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ABSTRACT. Water-splitting dye-sensitized photoelectrochemical cells are promising devices for 

resolving energy and environmental problems by producing H2, a clean energy source, from water 

and sunlight. However, their performance is still limited because of dye desorption from the 

electrode and their weak light-absorption efficiency. In this study, we fabricated two water-

reducing photocathodes—NiO|RuCP/BQPy and NiO|RuCP-Zr-RuP/BQPy—by combining the 

layer-by-layer formation of mono- (RuCP) and bi- (RuCP and RuP with Zr4+ cations) layer 

molecular films of Ru(II) dyes, respectively, on a p-type NiO substrate with the chemical vapor 

deposition of nanosheet catalyst based on BQPy organic polymer comprising benzoquinone and 

pyrrole moieties. These photocathodes produced H2 under visible-light irradiation and a small 

electrical bias in a 0.1 M Na2SO4 aqueous solution (λ >420 nm, 65 mW cm-2, E = −0.254 V vs. 

NHE, pH 3). Both the photocurrent value and amount of H2 produced by the double-dye-layered 

NiO|RuCP-Zr-RuP/BQPy were smaller than those of NiO|RuCP/BQPy, probably because of the 

energy transfer inactivation between the Ru(II) dyes, which competes with the reductive quenching 

(i.e., electron injection) by NiO. Ru(II) dye desorption from the NiO|RuCP/BQPy photocathode 

was significantly reduced to approximately a third of that of NiO|RuCP, indicating that the 

deposited BQPy polymer improved the durability of the photocathode. The deposition of the BQPy 

polymer can be easily performed under mild conditions (60 °C in air); therefore, this technique 

shows great potential application for the construction of various types of dye-sensitized water-

reducing photocathodes.   
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Introduction 

To overcome global warming and the energy crisis, H2 production by solar water splitting has 

attracted considerable attention as a means of generating H2 as a clean energy resource. Since 

water splitting by photoelectrochemical cells (PECs) comprising TiO2 photoelectrodes was 

achieved by Honda and Fujishima,1 many studies have been conducted to develop efficient 

water-splitting PEC systems.2 One technical advantage of water-splitting PECs is the easy 

separation of H2 and O2, which are generated at spatially separated photocathodes and 

photoanodes, respectively.3,4 In general, the three functional components—a light absorber, 

reduction catalyst that produces hydrogen, and an oxidation catalyst that produces oxygen—are 

essential to construct water-splitting PECs.3 However, although various semiconductor materials 

have been developed to fulfill these requirements,5-9 the construction of water-splitting PECs 

suitable for practical H2 generation remains challenging. 

Among the water-splitting PECs, dye-sensitized photoelectrochemical cells (DSPECs) composed 

of semiconductor electrodes and photosensitizing dyes are a promising approach for assembling 

the essential functions for the water-splitting reaction. This approach enables us to not only 

expand the visible light absorption ability based on the dye molecule, but to also investigate the 

photo/electrochemical behavior at the dye–semiconductor interface based on the response of the 

dye moelcules.10-12 Taking advantage of these features, various photocathodes for H2 evolution 

have been developed by combining photosensitizing dyes, molecular catalysts, and a typical p-

type semiconductor NiO substrate that can be easily fabricated and quickly injects electrons into 

the photoexcited dye.13,14  In recent years, several interesting approaches for functional assembly, 

ranging from the simple combination of co-adsorbed molecular dyes and catalysts12,15-18 to the 

immobilization of supramolecular dyads acting as both the photosensitizer and catalyst19-25 to the 
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coupling of surface-immobilized dyes and homogeneous molecular catalysts,26-28 have been 

suggested as H2-evolving photoelectrodes for water-splitting DSPEC. Further, the arrangement 

of the dye and catalyst molecules on the semiconductor surface has been successfully controlled 

using a layer-by-layer method.29-32 These recent works indicate that the molecular assembly at 

the p-type semiconductor surface can offer wide designability for photoelectrochemical H2 

evolution. However, the activity and durability of these dye-sensitized H2 evolution 

photocathodes are still limited, probably because of the easy desorption of dye molecules and 

back reactions at the semiconductor–dye–catalyst interfaces. The fabrication of dye-sensitized 

H2-evolving photoelectrodes by not only the self-assembly of functional molecules, but also the 

integration of other functional materials may open a new avenue to overcome these issues. In this 

context, π-conjugated polymer catalysts, such as graphenes and carbon nitrile, are promising 

materials for H2 evolution photocathodes because of their low overpotentials and high electric 

conductivities.33-37 However, it is still challenging to integrate photosensitizing dyes and polymer 

catalysts because of the different sizes of the materials.  

In this study, to overcome this issue, we have newly fabricated two H2 evolution 

photocathodes, NiO|RuCP/BQPy and NiO|RuCP-Zr-RuP/BQPy, by the chemical vapor 

deposition of an organic nanosheet catalyst—a BQPy polymer containing benzoquinone (BQ) 

and pyrrole (Py) moieties38— and the layer-by-layer formation of mono- and bi-layer molecular 

films of Ru(II) dyes (RuCP = [Ru(4,4′-(CH2PO3H2)2bpy)3]Cl2 and RuP = [Ru(4,4′-

(PO3H2)2)2bpy)3]Cl2) 29-32, 39-42 on a NiO electrode surface (Scheme 1). We also demonstrated that 

these BQPy-deposited photocathodes produce H2 under visible-light irradiation with a small 

external electrical bias (λ >420 nm, 0.416 W cm-2, Eappl = −0.254 V vs. NHE), and that the 

desorption of Ru(II) dyes is effectively suppressed by BQPy deposition. This catalyst-deposition 
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approach, which is based on easy and mild reaction conditions, is suitable for combination with 

thermally instable materials, such as functional molecules. Therefore, we believe that this 

strategy will open a new pathway for the preparation of highly active and durable 

photoelectrodes for water splitting DSPECs. 

 

Scheme 1. Schematic structure of the NiO|RuCP-Zr-RuP/BQPy photocathode. 
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Results and Discussion 

Preparation and characterization of the multilayered photocathodes 

UV-vis diffuse reflectance and X-ray fluorescence (XRF) analyses were performed to confirm 

that the Ru dye was loaded on the NiO electrode (Figure 1). For the single dye-loaded 

photocathode NiO|RuCP, the 1MLCT absorption band of the RuCP dye was observed at 

approximately 470 nm, indicating that the RuCP dye was successfully immobilized on the NiO 

surface by the phosphonate groups. The 1MLCT absorption band was more intense for the 

double-dye-layered photocathode NiO|RuCP-Zr-RuP, suggesting that the loading amount of 

Ru(II) dye per unit surface area was increased by dye layering with the Zr4+–phosphonate bonds. 

In the XRF spectra, the Kα and Kβ radiation of Ni was clearly observed at approximately 7.5 and 

8.2 keV, respectively, for the NiO electrode, confirming that NiO was deposited on the fluorine-

doped tin oxide (FTO) substrate (Figure 1b). The other photocathodes, namely NiO|RuCP, 

NiO|RuCP-Zr, and NiO|RuCP-Zr-RuP, exhibited weak but evident Ru Kα radiation at 19.2 keV 

(Figure 1c). The Ru Kα peak intensity of NiO|RuCP-Zr-RuP was stronger than those of 

NiO|RuCP and NiO|RuCP-Zr, suggesting an increase in the loading amount of Ru(II) dye, as 

revealed by the UV-vis diffuse reflectance spectra. The loading amounts of RuCP and RuP on 

the NiO electrode were estimated from the UV-vis absorption spectra of the supernatant 

solutions obtained after the immobilization reactions (Figure S1 and Table S1). A loading 

amount of 9.7 nmol per cm2 was estimated for NiO|RuCP, which increased to 28.8 nmol per cm2 

for NiO|RuCP-Zr-RuP. This increase was attributed to the second immobilization of the RuP 

dye with the Zr4+-phosphonate coordination bonds. Although the Zr K radiations were 

commonly observed for these photoelectrodes because of the Zr component in FTO glass, the Zr 

Kα and Kβ radiations of NiO|RuCP-Zr and NiO|RuCP-Zr-RuP were stronger than that of 
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electrodes without Zr4+ cation, NiO and NiO|RuCP (Figure S2). This result suggests that the 

Zr4+ cations were successfully immobilized by the phosphonate groups of RuCP to form the 

crosslinking sites for 2nd RuP dye layer formation. 

 

Figure 1. (a) UV-vis diffuse reflectance and (b) XRF spectra of NiO, NiO|RuCP, NiO|RuCP-

Zr, and NiO|RuCP-Zr-RuP photocathodes at 293 K. (c) Magnification of the XRF spectra in the 

Ru Kα region. Spectra of the FTO substrate in (b) and (c) are illustrated in grey. 

 

The surface-deposited BQPy polymer catalyst on NiO|RuCP and NiO|RuCP-Zr-RuP was next 

characterized by scanning electron microscopy (SEM). A porous particle structure with a 

diameter of approximately 4 µm was clearly observed for the NiO electrode (Figure 2a), 

confirming the formation of a porous NiO surface, as previously reported.29, 43 The thickness of 

NiO was estimated to be about 4.5 μm by the cross-sectional SEM image (Figure S3), suggesting 

the suitable surface area for Ru(II)-dye sensitization. Near-identical porous particles were 
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observed for the double-dye-layered photocathode NiO|RuCP-Zr-RuP (Figure 2b), suggesting 

that the double layering of the RuCP and RuP dyes with Zr4+ cations had negligible effect on 

the surface NiO electrode structure. On the other hand, the surface scanning electron 

micrographs of NiO|RuCP/BQPy and NiO|RuCP-Zr-RuP/BQPy indicate that the surface of the 

NiO porous structure was covered by a thin film-like product (<1 µm thickness, Figures 2c and 

2d), which was probably derived from the BQPy polymer. The IR spectra of NiO|RuCP/BQPy 

and NiO|RuCP-Zr-RuP/BQPy are very similar to those of the BQPy polymer (Figure S4). 38 

These results clearly indicate that the thin BQPy polymer catalyst was successfully deposited on 

the surfaces of the NiO|RuCP and NiO|RuCP-Zr-RuP electrodes upon exposure to mixed 

BQ/Py vapor (see Experimental section for details). 

 

Figure 2. Surface scanning electron micrographs of the (a) NiO, (b) NiO|RuCP-Zr-RuP, (c) 

NiO|RuCP/BQPy, and (d) NiO|RuCP-Zr-RuP/BQPy electrodes. Each scale bar at the bottom 

right of the panels represents 1 μm. 
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Photoelectrochemical H2 evolution 

Photoelectrochemical measurements of the fabricated photoelectrodes were performed using 

Ag/AgCl and Pt coil as the respective reference and counter electrodes in 0.1 M Na2SO4 aqueous 

electrolyte solution (pH 3.0) at 293 K. The BQPy polymer catalysts of the NiO|RuCP/BQPy and 

NiO|RuCP-Zr-RuP/BQPy photocathodes were activated for the H2 evolution reaction by 

photochemical reduction prior to these photoelectrochemical measurements (see Experimental 

section for details). Figure 3 shows the linear sweep voltammetry (LSV) results performed using 

chopped visible light irradiation (λ >420 nm, 0.416 W cm-2, ON-OFF switching every 10 s) at a 

scan rate of 5 mV. All the Ru-dye-containing photoelectrodes—NiO|RuCP, NiO|RuCP-Zr-

RuP, NiO|RuCP/BQPy, and NiO|RuCP-Zr-RuP/BQPy—exhibited cathodic photocurrents upon 

light irradiation, which was negligible for the pristine NiO electrode. This photocurrent was 

attributed to the electron flow from the NiO substrate to the photoexcited Ru dye present on the 

electrode surface. The single-layer photocathode NiO|RuCP presented a small anodic 

photocurrent in the positive potential region above +0.15 V and a relatively large cathodic 

photocurrent in the more negative potential region. This latter photocurrent was attributed to the 

reductive quenching of the excited RuCP* dye by the NiO substrate to form the one-electron 

reduced species RuCP−, as reported by Reisner et al.29 In fact, for the NiO|RuCP electrode, the 

3MLCT emission of the immobilized RuCP dye in the emission spectrum was negligible (Figure 

S5), which is consistent with the reductive quenching by NiO. On the other hand, the small 

anodic photocurrent observed in the positive potential region possibly originates from excited 

electron injection from the photoexcited RuCP* dye into the Ni3+ surface defect sites of the NiO 

electrode generated under positive potential bias.  This is consistent with the disappearance of 

the reduction wave of the Ni3+ impurity sites43,44 of the NiO electrode in the negative potential 
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region below +0.1 V, and correspondingly, the clear switching of the small anodic to the 

cathodic photocurrent. 

The double-dye-layered photocathode NiO|RuCP-Zr-RuP also exhibited a cathodic 

photocurrent comparable to that of NiO|RuCP in the potential range of +0.1 to +0.4 V. As 

previously discussed, the immobilized amount of Ru dyes per unit area in NiO|RuCP-Zr-RuP 

was estimated to be approximately double that in NiO|RuCP; thus, the photoelectric conversion 

efficiency was approximately reduced to half by the double-layering of the Ru dyes. One of the 

possible origins is the energy transfer between the two different Ru dyes, RuCP and RuP, 

wherein the wavelength of the emission maximum of the former is shorter than that of the latter; 

this suggests energy transfer from the inner RuCP to the outer RuP dye as reported in several 

literature studies.40,42 This energy transfer (< 200 ns)40 may be competitive to the electron-

injection process from NiO to RuCP* that should be slower than that to RuP* (<100 ps under 

applying the vias at −0.2 V)45 because of the methyl-spacer between the phosphonate and bpy 

ligand, resulting in the lower photoelectric conversion efficiency. When RuP* is produced either 

by such an energy transfer from RuCP or by direct photoexcitation, the reductive quenching of 

RuP* by the NiO electrode is less efficient because of the long distance from the NiO surface 

via the RuCP dye and Zr4+ cations. In fact, the 3MLCT emission for the NiO|RuCP-Zr-RuP 

electrode, was slightly observed at approximately 650 nm (Figure S5), suggesting less efficient 

reductive quenching by the NiO substrate. On the other hand, NiO|RuCP-Zr-RuP showed a 

comparable cathodic photocurrent even in the positive potential region above +0.15 V, in which 

NiO|RuCP showed a weak photoanodic current. Although the details are still under 

investigation, it is possible that the ZrOCl2 used for the dye layering to prepare NiO|RuCP-Zr-

RuP may react with the surface defects on the NiO electrode. Thus, the surface defects of the 
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NiO electrode can be eliminated by Zr4+-trapping to prevent the formation of high-valent Ni 

sites.44 This leads to a cathodic photocurrent from the NiO electrode to the photoexcited Ru dye 

even in the positive potential region. 

 

Figure 3. LSV scans of the (a) NiO (gray dashed lines), NiO|RuCP (red), and NiO|RuCP-Zr-

RuP (blue) electrodes and (b) NiO|RuCP/BQPy (dark yellow) and NiO|RuCP-Zr-RuP/BQPy 

(green) electrodes. Conditions: Scan rate = 5 mV s−1, chopped light irradiation (λ >420 nm, 

0.416 W cm−2), three-electrode setup with Ag/AgCl/KCl(sat.) reference and Pt coil counter 

electrodes, 0.1 M Na2SO4 (pH 3.0) aqueous solution, Ar atmosphere, and 293 K. Inset in (b) 

compares the magnification of the potential range from −0.4 to −0.15 V of the electrodes with 

and without BQPy. Gray backgrounds indicate the time duration without light irradiation. 

Under dark conditions, both BQPy polymer-deposited photoelectrodes, NiO|RuCP/BQPy and 

NiO|RuCP-Zr-RuP/BQPy, exhibited remarkably larger cathodic currents, than did the 
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photoelectrodes without BQPy, in the negative potential region below −0.3 V vs NHE. These 

results suggest catalytic activity of the BQPy polymer toward H2 evolution, as reported 

previously38, even though the Ru-dye mono- or bilayer was incorporated between the NiO 

substrate and BQPy polymer. The cathodic currents of the BQPy-polymer-deposited 

photoelectrodes in this negative potential region were clearly enhanced by light irradiation, as 

shown in the LSV curves obtained under chopped light irradiation (inset of Figure 3b) and their 

comparison with those under dark and continuous light irradiation (Figure S6). This cathodic 

photocurrent at −0.3 V of NiO|RuCP/BQPy was lower than that of NiO|RuCP without BQPy 

polymer deposition. A plausible origin may be the energy transfer deactivation of RuCP by the 

BQPy catalyst, wherein the photoexcited RuCP* donates its excitation energy to the BQPy 

polymer catalyst before receiving an electron from the NiO substrate as suggested by the spectral 

overlap of the absorption of BQPy and emission of RuCP (Figure S7). On the other hand, such a 

decrease in the cathodic photocurrent by BQPy deposition was negligible for NiO|RuCP-Zr-

RuP/BQPy. These contrasting results were attributed to the spatial separation of the RuCP dye 

from BQPy by the second RuP dye layer, leading to less efficient energy transfer quenching by 

BQPy. 
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Figure 4. (a) Chronoamperometry of the NiO|RuCP/BQPy (red) and NiO|RuCP-Zr-RuP/BQPy 

(blue) photocathodes under chopped light irradiation at Eappl = −0.254 V vs NHE. (b) Evolved H2 

amount after every hour of irradiation estimated by GC analysis. All experiments were 

performed in a three-electrode setup with Ag/AgCl/KCl(sat.) reference and Pt coil counter 

electrodes, under Ar atmosphere, in 0.1M Na2SO4 (pH 3.0) aqueous solution, at 293 K. Gray 

backgrounds indicate the time duration without light irradiation. (c) Schematic energy diagram 

and layered structure of the NiO|RuCP-Zr-RuP/BQPy H2-evolving photocathode. The redox 

potentials of Ru(II) dyes are approximated by the values of phosphonate-omitted analogues.46 

 

Chronoamperometry measurements were conducted using BQPy polymer catalyst-deposited 

photocathodes—NiO|RuCP/BQPy and NiO|RuCP-Zr-RuP/BQPy—under chopped light 

irradiation (Hourly ON/OFF cycles under an applied bias E = −0.254 V vs NHE; Figure 4(a)). 

The cathodic photocurrent of NiO|RuCP/BQPy during the initial hour of irradiation was 
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unstable but gradually increased until a stable photocurrent |j| of approximately 2.13 µA cm-2 

was observed in the second and third hours of irradiation. This unstable behavior in the initial 1 h 

might be due to the re-activation of partially deactivated BQPy polymer during the setup of the 

photoelectrochemical cell. In contrast, the double-dye-layered photoelectrode NiO|RuCP-Zr-

RuP/BQPy showed a stable photocurrent (|j| ≈1.08 µA cm-2) even in the initial hour of 

irradiation, which was estimated to be approximately half that of NiO|RuCP/BQPy. The stabler 

behavior of NiO|RuCP-Zr-RuP/BQPy than NiO|RuCP/BQPy implies that the thicker Ru(II) dye 

layer prevents the BQPy polymer catalyst from oxidative deactivation by NiO substrate under 

applying positive potential. This lower photocurrent of NiO|RuCP-Zr-RuP/BQPy was attributed 

to the energy transfer from the photoexcited RuCP* to RuP, which may compete with the 

reductive quenching by the NiO substrate, as previously discussed for the photoelectrodes 

without the BQPy polymer. In NiO|RuCP/BQPy, the photoexcitation of the RuCP dye should 

generate the one-electron-reduced RuCP− via reductive quenching by the NiO substrate. The 

redox potential (RuII/RuI) of the RuCP− species is sufficiently negative to donate the electron to 

BQPy (~ −0.3 V vs NHE), 47,48 resulting in hydrogen evolution by the catalytically active 

nitrogen sites in BQPy polymer.38 In the case of NiO|RuCP-Zr-RuP/BQPy, the one-electron-

reduced RuCP− donates an electron to the BQPy catalyst via the RuP dye, which has a more 

positive RuII/RuI redox potential than does RuCP (Figure 4(c)). Indeed, gas chromatography 

analysis of the gas phase of the photoelectrochemical cell clearly revealed that the estimated 

amounts of H2 after three hours of irradiation were 1.043 ± 0.059 µmol for NiO|RuCP/BQPy 

and 0.370 ± 0.021 µmol for NiO|RuCP-Zr-RuP/BQPy (Figure 4(b)). These amounts 

qualitatively agree with the order of the cathodic photocurrent NiO|RuCP/BQPy > NiO|RuCP-

Zr-RuP/BQPy. Notably, negligible H2 was detected for the NiO|BQPy electrode without any Ru 
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dyes, even under the same experimental conditions. Thus, we supposed that the charge 

separation process at the NiO|RuCP interface plays an important role in the 

photoelectrochemical H2 evolution reaction. Obtained SEM images of these photoelectrodes 

after the H2 evolution reaction were similar to that before the reaction (Figure S8), suggesting the 

enough stability for at least several hours of photoelectrochemical H2 evolution reaction. 

To evaluate the effect of dye-layering and BQPy-polymer deposition on the photoelectrode 

stability, each photoelectrode—NiO|RuCP, NiO|RuCP-Zr-RuP, NiO|RuCP/BQPy, and 

NiO|RuCP-Zr-RuP/BQPy—was immersed in an electrolyte solution (pH 3.0, 0.1 M Na2SO4 aq) 

for one day under dark conditions, and the amount of desorbed Ru dye was quantified by UV-vis 

absorption spectroscopy (Figure 5, Table 1). The 1MLCT absorption band derived from the 

Ru(II) dye was slightly observed for all the electrolyte solutions after immersion. The 1MLCT 

absorption of the electrolyte solution in which NiO|RuCP-Zr-RuP was immersed was 

comparable to that of NiO|RuCP. This suggested that similar amounts of Ru dyes were 

desorbed, despite the Ru dye loading amount of NiO|RuCP-Zr-RuP being approximately triple 

that of NiO|RuCP (see Table 1). The different positions of the strong π–π* absorption band at 

approximately 295 nm indicated that not the inner RuCP dye but the outer RuP dye of the 

NiO|RuCP-Zr-RuP photoelectrode was predominantly desorbed. This probably occurred 

because the inner RuCP dye was effectively stabilized by coordination with the Zr4+ cation. In 

fact, 1MLCT absorption for the electrolyte solution in which the Zr4+-bound photoelectrode, 

NiO|RuCP-Zr, was immersed (Figure S9) was negligible. The ratio of desorbed to total amount 

of immobilized dye was estimated from the absorbance of the 1MLCT transition at 66.0% for 

NiO|RuCP and 21.9% for NiO|RuCP-Zr-RuP, indicating that immobilization by Zr4+-

phosphonate coordination bonds is effective to suppress the desorption of the inner Ru dye. 
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Notably, the 1MLCT absorption of the electrolyte solution in which NiO|RuCP/BQPy was 

soaked was significantly weaker than that for NiO|RuCP. This suggested that BQPy-polymer 

deposition on the NiO|RuCP photoelectrode surface is effective in preventing Ru-dye 

desorption. Indeed, the desorption ratio of the RuCP dye was reduced from 66.0% to 24.7% by 

covering the RuCP dye layer with the BQPy polymer. The BQPy polymer has a hydrophobic π-

conjugated skeleton with hydrophilic OH groups coated on the RuCP dye layer so that the H2 

evolution reaction is possible in the hydrophilic cavity, while desorption of the dye is suppressed 

by the hydrophobic skeleton. The electrolyte solution in which NiO|RuCP-Zr-RuP/BQPy was 

immersed exhibited a broad absorption band extending to 700 nm, possibly originating from the 

BQPy polymer (Figure S9); this makes the estimation of the amount of desorbed Ru dye 

difficult. Such a desorption of the BQPy catalyst was negligible for NiO|RuCP/BQPy, 

suggesting that the double-layering of Ru(II) dyes by cross-linked Zr4+ cations may give a 

detrimental effect on the BQPy catalyst deposition. 
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Figure 5. UV-vis absorption spectra of the electrolyte aqueous solutions (0.1 M Na2SO4 aq, pH 

3.0) after one day immersion of the (red) NiO|RuCP, (blue) NiO|RuCP-Zr-RuP, and (green) 

NiO|RuCP/BQPy photocathodes at 293 K in air. 

 Table 1. Adsorbed (nads) and desorbed (ndes) amounts of Ru(II) dye for each photocathode. 

aAbsorbance of the electrolyte solution at λ = 461 nm for RuCP and 463 nm for RuP after 24 h 

immersion of each photocathode (see Figure 5). bEstimated by the molar absorption coefficient 

(ε = 16900, 19600 for RuCP and RuP, respectively) and the solution volume (4 mL) used for 

UV-vis spectroscopy. cDesorbed dyes are mainly outer RuP dyes. 

Photocathode nads (nmol cm-1) Abs.a ndes (nmol)b Desorption 
ratio (%) 

NiO|RuCP 9.7 0.027 6.4 66 

NiO|RuCP/BQPy 9.7 0.010 2.4 24 

NiO|RuCP-Zr-RuP Total: 28.2 

(RuCP: 9.7,  RuP: 18.5) 

0.031 6.3c 22 
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Conclusion  

In this study, two dye-sensitized H2 evolving photocathodes with an organic nanosheet catalyst, 

namely NiO|RuCP/BQPy and NiO|RuCP-Zr-RuP/BQPy, were constructed by chemical vapor 

deposition of a BQPy nanosheet catalyst coupled with layer-by-layer formation of mono- and 

bilayers of Ru(II) dye on the NiO substrate. These photocathodes successfully produced H2 by 

visible-light irradiation, indicating that the developed polymer deposition approach is applicable 

for the preparation of H2-evolving photocathodes. The results obtained for NiO|RuCP-Zr-

RuP/BQPy indicate that the dye loading amount per unit area increased approximately threefold, 

compared to that of NiO|RuCP/BQPy, when using the layer-by-layer method. However, the 

photocurrent and hydrogen production were smaller than those of NiO|RuCP/BQPy, probably 

because the excitation energy transfer process of the two Ru(II) dyes competed with the photo-

induced electron injection process from the NiO electrode. Ru dye desorption in the aqueous 

solution was effectively suppressed by the formation of a second RuP layer using Zr4+ cations 

and the deposition of the BQPy polymer. These results suggest that chemical vapor deposition of 

organic polymer catalysts on dye-sensitized photoelectrodes is a promising approach for water-

reducing photocathodes based on both molecular and polymeric materials. Further study to 

overcome the energy transfer inactivation between Ru(II) dyes is in progress to construct more 

highly active and durable water-reduction photocathodes. 
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Experimental  

Materials and methods 

All commercially available starting materials, Ni(NO3)2⋅6H2O, hexamethylenetetramine, p-

benzoquinone, and pyrrole (Wako Pure Chemical Industries) were used as received without 

further purification. RuCP and RuP were synthesized by a previously reported method.48 The 

working electrode was prepared by cutting a fluorine-doped tin oxide (FTO)-coated glass plate 

(As One Corp., NPV-CFT2-7, R = 7Ω, 2.2 mm thickness) into 2.5 × 1 cm2 slides. 

Nanostructured NiO was deposited on the FTO substrate as reported in the literature.43  

Preparation of the Ru(II)-dye-sensitized NiO photoelectrodes 

The RuCP-sensitized NiO photoelectrode, NiO|RuCP, was created by immersing the NiO 

electrode in a 50 µM RuCP aqueous solution overnight at 293 K, followed by washing with 

deionized water and EtOH, and finally drying in air. The second RuP immobilization was 

conducted as follows: The air-dried NiO|RuCP photoelectrode was immersed in a 5 mM 

ZrOCl2/MeOH solution for 1 h at 293 K, washed with MeOH, and dried in air to afford the Zr4+-

bound electrode NiO|RuCP-Zr4+. Finally, the obtained NiO|RuCP-Zr was immersed in a 50 µM 

RuP solution overnight at 293 K, washed with water and EtOH, and dried in air to afford the 

double-dye-layered NiO|RuCP-Zr-RuP photoelectrode. The obtained photoelectrodes were 

characterized by SEM, XRF, and UV-vis diffuse reflectance spectroscopy analyses. 

Vapor deposition of the BQPy polymer catalyst 

The BQPy polymer catalyst was deposited according to the literature49 as follows: p-

Benzoquinone powder (1.08 g, 10 mmol) and pyrrole (0.69 cm3,10 mmol) were placed in two 
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different volume glass bottles. These monomer materials and the Ru(II)dye-sensitized NiO 

electrodes (NiO|RuCP or NiO|RuCP-Zr-RuP) were enclosed in a larger sealed vessel and 

heated at 60 °C for 100 min to afford the two BQPy-deposited photocathodes, NiO|RuCP/BQPy 

and NiO|RuCP-Zr-RuP/BQPy, which were then characterized by SEM and IR analysis. 

Photoelectrochemistry 

Electrochemical measurements were performed using an HZ-3000 potentiostat (Hokuto Denko) 

with three electrodes placed in an electrolysis cell (VB12A, EC Frontier) equipped with quartz 

glass for the photoelectrochemical measurements. Dye-sensitized NiO electrodes (1 cm2 surface 

area), a Pt coil, and Ag/AgCl/KCl (sat.) were used as the working, counter, and reference 

electrodes, respectively, in 0.1 M Na2SO4 aqueous electrolyte solution (pH 3). All electrolyte 

solutions were purged by Ar bubbling for at least 20 min to remove any dissolved O2. 

Photoelectrochemical measurements were performed using a xenon light source (MAX-303, 

Asahi Spectra) under visible light irradiation (>420 nm, 35 mW) from the back (FTO) side of the 

working electrode. Evolved H2 present in the gas phase of the electrolysis cell was detected using 

a gas chromatography system (GC-14B, Shimadzu Inc.) equipped with an MS-5A column and a 

thermal conductivity detector.  

Activation of the BQPy polymer catalyst by photoelectrochemical reduction 

The BQPy polymer catalyst deposited on the surfaces of NiO|RuCP/BQPy and NiO|RuCP-Zr-

RuP/BQPy was activated by photoelectrochemical reduction under visible light irradiation (>420 

nm) and constant bias (Eappl = −0.5 V vs NHE) for application to the H2 evolution reaction.38 The 

efficiency of the BQPy polymer reduction was affected by the thickness of the Ru(II) dye layer, 

and thus, a constant photocurrent was obtained after 5 h and 7 h reaction for NiO|RuCP/BQPy 
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and NiO|RuCP-Zr-RuP/BQPy, respectively. These photoelectrochemically reduced 

photocathodes displayed a distinct catalytic current in the LSV measurements, under dark 

conditions, together with a significant decrease in the overpotential for H2 evolution (Figure S9). 

These results indicated that the surface-deposited BQPy catalyst was sufficiently reduced to be 

activated for the H2 evolution reaction.  
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