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Abstract - The conversion of biomass derivatives into fuels and valuable compounds under 

green conditions is increasingly attracting the attention of the scientific community. In this 

study, the photo-reforming of aqueous glucose and fructose solutions in the presence of 0.5 

wt% Pt-loaded homemade bare and Nb2O5-TiO2 catalysts was investigated to maximize the 

activity of titania for both hydrogen production and valuable chemical production. The samples 

were characterized by numerous surface and bulk techniques to discover a correlation between 

photoactivity and some catalyst properties. The most efficient sample was the home-prepared 

Pt-4%Nb2O5-HP, for both glucose and fructose conversion, with the highest H2 productivity 

and the highest selectivity towards partially oxidized compounds. Photo-deposition of Pt was 

essential for H2 production and, surprisingly, also increased the basicity of the TiO2 surface; an 
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increase in surface acidity was measured when only niobium oxide was added, whereas stronger 

basic sites were observed in the simultaneous presence of Pt and niobium oxide. 
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1. Introduction 

 

Selective photo-reforming of biomass is an attractive and promising approach for the 

production of valuable chemicals and hydrogen [1,2]. Currently, biomasses can be converted 

into biofuels and chemicals by thermochemical and biological processes [3,4]. Thermochemical 

processes include pyrolysis, gasification, and liquefaction. However, these processes require 

drastic experimental conditions (high temperatures and pressures), the presence of harmful 

oxidants and/or toxic solvents, and a high energy input. In contrast, photo-reforming of biomass 

can be considered a “green” and low-cost technique. Indeed, the photocatalytic reactions are 

generally carried out under mild conditions (ambient temperature and pressure), often with 

water as solvent, using non-toxic semiconductors as photocatalysts, oxygen as oxidant, and 

sunlight or artificial light with low energy consumption as irradiation sources [5,6]. 

Given the problems caused by global warming and CO2 emissions, the environmentally friendly 

production of H2 is very important. Two routes can be taken to achieve this, one is the partial 

oxidation of non-renewable fossil fuels and the other is the processing of renewable energy 

resources, such as water or biomass. Biomass or biomass-derived compounds have the 

advantage of being renewable, easily transportable (solid or liquid), and having no impact in 

terms of CO2 [7]. 

Glucose and its isomer fructose are derived from cellulose and can be used to produce high 

value-added products in a sustainable manner [8]. In particular, glucose can be converted to 
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ethanol, mannitol, and sorbitol by hydrogenation reactions [9], while 5-hydroxymethylfurfural 

(HMF) and hydrogen can be formed by dehydrogenation reactions [5,10,11]. In addition, 

gluconic and glucaric acids can be formed by partial oxidation reactions. The selective 

oxidation of glucose to gluconic, formic, levulinic, and lactic acids, as well as to arabinose and 

erythrose, is particularly attractive because they are industrially used platform chemicals [12]. 

In particular, gluconic acid and its derivatives are widely used in the pharmaceutical, detergent 

and food industries [13,14]. 

HMF is one of the 10 biological platform molecules with the highest added value that can be 

obtained from carbohydrates. Starting from HMF, it is possible to synthesize biofuels, polymer 

materials and fine chemicals [10]. HMF can be obtained from hexoses such as glucose and 

fructose by acid-catalyzed dehydration [10,11,15,16]. Fructose can be converted directly into 

HMF, whereas starting from glucose, an isomerization to fructose is required first and then its 

dehydration to HMF [17]. Solid acid catalysts with appropriate amount and strength of both 

Brønsted and Lewis acidic centers, such as Nb2O5, have been shown to be effective in 

converting glucose and fructose to HMF mainly through catalytic processes [10,11,15,18–21]. 

In addition, Nb2O5 is considered a water-tolerant solid acid and is therefore suitable for the 

dehydration of sugars in the aqueous phase via a catalytic route [22]. 

Titanium dioxide is widely used as a photocatalyst due to its low cost, high oxidizing power, 

virtually non-existent toxicity, low environmental impact, photostability, and high activity in 

partial oxidation reactions [23–25]. Datka et al. [26] reported the acidic properties of Nb2O5 on 

a variety of supports such as silica, alumina, titania and zirconia. Lewis acidity was measured 

in all niobium oxide support systems, while Brønsted acid sites were found only for niobium 

on alumina and silica. Few works investigated the use of Nb2O5/TiO2 composites for the 

catalytic conversion of glucose or fructose into HMF [11,27]. Recently, the properties of 

niobium oxide were also investigated as a photocatalyst [16]. By coupling TiO2 with niobium 
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oxide, it is possible to take advantage of the special electronic and surface properties of both 

photocatalysts and operate at ambient conditions. Nb2O5/TiO2 heterojunctions showed higher 

activity than single oxides in the partial oxidation of α-phenylethanol and the photo-reforming 

of methanol [28], as well as in the photocatalytic degradation of rhodamine B [29]. 

In this work, homemade Nb2O5/TiO2 photocatalysts containing niobia in various proportions 

and Pt (0.5 wt%) were prepared and used in a water suspension for the photo-reforming of 

glucose and fructose. The aim of this work was to modify the acidic surface properties of TiO2 

to improve the charge transfer process and enhance the performance of the composite 

photocatalysts for both the partial oxidation of sugars and simultaneous production of hydrogen. 

Different characterization techniques were used to link the photoactivity with some powder 

properties [30]. 

 

2. Experimental 

 

2.1. Chemicals 

 

Titanium tetrachloride (98%), hydrochloric acid (37%), ethanol, titanium(IV) isopropoxide 

(≥97%) named as TIP, niobium (V) chloride (NbCl5), and Pluronic P127 were purchased from 

Sigma-Aldrich, whereas platinum chloride was obtained from BDH Chemicals and used for the 

synthesis of the various photocatalysts without further purification. Commercial sample P25 

was also used as a reference and for comparison purposes. 

 

2.2. Photocatalysts preparation 

 

The sample given as HP was prepared by adding titanium(IV) isopropoxide (TIP) to an aqueous 
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solution containing HCl, Pluronic P127, and C2H5OH. The following molar ratios were used: 

TIP (1): H2O (15): C2H5OH (40): HCl (0.5): P127 (0.005). The resulting solution was mixed at 

room temperature for about 4 h and then heated at 383 K overnight. The solid obtained was 

calcined at 773 K for 24 h. 

The samples containing niobium were prepared by adding different amounts of NbCl5 to the 

ethanolic solution before adding TIP. X% Nb-HP was the code used for these samples, where 

X% indicates the nominal weight percentage of Nb relative to TiO2. 

Some TiO2 catalysts were loaded with 0.5 wt% Pt by a photo-deposition method. Distilled water 

(200 mL), ethanol (50 mL), PtCl4 (5 mL), and the TiO2 sample (1 g) were added to the 

photoreactor. The resulting mixture was stirred in the dark for 0.5 h with bubbling of He and 

then illuminated with a UV lamp (125 W) for 7 h. The resulting mixture was filtered, washed 

with distilled water, and then dried in an oven for 6 h. 

 

2.3. Characterizations 

 

X-ray diffraction (XRD) analyses of the prepared powders were performed with a Philips 

diffractometer (current 30 mA, voltage 40 kV) using CuKα radiation. UV-Vis diffuse 

reflectance spectra (DRS) were performed using a Shimadzu UV-2401 PC spectrophotometer 

with barium sulphate (BaSO4) as reference material in the wavelength range of 200-800 nm at 

room temperature. These spectra allowed the band gap values of all photocatalysts to be 

determined by plotting the modified Kubelka-Munk function [F(R’∞)hv]½ against the energy of 

the exciting light. 

A Nova NanoSEM scanning electron microscope (SEM) was used to study the morphology of 

the solid samples. It was operated at 20 kV on samples on which a thin layer of gold had been 

vapour deposited. Specific surface area (SSA) was determined using a Flow Sorb 2300 



6 

instrument (Micromeritics) with the single-point BET method. Raman spectra of the samples 

were recorded using a BWTek-i-micro Raman Plus system equipped with a 785 nm diode laser. 

Photoluminescence (PL) spectra of the various solids were recorded using a Perkin Elmer LS55 

fluorescence spectrometer in the 300-600 nm range with an excitation wavelength of 300 nm. 

The DRIFTS spectra after pyridine adsorption were recorded using a Perkin Elmer Frontier FT-

IR spectrometer equipped with a MCT (mercury cadmium telluride) detector. A sample was 

first heated in a N2 stream from room temperature to 473 K and then held at this temperature 

for 15 minutes to clean the catalytic surface. Then the sample was cooled to 393 K and a 

background spectrum was recorded. Analyses were performed after the catalytic surface was 

saturated with pyridine for 20 minutes and the excess pyridine was then removed by purging 

with pure N2. 

A Malvern Panalytical zetasizer (model Ultra Red) equipped with a Malvern Multipurpose 

Titrator MPT-3 was used to measure zeta potential. 25 mg of a sample was dispersed in 100 mL 

of ultrapure water and stirred for 30 min (400 rpm). HCl (0.25 and 0.025 M) and NaOH (0.25 

M) were used to control pH in the measurement range. 

Thermogravimetric analysis (TGA) using pyridine as the probe molecule allowed 

determination of the acidic surface sites using a Perkin Elmer Pyris 1 TGA instrument. To clean 

the catalytic surface, samples were heated from 323 to 473 K and held at this temperature for 

15 min. Then the samples were cooled to 393 K and pyridine was adsorbed until the weight of 

the catalyst was constant. Then the samples were purged with N2 at 393 K to remove the excess 

pyridine. TPD (temperature-programmed desorption) profiles were determined in a temperature 

range from 393 to 773 K. 

Basic surface sites were determined by TPD analyses using CO2 as the probe molecule. The 

TPD profiles were obtained in a Micromeritics AutoChem II 2920 apparatus by heating the 

samples in a gas stream, O2 (5%)/He (20 mL/min), for 10 minutes and cooling to 50 °C. Then 
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the gas flow was switched to Ar (20 mL/min) and CO2 was introduced to the sample by metered 

pulses (80% by volume) in the Ar flow. Desorption of CO2 from the sample was monitored in 

the temperature range of 50–360 °C (heating ramp 10 °C/min). 

A Titan transmission electron microscope operating at 300 kV was used to perform transmission 

electron microscopy (TEM) measurements. Preparation of the samples consisted of suspending 

them in 2-propanol, ultrasonication of the obtained suspension, and applying 3 μL twice in 

succession to a 400-mesh Au grid (Tedpella). The solvent was then evaporated at room 

temperature. Using ImageJ, we were able to evaluate not only the distance d of the grating, but 

also how much the nanoparticles measured. 

A Thermo Fisher Scientific (TFS) Escalab Xi+ XPS instrument equipped with an AlKα X-ray 

source was used for X-ray photoelectron spectroscopy (XPS) measurements. The top layer of 

the analyzed samples was cleaned of impurities by in situ etching with an Ar beam before 

performing the XPS measurements. 

Electron paramagnetic resonance (EPR) spectra were recorded both to identify transition metal 

species and oxygen vacancies present in the solid photocatalysts and to identify the major free 

radicals involved in the photocatalytic process using an EMX-nano spectrometer (Bruker 

Biospin Corp., Karlsruhe, Germany). For the analysis of transition metal species and oxygen 

vacancies, the powder under investigation was placed in a tube that was inserted into the sample 

holder of the EPR test chamber for analysis. For the detection of superoxide anion radicals (O2
•-

), the sample was instead suspended in methanol to form a 1 mg/mL suspension, which was 

then ultrasonically dispersed. A few drops of 100 mM of the scavenging agent 5,5-dimethyl-1-

pyrroline-N-oxide (DMPO) were then added to the suspension. Similarly, detection of hydroxyl 

radicals (OH•) was performed by adding 100 µl of 1 mM H2O2 to the DMPO solution. The 

mixtures were mixed and placed in a test tube that was placed in the sample holder of the EPR 

test chamber for analysis. In all cases, analyses were performed by irradiating the samples with 
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a UV lamp (LOT -Quantum Design GmbH) for 30 min. 

 

2.4. Photocatalytic reactions 

 

Experiments were performed under anaerobic conditions with glucose or fructose as substrates 

at ambient temperature and pressure, monitoring the evolution of H2 and CO2 in the gas phase 

and the formation of the intermediates in the liquid phase. The photoreactor used was a 

cylindrical 800-mL Pyrex reactor, purged with helium for 30 min to reach the adsorption-

desorption equilibrium of the substrate on the catalyst surface and to remove dissolved oxygen. 

Then the reactor was sealed and the near-UV lamp (125 W medium pressure Hg) was turned 

on. The initial concentration of the substrate was 1 mM and the pH of the solution was about 5 

(the “natural” pH of the aqueous dispersions). A radiometer was used to determine the optimum 

amount of photocatalysts capable of absorbing about 90% of the photons emitted by the lamp. 

Specific amounts in the range of 0.5 g L-1 were determined for the different photocatalysts. 

Runs lasted 5 hours, and samples were collected at specific times and filtered through 2 µm 

membranes (HA, Millipore). A Thermo Scientific Dionex ultimate 3000 HPLC equipped with 

a Phenomenex REZEK ROA H+ Organic acid column, diode array and refractive index 

detectors was used for the quantitative determination of glucose and fructose and the 

identification of their reaction products. An aqueous 2.5 mM H2SO4 solution with a flow rate 

of 0.6 mL min-1 was used as the eluent. The evolution of the gaseous species (H2 and CO2) 

during the runs was monitored by sampling 500 mL of gas from the reactor headspace at regular 

intervals and analyzing it using a HP 6890 series GC system equipped with a packed Supelco 

GC 60/80 CarboxenTM-1000 column and a thermal conductivity detector (TCD). 
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3. Results and discussion 

 

3.1. Characterization of photocatalysts 

 

Table 1 lists some physico-chemical properties of the photocatalysts used, such as the TiO2 

phases, band gap, specific surface areas, and isoelectric point (IEP) values of all the samples 

used. The commercially widely available TiO2 P25 was chosen as the standard. The home-

prepared samples, as well as the P25 sample, consist of a mixture of anatase and rutile, as shown 

by the XRD results (Fig. 1a). The S.S.A. of the home-prepared photocatalysts is higher than 

that of P25 and generally increases with increasing Nb2O5 content, with the highest value 

observed for the Pt-6% Nb2O5-HP sample. 

Fig. 1a shows the XRD diffractograms of the prepared samples. Two major polymorphs of TiO2, 

anatase and rutile, are present in all samples, indicating that the presence of Nb does not alter 

the crystalline structure of TiO2. No peaks associated with the other constituents (Pt, Nb) can 

be seen, probably due to their small amount relative to TiO2 and the high degree of dispersion. 

A close examination of the (101) peak of anatase (see Fig. 1a) shows a slight shift to lower 

angles in the presence of an increasing amount of Nb, which is due to the substitution of the 

Ti4+ ions of the TiO2 lattice by Nb ions [31,32]. 

The Raman spectra of all samples (Fig. 1b) show the characteristic bands of anatase at 144 cm-

1 (Eg), 197 cm-1 (Eg), 396 cm-1 (B1g), 514 cm-1 (A1g), and 637 cm-1 (B1g) with high intensity, 

while the bands associated with rutile at 446 cm-1 and 613 cm-1 are not very clear because this 

polymorph is present in lower amounts than anatase. As noted in the XRD diffractograms, there 

are no identifiable peaks associated with Pt and Nb2O5 species. By magnifying the main anatase 

peak at 144 cm-1 (see Fig. 1b), a progressive shift to higher frequencies with increasing Nb2O5 

content is visible compared to the Pt- HP sample. This can be attributed to the interaction of the 
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TiO2 lattice with Nb, which causes the formation of oxygen vacancies instead of Ti4+ ions in 

agreement with the XRD results [31,33]. Moreover, the Raman spectra recorded in different 

areas of the samples are superimposable, indicating a homogeneous composition of samples. 

Fig. 2 shows selected SEM micrographs of the semiconductors synthesized. All powders show 

irregular roundish particles with size in the range of 30-130 nm. Pt and Nb2O5 particles are 

indistinguishable, probably due to their small amount and uniform integration into the titanium 

dioxide matrix. After addition of the different amounts of niobium oxide, no differences in the 

morphology of the samples are observed. 

Fig. 3 shows the UV-Vis diffuse reflectance spectra (DRS) of the different photocatalysts. All 

samples are active when irradiated with UV light and show a transition edge between 360 and 

390 nm, which is typical for TiO2-based semiconductors. Reflectance values of less than 50% 

in the visible range are due to the presence of photo-deposited Pt, which gives the powders a 

greyish colour [12]. The sample 4%Nb2O5-HP, which does not contain Pt, has a reflectance of 

over 90% in the same region. The band gaps of all photocatalysts were determined using the 

modified Kubelka-Munk function [F(R’∞)hν]½ plotted against the energy of the exciting light; 

an example of the band gap estimation using this method is shown in Fig. 3. The Pt-TiO2 based 

samples show similar band gap values between 2.99 and 3.09 eV. 

Fig. 4 shows the results of the zeta potential measurements as a function of pH of the TiO2-

based composites. The isoelectric point (IEP), given in Table 1, is the pH at which the net charge 

on the catalyst surface is zero. The values vary from 3.67 to 5.00, with the highest value for the 

Pt-P25 solid and the lowest for the 4%Nb2O5-HP sample. The progressive decrease in IEP with 

the addition of Nb2O5 indicates an increase in the acidity of the surface of the composite 

samples. The low value of the 4%Nb2O5-HP sample, which does not contain Pt, indicates that 

Pt induces the formation of basic sites, the presence of which decreases the acidity of the 

surface. The differences measured in the other samples with different Nb2O5 content (recall that 
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the amount of Pt is 0.5 wt%, which is the same for all samples) are clearly due to the different 

amounts of oxide. Since the pHPZC values of the photocatalysts are below 5 (approximately the 

value of the reacting solution), this means that the catalytic surface of all samples is negatively 

charged. However, since there are differences, even if they are not very large, Coulombic 

interactions of different magnitudes can occur, affecting the photoactivity between the species 

in the reaction mixture and the surface of the different photocatalysts [34]. 

Fig. 5 shows the solid-state photoluminescence spectra of the samples. The intensity of the 

spectra results from both the recombination of electron-hole pairs (the lower the intensity, the 

lower the recombination) and the presence of lattice defects or oxygen vacancies (the higher 

the intensity, the greater their number) [35,36]. The shape of the spectra is the same for all 

samples, indicating that the addition of foreign species to TiO2 does not induce new emission 

phenomena. It is also noted that the presence of Pt decreases the intensity of PL compared to 

bare TiO2, indicating a decrease in the recombination rate of photogenerated electron/hole pairs 

[32,35]. This leads to an improvement in the performance of Pt-TiO2 compared to bare TiO2 

[37]. When only Nb2O5 is present, a slight increase in PL intensity is observed, which is due to 

the presence of oxygen vacancies. When both Pt and niobia are present, a progressive decrease 

in photoluminescence is observed as the percentage of Nb2O5 is increased. This may be due to 

both a decrease in the recombination rate and the formation of oxygen vacancies. For all 

samples, the main emission band is around 423 nm and can be attributed to the indirect band-

to-band transition of electrons in TiO2 in agreement with the band gap values. Signals at higher 

wavelengths can be attributed to the non-radiative recombination of excited electrons in lattice 

defects [38]. 

The investigation of the basic surface properties of the different catalysts was carried out after 

CO2 adsorption on the TiO2 surface using the TPD technique. Fig. 6 shows the CO2-TPD 

profiles of the photocatalysts used and Table 2 gives the amounts of basic sites. The peak 
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between 50-150 °C could be attributed to the desorption of molecular CO2, while the peak at 

temperatures around 300-350 °C is due to HCO3
- or carboxylate originating from the interaction 

of CO2 with the hydroxyl groups of the TiO2 surface [39]. The presence of peaks at temperatures 

above 400 °C indicates stronger adsorption of CO2 onto the solid; the samples containing 

contemporary Pt and Nb2O5 have stronger basic sites. The results presented in Table 2 show 

that the bare TiO2 has the lowest number of basic sites, and that the presence of the noble metal 

or the niobium oxide significantly increases this number. A more pronounced effect is observed 

when both foreign species (Pt and Nb2O5) are present, and the higher the percentage of Nb2O5, 

the greater the number of basic sites, while the amount of Pt remains constant. This synergistic 

result is surprising, since it is commonly reported in the literature that the presence of Pt on 

TiO2 only enhances the separation of photogenerated charges, while the coupling of Nb2O5 with 

TiO2 causes an increase in the acidity of the host [11]. 

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) in the presence of 

adsorbed pyridine was used to determine the nature and density of acid sites on the surface as 

a function of the amount of Nb2O5. Fig. 7 shows the spectra of the different TiO2 HP samples. 

The bands at 1445 cm-1, 1486 cm-1, 1574 cm-1 and 1604 cm-1 are characteristic of the pyridine 

ring coordinated to the Lewis acid sites on the surface, while the bands at 1545 cm-1 and 1635 

cm-1 correspond to the pyridinium ions adsorbed on the Brønsted acid sites [40–44]. All samples 

show a clear predominance of Lewis acid sites, and although these spectra provide essentially 

qualitative information, it can be said with good approximation that the intensity is related to 

the concentration of the acid sites. Bare TiO2 HP shows intense and sharp peaks, the reduction 

of which can be detected after Pt photo-deposition (see Pt-HP sample), in agreement with the 

CO2 TPD results. This confirms that the presence of Pt not only affects the separation of 

electrons and holes, but also the acidity of the surface. The sole presence of Nb2O5 increases 

the acidity of the TiO2 surface, with the sample 4%Nb2O5-HP showing the most intense peaks, 
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but no new peaks are present. In the simultaneous presence of Pt and niobium oxide, the 

intensity of the peaks is slightly higher at higher Nb2O5 contents than at pure TiO2, while a 

slight change (appearance of a broad band) is observed in the spectrum around 1525 cm-1. This 

effect is more pronounced for samples with a higher Nb2O5 content. 

The amount and density of acidic sites were determined by pyridine TPD measurements. Fig. 

8 shows the TPD pyridine curves of the tested materials, and Table 3 gives the amount and 

density of acid sites on the catalytic surface along with the temperature of pyridine desorption. 

The addition of Pt decreases the density of acid sites, while Nb2O5 generally has an opposite 

effect. In the simultaneous presence of the two components, no significant changes in the total 

amount of acid sites are observed compared to bare TiO2 due to their opposite behaviour. In any 

case, the addition of foreign species leads to an increase in the pyridine desorption temperature, 

indicating an increase in the strength of the acid sites. 

Fig. 9 shows TEM images of samples Pt-HP and Pt-6%Nb2O5-HP. In the last sample, 

unfortunately, it was not possible to distinguish the Pt from niobia particles. In the Pt-HP sample 

Pt nanoparticles (represented by small dark spheres) are concentrated in some areas of the TiO2 

surface. The size of Pt nanoparticles ranges from 5 to 25 nm; when the image is enlarged, two 

lattice fringes of about 0.35 nm and 0.32 nm can be seen, which are characteristic of the (1 0 1) 

anatase and (1 1 0) rutile planes, respectively [45]. 

In the XPS survey spectrum (not given for brevity), peaks for Ti, O, and Cl (as residues of HCl, 

PtCl4, and NbCl5 precursors) were detected in all samples. Peaks for Pt and Nb were rarely 

detected because of their low atomic concentration. When both are present, Cl and Nb are not 

clearly distinguishable because their peaks almost overlap. 

Fig. 10a shows the high-resolution XPS spectra of the Ti 2p peaks. The two peaks of Ti 2p3/2 at 

459.5 eV and Ti 2p1/2 at 465.3 eV with a binding energy gap of 5.8 eV are characteristic of Ti4+ 

in TiO2 [46]. The high-resolution O 1s spectra are shown in Fig. 10b. For both samples, the 
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main peak is the one at about 530.7 eV, which is assigned to the O2- ions of the TiO2 crystal 

lattice. In the presence of Nb2O5, the peaks are at ca. 532 eV and at ca. 533.0 eV, which are 

related (in agreement with Raman spectra) to oxygen vacancies in TiO2 [47] and -OH groups 

[48], respectively. In Fig. 10c, the main Pt peak at about 76 eV corresponds to Pt0, and the less 

intense peaks at lower binding energy visible in the sample Pt-6%Nb2O5-HP are characteristic 

of partially oxidized Pt species [49]. Moreover, the peaks for Pt in the Pt-6%Nb2O5-HP sample 

are much more intense, indicating a higher atomic concentration of Pt in this sample. As can be 

seen in Fig. 10d, no peaks were detected for Nb (the two peaks characteristic of Nb2O5 are at 

209.9 eV and 207.1 eV [28]), which is probably due to the low atomic concentration. The small 

broad peak at lower binding energy is that of Cl 2p, the chlorine present in the precursor of 

Nb2O5. 

The EPR spectra of the powder samples (Fig. 11a) show no EPR signal, indicating that the 

photocatalysts cannot generate free electrons and oxygen vacancies under illumination. In the 

presence of H2O/DMPO/MeOH solution (Fig. 11b), no EPR signal can be detected in the 

experiments performed in the dark, indicating that the photocatalysts cannot generate radicals 

in the absence of illumination. When the photocatalysts are irradiated, the EPR spectra show 

the characteristic paramagnetic resonance absorption of the DMPO-•O
2

-
 adduct [50]. This result 

indicates that both photocatalysts can thermodynamically generate superoxide anion radicals 

(•O
2

-
) under illumination. The EPR spectrum of the Pt-6%Nb2O5-HP sample shows higher 

intensity peaks, indicating stronger formation of the oxygen radicals, which is probably due to 

the more effective charge separation in the presence of Nb2O5. For Pt-HP samples suspended 

in water in the dark and in the presence of DMPO and H2O2 (Fig. 11c), no EPR signals are 

detected, while the signals just mentioned are visible in the presence of Nb2O5. Upon 

irradiation, the EPR spectra lead to the characteristic paramagnetic resonance absorption of the 
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DMPO-•OH adduct only for the sample Pt-6%Nb2O5-HP. Therefore, only this sample can 

thermodynamically generate hydroxyl radicals (•OH) under illumination. 

 

3.2. Photocatalytic results 

 

All TiO 2-based photocatalysts were used for the photo-reforming of aqueous glucose and 

fructose solutions under irradiation with near-UV light under anaerobic conditions. The 

obtained results were compared to relate the reactivity to some catalyst features. The presence 

of Pt nanoparticles on the catalyst surface increased the photoactivity thanks to their role in 

reducing the recombination rate of photogenerated e-/h+ pairs (in agreement with the results of 

solid-state PL analysis) and was essential for H2 production, since in its absence only 

compounds from partial oxidation of the starting substrates and CO2 from mineralization were 

observed (Tables 4 and 5). The different samples showed different conversions for both 

substrates, and the main partial oxidation products in the liquid phase were gluconic acid, 

arabinose, formic acid, erythrose, and fructose. In addition, H2 and CO2 were found in the gas 

phase in the headspace of the photoreactor. 

Fig. 12 shows the concentration values of the two substrates and their intermediates as a 

function of irradiation time for the series of experiments performed with the different Nb2O5-

modified photocatalysts. All catalysts produced the same compounds, suggesting very similar 

reaction mechanisms [12]; only a different degree of conversion, amount of the intermediates 

and H2 production were observed for the different photocatalysts for both substrates. The 

different activity of the photocatalysts used depended on the electronic and physico-chemical 

properties of the different TiO2-based solids, such as the recombination rate of the 

photogenerated charges, the acidity and/or basicity of the surface, the number of active sites per 

surface unit (a parameter also related to the specific surface area) and so on. When the substrate 
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was glucose, fructose was formed by isomerization, and both could form gluconic acid by 

oxidation of the anomeric C1 centre, converting the aldehyde group to the carboxyl group. A 

parallel mechanism consisted of α-cleavage, in which arabinose was formed in the first step and 

erythrose together with formic acid and hydrogen in the second step [12,51]. 

Tables 4 and 5 show the conversion, selectivity, and amounts of H2 and CO2 for the runs starting 

from glucose and fructose, respectively, using the different photocatalysts. In particular, it has 

been shown that a Pt-P25 sample used for comparison purposes generally performs less well 

than some HP-modified samples (with Pt and Nb2O5). The Pt-HP catalyst showed good 

conversion and selectivity towards arabinose with both glucose and fructose as starting 

substrates. Starting from glucose, the highest conversion was obtained with the sample Pt-

2%Nb2O5-HP, while a lower degree of conversion was observed in the exclusive presence of 

Nb2O5, suggesting that the surface acidity (the sample 4%Nb2O5-HP showed the most intense 

DRIFT peaks in the presence of adsorbed pyridine) had an adverse effect. In this case, the 

increased amount of superoxide and hydroxyl radicals in the Nb2O5-containing samples (see 

EPR results) had no positive effect on the oxidation capacity of TiO2. Fructose was formed 

practically only with the Pt-HP sample, since the increase in surface basicity (Table 2) due to 

the simultaneous presence of Pt and Nb2O5 was detrimental to the isomerization of glucose to 

fructose, in agreement with the literature [52]. The selectivity towards arabinose was favoured 

by Nb2O5, and in agreement with the α-cleavage mechanism, practically almost the same 

amount of arabinose and formic acid were obtained [12,51]. Starting from fructose, low 

amounts of Nb2O5 had no significant effect on the degree of conversion, while the highest 

amounts had a negative effect. Moreover, the lowest amounts of Nb2O5 favoured the formation 

of arabinose. 
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The best photocatalyst for H2 production under the operating and reaction conditions used was 

Pt-4%Nb2O5-HP in the presence of both substrates. The trend in terms of Nb2O5 content 

increased up to 4%, then H2 production decreased. 

 

4. Conclusions 

 

0.5 wt% Pt loaded home-prepared bare and Nb2O5-TiO2 photocatalysts with different Nb2O5 

content were prepared to evaluate their activity in the reforming of glucose and fructose. The 

photocatalytic results confirm that the photoactivity does not depend on a single parameter but 

is a compromise between several factors. The sample Pt-2%Nb2O5-HP proved to be the most 

oxidizing catalyst, but the solid Pt-4%Nb2O5-HP was the most powerful in terms of partial 

oxidation products and H2 formation. Neither sample exhibited a property that could affect 

either type of photoactivity relative to the other, but had intermediate values for PZC, number 

of basic sites, oxygen vacancies, and photoluminescence effects (see PL spectra). 

The samples were characterized using different techniques to investigate the effects of Pt and 

Nb2O5 on the properties of the catalyst. Pt not only acted as an electron sink and improved the 

efficiency of e-/h+ separation, as reported in the literature, but surprisingly also changed the 

acid-base properties of the surface by increasing the number of basic sites. Nb2O5 alone 

increased the acidity of the TiO2 surface, while stronger basic sites were formed compared to 

the bare host when Pt was also present. The increase in surface basicity due to the simultaneous 

presence of Pt and Nb2O5 adversely affected the isomerization of glucose to fructose. The 

formation of •O
2
- and •OH radicals in the samples containing Nb2O5 did not have a positive 

effect on the oxidizing power of TiO2, but favoured partial oxidation reactions and the formation 

of H2. The home-prepared samples outperformed the well-known commercial TiO2 P25. 
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Fig. 1. XRD patterns (A) and Raman spectra (B) of Pt-HP, Pt-2%Nb2O5-HP, Pt-4%Nb2O5-HP 

and Pt-6%Nb2O5-HP samples. 
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Fig. 2. Selected SEM micrographs of the examined photocatalysts. 
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Fig. 3. UV-Vis DRS spectra of the prepared photocatalysts. 
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Fig. 4. Results of the pH related zeta potential measurements. 
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Fig. 5. Solid-state photoluminescence spectra of the different samples. 
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Fig. 6. CO2 TPD curves of tested materials. 
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Fig. 7. DRIFTS spectra of pyridine adsorbed on the surface of investigated materials. 
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Fig. 8. Pyridine TPD curves for the investigated photocatalysts. 
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Fig. 9. TEM images of the Pt-HP and Pt-6%Nb2O5-HP samples. 
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Fig. 10. High resolution XPS spectra of (A) Ti 2p, (B) O 1s, (C) Pt 4f, and (D) Nb 3d peaks. 
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Fig. 11. EPR spectra of (A) powder samples Pt-HP and Pt-6%Nb2O5-HP under dark and light 

irradiation, (B) samples suspended in H2O/DMPO/MeOH solution, and (C) samples suspended 

in H2O/DMPO/H2O2 solution. 
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Fig. 12. Concentrations of the two substrates and their products versus irradiation time for runs 

carried out by using Nb2O5 modified photocatalysts. Legend: ■ glucose, Δ fructose, ● 

arabinose, ◇ gluconic acid, □ formic acid, ○ hydrogen, ▲ CO2. 
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Table 1. Some physico-chemical properties of the investigated photocatalysts. 

 

Sample Phase S.S.A. 

(m2 g-1) 

Band gap 

(eV) 

pHPZC 

Pt-P25 Anatase + Rutile 50 3.09 5.00 

Pt-HP Anatase + Rutile 78 3.05 4.45 

Pt-2%Nb2O5-HP Anatase + Rutile 75 3.08 4.16 

Pt-4%Nb2O5-HP Anatase + Rutile 92 3.07 4.13 

Pt-6%Nb2O5-HP Anatase + Rutile 100 3.08 4.03 

4%Nb2O5-HP Anatase + Rutile 90 2.99 3.67 
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Table 2. Amount and density of basic sites in the tested materials calculated by CO2 TPD 

analyses. 

 

Sample Mass of used 

catalyst 

(g) 

Area 

 

(A s) 

Amount of 

basic sites 

(μmol/g) 

Density of basic 

sites 

(μmol/m2) 

HP 0.0499 7.38×10-12 12.8 0.164 

Pt-HP 0.0520 5.74×10-11 53.6 0.687 

4%Nb2O5-HP 0.0461 2.15×10-11 21.0 0.269 

Pt-2%Nb2O5-HP 0.0565 8.37×10-11 46.7 0.622 

Pt-4%Nb2O5-HP 0.0508 1.0×10-10 83.7 0.909 

Pt-6%Nb2O5-HP 0.0479 1.85×10-10 121 1.210 
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Table 3. Amount and density of acid sites and the corresponding temperature of pyridine 

desorption from the surface of different samples. 

 

Sample Amount of acid sites 

 

(mmol/g) 

Density of acid sites 

 

(mmol/m2) 

T of pyridine 

desorption 

(°C) 

HP 0.1605 0.0021 310 

Pt-HP 0.1137 0.0015 375 

4%Nb2O5-HP 0.2274 0.0029 331 

Pt-2%Nb2O5-HP 0.1545 0.0021 341 

Pt-4%Nb2O5-HP 0.1863 0.0020 341 

Pt-6%Nb2O5-HP 0.2219 0.0022 331, 406 
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Table 4. Glucose conversion, selectivity towards the main products, and H2 and CO2 amounts 

obtained after 5 h of irradiation. 

 

Sample Conversion 

 

 

(%) 

Selectivity H2 

 

 

(mM) 

CO2 

 

 

(mM) 

Fructose Gluconic 
acid 

Arabinose Formic acid Erythrose 

(%) 

Pt-HP 40 27 2.6 45 44 - 1.9 0.14 

Pt-2%Nb2O5-HP 56 4 1.2 42 39 3.5 2.6 0.09 

Pt-4%Nb2O5-HP 43 - 1.0 54 39 5.0 3.4 0.10 

Pt-6%Nb2O5-HP 41 - 1.8 58 57 9.0 1.2 0.03 

4%Nb2O5-HP 22 - 3.4 53 44 - - 0.01 

Pt-P25 32 31 4.6 41 31  1.9 0.07 
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Table 5. Fructose conversion, selectivity towards the main products, and H2 and CO2 amounts 

obtained after 5 h of irradiation. 

 

Sample Conversion 

 

(%) 

Selectivity H2 

 

(mM) 

CO2 

 

(mM) 

Gluconic acid Arabinose Formic acid Erythrose 

(%) 

Pt-HP 40 4.5 - 6 7.5 3.2 0.12 

Pt-2%Nb2O5-HP 39 2.2 75 15 9 1.9 0.07 

Pt-4%Nb2O5-HP 40 2.0 42 11 9 3.8 0.14 

Pt-6%Nb2O5-HP 22 3.0 - 41 29 0.9 0.01 

4%Nb2O5-HP 13 4.2 - 24 - - 0.01 

Pt-P25 25 9  12  3.13 0.10 

 


