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Abstract. Dye-sensitised photocathodes promoting hydrogen evolution are usually coupled to 

a catalyst to improve the reaction rate. Herein, we report on the first successful integration of 

a heterogeneous metal particulate catalyst, viz., Pt aggregates electrodeposited from acidic 

solutions on the surface of NiO-based photocathode sensitised with a p-type 

perylenemonoimid-sexithiophene-triphenylamine dye (PMI-6T-TPA). The platinised dye-NiO 

electrodes generate photocurrent density of ca -0.03 mA cm-2 (geom.) with 100% faradaic 

efficiency for the H2 evolution at 0.059 V vs. reversible hydrogen electrode under 1 sun visible 

light irradiation (AM1.5G, 100 mW cm-2, λ > 400 nm) for more than 10 hours in 0.1 M H2SO4 

(aq.). The Pt-free dye-NiO and dye-free Pt-modified NiO cathodes show no photo-

electrocatalytic hydrogen evolution under these conditions. The performance of these Pt-

modified PMI-6T-TPA-based photoelectrodes compares well to that of previously reported 

dye-sensitised photocathodes for the H2 evolution.  
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1. Introduction 

With 120 petawatts of electromagnetic irradiation reaching the surface of the Earth each year, 

sunlight is the largest sustainable and exploitable energy resource [1,2]. A great challenge 

exists, however, to take full advantage of this energy through conversion into a storable and 

transportable fuel [2–6]. Electrochemical water splitting (equation 1) has been widely 

investigated as a method for ‘solar fuel’ generation given its use of water as a cheap and 

abundant feedstock and its production of hydrogen as a carbon free fuel [4,7]. 

2H2O ⇌ O2 + H2 ΔE = 1.23 V (1) 

2H2O ⇌ O2 + 4H+ + 4e- 
Oxygen Evolution Reaction 

E0 = 1.23 V vs. RHE (2) 

2H+ + 2e- ⇌ H2 

Hydrogen Evolution Reaction (HER) 
E0 = 0.00 V vs. RHE (3) 

   

Tandem dye-sensitised (DS) photoelectrochemical cells (PECs) [8] are an emerging 

photocatalytic water splitting technology built upon foundations laid by research into dye-

sensitised solar cells (DSCs) [9]. Both involve the sensitisation of a wide band-gap 

semiconductor with light harvesting dye molecules. Instead of reversible redox couples, 

materials catalysing water oxidation (photoanode, eq. 2) and hydrogen evolution 

(photocathode, eq. 3) are introduced to promote dye regeneration. Our pioneering work 

focussed on photoanodes [10]. Sun and co-workers subsequently reported transient water 

oxidation photocurrents above 0.5 mA cm-2 under 3 suns AM1.5G irradiation [11]. However, 

the photopotential of such anodes is not sufficient for complete water splitting and an adjuvant 

voltage is generally needed, e.g. 0.2 V vs. reversible hydrogen electrode (RHE) in the study by 

Sun and co-workers [11]. Alternatively, a photocathode can be introduced in a tandem 

configuration to give a fully light driven device. However, the efficiencies of the best DS 

photocathodes reported to date are much lower than those achieved thus far by photoanodes. 
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On this basis, further progress in tandem DS-PEC water splitting technology relies on the 

development of photocathodes with much higher activity, and, equally importantly, long-term 

stability [12]. 

Till now, there has been few reports on DS photocathodes which satisfactorily promote 

hydrogen evolution in aqueous medium [13–18]. They all consist of a mesoporous p-type NiO 

layer sensitised with a Ru(II) or organic sensitiser, often functionalised with a molecular HER 

catalyst. The latter is needed to improve the rate of H2 evolution, which is typically poor on 

dye surfaces. Promising catalysts include cobalt(II) difluoroboryl-diglyoximate (CodmgBF2) 

and nickel(II) bis(1,5-R′-diphospha-3,7-R″-diazacyclooctane). These catalysts can be 

introduced by drop-casting on the DS surface [13], complexing to a co-adsorbed covalent linker 

[16], direct attachment to the dye [15], or ionic interactions [18]. To our knowledge, there is 

only one report on coupling a photocathode sensitised with an organic dye to an inorganic 

catalyst. This was achieved by introducing a molecular Mo3S4 cluster as a homogeneous HER 

catalyst into the solution [17]. This successful strategy, imitating to some extent the principle 

of a p-type photocathode in DSCs, resulted in the reductive photocurrent densities of ca -150 

µA cm-2. This performance was achieved over 16 hours continuous illumination (3.44 suns) 

and conditions favourable for hydrogen evolution, viz. in 1.0 M HCl at 0.0 V vs. RHE. 

Notwithstanding the progress achieved, there are concerns over the stability of the HER 

photocathode systems while in operation, viz. rapid photocurrent loss and faradaic efficiencies 

well below 100% [13,15–18]. For example, molecular hydrogen measurements for the Mo3S4-

based DS system in Ref. [17], undertaken at the negative potential (-0.30 V vs. RHE), indicated 

a faradaic efficiency of ca 50 %. This was attributed to the irreversibility of the Mo4+ reduction, 

and evidence for the co-catalyst decomposition was presented [17]. 
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Overall, the molecular HER catalyst is typically the most fragile component of the 

photocathode system. Indeed, reductive degradation has been found elsewhere in the literature 

for cobalt and nickel complexes [19–23] with specific evidence provided in the case of 

cobaloximes [24], as well as with the cubane Mo3S4 cluster mentioned above [25]. Thus, both 

the activity and stability of molecular catalysts coupled so far with DS photocathodes are 

generally poorer than those of much simpler and, in some cases cheaper, heterogeneous 

inorganic catalysts, such as Pt-group metals [26] and transition metal sulphides, phosphides or 

carbides [27]. On top of reasonable activity and robustness, to sustain efficient electron 

transfer, it is desirable for the catalyst to be in intimate contact with the photoactive sites, as 

explicitly demonstrated in studies on water-splitting photoanodes [28–30]. However, achieving 

a favourable alignment of a purely inorganic catalyst on a monolayer of an organic dye is a 

challenging task. Moreover, the catalyst needs to be well dispersed to achieve optimum 

performance and efficient utilisation. The latter is very important particularly when using the 

best known hydrogen evolution electrocatalyst, viz. Pt metal [31–33]. Platinum has often been 

introduced onto non-sensitised narrow band gap photocathodes to promote hydrogen evolution 

[34–38], but has yet to be integrated to a DS photocathode. 

In this study, we report the first successful functionalisation of a dye-sensitised photocathode 

with platinum particles that function as catalysts for the hydrogen evolution reaction. A p-type 

dye perylenemonoimid-sexithiophene-triphenylamine (PMI-6T-TPA) employed herein has 

been highly successful for application at p-type DSCs [39–42], and even more importantly, has 

been reported to be capable of sustaining low levels of the light-driven HER without a catalyst 

[14]. The device assembly and dye structure are shown in Scheme 1. 
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Scheme 1. Perylenemonoimid-sexithiophene-triphenylamine dye and schematic energy 

diagram of the catalyst/dye-NiO photocathode assembly. VB is the NiO valence band. HOMO 

and LUMO are the highest occupied and lowest unoccupied molecular orbitals of the dye. Cat 

is the HER catalyst. 

2. Experimental 

2.1. Materials 

Reagent or analytical grade chemicals were used as received from commercial suppliers. 

Reverse osmosis purified water with a quoted resistivity of 1 MΩ cm at 25°C was used in all 

experimental procedures and to prepare electrolyte solutions unless otherwise stated. Glass 

coated with fluorine-doped SnO2 (FTO) (sheet resistance ca. 8 Ω  sq-1) was purchased from 

Dyesol. NiO nanoparticle powder (particle size ~20 nm; 73.22 wt.% Ni) was used as received 

from Inframat. The perylenemonoimid-sexithiophene-triphenylamine dye was synthesised 

following a published procedure [43]. 
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2.2. Photocathode preparation 

Procedures for the deposition of the NiO layer and its sensitisation with the PMI-6T-TPA dye 

were adopted from the literature [42,44]. A NiO paste was prepared by mixing NiO, ethyl 

cellulose solution (5 wt.% in ethanol) and terpineol in the ratio 4 : 23 : 23 (wt.) and ball milling 

this mixture at 400 rpm for 4 hours (Fritsch Pulverisette 7; 50 ml zirconia cylinder; zirconia 

balls of 11, 7, 5 and 3 mm diameter). A commercial semi-automatic screen-printer (Keywell) 

was used to print circular NiO films with a geometric area of 2 cm2 on FTO. All current 

densities reported below are normalised to this area. Two successive printing cycles were 

performed resulting in a NiO film thickness of ca. 1.5 μm as measured using a Veeco Dektak 

6M stylus profilometer. The electrodes were sintered at 450°C for 30 min and at 500°C for 15 

min on air. Prior to sensitisation, the NiO films were re-sintered at 450°C for 30 min in air, 

immersed while warm (ca. 60°C) into a N,N-dimethylformamide (DMF) solution containing 

0.20 mM PMI-6T-TPA and left overnight (15-20 h) at ambient temperature (ca. 24°C). The 

films were then suspended in DMF for 10 mins to remove any uncoupled dye and air dried. 

Electrical contact was provided by soldering an aluminium wire onto the NiO-free part of the 

electrode. The uncovered FTO surface was masked using a neutral (non-corrosive) cure 

silicone sealant (Selleys). A photograph of a typical dye-NiO photocathode is shown in Fig. S1 

(Supporting Information). For some of the electrodes, 50 µL of a Nafion® perfluorinated resin 

solution was drop-cast onto the electrode surface and dried to achieve immobilisation to the 

surface. The Nafion solution was prepared by mixing 50 µL of 5 wt% Nafion (in water and 

lower aliphatic alcohols) with 750 µL water and 250 µL isopropanol. Prior to testing, wetting 

of the photocathodes was carried out in an isopropanol : water solution (1 : 1 vol.) followed by 

thorough rinsing with water. 
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2.3. Photo-electrochemical methods 

All electrochemical experiments were performed with a Bio-Logic VSP potentiostat using a 

three electrode setup under a high-purity Ar atmosphere (99.999%; O2 ≤ 2 ppm) unless 

otherwise specified. A Ag|AgCl|KCl(sat.) reference electrode (CHI) was used throughout, but 

the potentials are reported versus RHE according to relationship E vs. RHE = 

E vs. Ag|AgCl|KCl(sat.) + 0.197 + 0.059pH. A custom made photo-electrochemical cell 

(PEEK and Teflon body) with a quartz window was used to test the photocathodes with a 

platinum wire counter electrode confined in a glass-frit separated compartment. 

A solar simulator (Newport, Model 67005) equipped with a 150 W Xenon lamp with a spectral 

distribution of AM1.5G and intensity of 1 sun (100 mW cm-2) was used as irradiation source. 

Calibration was achieved by placing a reference solar cell (CalLab, Frauenhofer ISE; serial 

No. 010-2010, calibration mark: 1010-2010014ISE0311) in the light beam and adjusting 

neutral density filters to reach the stated current-voltage profile and efficiency. Subsequently, 

a 400 nm band pass filter was positioned to provide only visible light irradiation in the 

experiments, which was needed to prevent direct band gap excitation of NiO [45,46]. All 

photo-electrochemical data were obtained by irradiating the working electrodes from the back 

side (dye- and NiO-free) to avoid sacrificial absorption and/or scattering by the catalyst and 

H2. Some electrodes were additionally tested under irradiation from the front but the resulting 

photo-current densities were never higher than those measured with back-side illumination. 

2.4. Measurement of hydrogen evolution 

The H2 evolved during chronoamperometric experiments was analysed with a Perkin-Elmer 

Clarus 580 gas chromatograph (GC) equipped with a molecular sieve 13X column 45-60 mesh 

(0.6 m, 1/8 inch, 2.0 mm) thermostated at 30°C and a TCD detector (100°C). The GC analysis 

was arranged in a continuous flow mode, where a stable and precisely controlled stream of Ar 

carrier gas (1.0 ml min-1; mass-flow controller Bronkhorst EL Flow Select) flushed the gas-
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tight photoelectrochemical cell and then filled an injection loop (100 μL) in the chromatograph. 

The gas mixture in the injection loop was fed at specified intervals into the GC column where 

the concentration of H2 in the sample was measured. Calibration of the setup was performed 

using galvanostatic hydrogen evolution from a small area platinum working electrode and a 

0.1 M H2SO4 aqueous electrolyte solution (Fig. S2). Under these conditions, the faradaic yield 

was assumed to be 100%. The H2 concentration detected in the gas outlet flow was related to 

the (photo)current density to give the faradaic efficiency of the HER over time. This 

relationship involves two delays and these are discussed in supporting information. 

2.5. Scanning electron microscopy 

Scanning electron micrographs were recorded on a FEI Magellan 400 XHR FEGSEM 

instrument with the use of a through lens secondary electron detector and concentric 

backscatter detector. Energy dispersive X-ray (EDX) point analysis was carried under SEM 

conditions using a Bruker EDS detector under 10 kV and probe current 0.8 nA. Samples for 

analysis were cut to size and firmly glued to a SEM stub, and electrical contact was provided 

to the film surface by a copper tape. 

2.6. Inductively Coupled Plasma-Mass Spectroscopy 

Quantification of transition metal impurities in electrolyte solutions was carried out using a 

time of flight ICP-MS (GBC, Optimass 9500). Solutions were made up in 2 vol.% HNO3 in 

water from an aliquot of electrolyte solution and spiked with Rh cations as an internal standard 

to monitor instrumental drift and make linear corrections. Raw analyte counts were 

standardised by means of a calibration curve constructed through systematic dilutions of 

commercially available stock solutions, with all dilutions based on mass. Background 

(baseline) counts were based on HNO3 (2 vol.%) and were subtracted from all measurements. 
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Analysis of each sample was repeated five consecutive times to ensure high accuracy and 

reproducibility. 

3. Results and Discussion 

A schematic outline of the dye-sensitised photocathode with associated energetics is illustrated 

in Scheme 1. Visible light illumination results in the excitation of the PMI-6T-TPA sensitiser 

followed by its reduction by an electron in the NiO valence band (+0.6 V vs. normal hydrogen 

electrode, NHE) to the now unfilled orbital (+1.1 V vs. NHE). The redox potential of the 

reduced sensitiser (-0.7 V vs. NHE) is thermodynamically sufficient for hydrogen to be 

produced within the pH range 0-11 (-0.059pH V vs. NHE). In general, however, organic dyes, 

such as the PMI-6T-TPA sensitiser, do not efficiently catalyse the two-electron two-proton 

process in equation 3. Therefore, a catalyst needs to be introduced to facilitate accumulation of 

the photo-generated electrons and promote H-H bond formation. 

3.1. Photo-electrocatalytic properties of PMI-6T-TPA-sensitised NiO 

The PMI-6T-TPA dye has been previously reported to sustain the photo-electrochemical 

hydrogen generation even without a catalyst being present [14], although low current densities 

were achieved. Importantly, Mozer et al. [14] have also demonstrated an impressive long-term 

stability of the PMI-6T-TPA-sensitised NiO photocathodes (hereinafter, dye-NiO) in aqueous 

1.0 M HCl and 1.0 M NaOH. These findings stimulated us to first explore the photo-

electrocatalytic properties of the unmodified dye-NiO electrodes. 

Electrochemical and photo-electrochemical characterisations were undertaken in aqueous 

solutions with a neutral pH = 7.0 (1.0 M phosphate buffer) and also in 0.1 M H2SO4 with pH = 

1.0. It is well-established that the HER kinetics becomes more sluggish with an increase in pH 

[33,47,48], and we hoped to facilitate the process by using acidic solutions. Moreover, recent 

analysis suggests that it is highly desirable to develop water splitting cathodes and anodes that 
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function under either acidic or alkaline conditions, not in near-neutral buffered solutions [49]. 

It is important to emphasise the importance of wetting the dye-sensitised electrodes (see 

Experimental) prior to electrochemical experiments in aqueous medium. In the absence of this 

procedure, an order of magnitude lower current densities, both dark and photo-generated, were 

measured when compared to those presented below. 

The cyclic voltammograms of a dye-NiO electrode exhibit a pronounced and stable response 

associated with the redox transformations of nickel oxide (Ni2+/3+) [46] and no other features 

were detected at more negative potentials. This is exemplified in Figure 1a for 0.1 M H2SO4 

and also in Fig. S4 for 1.0 M phosphate buffer (pH 7.0). The cyclic voltammograms are 

insignificantly influenced by the pH, while the Ni2+/3+ peak potential varies in accordance with 

a Nernstian relationship for a 1-electron 1-proton transfer, consistent with the literature [46]. 

These observations suggest that some parts of the NiO surface remain accessible to the 

electrolyte solution, as previously found in DSC research [40,42]. Published voltammetric data 

for similar dye-NiO electrodes also exhibited a pronounced Ni2+/3+ oxidation signal, although 

this process was poorly reversible [14]. At the same time, the electrodeposition experiments 

described below demonstrate substantial differences in the properties of unmodified and dye-

treated NiO surface. 

Notably, our DS electrodes maintained a stable electrochemical response and there was no 

evidence of dye desorption after continuous voltammetric cycling and, more importantly, 

during the long-term photo-electrocatalytic experiments (vide infra). Comparison of the 

voltammograms obtained in the dark and under AM1.5G 100 mW cm-2 irradiation with λ > 400 

nm (hereinafter, 1 sun visible light) attests to the capacity of the dye-NiO electrodes to generate 

a reductive photocurrent in aqueous solutions (Figs. 1a and S4). Its magnitude of ca 15-20 µA 

cm-2 was very slightly dependent on applied voltages more negative of the NiO features. 
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Figure 1. Cyclic voltammograms (scan rate, v = 0.010 V s−1) of the (a) dye-NiO and 

(b) Pted/dye-NiO photocathodes in contact with Ar-saturated 0.1 M H2SO4 (aq.) in dark (black) 

and under visible light illumination (100 mW cm-2, AM 1.5G, λ > 400 nm) (red). The second 

of two scans is shown. 

To establish the nature of the reductive current photo-generated by dye-NiO, long-term 

chronoamperometric experiments were undertaken under illumination at an applied potential 

of 0.413 V for pH 7.0 (Fig. S5) and 0.059 V for pH = 1.0 (Fig. 2). At both pH values, the 

reductive photo-current density transients show initial values of about 10 µA cm-2 which 

diminish over the course of two hours to 1-2 µA cm-2. To assess the contribution of the HER 

to the photocurrents, simultaneous H2 detection was undertaken. Considering pH alone, the 
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sulphuric acid solution should provide more favourable conditions for the electrocatalytic H2 

evolution [33,47,48]. Moreover, a more negative potential, on the RHE scale, was used in our 

experiments at pH = 1.0 as compared to pH = 7.0. In contrast to these expectations, no H2 was 

produced during more than 10 h long experiments undertaken with dye-NiO in 0.1 M H2SO4. 

At the same time, H2 was detected in the presence of phosphate buffer at neutral pH (Figs. 2, 

S5 and S6), though with a significant delay and at the limits of quantitative detection (Fig. S5). 

This confirms observations in previous work [14] with major differences in the current 

densities due to the seven-fold lower intensity of irradiation used herein. Thus, the reductive 

photo-currents generated by dye-NiO under acidic conditions (Fig. 2) and during initial periods 

of tests in phosphate buffer (Fig. S5) are mainly due to undesired side reactions, most probably 

associated with adventitious contaminants in the solution. ICP-MS analysis showed no 

evidence of metal impurities in the phosphate buffer, but copper at ppb levels was found in 0.1 

M H2SO4 before and after the experiment. We therefore tentatively ascribe the photo-currents 

measured with dye-NiO in acidic medium to reduction of trace metal impurities and small 

unavoidable traces of O2. The latter might also produce comparatively high transient reductive 

photo-current densities in phosphate buffer (Figs. S4 and S5). Indeed, the dye-NiO electrodes 

are comparatively efficient photo-electrocatalysts for oxygen reduction (Fig. S7). 
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Figure 2. (a) Chronoamperometric photo-reduction, (b) H2 concentration in the outlet gas flow 

and (c) faradaic efficiency for the HER obtained at 0.059 V vs. RHE in 0.1 M H2SO4 under 

argon using the unmodified dye-NiO (cyan), Pted/dye-NiO (green) and Pted/Nafion/dye-NiO 

(red). Sun and moon pictograms indicate illumination on and off, respectively. 

3.2. Functionalisation of dye-NiO photocathodes with platinum 

Addition of a suitable catalyst to dye-NiO is expected to increase the photo-electrocatalytic 

hydrogen generation activity of the cathode, which is otherwise unsatisfactory. As mentioned 

above, nanoparticulate Pt-group metal catalysts have not been surpassed by molecular catalytic 

systems in terms of both activity and stability during hydrogen evolution, but efficient 

functionalisation of an organic dye adsorbed on a semiconductor with Pt particles (or other 

catalysts for that matter) is a non-trivial task. Herein, we have employed a conventional 
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electrodeposition technique as a first step towards establishing strategies for the successful 

integration of a heterogeneous catalyst into a dye-sensitised photocathode capable of achieving 

efficient light-driven H2 evolution. 

Reductive electrodeposition from chloroplatinate solutions provides a facile method to 

immobilise platinum on electro-active surfaces [50–52]. Reduction of [PtIVCl6]2- to [PtIICl4]2- 

and the latter to Pt0 metal is possible at very positive potentials [53]. However, cyclic 

voltammograms obtained for the dye-NiO electrodes in a 5 mM H2PtCl6 + 0.1 M H2SO4 

solution show negligible reductive current densities until the potential reaches ca 0.25 V 

(Fig. 3a). Irradiation of the electrode generates appreciable reductive photocurrents (cf. red and 

black data in Fig. 3a), although it seems unlikely that this reduction produces deposits of Pt 

catalyst capable of accepting electrons from the dye. Indeed, the current remains essentially 

constant over a wide potential range, when a progressive enhancement, due to the photo-

electrocatalytic HER and (photo)electrochemical deposition of Pt would be expected for an 

electrode where there is efficient charge transfer between PMI-6T-TPA and the catalyst. Some 

enhancement in the reductive current is observed upon cycling the potential below 0.25 V, 

which most probably results from an interplay of the PtIVCl62-/PtIICl42- reduction and Pt(0) 

deposition. Fast electrocatalytic hydrogen evolution at potentials more negative than -0.05 V 

and its reoxidation upon reversing the potential sweep (oxidation peak at ca 0.05 V) are 

indicative of successful Pt deposition on the electrode surface. Yet, the data in Fig. 3 neither 

confirms nor disproves that the Pt deposit is capable of harvesting photo-generated electrons 

from the dye. Overall, voltammetric analysis demonstrates that electroreduction of dissolved 

Pt precursors on the dye-NiO surface is kinetically unfavourable. 
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Figure 3. Reduction of Ar-saturated 5 mM H2PtCl6 + 0.1 M H2SO4 solution using dye-NiO 

photocathodes. (a) Cyclic voltammetry (v = 0.050 V s-1) in the dark (1st cycle) (black) and 

under 1 sun visible light irradiation (2nd cycle) (red). (b) Chronoamperometry at 0.76 V (t < 10 

s) and -0.14 V vs. RHE (t ≥ 10 s) with irradiation commencing at t = 0 s for unmodified dye-

NiO. Inset in panel (a) shows a magnified plot of the initial section of voltammogram. Inset in 

panel (b) shows current transient at 0.76 V vs. RHE with irradiation commencing at t = 0 s for 

unmodified dye-NiO (orange) and Pted/dye-NiO (blue). 

Deposition of Pt on the dye-NiO surface was attempted using two further potentiostatic 

approaches. Control samples were obtained by holding the potential at the open circuit value 

measured in the dark (ca. 0.76 V) and irradiating the electrode until 10 mC cm-2 reductive 

charge is passed (inset to Fig. 3b, orange). This was done to assess the capacity of dye-NiO to 
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photo-reduce PtCl62- to Pt metal without application of adjuvant voltage. These samples are 

referred to as Pthv/dye-NiO. Another type of Pt-modified photocathodes was obtained under 

conditions known to guarantee Pt(0) deposition (Fig. 3a) by simultaneously applying a 

potential of -0.14 V and irradiating dye-NiO (Fig. 3b, green) for 3 seconds. The corresponding 

electrodes are referred to as Pted/dye-NiO. It is noted that similar platinum deposition 

experiments on dye-free NiO electrodes produced much higher reductive current densities 

during the first second at -0.14 V and quickly achieved a mass-transport controlled maximum 

of ca 7 mA cm-2. This difference in the electrodeposition/HER kinetics on dyed and dye-free 

electrodes provides further evidence of poor accessibility of the unmodified NiO surface to the 

electrolyte solution after adsorption of PMI-6T-TPA. Some Pted/dye-NiO electrodes were also 

used to deposit more Pt(0) by utilising the photo-reductive potential of dye-NiO to give 

Pted+hv/dye-NiO. As for Pthv/dye-NiO, this involved irradiation of the Pt-modified 

photocathodes while immersed in PtCl62- solution and held at open circuit potential measured 

in the dark (inset to Fig. 3b, blue). Notably, the preceding Pt deposition step reduced the time 

needed for 10 mC cm-2 to pass (cf. orange and blue in Fig. 3b), demonstrating an increased 

photo-reductive capability of the platinised photocathode. 

The cyclic voltammograms of Pted/dye-NiO in 0.1 M H2SO4 under argon exhibit features 

attributable to Pt(0), which are, however, obscured by the background response from dye-NiO 

(Fig. 1b). Specifically, platinisation of the photocathode induces enhancements in 

voltammetric currents in the potential region 0.0-0.2 V, where peaks associated with the 

hydrogen underpotential deposition (Hupd) on the Pt surface are expected. The poorly defined 

shape of the Hupd peaks is not uncommon at low loadings of electrodeposited Pt [51]. Although 

the electroactive Pt surface area cannot be determined precisely from voltammetric data, such 

as those in Fig. 2, an upper limit of 0.06 cmPt2 cmgeom.-2 can be estimated for Pted/dye-NiO by 

using the background-corrected oxidative Hupd charge and the conversion coefficient of 0.21 
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mC cm-2 [54]. Given the exceptionally high electrocatalytic activity of Pt, even this low surface 

area should be sufficient to maintain reasonable hydrogen evolution rates. 

Scanning electron microscopy in the secondary electron (SE) and back-scattered electron 

(BSE) imaging modes was used to study the morphology of some dye-NiO electrodes after Pt 

deposition. Since Pt atoms with a higher atomic number scatter electrons more strongly than 

Ni atoms, BSE imaging allows the identification of Pt rich areas. Fig. 4 shows the SEM analysis 

of one Pted/dye-NiO electrode after long-term a photo-electrochemical experiment similar to 

those shown in Fig. 2. SE imaging reveals the macroporous morphology of the multicomponent 

photocathode (Fig. 4a,c), while the high contrast BSE micrograph clearly identifies bright Pt 

particles distributed across the entire sample surface (Fig. 4b). The presence of large aggregates 

and smaller deposits of Pt was confirmed by point energy dispersive X-ray (EDX) elemental 

analysis (Fig. 4c) and by Pt elemental mapping (Fig. 4d). 

Thus, both electrochemical and SEM/EDX analyses confirm presence of Pt on the dye-NiO 

surface when electrodeposition is carried out a very high overpotentials for the PtIV/II/0 

reduction. However, this does not guarantee that the deposited platinum particles can utilise 

electrons photo-generated by the underlying PMI-6T-TPA dye. Photo-electrocatalytic tests 

with simultaneous detection of H2 were subsequently undertaken to establish hydrogen 

evolution by the photocathode. 
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Figure 4. SEM characterisation of the Pted/dye-NiO photocathode after photo-electrocatalytic 

measurements using (a,c) SE and (b,d) BSE imaging modes. The micrographs in panels (c) and 

(d) were taken from the area marked with a red box in panel (b), while the inset to panel (d) 

shows Pt elemental mapping of this area. Inset to panel (c) shows EDX spectra taken from 

points marked with red and blue crosses. 

3.3. Photo-electrocatalytic hydrogen evolution activity of Pt-functionalised dye-NiO 

The performance of the photocathodes modified with a Pt catalyst was examined in 0.1 M 

H2SO4 solutions under argon, which is a favourable environment for hydrogen evolution from 

noble metal surfaces [33,47,48]. Measurements on the Pthv/dyeT-NiO photocathodes and the 

parent Pt-free electrodes under these conditions showed no detectable H2 generation (data not 

shown). Notably, little deposition of Pt occurred near the dye photo-active sites under 

irradiation. Despite the suitable thermodynamic matching of potentials, PtCl62-/Pt0 reduction 

appears to be unfavourable on the dyed surface in the absence of an applied negative potential. 
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The photo-generated reductive current densities observed during photo-modification with Pt 

(inset to Fig. 3b) could be assigned to the more facile two-electron PtCl62-/PtCl42- reduction. In 

contrast to Pthv/dye-NiO, the Pted/dye-NiO photocathodes demonstrated significantly enhanced 

reductive photocurrent densities and, most importantly, steady hydrogen generation during 12 

h measurements (Fig. 2). Further attempts to deposit platinum on Pted/dye-NiO by utilising the 

photo-reductive ability of the dye did not result in any improvements, i.e. Pted+hv/dye-NiO did 

not show enhanced activity and stability. 

Interestingly, the photo-reductive currents were reproducibly enhanced during the initial 

several hours of the chronoamperometric experiments with Pted/dye-NiO, reaching reasonably 

stable level of ca 30 µA cm-2 (Fig. 3a). No additional elements were identified on the electrode 

surface using EDX analysis (Fig. 4), excluding the deposition of adventitious metals present in 

the H2SO4 solution as the origin of the photo-current enhancement, and no improvements in 

activity were observed under the same conditions for a Pt-free electrode (Fig. 2). Most 

importantly, the increase in photo-current density is matched by a corresponding rise in H2 

generation after the first four hours. Fluctuations observed during this period are due to the 

release of gas bubbles built up on the electrode surface into the headspace. Faradaic efficiency 

calculations demonstrate values near 100% once headspace equilibrium has been reached. Such 

a high faradaic efficiency is unprecedented for dye-sensitised photocathodes operating at 

current densities greater than 5 µA cm-2 [15–18]. 

Despite the reasonable stability of the functioning Pted/dye-NiO electrode in 0.1 M H2SO4, a 

small decrease in photo-current densities was observed after ca 7-8 hours of measurements 

(Fig. 2). To counter this, we have explored the effect of pre-modification of the dye-NiO 

surface with a perfluorosulfonate ionomer, Nafion®, on the performance and stability of the 

photocathode. Historically, incorporation of Pt catalyst into Nafion® has been much discussed 
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as a method to stabilise the activity of noble-metal particles [55,56]. Moreover, similar 

ionomers are known to improve the efficiency of hydrogen evolution photocathodes 

comprising a Pt catalyst and a p-type Si light-harvester [57]. Nafion® has also been utilised to 

facilitate incorporation of water oxidation catalysts in the DS photoanodes [10]. 

The Pted/Nafion/dye-NiO photocathode was obtained using the electrodeposition protocol 

employed for the preparation of Pted/dye-NiO, but using a photocathode pre-modified with a 

thin layer of Nafion (see Experimental). The reductive photocurrent density for the Nafion-

modified and Nafion-free platinised dye-NiO electrodes are similar in magnitude but are more 

stable for Pted/Nafion/dye-NiO over the measurement period (Fig. 2). Increases in the measured 

H2 concentration, without change in the faradaic efficiency, indicate that Nafion results in more 

stable hydrogen generation. 

Given the small electroactive surface area and large size of the catalyst particles in the 

Pted-modified dye-NiO electrodes, it is not surprising that comparatively low photo-current 

densities of the HER were achieved. For such loadings and morphology of Pt, most excited 

sensitisers will not be in close proximity to the Pt particles to allow for efficient electron 

transfer. As a result, most photo-generated charge carriers are likely to continue to recombine 

with holes injected in the NiO, as occurs in the unmodified dye-NiO photocathodes. There is 

obviously room for optimisation either through substantial improvements in dispersion, 

increased loading and/or by the introduction of a charge transfer layer that can effectively 

harvest and transport the charges to the catalyst without substantial potential losses. These 

studies go beyond the scope of the present study, which exclusively aims to demonstrate the 

feasibility of coupling a metal hydrogen evolution catalyst with an organic p-type sensitiser. 

Importantly, the photocathodes developed herein demonstrate reasonable and stable photo-

electrocatalytic hydrogen generation with the current density of 30 μA cm-2 at 0.059 V vs. RHE 
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at pH = 1.0 under 1 sun visible light irradiation. Moreover, a 100% faradaic efficiency for the 

HER and outstanding stability of the photo-generated current was achieved resulting in a 

photoelectrochemical hydrogen evolution rate of 9.1 nmol cm-2 min-1 sun-1. This performance 

can be compared to 6.6 nmol cm-2 min-1 sun-1 derived from 150 μA cm-2 at 0.0 V vs. RHE at 

pH = 0.0 with assumed ca 50% faradaic efficiency under ca 3.5 sun illumination with the dye 

coupled to a molecular Mo3S4 catalyst [17]. Under much less favourable conditions of 0.413 V 

vs. RHE at pH = 7.0, 100 mW cm-2 illumination (white LED, T = 6000-6500 K, >400 nm), Sun 

and co-workers [16] achieved an impressive quasi-stable performance of 4.1 nmol cm-2 min-1 

sun-1 that corresponds to 20 μA cm-2 after 90 min with ca 68% faradaic efficiency using a co-

adsorbed cobaloxime catalyst (assuming that the irradiation source matches the AM1.5G 

spectrum). On balance, the performance achieved by our Pt-modified dye-NiO electrodes is 

similar to that of the best HER photocathodes reported so far (see Refs. [16,17]). 

4. Conclusions 

In summary, we have demonstrated that platinum particles can be deposited onto the PMI-6T-

TPA dye-sensitised NiO photocathode and can utilise photo-generated electrons to catalyse 

hydrogen evolution in acidic medium. Modification of dye-NiO with Pt metal is achieved via 

facile electrodeposition process. SEM/EDX characterisation shows low loadings of 

comparatively large Pt particles spread over the electrode surface pointing to further 

opportunities for improvement. Most importantly, the photocathode operates efficiently under 

acidic conditions, which are favourable for the HER. Hydrogen generation photocurrents of 30 

µA cm-2 and a faradaic efficiency of 100% are demonstrated at +0.059 V vs. RHE under 1 sun 

irradiation over 10 hours, which match the performance of the state-of-the-art dye-sensitised 

photocathodes. Improvements in the stability of the photocathode have been possible via 

coating the dye surface with solid electrolyte Nafion®. 
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The results reported herein demonstrate that integration of a heterogeneous catalyst with an 

organic dye affords a robust photocathodes that can selectively generate hydrogen in strongly 

acidic medium. We believe that the success of the devised strategy and obvious room for 

improvements will lead to photocathodes capable of matching the performance of their 

photoanode counterparts allowing the development of efficient and robust tandem DS-PEC 

water-splitting devices. 
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