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Abstract  1 

Platinum nanoparticles (Pt-NPs) have been directly synthesized through the 2 

organometallic approach onto the surface of mesoporous graphitic carbon nitride (mpg-CN) 3 

semiconductor with two different metal loadings. Thorough multi-technique characterization 4 

reveals a very good dispersion of nanoparticles with a narrow size distribution centered at ca. 2.5 5 

nm, regardless of the metal loading, and composed primarily of platinum metal with a minor 6 

contribution of oxidic surface species. Compared to bare mpg-CN, the Pt-NPs decorated 7 

materials show improved charge separation properties upon band gap excitation, ascribed to 8 

electron extraction by Pt-NPs from the conduction band of mpg-CN, as demonstrated by time-9 

resolved fluorescence measurements. The so-obtained materials show photocatalytic activity for 10 

CO2 reduction under both UV and visible light irradiation, with improved selectivity towards 11 

highly reduced products such as methanol and methane with respect to the bare semiconductor, 12 

which leads to the formation of carbon monoxide as the main product. The obtained results shed 13 

light on the pathways that determine selectivity in photocatalytic CO2 conversion, contributing to 14 

the development of selective photocatalysts, which is one of the cornerstones in this promising 15 

technology for direct solar-to-chemical energy conversion. 16 
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1. Introduction 1 

Releasing a considerable amount of CO2 because of the high consumption of fossil fuels has 2 

led to global warming due to enhanced greenhouse effect, which affects the balance of carbon 3 

cycle in nature.[1] Based on this concern, it has become vital for chemists to find ways of 4 

transforming undesirable CO2 into useful chemicals.[2] Among various techniques to reduce the 5 

emissions of CO2, photocatalytic CO2 reduction to fuels and value added products is considered 6 

to be one of the most promising solutions to stabilize the concentration of CO2 in the 7 

atmosphere, while at the same time, it is a direct way to convert solar energy into chemical 8 

energy.[3],[4],[5] In 1979, Inoue et al.[6] showed that the photocatalytic reduction of CO2 in 9 

aqueous suspensions of semiconductor powders is feasible and, since then, the high efficiency 10 

photocatalytic reduction of CO2 has become one of the biggest challenges for energy 11 

researchers.[7]  12 

Different semiconductors such as TiO2, Ga2O3, ZrO2, CuO, LaCoO3, CdS, GaP, SiC and 13 

carbon nitride (CN) have been studied as photocatalysts for CO2 reduction.[3],[4],[5],[6],[7],[8] 14 

Most of these photocatalysts can only absorb UV light, which limits their photocatalytic 15 

performance and future practical application, since UV light represents only around 4% of the 16 

solar light that reaches the Earth crust.[9] Therefore, visible-light responsive photocatalysts have 17 

recently attracted a great research interest, and their development appears as mandatory, 18 

particularly for energy applications of photocatalysis.[10]  19 

Graphitic carbon nitride is a very promising material to be applied as a CO2 reduction 20 

photocatalyst due to its interesting combination of properties like facile and cost-effective 21 

synthesis, earth-abundance and nontoxic element composition, thermal stability, and band 22 
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structure suitable for CO2 photoreduction, especially under visible light irradiation.[11] 1 

Unfortunately, extended light absorption does not necessarily indicate enhanced photocatalytic 2 

performance because the sufficient adsorption/activation of reactants and highly efficient charge 3 

separation/transfer also play crucial roles.[12] In addition, one of the key challenges in CO2 4 

conversion technologies, and particularly in photocatalytic CO2 reduction, is the control over the 5 

selectivity of the process among the different possible carbon products, for example CO, 6 

HCOOH, CH3OH, CH4, to mention only C1 products.[1],[13],[14] In this respect, and in the 7 

particular case of photocatalysis, probably the simplest and most versatile method to tune the 8 

photocatalytic selectivity is to load suitable co-catalysts on the surface of 9 

semiconductors.[1],[14] Metal nanoparticles can then play a dual role when supported on a 10 

semiconductor photocatalyst: on the one hand, they can improve activity by acting as electron 11 

transfer centers and catalytically active sites; on the other hand, they can help tune the product 12 

selectivity, since different metals have been reported to lead to the formation of different main 13 

products.[1],[14],[15] For example, supported noble-metal co-catalysts, and specifically Pt 14 

nanoparticles, have been proved to be particularly interesting for CO2 reduction due to their 15 

excellent activity and selectivity.[16] It is important, though, to have a fine control of the 16 

morphological and chemical properties of these nanoparticles, as well as to assure their stability 17 

under reaction conditions, in order to fully exploit their potential in this challenging application. 18 

In this context, the so-called organometallic approach for the synthesis of metallic nanoparticles 19 

allows deposition of small nanoparticles with a controlled surface environment, reproducible size 20 

and narrow size distribution under mild synthetic conditions.[17,18] Interestingly, Ru-NPs 21 

prepared by this methodology have been recently used as nanocatalysts in the photoproduction of 22 

H2 combined with carbon nitride.[19]  23 
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In this study, Pt-NPs@mpg-CN photocatalysts with high Pt dispersion and narrow nanoparticle 1 

size have been prepared by the organometallic approach with two different Pt loadings. The 2 

photocatalytic activity of as-prepared photocatalysts has been investigated towards 3 

photocatalytic reduction of CO2 under UV and visible light irradiation. The relation between the 4 

physical-chemical characteristics and photocatalytic activity has been studied in detail. 5 

2. Materials and methods 6 

2.1. Preparation of photocatalysts. All reactions for the synthesis of the materials were 7 

carried out using standard Schlenk-line and Fischer–Porter bottle techniques, or in a glovebox 8 

(MBRAUN Unilab) under argon atmosphere. In all cases, glassware was pre-dried prior to use. 9 

The following chemicals were used as purchased: [Pt(dba)3] from Strem Chemicals and 10 

hydrogen (H2) gas from Abelló Linde (>99.999%). Tetrahydrofuran (THF) and hexane solvents, 11 

from Scharlab, were distilled, dried and degassed by using the freeze–pump–thaw method.  12 

2.2. Synthesis of mpg-CN. Mesoporous graphitic carbon nitride (mpg-CN) has been 13 

synthesized according to our previous reported procedure.[20],[21] Cyanamide (CA) was used as 14 

the carbon nitride source. Briefly, a certain amount of CA was dissolved in 0.01 N HCl (4 g) and 15 

ethanol (4 g) and the pH was adjusted to 2 with 1 M HCl solution followed by the addition of 16 

required amount of TEOS (tetraethyl orthosilicate) (CA:TEOS = 6:1). The mixture was stirred 17 

for 30 min. After evaporation of the solvents, a transparent glassy gel was observed, which was 18 

heated to 80 °C for 24 h to complete dryness. The resulting product was then heated to 550 °C 19 

for 4 h in an argon atmosphere. To obtain pure carbon nitride the composites are treated with a 4 20 

M NH4HF2 solution for 24 h to completely remove all the silica. After that, the samples were 21 
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washed with water several times and finally with ethanol and then dried at 80 °C under vacuum 1 

overnight.[20],[21] 2 

2.3. Synthesis of Pt-NPs@mpg-CN photocatalyst. 200 mg of mpg-CN were weighed and 3 

placed into a Fischer-Porter bottle directly taken from the oven (120 ºC). The reactor was 4 

connected to the vacuum line and allowed to cool to room temperature. Then, 16 mL of THF 5 

were added. The reactor was placed in the glove box where [Pt(dba)3] was weighed (11.2 mg, 6 

0.012 mmol for Pt-NPs@mpg-CN(H) or 4.5 mg, 0.005 mmol for Pt-NPs@mpg-CN(L)) and 7 

added into the reactor. After this step, the bottle was pressurized with 3 bars of H2. The reaction 8 

was left running overnight (16 h) at room temperature and under vigorous magnetic stirring. 9 

After that, the H2 pressure was evacuated and a TEM specimen was prepared by pipetting a 10 

small drop of the colloidal dispersion onto a carbon-coated copper grid (400 mesh). The Pt-based 11 

nanomaterials were isolated after washing them with hexane and dried under vacuum. As two 12 

different concentrations of [Pt(dba)3] were employed, the as-prepared materials were labeled as 13 

Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L), where (H) is for the higher concentration and 14 

(L) for the lower concentration of Pt precursor. These two concentrations have been used as a 15 

compromise between high metallic concentrations darkening the materials and preventing light 16 

from reaching the photoactive material and low metallic concentrations being less catalytically 17 

active.[18] Figure 1 shows a scheme of the synthetic procedure for the preparation of the mpg-18 

CN supported Pt nanoparticles. 19 
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Figure 1. Organometallic approach for the synthesis of the mpg-CN supported Pt 2 

nanoparticles. 3 

2.4. Characterization. X-ray diffractograms were recorded in a Panalytical Empyrean 4 

diffractometer using Cu Kα radiation at a scanning rate of 0.01°s−1.  5 

TEM micrographs and EDX spectra were obtained at the Servei de Microscòpia (UAB) with a 6 

JEOL JEM 2010 electron microscope working at 200 kV with a resolution point of 2.5 Å. The 7 

size distributions were determined via manual analysis of enlarged micrographs, treated with 8 

ImageJ software, by measuring ca. 200 particles on several pictures of a given grid to obtain a 9 

statistical size distribution and a mean diameter.  10 

The chemical composition of the photocatalysts were investigated using XPS which was 11 

performed in an equipment located at Catalan Institute of Nanoscience and Nanotechnology 12 

(ICN2) in Barcelona, Spain, with a Phoibos 150 analyzer (SPECS GmbH, Berlin, Germany) in 13 

ultra-high vacuum conditions (base pressure 5·10-10 mbar) with a monochromatic aluminum Kα 14 

X-ray source (1486.74 eV). The energy resolution measured by the FWHM of the Ag 3d5/2 peak 15 

for a sputtered silver foil was 0.62 eV.  16 
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The surface area was measured on a Quantachrome Autosorb-1 apparatus. Nitrogen 1 

adsorption–desorption isotherms were measured at 77.3 K after degassing the samples at 120 °C 2 

for 6 h. Specific surface areas were determined through the Brunauer-Emmett-Teller (BET) 3 

method.  4 

The actual amount of Pt nanoparticles (wt.%) on the semiconductor was measured by an 5 

inductively coupled plasma optical emission spectrometry (ICP-OES) Perkin-Elmer Optima 6 

4300DV model system located in the Chemical Analyses Service (UAB), Spain.  7 

UV-vis diffuse reflectance spectra were recorded in a UV/Vis/NIR Perkin Elmer Lambda 1050 8 

spectrometer with a Praying Mantis® diffuse reflectance accessory.  9 

Fluorescence lifetime measurements were carried out by time-correlated single photon 10 

counting (TCSPC) with a Mini- equipment from Edinburgh Instruments, using as excitation 11 

source a pulsed UV laser diode (372.2 nm, 61.2 ps pulse width, repetition rate of 1 MHz) and 12 

including a band-pass filter at 450 or ± 25 nm. Experimental data were fitted to bi-exponential 13 

decay curves and the average fluorescence lifetime was calculated as <τ>= [Σ(Aiτi
2)]/Σ(Ai τi), 14 

where Ai is the amplitude and τi the lifetime of each contribution. Every measurement was 15 

performed three times. 16 

2.5. Photocatalytic CO2 reduction. Gas-phase CO2 photoreduction experiments were 17 

conducted in continuous-flow mode in a stainless-steel reactor with an effective volume of 280 18 

mL and provided with a borosilicate window for irradiation. A suspension of 100 mg of 19 

powdered catalyst was deposited on a glass microfiber filter, dried at 100 °C under vacuum and 20 

fitted inside the reactor. UV and visible lights are used as irradiation source. In detail, UV 21 

illumination was carried out using four 6 W fluorescent lamps with a maximum wavelength at 22 
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365 nm and an average irradiance of 71.7 W/m2 altogether, and visible light irradiation was 1 

provided by a 30 W LED white lamp emitting from ca. 400 to 800 nm, with maxima at 445 and 2 

540 nm and with an irradiance of 78.7 W/m2 reaching the reactor in the full wavelength range. 3 

Pure CO2 and water were fed into the reaction system with a CO2:H2O molar ratio of 7.25 using 4 

a Controlled Evaporation and Mixing (CEM) unit. The reaction conditions were set at 2 bars and 5 

50 °C. The products of the reaction were determined in-line by a gas chromatograph (GC Bruker 6 

450) equipped with two separation branches and two sampling loops. The first separation branch 7 

is equipped with two semicapillary columns (BR-Q Plot and BR-Molesieve5A), a thermal 8 

conductivity detector (TCD), a flame ionization detector (FID) and a methanizer. The second 9 

separation branch consists of a capillary column (CP-Sil5B) and an FID. Before starting the 10 

experiments, the reactor was first evacuated at 50 °C for 1 h and then purged with Ar (100 11 

mL/min) for another 1 h in order to remove any residual organic compounds weakly adsorbed on 12 

the surface of the catalyst. Then, CO2 and H2O were flowed in the dark for 1 h to establish an 13 

adsorption–desorption balance at the reaction temperature. Prior to illumination, the reactor was 14 

pressurized and kept at a reaction flow rate of 2 mL/min for another 1 h. A scheme of the 15 

reaction system is shown in Figure S1(A). Carbon selectivity was calculated as the cumulative 16 

production of every carbon-containing product (i.e., excluding hydrogen) divided by the sum of 17 

them. Photonic efficiencies (defined as utilized electrons divided by incident photons in a 18 

wavelength interval) were calculated from irradiance measurements taken with a fiber optics 19 

spectroradiometer (StellarNet Inc.) and taking into account the different number of electrons 20 

necessary to obtain each product from CO2. 
13C isotope tracing experiments were conducted in a 21 

10.8 cm3 stainless steel reactor provided with a borosilicate top window for irradiation, 22 

schematically shown in Figure S1(B). 20 mg of catalyst were deposited from an aqueous 23 
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suspension on a glass microfiber filter, dried at 100 °C under vacuum and fitted inside the 1 

reactor. After evacuation in vacuum (P < 1 mbar) and 50 °C for 30 min, the reactor was filled 2 

with 3 µL of ultrapure water at static vacuum and then with 13CO2 (Cambridge Isotope 3 

Laboratories, 13C 99%) until a total pressure of 2 bars was reached. The reactor was irradiated in 4 

batch mode for 1 h with two 6 W fluorescent lamps (λmax 365 nm), after which the gas was 5 

introduced to an Agilent 7820A gas chromatograph equipped with a GS-Carbon-PLOT column 6 

and connected to a 5977B mass spectrometry detector with electron impact ionization. 7 

  8 
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3. Results and discussion 1 

3.1.Characterization of the photocatalysts 2 

The X-ray diffractograms of the synthesized catalysts (Figure 2) show the characteristic 3 

reflections of graphitic carbon nitride, with an intense peak at ca. 27.3 º due to the stacking of 4 

C3N4 layers with an interplanar distance of 0.326 nm, and a weaker one at ca. 13.1º related to 5 

inter-planar repetition of triazine units.[22] In addition to these, two new very weak and wide 6 

reflections appear in the Pt-NPs@mpg-CN(L) sample that can be indexed as the (111) and (002) 7 

planes of the platinum cubic structure, and which become more prominent in the Pt-NPs@mpg-8 

CN(H) sample. In good accordance with TEM images (see below), average Pt particle size 9 

calculation by applying the Scherrer equation to the (111) peak in the latter sample diffractogram 10 

gives a value of 3.0 nm. 11 

 12 

Figure 2. X-ray diffractograms of (a) mpg-CN, (b) Pt-NPs@mpg-CN(L) and (c) Pt-13 

NPs@mpg-CN(H). Black bars indicate the reflections corresponding to the reference Pt structure 14 

(ICDD PDF # 01-088-2343). 15 
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As it is shown in Figure 3, the TEM images of the as-prepared photocatalysts confirm the 1 

presence of small and well-dispersed Pt nanoparticles onto the mpg-CN material. According to 2 

the histograms, the mean particle sizes of the Pt nanoparticles are 2.7 ± 0.5 nm and 2.6 ± 0.4 nm 3 

for Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L), respectively.  4 

 5 

Figure 3. TEM micrographs and size distribution before photocatalytic CO2 reaction of: a) Pt-6 

NPs@mpg-CN(H) b) Pt-NPs@mpg-CN(L). 7 

These results confirm no significant variation in the mean size of Pt nanoparticles depending 8 

on the initial concentration of the Pt precursor, indicating that the difference in XRD patterns is 9 
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related to the amount of metal NPs (see below) rather than to their size. This fact, considering the 1 

absence of a further stabilizing ligand, demonstrates the effectiveness of the mpg-CN as 2 

stabilizing and size-controlling agent for Pt nanoparticles through the organometallic approach. 3 

The presence of Pt nanoparticles onto the mpg-CN material was further confirmed by the EDX 4 

analyses (Figure S2 in supporting information). 5 

Specific surface areas (SBET) have been measured and studied to find out any possible changes 6 

in the structural features of mpg-CN samples (N2 isotherms can be found in Figure S3). Pure 7 

mpg-CN displays a specific surface area of 147.0 m2/g, which confirms its mesoporosity. After 8 

Pt-NPs loading, the specific surface areas of the Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L) 9 

samples decrease to 109.9 (Pt-NPs@mpg-CN(H)) and 114.7 (Pt-NPs@mpg-CN(L)) m2/g. This 10 

behaviour can be attributed to the partial blocking of the mpg-CN mesopores after Pt-NPs 11 

loading. 12 

The actual amount of Pt was measured by ICP-OES. 1.2 wt.% Pt and 0.6 wt.% Pt were found 13 

for Pt-NPs@mpg-CN(H) and Pt-NPs@mpg-CN(L), respectively, which correspond very well to 14 

the nominal Pt values (1.2% and 0.5%) used during the preparation of the hybrid materials. 15 

Additionally, XPS measurements were performed to dig deeper into the chemical nature of the 16 

Pt-NPs, both freshly prepared and after being subjected to the photocatalytic experiments 17 

detailed in the following section (Figure 4). In all cases, two Pt species have been detected, Pt0 18 

4f7/2 and 4f5/2 peaks at 70.6 eV and 73.9 eV, and PtO, whose peaks are shifted to 72.9 eV and 19 

76.6 eV compared to the metallic Pt. Previous studies in the literature show that Pt nanoparticles 20 

can be partially oxidized.[14] 21 
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UV-vis diffuse reflectance spectra (Figure S4 in supporting information) show the typical 1 

profile of C3N4 semiconductors with a steep absorption onset at ca. 450 nm, corresponding to a 2 

band gap of 2.7 - 2.8 eV. The slight apparent variation in the absorption edge observed in the 3 

spectra can be probably ascribed to the visible-region baseline caused by the platinum 4 

nanoparticles. 5 

 6 

Figure 4. XPS analysis of Pt-NPs@mpg-CN(H) (a) before photocatalytic reaction test (b) after 7 

photocatalytic reaction test under UV irradiation (c) after photocatalytic reaction test under 8 

visible irradiation. Red lines denote the experimental XPS spectra, dotted black lines the 9 

envelope, green lines the metallic-Pt components (Pt 4f), and blue lines the PtII components (Pt 10 

4f). 11 

Figure 5 shows the fluorescence decay curves obtained with pure and Pt-decorated mpg-CN. 12 

The incorporation of the metal nanoparticles induces a reduction of the calculated average 13 

fluorescence lifetime, which can be interpreted in terms of electron withdrawal by the metal from 14 

the conduction band of the semiconductor upon excitation, reducing the conduction band 15 

population and hence decreasing the lifetime of the band-to-band transition involved in 16 
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fluorescence.[23],[24] The decrease in the lifetime is larger in the case of the highest platinum 1 

content, suggesting the electron transfer occurs to a larger extent with increased amount of 2 

nanoparticles. 3 

 4 

Figure 5. Fluorescence decay curves of bare and Pt-decorated mpg-CN. The green lines 5 

correspond to the decay curves fitted to each dataset. The instrument response function (IRF) is 6 

represented as a dotted red line. Inset: Average fluorescence lifetimes calculated from the fitted 7 

decay curves. 8 

3.2. Photocatalytic reduction of CO2 under UV and visible irradiation. The developed 9 

materials were tested as photocatalysts for gas-phase CO2 reduction with water as electron donor. 10 

As it is shown in Figure 6, CO, CH3OH, CH4 and H2 are detected as the main reaction products 11 

under UV light in the presence of the prepared photocatalysts. As could be expected, Pt 12 

nanoparticles largely promote the production of hydrogen through the reduction of water 13 

competing with that of carbon dioxide.[25] Among carbon products, similarly to previous results 14 

with TiO2,[26],[27]–[28] Pt moves the selectivity from CO to CH4, and this selectivity is 15 

maximum in case of Pt-NPs@mpg-CN(L) photocatalyst. In addition, a significant selectivity 16 
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towards CH3OH is observed with Pt. The maximum methanol selectivity occurs in the presence 1 

of Pt-NPs@mpg-CN(H). As seen in Figure 7, where carbon selectivity values are included as 2 

defined in the experimental section, this sample shows almost total selectivity towards CH4 and 3 

CH3OH (ca. 60:40), with CO production practically suppressed. This implies that the selectivity 4 

of these catalysts for CO2 photoreduction under UV light can be, at least, roughly tuned by 5 

selecting an appropriate co-catalyst, although further work will be necessary to finely tune the C-6 

product outcome. In this respect, the organometallic approach for the synthesis of metallic 7 

nanoparticles is especially relevant since it permits the fine-tuning of the catalytic properties of 8 

nanocatalysts through the stabilization of their surface with (limitless) ligands, as done for 9 

molecular catalysts.[29],[30]  10 

 11 

Figure 6. Evolution of the main products obtained in the CO2 + H2O photocatalytic reaction 12 

under UV irradiation: CO (A), CH3OH (B), CH4 (C) and H2 (D). 13 
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As also included in Figure 7, the shift in selectivity when introducing Pt-NPs comes by 1 

increased CO2 conversion and consequently much better electron utilization, both in total terms 2 

(C-products and hydrogen outputs) and regarding only electrons transferred into C-products. 3 

Thus, from this improved electron utilization, the resulting photonic efficiency between 300 and 4 

400 nm increases in the presence of platinum by one order of magnitude, from ca. 0.003 % in 5 

mpg-CN to ca. 0.03% in both Pt-decorated samples. 6 

As outlined in the introduction, however, the most interesting photocatalytic applications of 7 

carbon nitride are those carried out under visible light. Figure 8 shows the productions of the 8 

main reaction products under visible light irradiation (λ > 400 nm). On its own, mesoporous 9 

graphitic carbon nitride gives rise to the production of mainly CO and H2, the second one arising 10 

from the competitive water reduction reaction, in an approximate ratio 7:1, which means, 11 

compared to UV light, a selectivity for CO2 reduction vs. H2O reduction much more displaced 12 

towards the former. Traces of methanol and methane are also obtained. This product distribution 13 

gives rise to a large selectivity of mpg-CN towards carbon monoxide as it is displayed in Figure 14 

7. The presence of Pt nanoparticles promotes the formation of hydrogen, but in a much lower 15 

degree than was observed under UV light. This means that a high selectivity for CO2 reduction 16 

vs. H2O reduction occurs under visible light, which is one of the cornerstones of this reaction.[7] 17 

This is illustrated by the values of total electron utilization (C-products + H2) and electron 18 

transfer to C-products displayed in Figure 7, which, unlike the case of UV excitation, are 19 

practically equal under visible light. Focusing on carbon products, the presence of platinum 20 

nanoparticles clearly displaces the selectivity towards methanol and methane at the expense of 21 

CO, and as the amount of Pt increases, the selectivity towards the most reduced product, i.e. 22 

CH4, increases. This might be related to enhanced electron transfer as the number of Pt centers 23 
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increases, as suggested by the fluorescence lifetime measurements described above. However, in 1 

the presence of Pt-NPs@mpg-CN(H) photocatalyst, the overall CO2 conversion is considerably 2 

lower than that obtained with the Pt-NPs@mpg-CN(L) one, and nearly equals that of the bare 3 

carbon nitride. Consequently, the photonic efficiency under visible light (up to 450 nm as 4 

correspond to the catalyst absorption spectrum) is maximum with the Pt-NPs@mpg-CN(H) 5 

sample with a value of ca. 10-2%. Therefore, there is a clear advantage of the latter catalyst not 6 

only in terms of selectivity towards methanol, directly usable as fuel unlike CO, but also in terms 7 

of total CO2 conversion and electron utilization, making this catalyst particularly promising for 8 

visible-light CO2 photoreduction. 9 

 10 

Figure 7. Product selectivities (coloured bars), CO2 conversions (triangles) and electron use 11 

(circles: in C-products; squares: in C-products plus hydrogen) obtained with the different 12 

catalysts in the CO2 + H2O photocatalytic reaction under UV (left) and visible light (right) 13 

irradiation. 14 

It is interesting to note the differences in selectivity observed between UV and visible light 15 

reactions. On the one hand, the selectivity towards CO2 reduction vs. water splitting is much 16 

higher under visible light than under UV, even in the presence of a well-known hydrogen 17 
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evolution catalyst as Pt. On the other hand, among carbon products visible light excitation 1 

appears to favor the formation of methanol vs. that of methane, and indeed the selectivity 2 

towards CH3OH reached by the Pt-NPs@mpg-CN(L) catalyst is as high as 70%. In this respect, 3 

it has been reported that excitation with higher photon energy may favor the transfer of a higher 4 

number of electrons simultaneously,[31] and this may play a role here in determining whether a 5 

more reduced product (CH4) or a less reduced one (CH3OH) is formed depending on the 6 

excitation wavelength. A similar shift in selectivity has indeed been observed in Ag/TiO2 7 

photocatalysts when changing from UV to visible light irradiation.[32] 8 

 9 

Figure 8. Evolution of the main products obtained in the CO2 + H2O photocatalytic reaction 10 

under visible irradiation: CO (A), CH3OH (B), CH4 (C) and H2 (D). 11 
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Finally, 13C tracing experiments were conducted in order to ascertain the origin of carbon 1 

products, by performing a photocatalytic reaction with 13CO2 and analyzing the products by GC-2 

MS. The reactor output chromatogram shows a peak at ca. 5 min retention time, whose mass 3 

spectrum corresponds to 13CH4, as shown in Figure S5 in supporting information, confirming 4 

that CO2 is being reduced to CH4. 5 

Furthermore, the fate of the catalysts after the photocatalytic experiments were studied by 6 

TEM and XPS. The TEM micrographs still show small and well-distributed nanoparticles all 7 

over the mpg-CN in all cases (Figure 9), with the presence of Pt confirmed again by EDX 8 

analyses (Figure S6 in supporting information). Hardly any variation in size has been observed 9 

with respect to the original materials (Table S1 in Supporting Information). XPS spectra after the 10 

photocatalytic experiments confirm the chemical stability as observed in Figure 4 b and c. 11 
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 1 

Figure 9. TEM after catalytic reaction. a) Pt-NPs@mpg-CN(H) UV, b) Pt-NPs@mpg-CN(L) 2 

UV, c) Pt-NPs@mpg-CN(H) Vis, d) Pt-NPs@mpg-CN(L) Vis. 3 

 4 



 22 

4. Conclusions 1 

Pt-NPs@mpg-CN photocatalysts have been prepared following the organometallic approach 2 

and applied to the reduction of CO2 in continuous flow reactor under UV and visible light 3 

irradiation. Multi-technique characterization reveals a very good dispersion of nanoparticles with 4 

a narrow size distribution centered at ca. 2.5 nm, regardless of the metal loading, and composed 5 

primarily of platinum metal with a minor contribution of oxidic surface species. Photophysical 6 

characterization indicates that electron transfer takes place between the organic semiconductor 7 

and the metal nanoparticles. As a result, the so-obtained Pt-decorated mpg-CN shows improved 8 

photocatalytic properties in terms of both conversion and selectivity to highly reduced, directly 9 

usable fuels such as methanol and methane, with respect to the bare semiconductor, which leads 10 

to the formation of carbon monoxide as the main product. The use of the organometallic 11 

approach for the synthesis of Pt-NPs has allowed having clean, reproducible and stable surfaces 12 

of the nanoparticles, decisive features for the obtaining of the active and selective photocatalysts 13 

presented in this work.  14 
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