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5 Departament de Química, Universitat Autònoma de Barcelona (UAB), 08193 Cerdanyola del 

Vallès, Barcelona, Spain 

# Present address: IMEC, Kapeldreef 75, 3001 Leuven, Belgium 

Corresponding Authors 

* cgimbert@iciq.cat; epalomares@iciq.es; mario.lanza@kaust.edu.sa; allobet@iciq.cat 

  

mailto:cgimbert@iciq.cat
mailto:epalomares@iciq.es
mailto:mario.lanza@kaust.edu.sa
mailto:allobet@iciq.cat


                                                                                                                                                     

2 

 

Abstract 

 

On the urgent quest for green energy vectors, the generation of hydrogen by water splitting 

with sunlight occupies a preeminent standpoint. The highest solar-to-hydrogen (STH) efficiencies 

have been achieved with Photovoltaic-Electrochemical (PV-EC) systems. However, most of the 

PV-EC water splitting devices need to work at extreme conditions, such as in concentrated 

solutions of HClO4 or KOH, or under highly concentrated solar illumination. In this work, a 

molecular catalyst-based anode is incorporated for the first time in a PV-EC configuration, 

achieving an impressive 21.2% STH efficiency at neutral pH. Moreover, as opposed to metal oxide-

based anodes, the molecular catalyst-based anode allows working with extremely small catalyst 

loadings (< 16 nmol/cm2) due to a well defined metallic center, which is responsible for the fast 

catalysis of the reaction in the anodic compartment. This work paves the way of integrating 

molecular materials in the efficient PV-EC water splitting systems. 

 

Keywords: Solar-driven water splitting, photovoltaic-electrolysis (PV-EC), neutral pH, molecular 

catalyst, anode, solar-to-hydrogen efficiency,  
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Introduction 

In the last decades, increasing society awareness about the problems associated with using fossil 

fuels and the massive generation of CO2 as a greenhouse gas has fostered the need for developing 

new energy conversion avenues based on clean and sustainable sources.1-4 One of the most 

promising solutions in the short term is water splitting with sunlight (h-WS) that generates oxygen 

and hydrogen as a clean fuel. Furthermore, the use of hydrogen as a fuel in vehicles, as well as its 

transportation and storage are already technologically established today.5-9  Efficient h-WS 

requires a combination of compatible components working in a synchronized manner that should 

be mastered so that it carries out the corresponding independent steps involved in this complex 

process. The first step involves light absorption and charge separation, which generates an excited 

state that will drive the reductive and oxidative chemical reactions. The chemical reactions are 

typically the slowest processes and thus it is a crucial issue to develop fast, rugged and efficient 

catalysts that can carry them out at low overpotentials.10, 11 One of the devices that can be used to 

achieve h-WS is the so-called Photovoltaics coupled to Electrochemical Cells (PV-EC),12,13 where 

the light absorption and charge separation is achieved with a photovoltaic cell that is coupled via a 

wire to the anode and cathode of an electrochemical cell (Figure 1). In this arrangement the PV is 

isolated from the aqueous medium, often incompatible with currently available efficient light 

absorbers while the anode and cathode contain efficient catalysts that ensure sufficiently fast 

chemical reactions. The catalysts can be either dissolved in the corresponding anodic and cathodic 

compartment or attached at the surface of the electrodes. The latter is normally preferred from an 

engineering perspective because it significantly simplifies the complexity of the device, which can 

be conceived in a modular manner. Further, the modular approach allows to optimize each 

component independently.  
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A suitable power output of the PV cell is required to achieve the overpotential needed to drive the 

chemical reactions in the EC. The latter will require a minimum of 1.23 V, dictated by the 

thermodynamics of the WS reaction and an additional voltage, which will depend on the activation 

energies of the chemical reactions in the electrolyzer.8,14,15 This overpotential is dictated by the 

nature of the catalysts and is thus one of the crucial elements of the PV-EC device; the lower the 

working overpotential, the more efficient the device will be. Further, a fast catalyst working at 

lower overpotentials will enhance its stability during the working conditions. The performance of 

the catalyst is critical for the long-term stability of the whole device. Its performance will depend 

not only on the intrinsic nature of the catalyst but also on the stability of electrode-catalyst interface 

which in turn will also be a function of pH. The latter is another important parameter that needs to 

be taken into consideration. Ideally the pH of the EC should operate close to 7 since it minimizes 

the corrosion and solubilization effects that occur at extreme pHs. It further minimizes operation 

costs and simplifies installation specially in remote locations where specific chemicals might be 

difficult to obtain and correctly dispose. 

Unfortunately, most of the catalysts used in PV-EC systems are based on metal oxides such as iron, 

nickel or cobalt oxides that are stable only under extreme conditions typically in concentrated 

solutions of HClO4 or KOH16 and thus most of the devices reported so far had no other choice but 

to work under these drastic conditions. Nevertheless, at these extreme pHs, related PV-EC devices 

containing Group III-V17-20 absorbers give STH efficiencies up to an impressive 20%, CIGS21 and 

Si22-28 reach values close to 17% and perovskite or organic solar cells at about 12.3% and 6 %, 

respectively.29-34 At neutral or close to neutral pH good performance and high STH efficiencies are 

only achieved using platinum or iridium based catalysts and under high values of simulated solar 

flux irradiation35 or under concentrated solar type of conditions.36-38 Using this strategy record STH 

efficiencies up to 30% have been achieved with InGaP/GaAs/Ge absorber at 42 suns.38 Under mild 
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conditions at pH 7 and 1 sun, only two examples are reported that use InGaP/GaAs/Ge39 as absorber 

and reaches STH of 17.9% or a compact triple junction polymer solar cell with STH of 6%.40 

Overall, the efficiencies achieved using PV-EC configurations are significantly higher than those 

obtained through other strategies such as direct one-pot photocatalysis13, 41 or systems combining 

photoelectrochemical and photovoltaic technologies (PEC-PV)42 with 2% and 8.1% record 

efficiencies, respectively. 

One of the challenges currently hindering the implementation of PV-EC devices is to find systems 

that work in mild conditions such as pH 7 and 1 sun or lower irradiation intensities, over prolonged 

reaction times without any loss of activity. It is thus imperative to use highly performing catalysts 

for water oxidation and water reduction at pH 7 as well as absorbers that can generate the needed 

potential and that are stable for long periods of time. 

We have recently described extremely robust and an efficient molecular Ru water oxidation catalyst 

(WOC) [Ru(O)(tda)(py)2] (where tda = [2,2':6',2''-terpyridine]-6,6''-dicarboxylato and py = 

pyridine) that works at pH 7,43 and carries out more than a million turnovers without any sign of 

deactivation when properly functionalized and anchored on a conductive support.44 Further, we 

have also shown that it can reach turnover frequencies over 7,700s-1 that are about 105 times better 

than most of the reported WOCs based on oxides.45 Recently we have shown that oligomeric Ru-

tda derivates of general formula [Ru(O)(tda)(4.4’-bpy)2]n (where bpy = 4,4’-bipyridine), have even 

better performances at pH 7.46 

Given the unprecedented performance of these molecular WOCs at pH 7, we for the first time 

succeed to anchor them on graphitic surfaces to generate stable molecular anodes and couple them 

to absorbers based on both lab-fabricated and commercially available solar cells (including 

perovskite and InGaP/GaAs/Ge) in PV-EC configurations. Our molecular anode is compatible to 

different types of PV cells based PV-EC system. Here on we report a molecular anode-based PV-
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EC cells with unprecedented performance in terms of STH efficiency (21.2%) and long term 

stability (> 15 hours) at pH 7, containing an extremely small amount (< 16 nmol/cm2) of a 

molecular catalyst and with no other external input than sunlight. 

 

Experimental Procedures and Methods 

Synthesis of oligomeric ruthenium molecular complex RuPol with chemical formula 

{RuII(tda)(bipy)}15 (where tda = [2,2':6',2''-terpyridine]-6,6''-dicarboxylato and bipy = 4,4’-

bipyridine): The synthesis of the oligomer follows a reported procedure,46 based on the synthesis 

used for the original complex [RuII(tda)(py)2] (where py  = pyridine) by substituting pyridine by 

4,4’-bipyridine bridging ligand.43 The final compound has been found to contain 15 units of the 

{RuII(tda)(bipy)} metallic centers. The chemical structure of the ruthenium molecular catalyst 

RuPol is shown in Figure S1 (Supporting Information). 

Preparation of the anodes containing the RuPol material: Two kinds of RuPol molecular anodes 

were prepared, depending on the conductive substrate where the catalyst is deposited. The first kind 

consists of conductive FTO coated glass from XopFisica (thickness, 2.3-3.0 mm; resistance, 6-9 

Ω/cm2) and the second kind consists of glassy carbon plate from HTW® (20 mm x 10 mm x 180 

mm) substrates. Before loading the water oxidation catalyst on the surface of the substrates, the 

FTO coated glass is cleaned with an alkaline solution (VHELLMANEX : VMilli-Q water =100:1, Hellmanex 

from Hellma GmbH & CO. KG), Milli-Q water and ethanol. Each cleaning step are under 10 min 

sonication and then rinsed by the corresponding solvents. After all these steps, the FTO coated 

glass is dried in the oven at 100 ℃ overnight, and then annealed at 300 ℃ for 30 min in the furnace 

to remove the organic contaminations on the surface and ensure a good conductivity. The carbon 

plates are just rinsed with Milli-Q water and dried with fiber-free wipers. After cleaning these 

substrates, 10 mg of multi wall carbon nanotubes (MWCNTs, Nanostructured & Amorphous 
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Materials, Inc.) powders are suspended in 10 mL of Tetrahydrofuran (THF, dried, purity ≥ 99%, 

Sigma-Aldrich) under 40 min sonication. Then this CNTs suspension is used to cover the surface 

of ~1.87 cm2 cleaned FTO glass and ~1.5 cm2 carbon plates by drop casting with 15 drops (20 µL 

per drop), each drop is placed after the last drop is totally dried. Then 4.3 mg of RuPol powder are 

dissolved in 5 mL of 2,2,2-Trifluoroethanol (TFE, Sigma-Aldrich). Finally, the RuPol solution is 

drop casted on the CNTs covered FTO glass and carbon plates (3 drops, 20 µL per drop), new drops 

are added only after the last drop is totally dried on the substrate. The resulting anodes are indicated 

as RuPol@CNTs@FTO and RuPol@CNTs@C-plate, respectively. A schematic describing the 

whole preparation process on FTO coated glass is given in Figure S2 (Supporting Information).  

Morphology characterization of the molecular anode RuPol@CNTs@FTO: The surface of the 

RuPol@CNTs@FTO electrodes have been characterized by scanning electron microscopy (SEM, 

JEOL JSM-6400 model) from both cross-sectional and top views (Figure S3, Supporting 

Information). For the cross-sectional view characterization, the prepared electrodes were cleaved 

carefully, and the fresh edges were used for the analysis.  

Electrochemical characterization of the molecular anode RuPol@CNTs@FTO: All 

electrochemical experiments were performed by using CHI 660D and CHI 620E potentiostats (CH 

Instruments, Inc.). Two phosphate based supporting electrolytes were used for the electrochemical 

test, which are a pH 7 buffer made of 9.785 g NaH2PO4 and 19.945 g Na2HPO4 (ionic strength: 1 

M) and a pH 12 buffer made of 0.5187 g NaHPO4 and 1.033 g Na3PO4 (ionic strength: 0.1 M). The 

pH values of the buffer electrolytes were measured by a pH meter (Mettler toledo, Inc.). In three 

electrode configuration system, all the electrochemical experiments were done in a one 

compartment cell (25 mL volume) with the RuPol@CNTs@FTO or RuPol@CNTs@C-plate as 

working electrode, Pt mesh as counter electrode and Hg/Hg2SO4 (saturated K2SO4) as reference 

electrode. However, in the two-electrode configuration, all the measurements were performed in a 
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two-compartments cell (10 mL per compartment) with a separation frit, and without using any 

reference electrode (the working lead connects with the RuPol@CNTs@FTO or 

RuPol@CNTs@C-plate, and the auxiliary lead is connected together with the reference lead to the 

Pt mesh). All the cyclic voltammetries (CVs), chronopotentiometry and constant potential 

electrolysis were collected in three-electrode configuration. The CVs were recorded with iR 

compensation and at a scan rate of 100 mV/s, while chronopotentiometry and constant potential 

electrolysis were obtained without iR compensation. All the linear sweep voltammetry experiments 

(LSVs) were collected in two-electrode configuration without iR compensation and at a scan rate 

of 10 mV/s. When the electrodes were placed inside the sealed two-compartment cell, the 

electrolyte was degassed with N2 for 15-20 min prior to the LSV measurements. The loading of the 

ruthenium molecular catalyst Γ (mol/cm2) on the substrate can be calculated by the averaged charge 

(QRu) under the RuIII/II and RuIV/III oxidation waves in the second CV scan (the first CV is always 

unstable) of the anodes, with the formula Γ(mol/cm2)= QRu/(A×F). A is the geometrical area of the 

RuPol@CNTs@FTO or RuPol@CNTs@C-plate electrode and F is the Faradaic constant. 

According to this calculation, the loadings of the ruthenium molecular catalyst in 

RuPol@CNTs@FTO (1.8-1.87 cm2) and RuPol@CNTs@C-plate (1.5 cm2) are 16 nmol/cm2 and 

6.2 nmol/cm2, respectively.  

Fabrication of perovskite solar cells: Fluoride-doped tin oxide (FTO) substrates were patterned in 

a chemical way using zinc powder and 5 M hydrochloride acid solution. The patterned substrates 

were then ultrasonically cleaned in i) 2% Hellmanex detergent and ii) deionised water for 30 min. 

The substrates were exposed to UV-ozone environment for 10 min before use. A thin titanium 

dioxide (TiO2) film was deposited on a cleaned FTO substrate by spin coating a solution that was 

composed of 0.3 M titanium diisopropoxide bis(acetylacetonate) (Sigma-Aldrich, 75wt% in 

isopropanol) diluted in isopropanol (IPA) at 4000 rpm for 30 s. The substrate was heated on a 



                                                                                                                                                     

9 

 

hotplate at 120°C for 5 min followed by sintering at 450°C for 30 min. After slowly cooling down 

to room temperature, the substrate was immersed into a 40 mM titanium tetrachloride solution 

(Sigma-Aldrich, 90mM, diluted in deionized water) at 70°C for 30 min. After mildly rinsing with 

i) deionized water and ii) ethanol, the substrate was dried by airflow. A mesoporous TiO2 layer was 

deposited using a diluted TiO2 paste (30 nm in particle size, dyesol) in a ratio of paste/ethanol, 1/7 

(w/w) at 6000 rpm for 30 s. Then, the substrate was heated on a hotplate at 120°C for 5 min and 

followed by a calcination at 500°C for 30 min. 1.2 M lead iodide (PbI2) solution was prepared by 

dissolving PbI2 powder (Alfa Aeser, 99.9985%) in a blend of dimethylformamide (DMF, Sigma-

Aldrich, anhydrous) and dimethyl sulfoxide (DMSO, Sigma-Aldrich, ACS reagent grade) at a 

volume ratio of 9/1. The perovskite layer was prepared by means of two-step spin-coating process. 

Firstly, the PbI2 solution (kept at 70°C during whole process) was spin coated on the previously 

prepared mesoporous layer at 3000 rpm for 30 s in dynamic way. Secondly, 100 μL of an organic 

solutioncomposed of 195 mM methylammonium iodide (MAI), 55 mM formamidinium iodide 

(FAI), 28 mM methylammonium bromine (MABr) and 70 mM methylammonium chloride (MACl) 

in IPA, was dropped on the PbI2 coated substrate by spin coating at 2000 rpm for 30 s. The as 

prepared perovskite film was heated on a hotplate at 120°C for 20 min. After cooling down to room 

temperature, a layer of hole transporting material was spin coated on the top using a solution, 

composed of 60 mM 2,2',7,7'- Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene 

(spiro-OMeTAD, 1-Material), 32 mM lithium bis(trifluoromethylsulphonyl)imide (Li-TFSI, 

Sigma-Aldrich), and 195 mM tert-butylpyridine (tBP, Sigma-Aldrich, 96%) in chlorobenzene 

(Sigma-Aldrich, anhydrous, 99.8%) at 4000 rpm for 30 s. Finally, a gold layer of 80-nm thickness 

was thermal evaporated on the top as a terminal electrode. The entire fabrication process was 

conducted in a glove box with both moisture and oxygen controlled. 
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Measurements of perovskite solar cells: The current-voltage response of new devices was 

measured under a Sun 2000 solar simulator (150 W, ABET Technologies) equipped with a Keithley 

2400 digital source meter. The illumination intensity was calibrated using a commercial silicon 

photodiode at 1 sun (100 mW/cm2). No bias or illumination was pre-treated on devices in every 

measurement. During the scan, the scan step, integration time and delay time were set at 10 mV, 3 

ms and 50 ms, respectively, which corresponded to a scan rate of 42.9 mV/s. Neutral-density (ND) 

filters were applied as measurements under different light intensities.  

PV-EC solar-driven water splitting: All the experiments were performed in a two-compartment, 

and two-electrode configuration. The two-compartments cell is filled with 6 mL phosphate buffer 

(pH 7, 1 M) at each compartment, and the electrolyte was also degassed with N2 flow for 10-20 

min after placing the anodes and cathodes. The photocurrent generated during the light driven PV-

EC water splitting experiment was monitored with a CHI 620E potentiostat by performing a bulk 

electrolysis at 0 V bias, which works as an ammeter in this case. A schematic and digital photograph 

of the setup is shown in Figure S7 (Supporting Information). As it is shown Figure S7 (Supporting 

Information), the PV cells are illuminated by a 150 W Xenon lamp (LS-150, ABET technology) 

equipped with a filter to block UV light ( < 400 nm). The light intensity can be measured by using 

a calibrated silicon photodiode at 25 °C, and the illumination reaching the PV cells is tuned by 

using different ND filters depending on the desired current. In the case of our fabricated perovskite 

cells (0.18 cm2) and commercial perovskite solar cells (0.5 cm2, from Solaronix, 

https://www.solaronix.com/news/solaronix-achieves-major-breakthrough-toward-perovskite-

solar-cell-industrialization/), the light intensity was set to 0.28-0.29 sun. 0.35-0.36 sun light 

intensity was used to illuminate the InGaP/GaAs/Ge triple junction solar cell (0.18 cm2, purchased 

from Fullsuns Energy Technology Co., Ltd). Two metallic meshes were also used to obtain a large 

and uniform illumination. The cathode side of the PV cells was connected with the working lead 
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of the potentiostat, while the reference and auxiliary leads are connected together to the cathode of 

the electrolyzer. Finally, an additional electrical wire was needed to connect the anode side of the 

PV cells to the anode of the electrolyzer. The resistance of this configuration was measured before 

starting the illumination, which was in the range of 210-240 Ω. Once we turned on the light, the 

spontaneous water splitting was triggered. During the process the generated photocurrent was 

monitored through the potentiostat while the generated oxygen (O2) and hydrogen (H2) gases were 

monitored through an O2 sensitive OX-NP15127 Clark electrode (Unisense) and a H2 sensitive H2-

NP706731 Clark electrode (Unisense), respectively. 

 

Results and Discussion 

Molecular anode for water oxidation 

We have recently described the synthesis of a coordination oligomer that is a catalyst precursor of 

a highly active water oxidation catalyst and that has a high affinity to graphitic surfaces such as 

multiwall carbon nanotubes.46 The structure of its precursor is defined as {RuII(tda)(bpy)}15 

(RuPol) and represents an evolution of a mononuclear catalyst precursor that has shown excellent 

catalytic performance in homogeneous37 and in heterogeneous44, 47-48 phase. Both mononuclear 

complex and oligomer show identical electrochemistry due to the analogous octahedral 

coordination sphere of the ruthenium centers at oxidation state +2, composed of five pyridine 

donors and one carboxylate ligand (Figure S1). The length of the oligomeric material has been 

ascertained by means of 1H NMR spectroscopy and scanning tunneling microscopy (STM).46  

The oligomer RuPol was prepared following a reported methodology and isolated as a red-brown 

powder,46 which was dissolved in trifluoroethanol and carefully drop cast on top of a FTO electrode 

covered with carbon nanotubes (CNTs) to give the electrode RuPol@MWCNTs@FTO 

(functionalized surface = 1 × 2 cm2, Figure S2-S3, Supporting Information). A cross sectional 
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scanning electron microscopy (SEM) image shows that the thickness of the RuPol@CNTs is 

around 50 µm and analysis of the chemical composition of the surface by the energy-dispersive X-

ray spectroscopy (EDX) confirms the presence of the ruthenium (Figure S3, Supporting 

Information). 

A cyclic voltammetry experiment of this hybrid electrode shows the typical RuIII/II and RuIV/III redox 

couples that characterize the catalyst precursor (Figure 2, dashed black trace).43 The loading of the 

electroactive complex on the surface is 16 nmol/cm2, a similar value to that of analogous electrodes 

using glassy carbon as conductive substrate and one of the highest loadings reported for molecular 

anodes in general.44, 47-49 When the electrode RuPol@MWCNTs@FTO is subjected to a bulk 

electrolysis at Eapp = 1.25 V vs. NHE at pH 12, the precursor is converted to the active catalyst 

characterized by a Ru-OH2 fragment, which is the result of the coordination of a water molecule 

upon oxidation and that allows for proton coupled electron transfer processes leading to high valent 

seven coordinated Ru-OH/ Ru=O species responsible to trigger the catalysis (Figure S1).43-44,46 The 

active oligomer shows a couple of reversible waves that are anodically shifted as compared to the 

precursor (Figure 2, compare red and dashed black traces). In addition, a high catalytic current due 

to the oxidation of water to dioxygen appears at Ecat,onset ≈ 1.15 V vs. NHE at pH 7. The catalytic 

performance of the active electrode, Ru(O)Pol@MWCNTs@FTO, was tested in a two-

compartment electrochemical cell at pH 7 using a platinum mesh as counter electrode, showing no 

loss of activity after 12 h of experiment (Figure S4-S5, Supporting Information).  

The sharp slope for the catalytic process by Ru(O)Pol@MWCNTs@FTO in the voltammetry 

experiment in Figure 2 is responsible for the high performance of this anode, showing working 

voltages as low as 1.15 V vs. NHE and 1.27 V vs. NHE for relevant current outputs of 0.56 mA 

and 1 mA respectively at pH 7 (Figure S5, Supporting Information). In sharp contrast, an analogous 

electrode based on ruthenium oxide, RuO2@CNTs@FTO, with similar Ecat,onset ≈ 1.10 V vs. NHE, 
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requires higher potentials to achieve the same current density as evidenced in cyclic voltammetry 

and chronopotentiometry experiments of Figure S6 (Supporting Information). Therefore, to 

achieve high currents, the loading of expensive ruthenium metal in RuO2 based anodes is often 

orders of magnitude higher than that required in the Ru(O)Pol@MWCNTs@FTO electrode 

reported here.16, 50-51 The oligomeric structure of the molecular material Ru(O)Pol provides 

unprecedented stability for molecular type of catalysts under oxidation conditions at high potentials 

and allows us to use mild conditions such as pH 7 phosphate buffer, incompatible with common 

electrolyzers.  

State-of-the-art perovskite solar cell for water splitting  

State of the art perovskite solar cells can provide open circuit voltages (VOC) around 1.1 V.52 Since 

the water splitting reaction requires a minimum working potential of 1.5-1.8 V accounting for the 

thermodynamics of the reaction and the kinetic barrier of the electrolyzer, at least two perovskite 

solar cells need to be connected in series.8, 14, 15, 29 Figure 3 shows the architecture of our fabricated 

perovskite solar cells and the J-V curve of two devices connected in series, generating an effective 

illumination area of 0.18 cm2. The VOC of the resulting device is larger than 2 V, and the maximum 

power point ranges between 1.75-1.85 V depending on the light intensity. Indeed, it is well above 

the required potential for the h-WS reaction. The solar-to-electric power conversion efficiencies 

(PCE) and fill factors (FF) are around 18 % and 72-75 %, respectively (Table S1, Supporting 

Information). These values are comparable to standard perovskite solar cells and therefore are 

excellent candidates to be integrated in PV-EC.  

PV-EC with perovskite solar cells 

The PV-EC device was assembled by coupling the two-series connected perovskite PV cells with 

the electrolyzer composed of Ru(O)Pol@CNTs@FTO anode and platinum mesh cathode at pH 7 

as shown in Figure 1 and Figure S7 (Supporting Information). The overlapping of the J-V curves 
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of the 2 PVs and that of the EC shows a match point at a working voltage of E = 1.63 V and a 

current density of j = 3.1 mA/cm2 (Figure 4a). In this study, we explore the use of low light intensity 

(0.28 sun illumination) given the benefits it can give to countries with low sunlight radiation. 

Unlike silicon solar cells, perovskite solar cells show greater efficiencies at low light illumination 

due to their working principles that lead to high VOC even at light intensities lower than 1 sun (100 

mW/cm2@1.5AM G).53 

The evolution of the current density over a 4 h time slot for a typical measurement is given in 

Figure 4b. It shows a fairly stable current density of j ~ 3 mA/cm2 and manually collected working 

voltages in the range of 1.60-1.64 V (Table S2, Supporting Information), which perfectly match 

the J-V curve overlapping point. Experimentally, the system shows higher stability when chopped 

light is employed, a phenomenon that has been attributed to the ions mobility within the perovskite 

structure that leads to hysteresis on the photocurrent vs. voltage measurements. By constantly 

shutting down the light, we allow for the control of the ion mobility and, thus, the device voltage 

remains fairly constant. It is important to remark that a noticeable change in performance of the 2 

PV assembly is observed after the four hours run. Yet, the cyclic voltammetry analysis of the 

molecular anode after the experiment shows that the electrode maintains full catalytic activity 

towards the oxygen evolution reaction and that the molecular nature of the electrode is intact 

(Figure S8, Supporting Information). 

The oxygen and hydrogen generated during the water splitting experiment were measured with a 

Clark electrode accounting for a Faradaic efficiency close to 100 % (Figure S8, Supporting 

Information). With these data, a remarkable solar-to-hydrogen efficiency of ~13.2 % is calculated 

through Equation 1, where ηF is the Faradaic efficiency calculated from the gas evolution, jOP is the 

operating current density of the solar-driven PV-EC water splitting reaction, and Pin is the solar 

intensity of the illumination, which is 28 mW/cm2 in our experiment. This value is among the best 

mailto:1000W/m2@1.5AM
mailto:1000W/m2@1.5AM
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PV-EC systems that use PV that do not contain Group III-V elements (Table S4, Supporting 

Information) including those based on perovskite solar cells.2 Note also that our working pH is 7. 

 

𝑆𝑇𝐻 =
1.23 (𝑉) × 𝜂𝐹 × 𝑗𝑜𝑝 (𝑚𝐴/𝑐𝑚2)

𝑃𝑖𝑛 (𝑚𝑊/𝑐𝑚2)
      (Equation 1) 

 

We have extended the use of the molecular anode Ru(O)Pol@CNTs@FTO to PV-EC devices made 

of commercially available perovskite solar cells (Figure S9, Supporting Information). Although the 

matching point displayed by the overlapping of the J-V curves is beyond the maximum power point, 

we can observe that the device keeps 93 % and 74 % stability after 2 and 20 hours, respectively 

with no-chopped light employed. Importantly, after 20 hours PV-EC h-WS reaction, the activity 

of the Ru(O)Pol@CNTs@FTO electrode is unaltered. On the other hand, commercial perovskite 

solar cells show some degradation, induced by the mismatch of the working current/voltage of the 

PV-EC water splitting device and the maximum power point of the solar cells. Those devices did 

not need the light chopped sources due to the minor hysteresis of their I-V curves. Even though the 

stability of the perovskite solar cells has been dramatically improved during the past decade, they 

are still the limiting factor in terms of overall performance of the present PV-EC device described 

here. 

PV-EC with III-V group solar cell 

We turn now on the use of a commercially available InGaP/GaAs/Ge triple junction solar cell 

(TJSC) together with our Ru(O)Pol@CNTs@FTO electrode. Figure 5a shows the J-V 

characteristics of the PV under illumination overlapped with the j-E curve of an electrolyzer made 

of the Ru(O)Pol@CNTs@FTO anode and Pt mesh cathode at pH 7. The TJSC shows an open 

circuit potential of VOC = 2.37 V and short circuit current of jSC = 6.2 mA/cm2, while the match 
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point between PV and EC lies at E = 1.85 V and j = 6.0 mA/cm2. These values match the working 

conditions of the assembled PV-EC device as shown in the j/t plot of Figure 5b that performs with 

a working potential E = 1.85-1.90 V and j = 6.0 mA/cm2. As expected, the device shows no 

degradation of the PV and, moreover, the Ru(O)Pol@CNTs@FTO anode remains without any sign 

of degradation after 15 hours of irradiation performing the water oxidation reaction (Figure 5c-d), 

manifesting again the high stability of the molecular anode. The key features that allow us to 

confirm that the catalyst is intact are the two pH-dependent redox waves observed in the cyclic 

voltammetry in Figure 5d, that correspond to the RuII-OH2 to RuIII-OH and RuIII-OH to RuIV=O 

species. The latter, undergoes a last oxidation to RuV=O, which is the active intermediate reacting 

with a water molecule in the key step, when the O-O bond forms to produce O2 gas.45, 54 It is the 

nature of the molecular active site of the catalyst that gives such a fast catalysis leading to very 

sharp slopes and thus allowing to reach high currents at potentials very close to the onset (Figure 

5d, grey area) with overpotentials as low as 350 mV in the best case. It is also important to realize 

here, that the amount of catalyst loaded at the surface of the nanotubes is in the range of 20 nmol 

of Ru per cm2, that is orders of magnitude lower than what is generally used for the case of oxides 

used as water oxidation catalysts.16, 50-51 Remarkably the high performance and stability of the 

hybrid electrode Ru(O)Pol@CNTs@FTO in the PV-EC device is maintained also on conductive 

graphitic supports such as carbon plates as shown in the Figure S11 (Supporting Information). 

Gas measurements allowed us to calculate a Faradaic efficiency close to 100 % for both oxygen 

and hydrogen (Figure S10, Supporting Information) and a record high STH of 21.2 % at pH 7 and 

room temperature. This is the highest value reported in the scientific literature without using a 

concentrated light illumination system (Table S4, Supporting Information).  

 

Summary and Conclusions 
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In summary, a highly active oligomeric molecular anode Ru(O)Pol@CNTs@FTO for the oxidation 

of water to dioxygen has been prepared and successfully incorporated into a PV-EC device with 

outstanding performance in the conversion of water into hydrogen and oxygen by using sunlight as 

the only input of energy. The Ru(O)Pol molecule is made of a coordination oligomer, which 

contains a well defined ruthenium center that is responsible for the fast catalysis of the reaction in 

the anodic compartment. Moreover, it allows working at voltages very close to the onset of the 

catalytic process with extremely small catalyst loadings. The integration of the 

Ru(O)Pol@CNTs@FTO molecular anode has been done in combination with either lab-fabricated 

perovskite solar cells achieving STH of 13.2 %, or a commercially available InGaP/GaAs/Ge triple 

junction solar cell with a record high STH = 21.2 % both at room temperature and pH 7. 

Remarkably, the Ru(O)Pol@CNTs@FTO molecular anode is highly stable showing no appreciable 

degradation after working times beyond 15 hours. Furthermore, because of the modular approach 

used here, a graphitic carbon plate can also be used as conducting support instead of FTO, 

highlighting the high versatility of this device where all the components can be individually 

improved and later ensembled. Overall, our study paves the way of novel promising molecular 

anodes for the water oxidation reaction, their role in the development of PV-EC solar-driven water 

splitting devices and their application in future fully integrated artificial photosynthetic systems. 

 

ASSOCIATED CONTENT 

Supporting Information 

The Supporting Information is available free of charge at https://pubs.acs.org 

Additional notes discussing morphology and chemical composition of the molecular anode, 

chronopotentiometry experiment of the active molecular anodes, performance comparison of 

Ru(O)Pol@CNTs@FTO electrode with RuO2@CNTs@FTO and CNTs@FTO electrodes, oxygen 

https://pubs.acs.org/


                                                                                                                                                     

18 

 

and hydrogen detection during the PV-EC water splitting, main parameters for the two series-

connected perovskite solar cells fabricated in the lab, monitored photocurrents and working 

voltages during the solar-driven PV-EC water splitting, and comparison of this work with all the 

integrated PV-EC water splitting devices reported before. 
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Figure 1. Schematic of one of the PV-EC devices built in this work for light induced water 

splitting. PV = perovskite solar cell; A = molecular anode for the oxygen evolution reaction 

(OER); C = platinum mesh cathode for the hydrogen evolution reaction (HER). The electrolyte 

solution is pH 7 phosphate buffer and the two compartments are separated by a frit. 
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Figure 2. The oligomeric molecular anode before (RuPol@CNTs@FTO) and after 

(Ru(O)Pol@CNTs@FTO) activation. a) illustration of the architecture of the active Ru(O)Pol 

catalyst anchored on CNT. b) cyclic voltammetry of RuPol@CNTs@FTO (dashed black trace) 

and Ru(O)Pol@CNTs@FTO (red solid trace) as working electrodes at pH 7 phosphate buffer 

with an ionic strength of 1 M. The counter and reference electrodes are Pt mesh and Hg/Hg2SO4 

(saturated K2SO4), respectively.  
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Figure 3. The performance of two lab-fabricated perovskite solar cells connected in series. a) 

schematic representation of a single perovskite solar cell configuration. b) the J-V 

characteristics of two series-connected perovskite solar cells under the illumination at different 

light intensities and in the dark. 
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Figure 4. PV-EC water splitting device based on two lab-fabricated perovskite solar cells and 

the Ru(O)Pol@CNTs@FTO anode. a) plot of J-V curves of the two perovskite solar cells (2PV) 

connected in series, under simulated illumination (blue), and the electrolyzer (EC) composed 

of Ru(O)Pol@CNTs@FTO molecular anode and Pt mesh cathode in a two-electrode 

configuration at pH 7 (red). The overlapping point indicates the expected operating voltage and 

current density of the PV-EC water splitting. The effective illuminated surface area of the 

perovskite cells is 0.18 cm2, and the geometric size of the anode is 1.87 cm2. b) Photocurrent 

density vs. time plot of the PV-EC water splitting device under chopped light illumination at 

pH 7. 
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Figure 5. PV-EC water splitting device based on commercially available TJSC-

InGaP/GaAs/Ge solar cell and the Ru(O)Pol@CNTs@FTO anode. a) plot of J-V curve for the 

triple junction InGaP/GaAs/Ge solar cell under illumination, and linear sweep voltammetry of 

the electrolyzer using an Ru(O)Pol@CNTs@FTO electrode as anode and a Pt mesh as cathode 

in a two-electrode configuration. The effective illuminated surface area of this solar cell is 0.18 

cm2, and the geometric size of the anode is 1.8 cm2. b) photocurrent density vs. time plot of a 

PV-EC experiment under illumination at pH 7. c) Plot of J-V for the TJSC-InGaP/GaAs/Ge 

and, d) the Ru(O)Pol@CNTs@FTO molecular electrode before and after >15 hours continuous 

water splitting using the PV-EC device. 
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