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ABSTRACT: The indispensable need for clean and sustainable 

energy sources has recently favored a deeper interest in  

dye-sensitized photocatalytic systems (DSPs) for hydrogen produc-

tion. In this work, a pyrrolopyrrole cyanine (TB207) near-infrared 

(NIR) photosensitizer (PS) is grafted over surface-platinized TiO2 

nanoparticles (NPs) for photocatalytic H2 evolution. Preliminary 

experiments deal with determining the optimal dye and Pt0 load-

ings, as well as opportunely choosing the pH of the aqueous reac-

tion medium. The resulting photocatalytic system exhibits about 

400 turnover numbers (TONPS) in presence of ascorbic acid (AA) 

at pH 4 after 6 hours of irradiation with a sunlight simulator (1000 

W/m2). At last, co-sensitization of TB207 with Eosin Y (EY), a 

complementary visible light absorber, is tested both in dye-sensi-

tized solar cells (DSSCs) and DSPs, demonstrating an enhancement 

of the solar energy conversion performances of the cocktail dyes in 

both devices over the single absorber systems, due to better light 

harvesting. 

KEYWORDS: near infrared dyes, solar fuel, dye-sensitized 

photocatalysis, hydrogen evolution, dye sensitized solar cell, Eosin 

Y, co-sensitization. 

Introduction 

The urgent need for the transition from fossil fuels to renewable 

and environmentally friendly energy sources has spurred a growing 

interest in solar driven dihydrogen (H2) production,1 having this mol-

ecule the highest energy content per weight. Furthermore, its com-

bustion exclusively releases water, a  

non-toxic and benign compound.2  The utilization of H2 finds large 

applications, being required for ammonia synthesis and chemical in-

dustry, refining, synthetic fuels and power generation.3 However, 

more than 95% of current H2 production is far from being carbon-

neutral, since it still derives from the steam reforming or the partial 

oxidation of fossil sources.4 This has recently promoted a strong in-

terest towards the H2 generation by using sunlight as energy source,5 

with the best performances achieved by using photovoltaic cells cou-

pled to electrolysers, resulting in photon-to-H2 conversion yields up 

to 30%.6, 7 Nevertheless, this technology requires expensive and 

highly complex working set-ups, which strongly limits their further 

development in large scale. Aiming at a simpler and cheaper photo-

catalytic system, a significant effort has been invested in sensitizing 

colloidal nanoparticles (NPs) of metal oxide semiconductors (SCs) 

with organic molecular chromophores or transition metal complexes, 

resulting in Dye-Sensitized Photocatalytic systems (DSPs).8, 9 Nota-

bly, what makes this technology highly appealing for photocatalytic 

H2 production is its simplicity of preparation, potential low cost and 

facility to scale-up. Indeed, the system simply consists of n-type SC 

NPs (titanium oxide TiO2 being the most used) coated with a photo-

sensitizer (PS) and a Hydrogen Evolution Catalyst (HEC). Upon ir-

radiation, the photosensitizer absorbs a photon and passes into its ex-

cited state (PS*), which can  inject an electron in the conduction band 

(CB) of TiO2. At last, H2 evolution is achieved when the resulting  

electron diffuses to the HEC, while the photo-oxidized photosensi-

tizer PS+ is regenerated by a sacrificial electron donor (SED) in solu-

tion. Hence, an ideal photocatalytic system must possess good light 

harvesting properties (namely : intense and broad absorption features 

spanning over the visible spectrum), as well as thermodynamically 

favorable Gibbs free enthalpies for electron injection (𝛥𝐺𝑖𝑛𝑗
° ) and PS+ 

regeneration (𝛥𝐺𝑟𝑒𝑔
° ),10, 11 which explains how crucial is the choice 

of the PS. Among the dyes employed for the photocatalytic H2 pro-

duction, the vast majority of chromophores essentially absorbs sun-

light in the visible range (Figure 1). Notably, tris-bipyridine Ru(II) 

complexes have been extensively investigated as PSs.12 However, 

aiming at overcoming their low extinction molar coefficient and their 

potential high cost due to the presence of expensive and rare metal, 

fully organic chromophores have been successfully implemented into 

DSPs, such as phenothiazine,13  xanthene,14 coumarin15  or carbazole-

based16 sensitizers, yielding respectable efficiencies.17, 18 

In sharp contrast, only handful examples exploiting PSs absorb-

ing in the near-infrared (NIR) region have been reported for the pho-

tocatalytic H2 production in DSP systems, in spite of the fact that ex-

ploiting NIR photons would enhance the overall solar energy to hy-

drogen conversion effiency.17-23 The main reason is that the imple-

mentation of NIR absorbers implies a low energy lying excited state 

(due to the red-shifted absorption), making injection and/or regener-

ation of the PS challenging steps. In 2019, one study dealt with a 

BODIPY-based core, covalently bound to a phenothiazine to achieve 

a main absorption band at 638 nm, which produced up to 70 

µmol∙mg-1 of H2.21 Squaraine dyes display absorption maxima up to 

680 nm, such as that reported by Kim and co-workers, having a strong 

absorption centered at 684 nm.24 When grafted over TiO2 NPs encap-

sulated in graphene oxide, the resulting system led to the H2 produc-

tion of about 40 µmol in one hour. At last, zinc phthalocyanines have 

been employed as NIR dyes (having their absorption maxima ex-

tended up to 699 nm) in DSPs with significant performances.20, 25, 26 

As far as we are aware, there are no example describing NIR dyes 

with maxima of absorption beyond 750 nm, which are investigated 

for photocatalytic hydrogen production through DSPs.  

We recently reported the utilization of TB207, a symmetrical 

pyrrolopyrrole cyanine (PPcy), for the development of fully transpar-

ent and colorless Dye Sensitized Solar Cells (DSSCs) with 
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remarkable success,27 and this prompted us to investigate its suitabil-

ity for H2 production in DSP systems (Figure 1). Following the clas-

sical procedure for DSPs, where the organic dye is grafted on TiO2-

Pt0 NPs, we optimized experimental parameters, such as dye and Pt-

loading concentrations, pH of the aqueous solution and also the 

irradiation sources, resulting in a recorded TONPS over 400 for H2 

production. Moreover, photo-amperometry measurements were car-

ried out in order to afford more details about the efficiencies of our 

systems. 

 

Figure 1. Selected examples of classically dyes used in DSPs in different wavelength windows, including EY and TB207, employed in this 

work. 

Finally, we performed co-sensitization of TB207 with Eosin Y 

(EY) to build panchromatic DSSC and DSP devices with broad ab-

sorption over the visible-NIR range. Hence, our study globally 

shines light on the capability of low-photon energy absorbing dyes 

(750 nm) for photocatalytic proton reduction, paving the way for 

future more efficient devices exploiting a broader range of sunlight 

wavelengths.  

Results and Discussion 

The photophysical and electrochemical properties of TB207 

are summarized in Table 1 and its absorption and emission spectra 

are shown in Figures 2, S1-S2. The dye exhibits the peculiar ab-

sorption features of pyrrolopyrrole cyanine compounds, displaying 

a sharp π-π* transition at 758 nm and a weaker vibronic band at 685 

nm. The dye also possesses an intense emission band at 772 nm, 

with a lifetime em of 3.2 ns and a fluorescence quantum yield of 

0.6 in ethanol (Figure S3). At pH 4, the electron injection driving 

force in the CB of TiO2 is weak (-0.16 eV), but still significant to 

be guaranteed, while the regeneration reaction is thermodynami-

cally allowed only for ascorbic acid (AA) as SED (ΔG°reg = -0.35 

eV), suggesting that TB207 could satisfyingly meet the energetic 

requirements to work in DSP with AA as SED.  

The photocatalytic system consists in nanoparticles of TiO2 

coated first with Pt0 as HEC and then with TB207 as PS (see ESI 

for detailed description). To validate the grafting of TB207 onto 

TiO2 through the carboxylic acid moieties, infrared (IR) spectros-

copy measurements were performed on powdery TB207 and on the 

functionalized TB207/TiO2/Pt0 NPs (Figure S4). This results in a 

variation of the ν(C=O) stretching of the free carboxylic acid units 

 

Figure 2. Normalized absorption (straight line) and emission 

(dashed line) spectra of TB207 recorded in CH2Cl2 solution. 

in TB207, marked by an intense and sharp band at 1715  

cm-1, which is no longer observed in the IR spectrum of 

TB207/TiO2/Pt0 NPs (Figure S1). In addition, there is the appear-

ance of the asymmetric and symmetric stretching bands of O-C=O 

between 1600-1650 cm-1 and at 1382 cm-1 respectively, accounting 

for the chelation of carboxylic acid to TiO2 surface. 

In order to choose the most suitable SED for this photocatalytic 

system, a preliminary photoelectrochemical study was performed. 

Towards this objective, photosensitizer TB207 was chemisorbed 

on nanocrystalline TiO2 films screen-printed on FTO-covered glass 

(see ESI for detailed preparation). The resulting electrodes were 

tested by performing chopped light Linear Sweep Voltammetry 

(LSV) at a steady potential of 0 V vs. SCE in aqueous solutions of 

triethanolamine (TEOA) or AA as SEDs at different pH (Figure 3). 

The current density recorded using TEOA is extremely weak with 

a value reaching 3.1 at pH 6 (Figure 3a). This is consistent with the 

TEOA oxidation potential of +0.85 V vs. SCE, eventually resulting 

in a zero ΔG°reg which makes the dye regeneration thermodynami-

cally very unfavorable (Table 1). In sharp contrast, employing AA 

as SED drastically improves the photocurrent density, notably 

achieving a 100-fold increase of the recorded photocurrent density 
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(about 250 µA/cm2 at pH 4 – red line in Figure 3b) due to the much 

more favorable Gibbs free Enthalpy of electron injection (-0.35 

eV). However, the generated photocurrent is halved by increasing 

the pH of one unit (black line in Figure 3b), and keeps on decreas-

ing down to 50 µA/cm2 at pH 8 (green line). The negative impact 

of alkaline conditions with AA is not related to the regeneration 

reaction efficiency, but to the increase of the energy level of the 

TiO2 conduction band (CB), limiting the electron injection driving 

force. This limitation is the direct consequence of the usually low 

reducing power of NIR dyes (for example the ΔG°inj of TB207 

drops to +0.1 eV at pH = 8, while it is -0.16 eV at pH = 4). 

Photocatalytic measurements  

The H2 evolution photocatalytic experiments were conducted on 

10 mg of TB207/TiO2/Pt0 NPs suspended in 5 mL of an aqueous 

solution containing either TEOA or AA, irradiated with different 

light sources (see below and experimental part) and the H2 produc-

tion was monitored by analyzing the composition of the headspace 

atmosphere by gas chromatography (GC). In agreement with the 

photoelectrochemical investigations, upon irradiation of 

TB207/TiO2/Pt0 functionalized NPs in the presence of TEOA as 

SED, no H2 production could be observed.  

Table 1. Photophysical and electrochemical properties of TB207, all potentials are referenced vs. saturated calomel electrode (SCE).  

Calculated Gibbs free energies for electron injection (Ginj) and dye regeneration (Greg). 

λabs/ε  

(nm/M-1∙cm-1) 

λem 

(nm) 
em 

(ns) 

em 

 

 

E00
a 

(eV) 

Eb (S+/S) 

(V) 

Ea (S/S-) 

(V) 

Ec (S+/S*) 

(V) 

cGinj 

(eV) 

dGreg 

AA 

(eV) 

dGreg 

TEOA 

(eV) 

685/35900; 

758/138000 

772 3.2 0.60 1.60 0.80 -0.80 -0.80 -0.16 -0.35  0 

a calculated with E00 = 1240 eV/λinter, with λinter = wavelength (in nm) at the intersection of the normalized absorption and emission spectra; 
bdetermined in V vs. SCE; ccalculated at pH = 4 according to Ginj = E(S+/S) - E00 + ECB(TiO2) with ECB(TiO2) = -0.4 – 0.059∙pH;28 dcalcu-

lated according to Greg = E(SED+/SED) - E(S+/S), with SED = Sacrificial Electron Donor and E(AA+/AA) = 0.47 V vs. SCE, and 

E(TEOA+/TEOA) = 0.85 V vs. SCE. 

 

 

Figure 3. Chopped-light chronoamperometric measurements recorded under red light with LED irradiation (excit = 737 nm, power 238 

W/m2) of TB207 on a TiO2 film in the presence of a) TEOA (15% v/v) and b) 0.1 M AA at different pHs. All experiments were recorded as 

a function of time with an applied potential of 0 V vs. SCE. 

Contrarily, replacing TEOA with AA as SED in the DSP system 

promoted H2 evolution, thanks to the effective regeneration of the 

PS+ (Table 2).  

The photocatalytic performances were further optimized by 

screening the pH of the aqueous reaction medium. In analogy with 

the LSV experiments, the highest amounts of H2 were obtained at 

pH 4 (7.23 µmol, TONPS = 391), whereas lower quantities were 

produced at pH 3 and 5 (4.81 and 3.46 µmol, respectively). The 

efficiency of H2 evolution drops at pH 3 versus pH 4 (Table 2, Fig-

ures 4 and S5) can be explained by the change of the oxidation po-

tential of ascorbic acid according to the pH (pKa(AA) =3.95).29 Be-

low the pKa, the major species in solution if the fully protonated 

ascorbic acid; whose oxidation potential is 0.93 V vs. SCE, while 

above pKa AA is mono-deprotonated and the anionic species dis-

plays a less positive oxidation potential (0.47 V vs. SCE), which 

makes the regeneration reaction thermodynamically more favora-

ble. Knowing the tendency of TB207 to aggregate, that usually 

negatively affects the electron injection quantum yield by self-

quenching,27 we have investigated the impact of adding variable 

concentrations of chenodeoxycholic acid (CDCA) to the TB207 

dyeing bath.30, 31 Nevertheless, the resulting photocatalytic H2 pro-

duction decreases upon increased amounts of CDCA, being more 

than halved after three hours of irradiation when a ratio of 1/50 for 

TB207/CDCA is tested, while only 0.36 µmol of H2 are measured 

with TB207/CDCA in ratio 1/100 (Figure S7). Adding CDCA to 



4 

 

the dyeing bath does not significantly hinder the TB207 chemisorp-

tion over TiO2 NPs, as displayed by the almost identical amounts 

of TB207 found on TiO2 without CDCA or in the presence of 5 mM 

of CDCA (TB207 loading: 6.39 and 6.84 nmol/TiO2 mg, respec-

tively). The cause behind this experimental result remains obscure, 

but it is consistent with another study showing that CDCA does not 

necessarily improve the photocatalytic performances of an organic 

dye in DSPs.30  

The third screened parameter was the dye loading of TB207 onto 

the functionalized TiO2 NPs. Towards this objective, surface-plat-

inized TiO2 NPs were soaked in TB207 solutions having different 

concentrations (0.1, 0.05 and 0.025 mM, respectively). The opti-

mum H2 production was measured with a dye loading correspond-

ing to 4.7 nmol/TiO2 mg, since almost 10 µmol of H2 could be pro-

duced after irradiating the DSP system for 5 hours. Furthermore, 

the resulting TONPS is almost twice the value achieved with a 

higher dye loading (417 for 4.7 vs 261 for 6.4 nmol/TiO2 mg, re-

spectively), proving that a compromise must be achieved between 

an efficient light harvesting (proportional to the dye loading) and 

the dye aggregation.      

Finally, the optimal Pt0 loading was determined by screening dif-

ferent surface-platinized TiO2 NPs, using a dye loading of 4.7 

nmol/TiO2 NPs in the presence of 0.1 M AA aqueous solution at 

pH 4 (Figure S8). As predictable, the lowest amount of 0.39∙10-7 

mol/TiO2 mg of Pt0 produces less H2 (1.22 µmol corresponding to 

a TONPS of 52). Surprisingly, no significant difference in the H2 

production could be observed using 0.67∙10-7 mol/TiO2 mg of Pt0, 

and almost doubling its concentration to 1.23∙10-7 mol/TiO2 mg 

(3.04 vs 2.53 µmol, respectively). This highlights how crucial it is 

to find a balance between a high Pt0 loading (which directly pro-

motes the electron injection from the PS*) and a lower one (de-

creasing the occurrence of parasitic charge recombination reac-

tions). Indeed, a recent study from Mallouk and co-workers32 re-

vealed a very subtle correlation between the Pt nanoparticle size on 

the electron injection and charge recombination kinetic. High Pt0 

loading results in a larger size for the Pt particles and promotes the 

electron injection from the PS excited state, but also accelerates 

charge recombination reaction. Conversely, a lower Pt0 loading 

slows down charge recombination reaction, which is important to 

maximize the dye regeneration efficiency with the sacrificial elec-

tron donor. To conclude the screening, the H2 generation is tripled 

up to 9.71 µmol by using a Pt0 loading of 2.92∙10-7 mol/TiO2 mg, 

leading to a TONPS of 413, while the highest Pt0 loading of   

5.43∙10-7 mol/TiO2 mg only promotes H2 production of about 4 

µmol. Control experiments indicate that there is no detectable H2 

production without light irradiation, in absence of sacrificial elec-

tron donor, or by irradiation with 740 nm LED of bare TiO2 nano-

particles (Pt° but without chemisorbed dye). This proves that H2 is 

generated according to a photochemical process upon photoexcita-

tion of TB207 and its regeneration by the SED. In addition, the 

apparent quantum yield (AQY) at 740 nm is 1.3% as calculated 

with the real LED flux that reaches the reactional mixture (ESI for 

details).

 

Table 2. Photocatalytic results of our DSP systems recorded under different conditionsa. 

Entry Dye(nmol)/TiO2(mg)/Pt0(10-7mol) pH SED Light source H2 

µmol TONPS 

1 TB207(3.7)/TiO2/Pt0(3.2) 3 AA Two LEDs 740 nm 4.81 ± 0.14 259 ± 8 

2 TB207(3.7)/TiO2/Pt0(3.2) 4 AA Two LEDs 740 nm 7.23 ± 0.4 391 ± 22 

3 TB207(3.7)/TiO2/Pt0(3.2) 5 AA Two LEDs 740 nm 4.12 ± 0.3 222 ± 16 

4 TB207(3.7)/TiO2/Pt0(3.2) 8 TEOA Two LEDs 740 nm N.D.b - 

5 TB207(3.7)/CDCA(1:50)/TiO2/Pt0(3.2) 4 AA Two LEDs 740 nm 3.4 134 

6 TB207(3.7)/CDCA(1:100)/TiO2/Pt0(3.2) 4 AA Two LEDs 740 nm 0.36 17 

7 TB207(2.1)/TiO2/Pt0(3.2) 4 AA Two LEDs 740 nm 1.97 187 

8 TB207(4.7)/TiO2/Pt0(3.2) 4 AA Two LEDs 740 nm 9.79 ± 1.3 417 ± 55 

9 TB207(6.4)/TiO2/Pt0(3.2) 4 AA Two LEDs 740 nm 8.35 ± 1.2 261 ± 37 

10 TB207(4.7)/TiO2/Pt0(0.39) 4 AA Two LEDs 740 nm 1.22 51 

11 TB207(4.7)/TiO2/Pt0(0.67) 4 AA Two LEDs 740 nm 3.04 129 

12 TB207(4.7)/TiO2/Pt0(1.23) 4 AA Two LEDs 740 nm 2.53 107 

13 TB207(4.7)/TiO2/Pt0(1.49) 4 AA Two LEDs 740 nm 4.09 174 

14 TB207(4.7)/TiO2/Pt0(2.92) 4 AA  Two LEDs 740 nm  9.71± 1.3 413± 55 
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15 TB207(4.7)/TiO2/Pt0(2.92) 4 AA Sun Simulator 9.09± 1.2 387± 51 

16 TB207(4.7)/TiO2/Pt0(2.92) 4 AA Natural Sunlight 7.71 328 

aThe following standard conditions were employed: 5 mL of 0.1 M SED in water (at pH 4 for AA, pH 8 for TEOA) + 10 mg of functionalized TiO2 NPs; 

irradiation time: 6 hours. bNot detected: N.D. 

To investigate the ability of TB207 to work under the solar spec-

trum, additional photocatalytic measurements were performed by 

irradiation with a sunlight simulator AM 1.5 [1000 W/m2] and un-

der external natural solar light (Figure 4 and Table 2). The resulting 

H2 evolution decreases between 1 and 2 µmol, respectively, when 

both artificial and natural sunlights are used compared with the red 

LED irradiation (2 LEDs at 740 nm, 5.45 mW each), since a turn-

over number (TON) of 387 and 328, respectively, were determined, 

while the corresponding experiment with the LED lights leads to a 

TONPS of 417. This supports the hypothesis that TB207 could work 

in natural sunlight conditions and with even higher performances 

than with the narrow range wavelength of LED sources. Moreover, 

the lower quantity of H2 evolved under natural versus artificial sun-

light can be explained by the variable incidence angle of the sun 

during the experiment (6 hours). This, inevitably, changes the in-

sulating power on the sample due to the Earth rotation, while the 

intensity of the sun simulator stays constant throughout the whole 

experiment. Inspection of the H2 production as a function of time 

(Figure S6), indicates that it declines after 5-6 hours of irradiation. 

To shed some light on the origin of the performances decrease, 

TB207 was desorbed from the NPs after 6 hours of photocatalysis 

under simulated sunlight and the absorption spectrum of the buffer 

solution was also recorded (Figure S9). On one hand, after photo-

catalysis, there remains only 33% of non-degraded dye on TiO2 na-

noparticles. On the other hand, the absorption spectrum of the 

buffer solution does not display significant absorbance around 740 

nm. This proves that the main cause of the performance’s loss 

comes the dye bleaching.  

 

 

Cocktail dyes towards panchromatic light induced H2 pro-

duction 

The above results prove that a NIR photosensitizer such as TB207 

can be effectively used to produce H2 using low energy photons in 

the far red of the solar spectrum. A widely used strategy in DSSCs 

to expand the light harvesting efficiency (LHE) consists in co-ab-

sorbing several PSs on the TiO2 surface.33, 34 There are rare exam-

ples of implementation of this approach in DSP, although it could 

in principle enhance the photocatalytic H2 production.19, 35, 36 Here, 

a xanthene dye, Eosin Y (EY) was chosen as visible light harvester 

owing to its complementary absorption spectrum with TB207 (Fig-

ures S10-S11). In spite of the many successful examples of cocktail 

dyes in DSSCs, there are also many combinations of dyes which 

failed to provide higher photovoltaic efficiency due to the enhance-

ment of charge recombination promoted by one dye, resulting in 

overall poorer performances.37 Accordingly, we firstly studied the 

photovoltaic performances of TB207 and EY (Table 3). The ab-

sorption spectra on TiO2 show that EY must be in large excess in 

order to be sufficiently chemisorbed on the TiO2 surface, probably 

because of its lower tendency to absorb onto TiO2 due to its hin-

dered anchoring group, which limits the approach of the dye to 

TiO2 surface (Figure S10). Looking at the photovoltaic perfor-

mances of the cocktail dyes, it can be observed that the mixture of 

TB207 and EY in a 1/3 ratio provides significantly higher photo-

voltaic performances than the single dye (Table 3). This can be un-

derstood as the consequence of favorable higher LHE (Figure S10) 

as confirmed by the broader Incident Photon-to-electron Conver-

sion Efficiency (IPCE) (Figure 5). Clearly, TB207 collects and 

transforms photons into electricity between 600 and 800 nm, while 

EY is active in the region between 400 and 550 nm, further high-

lighting the effectiveness of using these two dyes for a broader light 

collection.  
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Figure 4. Photocatalytic H2 production measured with TB207/TiO2/Pt0 functionalized NPs in DSP systems, with the corresponding µmol of 

H2 generated and the TONPS as a function of a) the pH of the 0.1 M AA aqueous solution used as reaction medium, b) the amount of CDCA 

co-absorbed with TB207 on the TiO2 NPs, at pH = 4, c) the dye loading at pH = 4, d) the Pt0 loading at pH = 4 and e) the different light 

sources used to irradiate the system in the optimum conditions. 

Table 3. Photovoltaic performances of DSSCs fabricated with different TB207/EY ratios, recorded under simulated sunlight AM 1.5 (100 

mW/cm2). 

TB207/EY ratio JSC (mA/cm2) VOC (mV) FF (%) PCE (%) 

1/0 2.96 ± 0.1 406 ± 5 47 ± 1 0.58 ± 0.06 

3/1 5.19 418 61 1.33 

1/1 6.14 432 59 1.57 
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1/3 6.69 423 59 1.66 

1/5 1.53 421 52 0.33 

1/10 1.92 437 53 0.44 

0/1 3.36 432 62 0.90 

 

Figure 5. IPCE spectra of DSSCs co-sensitized with TB207 (green 

line), EY (pink line) and both dyes in ratio 1/3 (blue line). 

The successful combination of TB207 with EY in DSSC 

prompted us to investigate the H2 evolution activity of this cocktail 

in DSP systems having TiO2 NPs functionalized with different 

amounts of the dyes, with a 0.1 M AA aqueous solution at pH 4 as 

reaction medium, and the sunlight simulator as irradiation source 

(Figures 6 and S10). At first, it appears that in these conditions, EY 

alone produces less H2 than TB207. Secondly, in agreement with 

the photovoltaic results in DSSCs, the mixture of dyes TB207/EY 

with the ratios 1/2 and 1/3 enable better H2 photogeneration when 

compared to the dyes TB207 and EY alone, by a factor of more 

than 3 fold. Overall, these results demonstrate the advantage of us-

ing multiple PSs to improve the light harvesting in DSP and thus 

the overall solar fuel efficiency as it was shown in DSSC. Accord-

ingly, the development of NIR absorbers for DSP will certainly be 

valuable to improve solar to fuel conversion efficiency when they 

are associated with an efficient dye absorbing in the visible range, 

as they are many in the literature. 

  

Figure 6. Photocatalytic H2 production achieved by DSPs based on 

TiO2/Pt0 NPs functionalized with TB207 and EY recorded under 

sunlight simulator (30 mW/cm2).  

  

Conclusion  

This study demonstrates the photocatalytic H2 production in 

DSPs based, for the first time, on apyrrolopyrrole cyanine dye 

TB207, standing for the most red-shifted NIR photosensitizer used 

for this application. Optimizing the experimental conditions by 

modulating the pH of the aqueous reaction media and by screening 

dye and Pt0 loading allows to achieve a TON of about 400 within 6 

hours of irradiation, demonstrating the effective H2 production with 

low energy photons such as 1.60 eV in DSPs. Moreover, this dye 

is effective even under natural sunlight irradiation, thus proving its 

practical interest. Finally, successful co-sensitization of TB207 

with a complementary visible light eosin based dye (EY) both in 

DSSCs and DSP systems, provides a concrete example that solar 

energy to chemical energy conversion efficiency of these systems 

can be boosted.Previous studies27, 38 of TB207 on TiO2 by transient 

absorption spectroscopy and by intensity-modulated photo-

voltage/photocurrent spectroscopy (IMVS/PS) experiments 

showed that the performances are mainly controlled by the electron 

injection quantum yield, which is limited by the weak driving force 

and the formation of aggregates. Taking into account the large 

number of possible functionalization of pyrrolopyrrole cyanine 

dyes, introduction of bulky and electron rich substituents on this 

type of dye should overcome these limitations. 

We expect that this study will contribute to develop better per-

forming DSPs in the future by the design of new NIR absorbing 

PSs and their implementation with visible light PSs. 
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