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Abstract: 

The preparation of a triptych nanomaterial made of TiO2 nanoparticles as semiconductor, 

Ag plasmonic nanoparticles and a carbo-benzene macrocyclic molecule as photosensitizer is 

described, and used to produce hydrogen by photo-reduction of pure deionized water under 2.2 
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bar argon pressure without any electrical input. Silver nanoparticles (~5 nm) are grafted onto 

the surface of commercial TiO2 nanoparticles (~23 nm) by a photo-deposition process using an 

original silver amidinate precursor. The thickness of the photosensitive layer (2 nm), which 

completes the assembly, plays a crucial role in the efficiency and robustness of the triptych 

nanocatalyst. Thanks to the organic layer reorganization during the first ~24 h of irradiation, it 

leads to an enhancement of the hydrogen production rate up to 5 times. The amount of silver 

and carbo-benzene are optimized, along with the mass concentration of nanocatalyst in water 

and the pH of the aqueous medium, to allow reaching a hydrogen production rate of 22.1 

µmol.h-1.gphotocatalyst-1. 

 

 

Introduction 

Production of sustainable and green sources of energy is one of the most important 

challenges of the XXIth century and is now urgent because of the global warming and its 

consequences. To address this challenge, hydrogen (H2) appears to be an unavoidable 

candidate, thanks to its powerful energetic profile [1-3]. World production of hydrogen is today 

based for ca 96% on fossil fuels, because of cheap industrial processes and materials. The 

remaining 4% mainly correspond to electrolysis of water (i.e. splitting of water molecules into 

hydrogen and oxygen with an electric current), but it requires the use of a renewable source of 

electricity to be considered as a green method. Since Honda and Fujishima have demonstrated, 

in 1972, that a pure photocatalytic process can be used to produce hydrogen from water (i.e. 

without applying an external potential) [4], using titanium dioxide (TiO2) as semi-conductor 

(SC) under UV irradiation, several improvements of this initial method were reported. The 

modification of the TiO2 crystalline phase [5, 6], shape [7], size [8] were investigated, and its 

coupling with noble metal plasmonic nanoparticles (NPs) such as Au [9-14], Ag [15-17], Pt 
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[18-22], or a combination of NPs was considered [23-25]. In order to harvest a larger part of 

the solar light, the use of molecular and biomolecular dyes as photosensitizer (PS) was proposed 

[26-29], and more recently, the combination of plasmonic Au or Ag NPs with carbon-based 

materials such as carbon nanotubes (CNTs) [30], graphene from reduced graphene oxide (rGO) 

[31-35], porphyrin [36] or graphitic carbon nitride (g-C3N4) [37-42]. 

One of the challenges in the design of triptych photocatalysts (i.e. the combination of a SC, 

plasmonic NPs and a PS layer) still concerns the optimal integration of a PS to benefit from its 

physical and chemical properties. In a recent report [43], a TiO2/Ag/Cbz triptych thin film 

photocatalyst (with TiO2 as SC, Ag as plasmonic NPs and carbo-benzene (Cbz) as PS) was 

shown to exhibit a remarkable efficiency for hydrogen production by a pure photocatalytic 

process [44, 45]. The controlled deposition of a Cbz PS layer of optimal thickness onto the 

TiO2/Ag thin film surface was however shown to be of major importance to take advantage of 

its unique properties such as a large absorbance in the visible region [46] and a high single 

molecule conductance [47]. In this context, this work focuses on the fine assembling of a novel 

triptych nanomaterial and the study of the crucial role of the Cbz layer (Figure 1) [43]. The use 

of TiO2 P25 Aeroxide® (NPs of 23 nm mean size with 50 ± 15 m2/g specific surface area) is 

chosen in order to improve the photo-active specific surface and thus the hydrogen production 

rate from pure deionized water. The plasmonic NPs are prepared by UV irradiation of a silver 

amidinate precursor (silver N,N’-diisopropylacetamidinate, hereafter denoted as Ag(amd)) [48] 

and deposited on the TiO2 surface previously covered with a thin layer of Cbz. The coating of 

the PS onto the TiO2 surface before photo-deposition of the Ag NPs allows their stabilization 

along with their size and shape control without requiring any additional organic stabilizing 

agents [48]. Furthermore, Ag(amd) is an original precursor for the synthesis of Ag NPs, 

avoiding the use of alcoholic aqueous solutions (EtOH/H2O for example) that are necessary 
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with AgNO3 salts [43], and which may alter the PS layer on TiO2 due to its solubilization 

properties in such solvents. 

 

 

Figure 1. Working principle of the triptych nanocatalyst composed by Aeroxide® TiO2 NP (blue 

sphere), Ag NPs (white sphere) and carbo-benzene dye (green crown) for hydrogen production 

from pure deionized water (for a molecular structure of the carbo-benzene, see Figure 2e). 

 

The quantities of Cbz and Ag precursor engaged in the synthesis of the triptych nanocatalyst 

are crucial, as non-optimal ratios decrease the photocatalytic activity [43], as well as the size 

distribution of Ag NPs which is related to the initial amount of Ag(amd) used. In this study we 

focused first on a triptych nanocatalyst (Figure 1) made of 2% molar of Cbz (PS) and 3% molar 

of Ag (NPs) with respect to TiO2 (hereafter denoted as TiO2/Cbz2%/Ag3%). This triptych system, 

tested under simulated sunlight in pure deionized water exhibits a long lifetime over 90 h, going 

through an unprecedented reorganization of the photosensitive Cbz layer (demonstrated by 

physical and spectroscopic experiments) and leading to an enhancement of the hydrogen 

production by a factor greater then 5. A complete study of the influence of the Cbz thickness, 

Ag content and pH is hereafter reported. Furthermore, the use of an optimized mass of 

nanocatalyst allowed a 10 times increase of the catalytic efficiency in neutral conditions, 
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leading to a final hydrogen production rate of 22.1 µmol.g-1.h-1 in pure deionized water and 

under 2.2 bar of argon pressure. 

 

 

Materials and Methods 

Materials and reagents 

The TiO2 nanoparticles P25 Aeroxide®, particle mean size ≈ 23 nm (with 50 ± 15 m2/g specific 

surface area) were supplied by Sigma-Aldrich. 

Toluene was collected from an Innovative Technology solvent purification system and used 

without further purification. 

Synthesis of Ag(amd) precursor and Cbz macrocyclic molecule 

The silver N,N’-diisopropylacetamidinate (Ag(amd)) precursor was prepared according to a 

previously reported procedure [49]. The synthesis of 1,10-bis-anilinylethynyl-4,7,13,16-

tetraphenyl carbo-benzene (Cbz) was realized as previously reported [50]. 

Synthesis of triptych TiO2/Cbz2%/Ag3% 

All the reactions were carried out under argon atmosphere, using Schlenk tube and vacuum line 

techniques.  

In a standard procedure, in a glovebox (Bruker), a Fisher-Porter bottle is filled with 100.0 mg 

of TiO2 and 100 mL of dry and degassed toluene. Cbz (18.0 mg) is then added and the mixture 

is stirred at room temperature in the glovebox during 15 min, before addition of the Ag(amd) 

precursor (9.0 mg). The bottle is then removed from the glovebox (at the exclusion of light) and 

irradiated with a UV lamp (Hg, 100 W) during 2 h. Then, the toluene is evaporated to dryness. 

The raw nanocatalyst material was then used without further purification.  

Synthesis of triptychs TiO2/CbzX%/AgY% 
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According to the procedure described for the synthesis of TiO2/Cbz2%/Ag3%, several 

nanocatalysts were prepared by varying the quantities of Cbz (1%, 2%, 3%) and Ag precursor 

(1%, 3%, 5%), as detailed in Table S1 (see Supporting Information, SI). 

Materials characterization 

A set of techniques was used for the characterization of the nanocatalysts. Transmission 

electron microscopy (TEM) observations were carried out with a JEOL JEM 1011 microscope 

at 100 kV. A drop of toluene suspension of nanocatalyst was deposited on a copper microscopy 

grid before observations. High-Angle Annular Dark-Field Scanning Transmission Electronic 

Microscopy (STEM-HAADF) was used to study the samples on a JEM-ARM200F cold FEG 

at 200 kV with a probe Cs corrector reaching a spatial correction of 0.078 nm. Energy 

Dispersive X-Ray Spectrometry (EDS) spectra were recorded using a JEOL CENTURIO SDD 

detector. The X-ray photoelectron spectroscopy (XPS) analyses were performed in an 

ESCALAB 250 X-Ray photoelectron spectrometer, using Mg Ka X-Ray as the excitation 

source and a concentric hemispherical electron energy analyzer under high vacuum (10-9 mbar). 

The samples (powders) were deposited and pressed on a tungsten mesh (wires/In.: 100 x 100; 

wire diameter: 0.001”; width opening: 0.0090”) prior to the analyses. Due to the insulating 

property of the samples, a neutralizer beam was used during the analyses (1 µA). The specific 

surface area has been determined by the Brunauer-Emmett-Teller (BET) method at 77 K using 

a Micromeritics ASAP2020 surface area and porosimetry Analyzer. The infrared absorption 

spectra were recorded with a Thermo-Nicolet FTIR instrument. The samples (~2 mg of powder) 

were pressed within KBr pellets and placed into a high-pressure high-temperature cell at the 

focal point of the sample compartment of the infrared spectrometer. The cell was connected to 

a vacuum-line for evacuation (base pressure ~100 mTorr). The spectra were recorded in 

transmission mode between 4000 cm-1 and 400 cm-1 (4 cm-1 spectral resolution) with a MCTA 

detector under vacuum at 30 °C. Raman analyses were performed on a Nicolet Almega XR 
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Raman Spectrometer equipped with a 780 nm laser. The powder-diffraction diagrams were 

obtained with a SEIFERT XRD 3000 TT X Ray diffractometer with Cu-Ka radiation, fitted 

with a diffracted-beam graphite monochromator. The data were collected in the grazing 

incidence configuration (3°) and 2q varying between 5 and 70°. The absorbance spectra were 

recorded with a Perkin-Elmer Lambda 950 UV-visible spectrometer using an integration sphere 

(specular mode) in the wavelength region 200-850 nm. These spectra were recorded in 

transmission mode using samples mixed with KBr powder. The emission spectra were recorded 

with a Photon Technology International (PTI) Quanta Master 1 spectrofluorometer. All optical 

measurements were achieved with quartz cells of optical pathway 1 cm, and all fluorescence 

spectra were corrected. 

Photocatalytic experiments 

The photocatalyst (30 mg) was immersed in deionized water (30 mL) in a quartz reactor (135 

mL) equipped with a teflon layered magnetic stirrer (see SI, Figure S1) and irradiated with a 

solar simulator (Generator 5310 Xenon 300 W, Eurosep®) equipped with a liquid lightguide 

(Lumatec®, series 380, 8 mm x 150 mm, from the near UV to the far red, 3,6 W, Eurosep®, see 

SI, Figure S2). Note that the samples were placed at ~2 cm from the liquid lightguide which 

corresponds to an optical irradiance at the sample of 200 mW.cm-2 at 365 nm and 800  

mW.cm-2 at 405 nm. The relative spectra distribution of the Xenon lamp is showed in Figure 

S2, where the reactor is connected in line to a gas chromatography (GC) system (Perkin-Elmer® 

Clarus 580, PlotQ column (30 m) and PE-molsieve column (30 m), thermal detector 

conductivity (TCD) detector, vector gas: argon), and a small amount (20 µL) of the gaseous 

atmosphere of the reactor is injected for analysis. The reactor was purged and pressurized at 2.2 

bar under argon gas prior to irradiation until disappearance of oxygen and nitrogen peaks 

(analyzed by GC). The GC analyses were performed every 6 h to monitor the hydrogen 

production. 
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Results and Discussion 

1. Synthesis and characterization of the triptych TiO2/Cbz2%/Ag3% nanocatalyst 

The TiO2/Cbz2%/Ag3% triptych was synthesized in two steps. First, commercial Aeroxide® 

TiO2 NPs (~23 nm) were impregnated with a toluene solution of the Cbz dye in order to have a 

maximum coverage of the TiO2 NPs surface by a photosensitive layer of Cbz. Then the growth 

of Ag NPs by photo-decomposition of Ag(amd) under UV light was performed in order to 

assemble the third component of the triptych (Figure 1). 

 

Transmission electron microscopy (TEM) and high-angle annular dark-field scanning 

transmission electronic microscopy (STEM-HAADF) images show the formation of spherical 

Ag NPs of 5.4 ± 1.3 nm mean size which are exclusively deposited on the TiO2/Cbz surface 

(i.e. no free Ag NPs are observed without TiO2 NP on the grid, Figure 2a). The growth of silver 

nanoparticles is realized by adsorption and decomposition of the photosensitive Ag(amd) 

precursor under UV light. While most of the Ag NPs are found in direct contact with the TiO2 

surface, revealing migration through the Cbz layer, a few of them are embedded within the 

organic layer (Figure 2b). The growth of crystalline Ag0 NPs (111 crystallographic planes) on 

the TiO2 NP surface is confirmed by STEM-HAADF observations (Figure 2c) and EDS 

measurements (see SI, Figure S3).  

According to TEM, the Cbz thin layer thus plays the role of a stabilizing agent for the Ag 

NPs (Figure 2b) [43]. Note that the comparison between STEM-HAADF images taken in bright 

and dark field modes allows the clear pinpointing of the Cbz layer (Figure 2c). The homogeneity 

of the Cbz layer thickness (~2 nm thick) is remarkable and corresponds roughly to the distance 

between the two –NH2 groups of the Cbz molecule (Figure 2e).  
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Figure 2. a-b) TEM images (inset of the size dispersion of Ag NPs) and STEM-HAADF images 

taken in bright (on the left) and dark field (on the right) c) before, and d) after photocatalysis 
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for TiO2/Cbz2%/Ag3% nanocatalyst; e) molecular structure of Cbz; f) combined normalized solid 

UV-visible spectra of triptych TiO2/Cbz2%/Ag3% before (light green curve) and after (dark green 

curve) photocatalysis, with comparison to TiO2 P25 Aeroxide® (black curve) and TiO2/Cbz (red 

curve) references (KBr solid dilution); g) H2 production of TiO2 (black), TiO2/Cbz (red) and 

triptych TiO2/Cbz2%/Ag3% nanocatalyst (green). 

 

The TiO2 stoichiometry TiO2/Cbz2%/Ag3% is confirmed by XPS analysis giving binding 

energies of the Ti 2p1/2, Ti 2p3/2 and O 1s core levels at 465.8, 460.1 ± 0.1 and 532.8 eV, 

respectively (see SI, Figures S4-6). Silver integration in the triptych nanomaterial is confirmed 

by the binding energies of the Ag 3d3/2, Ag 3d5/2 core levels at 374.7 and 368.7 eV, respectively. 

Thanks to the TiO2 and Cbz XPS reference spectra, the binding energies measured at 285.5 and 

400.7 eV are assigned to C 1s and N 1s core levels, respectively (see SI, Section B-2).  

A specific surface of 37.07 m2.g-1 for this triptych TiO2/Cbz2%/Ag3% nanocatalyst, as 

determined by Brunauer-Emmet-Teller (BET) measurement, is lower than the specific surface 

of the initial TiO2 NPs measured at 52.22 m2.g-1 (see SI, Figure S7). This difference is explained 

by the agglomeration of the triptych nanocatalyst, as it can be observed in the TEM images 

(Figure 2a,b). 

 

The IR spectra of TiO2 P25 Aeroxide®, Cbz and TiO2/Cbz2%/Ag3% can be compared in a 

systematic manner (see SI, Section B-4). The IR spectrum of TiO2/Cbz2%/Ag3% shows a sharp 

mode at 3389 cm-1 assigned to the -NH2 stretch mode of Cbz, two modes at 2188 and 2118 cm-

1 (both assigned to exo and endo macrocyclic C≡C stretch vibration) [51], at least five sharp 

modes in the 1620-1510 cm-1 region assigned to C=C stretch vibrations, three main peaks in 

the 1200-1100 cm-1 region assigned to aromatic C=C bend vibrations of Cbz phenyl groups and 

a broad and intense peak at ~700 cm-1 assigned to the Ti-O vibration (see SI, Figure S8). In the 
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triptych system, the intensities of the Cbz vibration modes are found to decrease due to the low 

quantity of Cbz (2%) in the nanocatalyst. Note that the broad and intense Ti-O mode hides the 

Cbz modes in the 1000-600 cm-1 region, which corresponds to the aromatic bend (out of plan 

vibration) of the phenyl groups of the Cbz (for the molecular structure of the Cbz, see Figure 

2e).  

 

Raman spectra of TiO2/Cbz2%/Ag3% show a series of peaks at 2029, 1598, 1326, 1116 and 

633 cm-1, and many others in the 475-220 cm-1 region (see SI, Figure S9), which are assigned 

to the Cbz molecule [51]. A thin and intense peak is also observed at 150 cm-1, corresponding 

to the Eg1 phonon mode of TiO2, which is blue-shifted (+ 4.0 cm-1) as compared to the reference, 

as expected for the formation of a TiO2/Ag interface. Indeed, such a blue-shift has been 

previously described for TiO2/Au materials and is known to favor the charge transfer 

interactions between the TiO2 and metallic NPs [52]. In the case of triptych TiO2/Ag/Cbz thin 

films, a similar blue-shift was also observed when the pores of an anatase TiO2 film were filled 

by Ag NPs [43], demonstrating the close structural relationship between the TiO2 and Ag 

crystalline networks [53]: the blue-shift strongly suggests a covalent grafting of the Ag NPs 

onto the TiO2 NP surface.  

 

The X-Ray Diffraction (XRD) analysis of TiO2/Cbz2%/Ag3% (see SI, Figure S10) shows only 

peaks corresponding to the anatase/rutile crystallographic phases of TiO2 (79% anatase/21% 

rutile): the Ag nanocrystals are too small to be detected by XRD, and the Cbz layer is not 

crystalline. From the solid UV-visible spectrum of TiO2/Cbz2%/Ag3% (light green curve, Figure 

2f), application of the Kubelka-Munk function brings out the strong band-gap absorption of 

TiO2 NPs around 2.9 eV. Moreover, the two main absorbance bands of the Cbz observed around 

490 nm and 620 nm are in agreement with the UV-visible spectrum of the Cbz both in the solid 
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state (red curve, Figure 2f) and in toluene solution [50]. The main absorption band of the Cbz 

at 490 nm corresponds to the overlap of two transitions (HOMO-1/HOMO → 

LUMO/LUMO+1) following the Gouterman four-orbital model described for the interpretation 

of the electronic spectra of porphyrins [54-57]. Finally, the contribution of the Ag NPs localized 

surface plasmon resonance (LSPR) appears around 520 nm, as expected for Ag NPs of ca 5.4 

± 1.3 nm size on TiO2, and overlaps with one of the absorption bands of the Cbz [15, 58].  

 

The photocatalytic reduction of water was investigated under a high pressure of argon (2.2 

bar) which is unfavorable for the H2 production [45, 59], but closer to practical applications 

[44]. Though a weak H2 production rate is measured during the first 20 h of irradiation (H2 

production rate: r1 = 0.4 µmol.g-1.h-1 in pure deionized water), this rate becomes more than 5 

times higher (H2 production rate: r2 = 2.2 µmol.g-1.h-1, Figure 2g) after this activation period 

(i.e. during the following 60 h). Hydrogen production measurements for the TiO2 P25 

Aeroxide® and the diptych TiO2/Cbz1% nanocatalyst have been performed with reference 

samples tested in the same conditions for comparison. While there is no hydrogen production 

for TiO2 P25 Aeroxide® after 48 h of irradiation, the TiO2/Cbz1% system begins to produce a 

very small but measurable amount of hydrogen after 30 h of irradiation, at a rate of 0.08 µmol.g-

1.h-1 (Figure 2g). 

 

The triptych TiO2/Cbz2%/Ag3% nanocatalyst has also been characterized after a 60 h 

photocatalysis (PC) experiment performed in pure deionized water under irradiation: the TEM 

images show a slight increase of the Ag NPs size (with a dispersion of size after PC of 8.4 ± 

2.2 nm). The STEM-HAADF analysis indicates that the Cbz layer completely covers the TiO2 

and Ag NPs (Figure 2d), which was not the case before PC. The XRD analysis (see SI Figure 

S10) shows that two novel peaks are evidenced at 18° and 32° respectively, which may be 
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attributed to the formation of a crystalline Cbz layer [60]. Hypsochromic shifts of 10 nm for the 

main absorption band of Cbz at 480 nm (dark green curve, Figure 2f) and of 30 nm for the 

LSPR band (~490 nm) of the Ag NPs are also observed in the UV-visible spectrum. This last 

shift is assigned to the environment change of Ag NPs due to the presence of the Cbz layer after 

PC, thus affecting their LSPR properties [61]. Furthermore, the changes observed in the 

photoluminescence spectra after photocatalysis suggest a modification of the surface of the 

triptych photocatalyst (see SI, Figure S11). The consideration of both the post-catalysis 

characterization and the layout of H2 production rate allows us hypothesizing that a 

reorganization of the Cbz layer occurs onto the surface of the triptych nanocatalyst during the 

first hours of the PC.  

 

 

2. Influence of the thickness of the Cbz layer in the triptych nanocatalysts 

For a better appraisal of the Cbz reorganization process, investigations were carried out in 

the presence of a lower amount of Cbz in the triptych nanocatalyst: 1% molar amount of Cbz 

is actually just sufficient to offer a full covering of the TiO2 surface. Importantly, the UV-visible 

analysis detects no free Cbz in solution after impregnation (see SI, Figure S12). 

The TEM images of the triptych TiO2/Cbz1%/Ag3% (see SI, Figure S13b) evidence the growth 

of Ag NPs onto the TiO2 surface by photo-decomposition of Ag(amd) as it is observed with 

TiO2/Cbz2%/Ag3% (Figure 2a,b). However, a slight increase of the Ag NPs size (distribution 

size of 6.5 ± 2.2 nm) due to the twice lower amount of Cbz is noticed: indeed, the NPs size is 

known to increase when the amount of stabilizing agent is reduced [62], thus highlighting the 

key stabilizing role of the Cbz during the growth of Ag NPs. The photocatalytic production of 

hydrogen has been monitored in pure deionized water with the TiO2/Cbz1%/Ag3% nanocatalyst 

(Figure 3c) and, here again, a first period (12 h) of a low catalysis rate (0.5 µmol.g-1.h-1) is 
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observed. After this initiation period, the catalytic performance increases up to 1.6 µmol.g-1.h-

1 (by a factor >3), and before the H2 production rate remains constant over the following 60 h 

(Figure 3a), thus indicating a possible end of the reorganization process, as previously noticed. 

To investigate this phenomenon, spectroscopic characterization (XPS, Raman, IR) has been 

done before and after PC experiments.  

XPS analysis of the TiO2/Cbz1%/Ag3% nanocatalyst before and after PC (see SI, Figure S14-

S15) shows a shift of the Ti 2p1/2; 3/2 peak (+ 0.2 eV), Ag 3d3/2 ; 5/2 peak (+ 0.1 eV) and C 1s peak 

(+ 0.1 eV) whereas no change is observed for the O 1s peak. More importantly, the highest shift 

is measured for the N 1s peak (+ 0.3 eV), clearly indicating a difference of coordination of the 

–NH2 groups of the Cbz with TiO2 and/or Ag NPs. In the IR spectra recorded before and after 

PC (see SI, Figure S15), the intensities of the C≡C stretch vibration modes are very weak 

because of the lower content of Cbz in TiO2/Cbz1%/Ag3% as compared to TiO2/Cbz2%/Ag3% (see 

SI, Figure S8).  

Raman spectroscopy also affords evidence of the reorganization of Cbz during PC since an 

increase in intensity of all the vibration modes of Cbz is observed after PC (see SI, Figure S17). 

Notably, the aromatic C=C stretch vibration mode is more intense and shifted from 1581 to 

1604 cm-1. Similarly, the C≡C stretch vibration modes of Cbz appear after PC at 2141 and 2034 

cm-1 whereas there are not observed before PC (see SI, Figure S17). These observations suggest 

an enhancement of the Cbz Raman signals by surface enhancement Raman scattering (SERS) 

effect [48, 63, 64], as a result of the stronger coordination interactions between the Cbz -NH2 

groups and the Ag NPs surface, already shown by XPS characterization. The reorganization of 

the Cbz molecules modifies the Ag NPs surface, thus inducing the observed SERS effect. This 

reorganization of the Cbz molecules leads to the formation of a continuous and homogeneous 

photosensitive thin organic layer (~2 nm) covering both Ag and TiO2 NPs and is correlated with 

the observed enhancement of the hydrogen production rate from pure deionized water with both 
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TiO2/Cbz1% and 2%/Ag3% nanocatalysts (from 0.5 to 1.6 and from 0.4 to 2.2 µmol.h-1.g-1 

respectively, Figures 2g and 3c). Furthermore, STEM-HAADF observations, fast Fourier 

transform (FFT) (Figure 2c,d) and Raman spectroscopy (see SI, Figure S17) after PC do not 

evidence any oxidation of the Ag NPs, i.e. the nanoparticles are still composed of metallic Ag0.  

Finally, the reorganized Cbz layer may play a double role: i) it helps to harvest a large part 

of the UV-visible light (with a strong absorption in the visible region) and allows lowering the 

recombination of photo-induced electron/hole pairs [46, 47, 50], and ii) it forms a protective 

organic layer around the NPs, thus preventing their oxidation and degradation by photo-

corrosion in time [65, 66]. 

 

The effect of the Cbz layer was then highlighted through the synthesis and characterization 

of the TiO2/Cbz3%/Ag3% triptych, i.e. containing a relatively large amount of Cbz. The 

combined normalized solid UV-visible spectra of triptychs TiO2/Cbz1, 2 and 3%/Ag3% do not show 

any proportional increase of the main absorption bands of the Cbz with the amounts of this PS 

used (Figure 3a): similar profiles are observed for the triptych nanocatalysts containing 1% and 

3% of Cbz, while the spectrum of the 2% Cbz triptych (TiO2/Cbz2%/Ag3%) exhibits bands of 

lower intensities (l = 480 and 620 nm, Figure 3a). The photocatalytic activity of the 

TiO2/Cbz3%/Ag3% triptych has also been monitored (Figure 3c), showing a higher hydrogen 

production rate in the first 30 h (at a rate of 1.7 µmol.g-1.h-1), as compared with the two other 

triptychs, but the catalysis rate begins to decrease after this period (0.6 µmol.g-1.h-1, Figure 3c). 

Two main explanations of this decrease can be proposed: a too thick Cbz layer may thus i) 

increase the number of Cbz molecules that have to be reorganized under illumination and the 

kinetic is too slow, and ii) generate a too hydrophobic layer, which may result in the aggregation 

of the nanocatalyst and reduce its active surface area. 
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Finally, a faster reorganization of the photosensitive Cbz layer is noticed with the 1% Cbz 

triptych compared to the other triptych nanocatalysts, assuming that the change of the catalytic 

rate of hydrogen production occurs only after complete reorganization of the Cbz layer, as 

previously demonstrated (i.e. the rate change occurs after 12 h, 20 h and 30 h for the triptych 

TiO2/Cbz1%, 2% and 3%/Ag3%, respectively). The final catalysis rate is then still the highest for the 

TiO2/Cbz2%/Ag3% nanocatalyst (2.2 µmol.g-1.h-1 vs 1.6 µmol.g-1.h-1 and 0.6 µmol.g-1.h-1 for 

TiO2/Cbz1%/Ag3% and TiO2/Cbz3%/Ag3%, respectively, Figure 3e). This result clearly 

demonstrates the important role of the thickness of the photosensitive Cbz layer coordinated 

onto the TiO2 surface.  
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Figure 3. Combined normalized solid UV-visible spectra of TiO2 (black curve), TiO2/Cbz1% 

(red curve), a) the triptych TiO2/CbzY%/Ag3% series (Y = 1 (cyan curve), 2 (green curve) and 

3% (grey curve)) (samples prepared by dilution with SiO2) and b) the triptych TiO2/Cbz1%/AgX% 

series (X = 1 (pink curve), 3 (cyan curve) and 5% (orange curve)) (samples prepared by solid 

dilution with KBr); H2 production with the triptychs c) TiO2/Cbz1, 2 and 3%/Ag3% and d) 

TiO2/Cbz1%/Ag1, 3 and 5% nano-catalysts series immersed into pure deionized water at room 
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temperature and pressurized under argon at 2.2 bar; e) comparison of the final catalytic rate 

of H2 production (in µmol.g-1.h-1) for all the studied triptych nanocatalysts. 

 

 

3. Influence of the amount of Ag in the triptych nanocatalysts  

After having highlighted the importance of the thickness of the Cbz layer, the effect of the 

quantity of Ag NPs has been studied. The amount of Ag(amd) precursor was thus varied from 

1% to 3% and 5% (see SI, Section A.1). The use of 1% Cbz is here preferred, allowing sufficient 

covering of the NPs, but without release of free Cbz in the medium. The TEM observations of 

these three triptych TiO2/Cbz1%/Ag1, 3 or 5% nanocatalysts evidence that the mean size and size 

dispersion of Ag NPs increase with the concentration of the Ag(amd) precursor: 6.2 ± 1.6 nm, 

6.5 ± 2.2 nm and 7.1 ± 2.5 nm for TiO2/Cbz1%/Ag1, 3 and 5% respectively (see SI, Figure S13a-c). 

A more accurate control of the Ag NPs size is achieved with the lowest amount of Ag(amd) 

precursor (1%). The formation of Ag NPs from Ag(amd) might result from the oxidation of the 

amidinate ligand to acetyl/hydrazide imine/amidine derivatives, which could participate to the 

stabilization of Ag NPs in the first coordination sphere: consequently, the Cbz might only occur 

in the second coordination sphere for the stabilization of Ag NPs [48]. The presence of amidine 

oxidation products can indeed be partly responsible for the observed incomplete coverage of 

the Ag NPs surface by the Cbz (Figure 2c). The reorganization of the PS layer around the NPs 

is possibly concomitant with the expulsion of those amidine-derived byproducts by the Cbz, 

finally leading to the formation of a homogeneous PS layer fully wrapping the NPs. 

The solid UV-visible spectra show, as expected, an increase of the Ag Np LSPR band at 520 

nm when the amount of Ag(amd) precursor is used in larger amount (Figure 3b). The two main 

Cbz absorption bands are observed for all the TiO2/Cbz1%/Ag1, 3 or 5% nanocatalysts at about 480 

and 620 nm, as in the diptych TiO2/Cbz1% (i.e. without added Ag(amd)).  
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The photocatalytic production of hydrogen was monitored over at least 48 h, evidencing in 

all cases the already observed two-phase process, i.e. an initiation period of about 12 h of low 

catalysis rate followed by an increase of this rate by a factor of 1.5, 4 and 2, leading to a final 

H2 production rate of 0.3, 1.6 and 1.0 µmol.g-1.h-1 for TiO2/Cbz1%/Ag1, 3 and 5%, respectively 

(Figure 3d). The most efficient nanocatalyst of the series in pure deionized water appears to be 

TiO2/Cbz1%/Ag3%, but the highest catalytic rate remains for TiO2/Cbz2%/Ag3% (2.2 µmol.g-1.h-

1, Figure 3e). A too high coverage of the TiO2 NPs surface by larger amounts of Ag NPs 

drastically reduces the accessibility of the photoactive surface not only to water but also to light, 

the Ag NPs shielding UV light absorption by the TiO2 SC [67]. Indeed, the size of the Ag NPs 

is known to be an important parameter for efficient general catalysis [68-72]. A 3% amount of 

Ag thus allows promoting the photocatalytic reduction of water while avoiding the decrease of 

the TiO2 photo-active surface area.  
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4. Optimization of the photocatalytic conditions  

 

Figure 4. a) H2 production of the triptych TiO2/Cbz1%/Ag3% (cyan curves) and TiO2/Cbz2%/Ag3% 

(green curves) nanocatalysts, depending on the pH (pH = 2: diluted aqueous H2SO4 solution 

(diamond symbols), pH = 7: deionized water (square symbols) and pH = 12: diluted aqueous 

NaOH solution (triangle symbols) at 2.2 bar of argon gas; b) comparison of the initial and final 

catalytic rates for the triptych TiO2/Cbz1%/Ag3% (cyan bars) and TiO2/Cbz2%/Ag3% (green bars) 

nanocatalysts depending on the pH; c) comparison of the initial and final catalytic rates for 

TiO2/Cbz2%/Ag3% at pH = 12 as a function of the mass concentration of nanocatalyst; d) light 

on-off H2 production evolution under 2.2 bar of argon atmosphere in pure deionized water for 

a mass concentration of TiO2/Cbz2%/Ag3% nanocatalyst of 0.62 g.L-1 at pH = 7 (green stars).  
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4.1. Influence of the pH variation 

The modification of the aqueous phase pH was first studied with the triptych 

TiO2/Cbz1%/Ag3% nanocatalyst (Figure 4a, cyan curves). In acidic environment (pH = 2, diluted 

H2SO4 aqueous solution), a very weak production of H2 is measured during the first 12 h (0.2 

µmol.g-1.h-1), before an increase of the rate to 1.5 µmol.g-1.h-1 during the next 54 h. On the other 

hand, if a basic environment is used (pH = 12, NaOH aqueous solution), the rate remains 

constant during all the irradiation period (42 h), and corresponds to the highest measured rate 

(6.9 µmol.g-1.h-1, Figure 4a).  

The photocatalytic activities in basic conditions of the two triptych TiO2/Cbz1% and 2%/Ag3% 

nanocatalysts were then compared. The same tendency is observed with the triptych 

TiO2/Cbz2%/Ag3%: the catalytic rate enhancement is superior to 17 times higher in basic 

conditions (7.0 µmol.g-1.h-1) as compared to neutral conditions (0.4 µmol.g-1.h-1) during the first 

20 h of irradiation, but the rate begins to decrease to 2.3 µmol.g-1.h-1 during the following 60 h.  

 

In acidic medium (pH = 2), the amine group of the anilinyl moieties of Cbz (Figure 2e) are 

protonated into the ammonium form [73]. Though this protonated Cbz can be solvated in water 

and consequently removed from the surface of the triptych nanocatalyst, the two-stage catalytic 

activity is still observed, with a shorter inducing period, suggesting a faster reorganization of 

the Cbz layer in acidic conditions. In these conditions, the reduction potential of water is also 

modified according to the Nernst equation: E!!/!" = #!!/!"
° 	− 	0.06	pH	 = −0.12	V/NHE, 

which could explain the lower catalytic rate (Figure 4a,b).  

In basic conditions (pH = 12), no chemical modification of the Cbz NH2 groups of the Cbz 

can occur, and the H2 production rates are the highest recorded. Moreover, no initial period 

corresponding to a reorganization of the Cbz layer happens in this case, while a direct and 

constant high photocatalytic rate is observed in the first hours of irradiation. The Nernst 
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potential of the water reduction is also modified: E!"$/!" = #!"$/!"° − 	0.06	pH	 =

−1.547	V/NHE	at pH =12 [74], which could explain the high measured catalytic rates for 

TiO2/Cbz1%/Ag3% (Figure 4a,b).  

 

 

4.2. Influence of the mass-loading of nanocatalysts 

A variation of the mass-loading of TiO2/Cbz2%/Ag3% nanocatalyst (i.e. the mass 

concentration in solution) at pH = 12 was also tested for the photocatalytic hydrogen 

production, either by varying the mass of triptych used or by changing the volume of the 

solution, as follows: 0.62, 0.73, 0.99 and 1.68 g.L-1 (Figure 4c and Figure S18). Here again, two 

different catalytic rates are observed, the initial rate being higher than the final rate for the low 

mass concentrations of nanocatalyst: 0.62 g.L-1 (from 7.7 to 3.4 µmol.g-1.h-1), 0.73 g.L-1 (from 

6.0 to 3.9 µmol.g-1.h-1) and 0.99 g.L-1 (from 7.0 to 2.3 µmol.g-1.h-1). In contrast, only the highest 

nanocatalyst concentration (i.e. 1.68 g.L-1) gives a linear hydrogen production rate of 5.1 

µmol.g-1.h-1. It is well-known in the literature that each type of catalyst exhibits its own optimal 

mass-loading [23, 41]. 

For comparison, the effect of mass-loading was also checked in pure deionized water (pH = 

7) with the TiO2/Cbz2%/Ag3% triptych, by decreasing the mass concentration of photocatalyst 

to 0.62 g.L-1 instead of 1.0 g.L-1 in the previous tests (Figure 4d). As expected, the hydrogen 

production rate was found to increase up to ten times (24.7 µmol.g-1.h-1, Figure 4d) as compared 

to the more concentrated sample (Figure 2g). Remarkably, a steady catalytic rate is observed 

during the first 40 h. After this first period, the irradiation is switched off for the next 30 h and 

a decrease of the hydrogen amount in the gas phase is observed (Figure 4d), thus confirming 

that hydrogen production is really photo-induced. This decrease is explained by the hydrogen 

measurement process under an over-pressure of argon (2.2 bar) in a constant volume: when a 
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small amount of the gas phase of the reactor is injected into the GC for analysis, the amount of 

H2 decreases within the reactor. This is followed by an injection of pure argon gas to keep the 

pressure constant at 2.2 bar, thus diluting the H2 amount in the gas phase. When the light is 

switched on again after this period of darkness, the hydrogen production restarts at a slightly 

lower rate of 22.1 µmol.g-1.h-1, which is still the highest rate recorded with respect to other 

catalysts loading. The nanocatalyst proved to be robust after reorganization of the Cbz layer, 

with a constant production of H2 during the whole irradiation time.  

 

 

4.3. Comparison with published photocatalytic nanomaterials 

The main characteristic and PC H2 production performances in pure water of the optimized 

triptych TiO2/Cbz2%/Ag3% and other photocatalysts described in the recent literature are 

compared (see Table 1). This comparison is made difficult by the high variability of the 

experimental parameters used. Indeed, the H2 production was here monitored under a pressure 

of 2.2 bar, which is representative of practical applications, whereas a major part of published 

works [59] do not clarify the pressure used within the reactor during the photocatalytic 

experiments. It is well established that the use of vacuum is more favorable to hydrogen 

production due to the shift of the chemical equilibrium, but does not correspond to a practical 

application. Nevertheless, our optimized triptych photocatalyst exhibits a photocatalytic 

performance (22.1 µmol.g-1.h-1) and robustness (90 h) in pure water, i.e. without hole 

scavengers added and under high pressure (2.2 bar), thanks to the dye reorganization occurring 

onto the nanocatalyst surface. 
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Table 1. PC performance of different type of nano-powder photocatalysts used in pure water under UV and/or visible light irradiation; a CDs: 

Carbon dots; b TIM-190-A: H1.55K0.27In0.06Ta2O6 • 0.8 H2O. 

Catalyst Solution 
Specific 
Surface 
(m2.g-1) 

Light 
intensity 

Light 
source Irradiation 

H2 production 
rate  

(µmol.h-1.g-1) 
Robustness Pressure Reference 

          

ZnIn2S4/Au/TiO2 Pure water 63.53 - 300 W Xe UV-visible 186.3 7 h - [24] 

BiVO4/CDs/CdSa 
Ultrapure 

water 
- - 300 W Xe Visible 15.5 25 h - [75] 

Quantum sized 

BiVO4 

Pure water - - 500 W Xe UV-visible 13.3 25 h - [76] 

Au/Pt Pure water - - 250 W Hg UV 5.7 32 h - [77] 

TIM-190-Ab Pure water - 33 mW.cm-2 500 W Hg UV 6.0 8 h - [78] 

TiO2/ZnTe/Au Pure water - 96 mW.cm-2 300 W Xe UV-visible 3344.0 72 h - [79] 

TiO2/Cbz2%/Ag3% Pure water 37.07 200 mW.cm-2 300 W Xe UV-visible 22.1 90 h 2.2 bar This study 
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A possible mechanism of photocatalysis is here proposed: the reorganized organic layer absorbs 

visible light and the resulting excited state (i.e. the combination of the two transitions HOMO-

1/HOMO → LUMO/LUMO+1 of the Cbz molecules, as previously reported [54-57]) could 

relax by transferring the excited electrons to the CB of the Ag NPs or TiO2 SC (Figure 5). The 

Ag NPs, thanks to their surface plasmon resonance properties (corresponding to the interband 

4d/5s transition), may then transfer electrons to TiO2 via a plasmon-induced electronic transfer 

process at the Schottky junction between the Ag and TiO2 NP. Finally, the multiple 

heterojunctions between the organic layer, metallic Ag NP and/or SC TiO2 NP lead to a 

particularly robust triptych nanocatalyst. 

 

 

Figure 5. Representation of a possible mechanism for the photo-induced electron transfer in 

TiO2/Cbz2%/Ag3% nanocatalyst. The semiconducting TiO2 and plasmonic Ag NPs are depicted 

in grey and white, respectively, whereas the Cbz layer is depicted in green. For each of these 
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three components, the band diagram is also depicted. VB = valence band, CB = conductive 

band. 

 

 

Conclusion  

In summary, the relevance of novel triptych nanocatalysts for the photocatalytic production 

of hydrogen from pure deionized water involving a nanomaterial made of a TiO2 

semiconducting substrate and plasmonic Ag nanoparticles surrounded by a monolayer of photo-

sensitive carbo-benzene (Cbz) macrocyclic molecules is established. The interest of using a 

carbo-benzene to form an efficient conductive and photosensitive layer in a triptych 

nanocatalyst for green hydrogen production applications was demonstrated from pure deionized 

water. The TiO2/Cbz2%/Ag3% triptych has been shown to undergo a reorganization of the 

photosensitive layer onto the nanomaterial surface during photocatalysis, leading to an 

enhancement of the hydrogen production rate with a factor superior to five (2.2 µmol.g-1.h-1) 

after an induction period of lower efficiency. It was shown that a thin monolayer (2 nm) of 

carbo-benzene surrounding the TiO2/Ag nanomaterial is required. The amounts of 

semiconductor, plasmonic NPs and photosensitizer were finely optimized, too low or too high 

amounts of each component dramatically decreasing the photocatalytic efficiency. The pH of 

the aqueous solution was also shown to have a dramatic effect on both the reorganization of the 

Cbz layer and the hydrogen production rate. The mass-loading of nanocatalyst was finally 

shown to be of crucial importance, a lower mass concentration in the reactor leading to a ten 

times increase of the catalysis rate, reaching 22.1 µmol.g-1.h-1 in neutral conditions. 

This work demonstrates that a fine tuning of the amount of photo-sensitizer is required to 

enhance the photocatalytic activity, particularly in the hydrogen production field. The 

robustness of the optimized TiO2/Cbz2%/Ag3% triptych nanocatalyst, still active after 90 h of 
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reaction, is a remarkable outcome, especially under applicative conditions, i.e. pure deionized 

water without any hole scavenger added, at ambient temperature and under argon pressure (2.2 

bar). Further optimizations of the operating conditions (catalyst concentration, nature of the 

aqueous medium, hole scavenger additives, temperature…) are currently underway to increase 

the yield of H2 production. 
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