid the rational design of biohybrid electrodes at each step of their electron and excitation energy transfer pathways. The comprehensive overview and understanding of these loss processes derived with our spectroelectrochemical approach will be instrumental in harnessing the high catalytic efficiency of natural photoproteins in biohybrid devices.

RESULTS

Constructing the spectroelectrochemical apparatus

To simultaneously investigate photocurrent generation through electrochemistry and spectroscopy a custom spectroelectrochemical cell was constructed and placed in the measuring light beam of a ms/µs pump-probe spectrophotometer (Figure 2a, detailed side view in Figure S2b). The cell was fitted with an mITO|cyt c|RC-LH1 electrode that was immersed in a buffer containing 5 mM ubiquinone (Q0) and 50 mM KCl as electrolyte. The cell also contained reference and counter electrodes connected to a potentiostat that controlled the ambient redox potential used to fix the redox state of donors and acceptors. An applied potential of +160 mV vs SHE was used to optimally drive a photocathodic current, as described previously for cyt c mediated bRC photocathodes [START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF][START_REF] Friebe | Photosynthetic reaction center-based biophotovoltaics[END_REF] . Excitation was provided either by an LED peaking at 590 nm, or by 5 ns laser flashes at 532 nm (Figure 2a,b). Photooxidation of the bRC primary electron donor was monitored at 865 nm (ɛ865 = 112 ± 6 mM -1 cm -1 , see Straley et al. [START_REF] Straley | Pigment content and molar extinction coefficients of photochemical reaction centers from Rhodopseudomonas spheroides[END_REF] ), with simultaneous recording of photoinduced electron transfer at the electrode interface using chronoamperometry.

Biohybrid efficiency under low light conditions

Both processes were initially studied using saturating laser flashes that were sufficiently brief that they induced no more than a single charge separation per bRC ("single turnover conditions"), but sufficiently intense to trigger photochemistry in all bRCs. As with chemical oxidation (Figure 2b), laser flashes induced a characteristic broad bleach from 820-950 nm corresponding to the formation of P870 + (see Białek et al. [START_REF] Białek | In situ spectroelectrochemical investigation of a biophotoelectrode based on photoreaction centers embedded in a redox hydrogel[END_REF] ), which decayed on a µs-s time scale (Figure 3a). As P870 can be (electro)chemically oxidised, its full reduction before the excitation flash was ensured by applying a potential of +160 mV vs SHE. At such a potential bRCs also have oxidised quinone electron acceptors (Figure 1e), and are in the open state required to perform a productive charge separation. Three independent approaches were used to confirm that 100% of bRCs were open under these conditions: single turnover flashes, continuous LED illumination in the absence of cyt c, and continuous illumination at a more positive applied potential (Figure S3). All methods produced the same maximal amplitude of the absorbance change at 865 nm, diagnostic of P870 + . Under conditions with oxidised QA and QB quinone acceptors, post-flash recovery of P870 on the µs-s time scale (Figure 3a) is due to a competition between reduction of P870 + by cyt c and recombination of the radical pair P870 + QA -or P870 + QB -(simplified to P870 + Q -below). Consequently, by varying the concentration of free cyt c, it was possible to resolve multiple kinetic phases of P870 + reduction (see Figure S4 and associated supplementary text).

Complementary to transient absorption measurements, photocurrents induced by single turnover flash excitation were simultaneously monitored. Upon light-induced P870 + formation, cyt c 2+ will be oxidised to cyt c 3+ , undock from the bRC, and transport the electron-hole to the electrode, causing a burst of photocurrent (Jphoto) with an onset at around 20 ms post-flash (Figure 3a, green). Integration of the transient photocurrent density and conversion with Faraday's constant revealed the cumulative amount of cyt c oxidised during the burst of Jphoto to be of the order of 100 pmol cyt c cm -2 (Figure 3a, cyan). This correlated well with an estimate of 95 pmol cm -2 for the quantity of RC-LH1 complex adsorbed on the electrode, determined by pigment extraction (see Methods). This indicated that, upon a single photochemical event per bRC, practically all electronholes generated on P870 were transferred to the electrode, producing a near-unity quantum efficiency (compare the right axes in Figure 3a). The high efficiency was maintained over a train of 20 flashes, leading to equal cumulative amounts of oxidized P870 + and cyt c 3+ . (Figure 3b, blue and orange). This indicated that electron transfer in these conditions, with a low effective light intensity producing one charge separation s - 1 bRC -1 , reproducibly proceeded with near quantum unity efficiency over multiple turnovers.

Biohybrid efficiency under intense, continuous light

While the single turnover flash method is informative in probing the kinetics of interfacial electron transfer and its maximal efficiency, benchmark operating conditions for solar cell devices comprise continuous 1000 W cm -2 photon fluxes. [START_REF] Gueymard | Proposed reference irradiance spectra for solar energy systems testing[END_REF] This irradiance intensity is approximately 3500 µmol photons m -2 s -1 in the photosynthetically active radiation region of RC-LH1 from 400 -900 nm. Furthermore, while the redox states of all mediators equilibrate with the applied potential in the dark period between single turnover flashes, redox states shift significantly under continuous turnover conditions. The performance and redox state of the electrode-bound RC-LH1 complex was therefore also examined under continuous illumination.

Quantifying inactive photoprotein populations

To partition bRCs between open, oxidised and closed states during continuous illumination, absorption changes corresponding to P870 oxidation were used. As described above (see Figure S3), the maximal extent of P870 + in situ was obtained with three independent approaches. This amplitude could then be compared to the amount of P870 oxidised upon actinic light illumination to obtain fraction of oxidised bRCs; and by employing multi-turnover, saturating light pulses, the remaining fraction of reduced bRCs can be separated into open and closed states.

The fraction of oxidized bRCs was monitored under conditions optimal for photocurrents (+160 mV vs SHE), an applied potential at which the cyt c donor is reduced and quinone acceptors are oxidised. The observed absorbance change indicated that ~40% of bRCs became oxidised within 250 ms (Figure 4b, black trace and inset). The transient increase in P870 + upon each multi-turnover pulse reports on the proportion of open bRCs that are able to form a metastable P870 + /QB -state (or P870 + /QBH2 given that the QB quinone is a two-electron carrier) and is shaded in green in Figure 4b. This fraction of open bRCs stabilized at ~32% over the 40-second illumination period. The accumulation of these oxidised bRCs (bearing P870 + ) under actinic light illumination depicts the donor-side limitation under operating conditions. The fraction of bRCs which were open (i.e. ready to perform stable photochemistry, Figure 4b) was assessed by probing with additional saturating pulses. The remaining fraction, coloured red in Figure 4b, constituted the population of closed bRCs that cannot form a metastable P870 + state due to an acceptor side limitation. This limitation, due to a long-lived QA -present in the closed centres, induces an ultrafast recombination between P870 + and the bacteriopheophytin anion (HA - ) (Figure S1g). Over the illumination period the population of closed bRCs grew, shifting the fraction of bottlenecked bRCs from predominantly donor-side limited (at around 1 s of illumination) to roughly equal parts donor-and acceptor side limited under steadystate conditions (Figure 4b).

To get a better grasp on the molecular photochemical events taking place on the mITO|cyt c|RC-LH1 electrode, we proceeded to quantify the system in terms of electron transfer rates (ETR) on a "per bRC" basis. Under continuous illumination the steady-state ETR is a product of the fraction of open bRCs (ϕRC) and their maximal, light-limited charge separation rate (kcs; combining the average time between photon absorption, excitation energy transfer to the bRC, and stable charge separation):

ETR = ϕRC * 𝑘 !" (𝐸𝑄1)
To determine kcs, the initial rise in P870 + formation upon illumination under an applied potential of +360 mV vs SHE was fitted with a single exponential (Figure 4a, inset). This allowed determination of kcs in the absence of P870 + re-reduction, a methodology analogous to a recent examination of PSI in the absence of its electron donor, plastocyanin. [START_REF] Nawrocki | State transitions redistribute rather than dissipate energy between the two photosystems in Chlamydomonas[END_REF] A value of 110 electrons s -1 bRC -1 was obtained for kcs at the 2600 μmol photons m -2 s -1 irradiance, in reasonable agreement with a theoretical calculated value of 186 electrons s -1 RC-LH1 -1 based on the light spectrum, the absorption spectrum of RC-LH1 complexes, and the geometry of the cuvette (Figure S5). Scattering from the electrode and shading was not taken into account, which may explain the remaining discrepancy. Multiplication of the fraction of open bRCs capable of performing photochemistry (ϕRC in Figure 4b) by kcs produced an average ETR per-bRC during operation (Figure 4d, blue line). This spectroscopy-derived ETR stabilized at just under 44 electrons s -1 bRC -1 after 40 seconds of illumination under these conditions. In conclusion, under these steady state conditions only 40% of the bRCs are capable of photochemistry.

Quantifying electron transfer pathways and loss channels

The evolution of bRC ETR during the illumination window was also derived from electrochemical data by converting photocurrent densities (Figure 4c) into values of apparent ETR as described in the Methods. It is crucial to note that such electrochemically-derived values of ETR, often called turnover frequency (TOF), are apparent values since electrochemistry only probes the interfacial electron flux with cyt c and QH2 (Figure 4e). In contrast, the spectroscopic data accurately reflect turnover at the RC-LH1 complex and include contributions from short-circuiting, quenching, or leaks that cannot otherwise be extracted electrochemically. Strikingly, values for the spectroscopy-based ETR exceeded those of ETRapp derived from electrochemical measurements. We interpret this discrepancy as a methodological feat that allows the extent of short-circuits present in the biohybrid electrode to be revealed. In contrast to the spectroscopy derived 44 e -s -1 bRC -1 ETR, the electrochemistry-based ETR stabilized at 12 e -s -1 bRC -1 at the end of the 40 s illumination window (Figure 4d). This indicates that ~73% of the ETR resulted in non-productive photochemistry under steady state conditions, primarily due to short-circuits. Because short-circuits can be of various types (see Figure S1c), we propose that the kinetic behaviour of the signal allows at least two subtypes to be distinguished. As illustrated in Figure 4e, two expected short circuits involving reduced quinone are electron donation to the electrode (SC1) or to cyt c 3+ and/or P870 + (SC2). As validated by the loss of photocurrent decline on stirring the electrolyte and by the presence of inverted Jphoto following the light-to-dark transition [START_REF] Friebe | Plasmon-Enhanced Photocurrent of Photosynthetic Pigment Proteins on Nanoporous Silver[END_REF] , SC1 accounts for the increasing variance between the spectroscopy-based ETR and electrochemistry-based ETR during the illumination period (Figure 4d). The magnitude of SC1 was extrapolated from the reverse current spike (Figure S6a), and the remaining losses were attributed to SC2. Considering the magnitude of SC2 was relatively small, SC1 was attributed as the major short-circuiting pathway.

Losses under various experimental conditions

A range of case studies were performed to illustrate the versatility of spectroelectrochemistry to pinpoint and overcome bottlenecks and loss processes under various operating conditions. Lowering the quinone concentration from 5 mM to 1 mM resulted in clear acceptor side limitations in bRC turnover, as defined by a large population of closed bRCs (Figure S7). Operating under various light intensities revealed a high efficiency and large population of open bRCs at low light, but the emergence of both kinetic limitations and loss processes under high light (Figure S8). Changing the applied potential had drastic consequences on bRC turnover, demonstrating the importance of applying an appropriate potential such that the oxidation state of the mediators is favourable for bRC turnover (Figure S9). Lastly, while increasing the thickness of the electrode three-fold slightly boosted the photocurrent density, it resulted in a much more inefficient use of photosynthetic material as a much larger portion of bRC ETR was lost to short-circuiting at the larger surface area electrode (Figure S10).

Losses via excitation quenching

Finally, quinones have been documented to accelerate the decay of excited state chlorophylls through collisional interactions (particularly when in the oxidised state), and thereby quench fluorescence. [START_REF] Longatte | Investigation of photocurrents resulting from a living unicellular algae suspension with quinones over time[END_REF][START_REF] Santabarbara | Photoinhibition in vivo and in vitro Involves Weakly Coupled Chlorophyll-Protein Complexes ‡ ¶[END_REF][START_REF] Noji | Lipid-Controlled Stabilization of Charge-Separated States (P+QB-) and Photocurrent Generation Activity of a Light-Harvesting-Reaction Center Core Complex (LH1-RC) from Rhodopseudomonas palustris[END_REF][START_REF] Joliot | Different types of quenching involved in photosystem II centers[END_REF] To investigate potential losses in excitation energy transfer (EET) prior to charge separation in the bRCs due to this type of quenching, the fluorescence of the mITO|cyt c|RC-LH1 electrodes was measured. Using the ratio of the variable fluorescence (FV = FM -F0) to the maximal fluorescence (FV/FM) ratio as an indicator of maximal RC activity in situ [START_REF] Baker | Chlorophyll fluorescence: A probe of photosynthesis in vivo[END_REF] , it was established that a broad range of quinone concentrations (0.5 -5 mM) supported maximal charge separation capacity (Figure S11). These measurements demonstrated that quinone-induced Stern-Volmer approximated non-photochemical quenching (NPQ) had a limited influence at Q0 concentrations up to 5 mM. We conclude that increasing the concentration of external quinones beyond this threshold would result in a decrease of the EET efficiency to the special pair of the RC that would compromise biohybrid performance.

DISCUSSION

Since the first demonstrations of their photovoltaic nature in the 1960s, the concept of using a photosynthetic RC protein in a device architecture continues to attract attention due to the high quantum efficiency with which these proteins operate, their sustainability, and -through protein engineering -their tractability. However, in biohybrid systems the natural purple bacterial photosynthetic process of moving charges a few tens of nm between a bRC and a nearby cyt bc1 complex is replaced by the challenge of specifically interfacing cyt c with a man-made working electrode, and Q0 with a man-made counter electrode. In particular, the latter are often positioned orders of magnitude further away than electron acceptors in photosynthetic membranes. In addition, the natural compartmentation that keeps hydrophilic cyt c and hydrophobic Q10 spatially separate is lost when the latter is replaced by hydrophilic Q0.

Although much progress has been made in designing biohybrid RC systems capable of generating high photocurrents, high photovoltages and useful levels of power conversion, it has been challenging to quantify the extent of loss processes and therefore be able to evaluate the effectiveness of strategies aimed at overcoming these through rational design. In the present work, we have demonstrated that comprehensive quantification of electron transfer pathways can be achieved. By carrying out simultaneous spectroscopic and electrochemical measurements during photocurrent generation directly on a high-performance, semi-transparent biohybrid mITO|cyt c|RC-LH1 system, we detected a number of energy loss pathways (Figure S1).

In an ideal device, the majority of RCs would be in an open state capable of transducing solar energy into a permanently captured charge separation upon each photon absorption. Such a scenario would be feasible if both electron transmission to an anode and hole transmission to a cathode were not kinetically limiting, and both processes proceed with a high specificity. This is largely the case in the natural system under low light, where millisecond diffusion of electrons and holes between the bRC and the cyt bc1 complex is much faster that charge recombination between P870 + and QB -(lifetime ~3-5 seconds) or even P870 + QA -(lifetime ~100 ms), and not limited by the rate of QH2 oxidation by cyt bc1. We have indeed confirmed that at low light fluxes, the mITO|cyt c|RC-LH1 systems performs on par with bRCs in vivo (Figure 3), boasting an almost unity internal quantum efficiency (IQE = electrode captured charge / absorbed photons) [START_REF] Friebe | Plasmon-Enhanced Photocurrent of Photosynthetic Pigment Proteins on Nanoporous Silver[END_REF] .

However, the high IQE efficiency drops dramatically under steady-state and high-light conditions. Under these conditions, donors and acceptors are depleted by productive bRC photochemistry, leading to populations of non-functional bRC states (Figure S12). Furthermore, prolonged interactions between the redox mediators and the electrodes lead to short-circuits of the captured electrons (Figure S1g). While previous spectroscopic investigations of biohybrid systems do not probe bRC function under high light and while adsorbed to the electrode, [START_REF] Goyal | Competition between intra-protein charge recombination and electron transfer outside photosystem I complexes used for photovoltaic applications[END_REF][START_REF] Białek | Insight into Electron Transfer from a Redox Polymer to a Photoactive Protein[END_REF][START_REF] Szewczyk | Electron Transfer in a Bio-Photoelectrode Based on Photosystem I Multilayer Immobilized on the Conducting Glass[END_REF][START_REF] Teodor | Aqueoussoluble bipyridine cobalt( ii / iii ) complexes act as direct redox mediators in photosystem I-based biophotovoltaic devices[END_REF] our study provides a comprehensive overview of the bottlenecks and loss process that adversely affect high-performance biophotoelectrode efficiencies during operating conditions.

A principal insight provided by the spectroscopic analysis in operandum was that, even under conditions for the greatest photocurrent output (5 mM Q0, +160 mV vs SHE & 2600 µE), 60% of bRCs were donor-side or acceptor-side limited, and only 40% of bRCs were in the open state (Figure 4). This loss is not due to mechanistic alterations in charge separation capacity, or photodamage, but due to the formation of bottlenecks that stabilise bRCs in temporally non-productive states. This bottleneck primarily stems from diffusional limitations of the cyt c and quinone mediators (Figure S1), providing valuable information on limitations under operational illumination intensities. [START_REF] Goyal | Competition between intra-protein charge recombination and electron transfer outside photosystem I complexes used for photovoltaic applications[END_REF][START_REF] Teodor | Aqueoussoluble bipyridine cobalt( ii / iii ) complexes act as direct redox mediators in photosystem I-based biophotovoltaic devices[END_REF] Our finding that 40% of bRCs were active is similar to a study utilizing C. reinhardtii whole cells embedded in a biophotoelectrode which showed the photosynthetic yield of Photosystem II (φPSII) dropping from 100 % in the dark to 30% upon high-light illumination. [START_REF] Beauzamy | Mediator-Microorganism Interaction in Microbial Solar Cell: a Fluo-Electrochemical Insight[END_REF] However, it is important to note that comparison between such studies is challenging, as the bottlenecks and loss processes are highly dependent on light intensities (see Figure S8), as well as the antenna sizes that can vary substantially from six [START_REF] Jones | The petite purple photosynthetic powerpack[END_REF] to hundreds 1 of chlorophylls per bRC between various photosynthetic systems.

A second critical insight was provided by comparison of spectroscopy-based and photocurrent-based values of ETR, which revealed the impact of short-circuiting pathways (Figure S1g). The steady-state ETR per bRC calculated from the time-resolved spectroscopy was consistently larger than that calculated from the photocurrent measurements (Figure 4d), showing that 73% of bRC turnovers were non-productive. The majority of this loss (~70%) was attributed to short-circuiting processes at the electrode (SC2), which is more than that was identified in previous works on nanoporous silver (SC2≈50 %). [START_REF] Friebe | Plasmon-Enhanced Photocurrent of Photosynthetic Pigment Proteins on Nanoporous Silver[END_REF] Similarly, Białek et al. used a model to conclude that over 50% of electron transfer in their system stemmed from an undesired short-circuiting pathway between the bRC P870 and a TiO2 electrode. [START_REF] Białek | Modelling of the cathodic and anodic photocurrents from Rhodobacter sphaeroides reaction centres immobilized on titanium dioxide[END_REF] The exacerbated SC2 channel experienced in this work relative to previous biophotoelectrodes could be explained by the increased photocurrent output and larger surface area of the IO-mITO electrode, which induce a stronger quinone depletion gradient and more collisional opportunities for the back reaction of hydroquinone with the electrode. This comparison highlights the exacerbation of loss processes in high-surface area and high-performance devices, prompting further motivation for spectroscopic characterizations.

Analysis of the photocurrent traces enabled us to deduce that the majority of these short-circuits were from reactions at the electrode, pinpointing a critical interface for electrode modifications that block such reactions. The information on loss-processes may also be coupled to in silico electrochemical models to more accurately describe electron transfer pathways in biophotoelectrochemical systems [START_REF] Buesen | A kinetic model for redox-active film based biophotoelectrodes[END_REF] , further enabling targeted rational design of biophotoelectrodes.

Finally, the use of fluorescence measurements also highlights an important parameter to consider when designing the electrochemical cell, revealing that Q0 concentrations beyond 5 mM could be counter-productive due to the quenching of excited electronic states involved in energy harvesting and transfer to the bRC (Figure S11). [START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF][START_REF] Friebe | Plasmon-Enhanced Photocurrent of Photosynthetic Pigment Proteins on Nanoporous Silver[END_REF][START_REF] Ciornii | A precursorapproach in constructing 3D ITO electrodes for the improved performance of photosystem I-cyt c photobioelectrodes[END_REF][START_REF] Wang | Closing the Gap for Electronic Short-Circuiting: Photosystem I Mixed Monolayers Enable Improved Anisotropic Electron Flow in Biophotovoltaic Devices[END_REF][START_REF] Longatte | Investigation of photocurrents resulting from a living unicellular algae suspension with quinones over time[END_REF] Again, the spectroscopic data provided an insight into a possible detriment that would not be accessible through purely electrochemical measurements. As illustrated in Figure S10 photocurrent generation was greater with 5 mM Q0 than with 1 mM Q0, with much less of an issue with closure of bRCs. In this case, increased excitation energy quenching at 5 mM Q0 was offset by alleviated acceptor limitation (Figure S11). This again underscored the point that understanding both benefits and detriments to photocurrent output required a combination of spectroscopic and electrochemical measurements. Beauzamy et al. also noted that the addition of the exogenous PSII electron acceptor dichlorobenzoquinone (DCBQ) to a biophotoelectrode decreased φPSII from 30% down to ~10%, as it acts as a potent quencher of PSII excitations. [START_REF] Beauzamy | Mediator-Microorganism Interaction in Microbial Solar Cell: a Fluo-Electrochemical Insight[END_REF] Since the quinone used in our work is a much milder quencher of bRC excitations, the photosynthetic yield of bRC was not adversely affected, and we observed a much larger fraction of open bRCs that are ready to perform photochemistry, highlighting the importance of carefully selecting a suitable mediator.

The loss processes identified in this work may be overcome using a variety of strategies. For example, forced convection of the electrolyte in a flow cell configuration would separate the reduced product of photochemistry away from the local bRC environment and the electrode, thereby mitigating both acceptor side limitations and shortcircuits. [START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF][START_REF] Friebe | Plasmon-Enhanced Photocurrent of Photosynthetic Pigment Proteins on Nanoporous Silver[END_REF] Short-circuits may be further alleviated by adopting a strategy utilized in the field of DSSCs, which is to prevent charge recombination of specific charge carriers with the electrode by depositing metal oxide blocking layers. [START_REF] Palomares | Control of charge recombination dynamics in dye sensitized solar cells by the use of conformally deposited metal oxide blocking layers[END_REF] Feasible translation of this concept to biohybrid systems has been demonstrated in a bRC-coated titanium dioxide electrode that had been treated with TiCl4. [START_REF] Białek | Modelling of the cathodic and anodic photocurrents from Rhodobacter sphaeroides reaction centres immobilized on titanium dioxide[END_REF] Alleviating bRC donor side limitations may be achieved by substituting cyt c with an engineered osmium redox polymer, which demonstrates fast bRC reduction rates in the µs timescale when suspended in aqueous solution [START_REF] Białek | Insight into Electron Transfer from a Redox Polymer to a Photoactive Protein[END_REF] and ito electron transfer with electrodes. [START_REF] Białek | Insight into Electron Transfer from a Redox Polymer to a Photoactive Protein[END_REF][START_REF] Białek | In situ spectroelectrochemical investigation of a biophotoelectrode based on photoreaction centers embedded in a redox hydrogel[END_REF][START_REF] Kothe | Engineered electron-transfer chain in photosystem 1 based photocathodes outperforms electron-transfer rates in natural photosynthesis[END_REF] Since we detected multiple bottlenecks at the donor and acceptor interface of the bRC, an important finding from this work is that a combination of multiple strategies will be essential in optimizing biophotoelectrode performance. Taking this understanding in combination with our method to rapidly quantify loss processes in situ enables a rapid feedback loop of construction, characterization, and redesign that accelerates biophotoelectrode optimization.

Our approach has the potential to be used in a variety of biohybrid systems, including oxygenic photosynthetic complexes, membranes and whole cells. Broader application to opaque electrode biohybrids may be aided by incorporating an integrating sphere into the setup. Identification of loss processes in PSII 2 containing biohybrids is possible by monitoring chlorophyll fluorescence yield changes that depend on the redox state of the first stable PSII acceptor: QA quinone, and the decrease in their activity in situ due to photoinhibition can be followed using fluorescence. [START_REF] Nawrocki | Molecular origins of induction and loss of photoinhibitionrelated energy dissipation qI[END_REF] Photosystem I-based biohybrids [START_REF] Goyal | Competition between intra-protein charge recombination and electron transfer outside photosystem I complexes used for photovoltaic applications[END_REF][START_REF] Wang | Closing the Gap for Electronic Short-Circuiting: Photosystem I Mixed Monolayers Enable Improved Anisotropic Electron Flow in Biophotovoltaic Devices[END_REF][START_REF] Teodor | Aqueoussoluble bipyridine cobalt( ii / iii ) complexes act as direct redox mediators in photosystem I-based biophotovoltaic devices[END_REF] are not well-suited to fluorescence-based measurements, as fluorescence yield of PSI is low and provides little information about the partitioning of open/closed/oxidised RCs. [START_REF] Wientjes | Quantum Yield of Charge Separation in Photosystem II: Functional Effect of Changes in the Antenna Size upon Light Acclimation[END_REF][START_REF] Klughammer | An improved method, using saturating light pulses, for the determination of photosystem I quantum yield via P700+-absorbance changes at 830 nm[END_REF] However, they can benefit from redox cycle absorption difference measurements similar to what was presented above, in operandum rather than in solution. [START_REF] Goyal | Competition between intra-protein charge recombination and electron transfer outside photosystem I complexes used for photovoltaic applications[END_REF][START_REF] Fu | Redesigning the QA binding site of Photosystem II allows reduction of exogenous quinones[END_REF] In case of more intact systems, where entire cells are employed for photocurrent generation, [START_REF] Longatte | Investigation of photocurrents resulting from a living unicellular algae suspension with quinones over time[END_REF][START_REF] Chen | 3D-printed hierarchical pillar array electrodes for high-performance semi-artificial photosynthesis[END_REF][START_REF] Baikie | Photosynthesis re-wired on the picosecond timescale[END_REF][START_REF] Lewis | Electrochemically Driven Photosynthetic Electron Transport in Cyanobacteria Lacking Photosystem II[END_REF] a combination of these approaches could be used. For example, in a biohybrid that rewired the natural electron transfer pathway from PSII to drive exogenous quinone reduction directly from QA in vivo, [START_REF] Fu | Redesigning the QA binding site of Photosystem II allows reduction of exogenous quinones[END_REF] the efficiency can be simultaneously probed with interfacial electrochemistry, as well as 'upstream' of QA with fluorescence yield measurements, and 'downstream' of QA by assessing the decrease in P700 + re-reduction rate due to the added auxiliary electron route. Finally, our methods can be adapted to characterize other photoelectrochemical systems that exhibits redox photocycles on the millisecond timescales. [START_REF] Dang | Photoelectrochemistry and sensor of NO based on a supramolecular system composed of polyhydroquinone and fullerene[END_REF][START_REF] Hu | A Highly Sensitive Photoelectrochemical Assay with Donor-Acceptor-Type Material as Photoactive Material and Polyaniline as Signal Enhancer[END_REF][START_REF] Bozal-Ginesta | Spectroelectrochemistry of Water Oxidation Kinetics in Molecular versus Heterogeneous Oxide Iridium Electrocatalysts[END_REF] 

CONCLUSIONS

We demonstrate a powerful technique for identifying limitations and loss processes in biohybrid systems during high-light operation. In experiments with simultaneous spectroscopic and electrochemical measurements, the use of saturating single-turnover flashes enabled determination of which processes limit large signal-to-noise responses in biosensing applications, while continuous illumination enabled identification of the loss processes relevant for solar energy conversion in biophotovoltaics. The results indicate that, as increasing electron acceptor concentrations can simply open up a negative feedback loop which results in excitation quenching, efforts at rational design should rather target the mobility and back reactivity of the electron acceptor. However, alleviation of a large acceptor side limitation would exert more pressure on the donor side and produce more oxidised bRCs, necessitating a faster donor side electron transfer mediator, highlighting emergent bottlenecks that induce loss processes at increasing performances. Thus, a multi-variate approach guided by spectroelectrochemistry can help balance excitation transfer, electron acceptor concentration, forward electron transfer rates and back reactivity for optimal photoelectrode performance. Even without access to such a sophisticated spectroscopic tool, the numerous photocurrent phenotypes under various loss pressures will enable researchers in the field to make conclusions about their own loss processes and guide their rational design. In closing, these findings paint a comprehensive picture of biophotoelectrode loss processes and provides a powerful method with technical insights to detect, quantify, and overcome them.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Vincent Friebe (vincent.friebe@tum.de).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The unprocessed and source data can be found in the online data repository DOI:10.5281/zenodo.7631958 Fabrication of mITO|RC-LH1 electrodes. mITO electrodes were prepared as reported previously [START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF] with modifications as follows. ITO-glass slides were cut into 8 mm x 25 mm strips. Undesired ITO was etched from the glass using 1 M HCl for 30 mins using a mask (Tesa) that was laser cut into a circle with a diameter of 5.64 mm, and a 4 mm strip leading up to the top edge of the glass slide (Figure S2a). After etching the mask was removed, the slide was rinsed, sonicated for 15 mins in acetone, 15 mins in ethanol and 5 minutes in Milli-Q water, and then dried for 5 mins on a hotplate at 100°C. Deposition, annealing, and surface treatment of the mITO film, as well as RC-LH1 and cyt c adsorption proceeded as previously described. [START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF] RC-LH1 loading. The amount of RC-LH1 complex loaded on an electrode was determined by pigment extraction in acetone as previously described. [START_REF] Friebe | Sustaining Electron Transfer Pathways Extends Biohybrid Photoelectrode Stability to Years[END_REF][START_REF] Friebe | Plasmon-Enhanced Photocurrent of Photosynthetic Pigment Proteins on Nanoporous Silver[END_REF] The BChl a content determined using a previously reported extinction coefficient of 69.3 mM -1 cm -1 . 52

Fabrication of the spectroelectrochemical cell. The mITO|RC-LH1 electrode was mounted into a standard 4-path fluorescence cuvette using a 2 mm thick double-sided tape (TESA), which also acted as a spacer (Figure S2b). Copper tape was used to extend the connection from the ITO electrode to the connector for a Autolab PGSTAT 101 potentiostat (Metrohm Autolab BV). The cuvette was also fitted with a 3 M KCl Ag/AgCl reference electrode with a double junction and a platinum wire counter electrode.

Photochronoamperometry. Unless specified otherwise, photochronoamperometric measurements were performed in an electrolyte containing 5 mM Q0, 20 mM Tris (pH 7) and 50 mM KCl, under an applied potential of +160 mV vs SHE.

Spectroscopy. For all spectroscopic measurements, a JTS-10 pump-probe spectrophotometer (Biologic BV) including a range of customisations provided by JBeamBio was used, in either fluorescence (Figure S11) or absorption difference mode (all other experiments). For fluorescence measurements, the probe light used was a broad white LED filtered through a 520 nm (10 nm FWHM) hard-coated 5 mm Schott glass filter. Non-photochemical quenching was calculated as NPQ = (FM-FM')/FM' where FM reflects the 200 ms saturating pulse-induced value of fluorescence at 0 mM Q0, and FM' at X mM Q0. Actinic illumination (and the saturating, multi-turnover pulses of ~10 mmol photons m -2 s -1 ) was provided by a 590 nm LED, illuminating the entire electrode from one side (Figures 2a,S2), placed directly in a custom-made cuvette holder. An 810 nm long-pass filter was used to block actinic-and probe light from the detector. In absorption mode, P870 + redox changes were monitored with an unfiltered 870 nm probe LED. The same 820 long-pass filter was placed directly in front of the detectors to cut off the actinic light, provided by 590 nm LEDs or a 5 ns-long, saturating 532 nm Nd:YAG laser flashes (Continuum Minilite II).

Spectroscopy -saturating pulses.

A difficulty in the precise quantification of the partitioning of open, closed, and oxidised RCs is encountered due to a methodological constraint. While saturating pulses are often considered as a pure probe of the system and not influencing it, illumination with strong light does contribute to the build-up of acceptor-side limitation, as discussed by Klughammer and Schreiber. [START_REF] Klughammer | An improved method, using saturating light pulses, for the determination of photosystem I quantum yield via P700+-absorbance changes at 830 nm[END_REF] For example, upon a 10 ms pulse with light intensity of 2500 e-s -1 RC -1 , several electrons are transferred from the donor-to the acceptor side in each open RC, contributing to the limitation and leading to an underestimation of the fraction of open RCs. We assumed that the absorption difference value was consistently underestimated by 3% (as the saturating pulse used always had the same intensity). While determination of this number is challenging (for more detail see [START_REF] Avenson | Sub-saturating Multiphase Flash Irradiances to Estimate Maximum Fluorescence Yield[END_REF] ), as each type of probe light inevitably results in electron transfer, we found that using this value consistently offered satisfactory results in each studied condition.

The following equation allowed extraction of the fraction of closed bRCs at the saturating pulses:

𝑃 #$%&'( = 1 -𝜑𝑅𝐶 -𝑃 ) ( 𝐸𝑞 2) 
A logarithmic fit of Pclosed obtained during the pulses enabled extrapolation of the evolution of Pclosed during the experimental window (Figure S13). It was assumed that no bRCs were closed in the dark immediately prior to illumination.

Calculation of an apparent RC-LH1 electron transfer rate from electrochemical data. Also referred to as the turnover frequency, the apparent ETR through the RC-LH1 complexes was calculated by dividing the photocurrent density (C s -1 cm -2 ) by the Faraday constant (96485 C mol -1 ) and dividing by the RC-LH1 loading (pmol cm -2 ), as described previously. 
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 1 Figure Titles and Legends

Figure 2 .

 2 Figure 2. Excitation conditions for spectroelectrochemistry a) Pulsed weak detecting light (pink) was accompanied by strong excitation at 540 nm from an electronically-triggered laser (green) or weak excitation from a continuous 590 nm LED. See also Figure S2. b) Absorbance spectra of the RC-LH1 complex with reduced (black) or chemically oxidized (red) P870, achieved in the absence and presence of ferricyanide which absorbs below 500 nm. The reduced-minusoxidised difference spectrum (blue) shows the spectral signature of P870 oxidation above 780 nm. The line shapes of the actinic light sources and their relative emission intensities (right axis) are shown in yellow (LEDs) and green (laser). The normalized fluorescence spectrum of the RC-LH1 complex in the open state is shown in violet. Absorbance spectra of RC-LH1 are an average of three traces (n=3).

Figure 3 .

 3 Figure 3. Spectroelectrochemistry upon single turnover excitation a) Single turnover flash excitation (green bar) was followed by dark incubation (dark grey bar). Top -Fast P870 oxidation and millisecond recovery (magenta) in units of extinction (left) and pmol P870 + cm -2 (right axis). The maximal absorbance change associated with P870 + is indicated by the purple triangle and was confirmed by independent measurement (see FigureS3). Bottom -The associated photocurrent response (dark green) and the resultant charge transferred to the electrode (blue). b) A single turnover flash train experiment with same colour coding as in panel a. The cumulative amount of P870 + (orange) and cyt c 3+ (blue) formed over 20 flashes is shown. The timing of actinic laser flashes is indicated on the bottom bar in green (not to scale as each flash has a 5 ns duration).

Figure 4 .

 4 Figure 4. Identification of electron transfer bottlenecks by spectroelectrochemistry a) Percentage of RC-LH1 with an oxidised P870 + (black line) during 2600 µmol photons m -2 s -1 actinic illumination (beige bar), augmented with four saturating pulsed illumination (orange bars, 25000 μmol photons m -2 s -1 ) at a potential of +360 mV vs SHE and in an electrolyte containing 5 mM Q0 (see also Figure S3). Data covering the onset of P870 + formation and fitted with a single exponential that defined kcs are shown in the inset. b) Deduced fractions of open (green shading), oxidised (yellow shading) and closed (red shading) bRCs under an applied potential of +160 mV vs SHE. c) Simultaneously recorded photocurrent trace. d) Overlay of simultaneously acquired spectroscopic (blue trace)and electrochemical data (black trace) in units of electron transfer rates (left-axis). A photocurrent trace corrected for SC1 is depicted in green. The magnitude of short-circuiting between quinol and the electrode is indicated by SC1 (yellow), and the short-circuiting of quinol and cyt c or P870 + is indicated by SC2 (pink). A detailed description for the derivation of SC1 and SC2 is presented in FigureS6. e) Scheme of electron transfer depicting short-circuit pathways SC1 and SC2, and the impact of these short circuits on observed data. f) Summation of contributions to spectroscopy and electrochemistry based ETR. Colour coding is consistent between panels d-f.
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