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1. Photocatalytic tests 

Acetone was selected as a test organic substrate for the photocatalytic experiments due to 

it does not cause the deactivation of photocatalyst and is completely oxidized to CO2 and water 

without gaseous intermediates that allows valid evaluation of photocatalytic activity and light 

utilization efficiency using the rate of CO2 formation due to CO2 has much higher attenuation 

coefficient than acetone and results in more accurate values. To monitor the concentrations of 

acetone and CO2 during the experiment, the IR spectra were collected periodically every 30 s. The 

quantitative analysis was performed by the integration of collected IR spectra using the Beer-

Lambert law as follows: 
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 is the absorbance, 1ω  and 2ω  are the limits of the corresponding 

absorption bands (cm–1), ε  is the attenuation coefficient (µmol–1 L cm–2), l is the optical path 

length (cm), and C is the concentration of a substance in the gas phase (µmol L–1). The regions for 

calculation were selected as follows: 1160–1265 cm–1 for acetone and 2200–2400 cm–1 for CO2. 

The attenuation coefficients for each substance were calculated from the calibration data.  

Before the evaluation of photocatalytic activity, the adsorption-desorption equilibrium of 

acetone on the photocatalyst was achieved until no difference in inlet and outlet acetone 

concentrations was observed. After that, a light source was turned on and the photocatalytic 

activity was evaluated. A high-power UV LED with a maximum at 371 nm and blue LED with a 

maximum at 450 nm were used for the photocatalyst irradiation. Figure S1a and b show the 



emission spectra of the diodes that are measured using an ILT 950 spectroradiometer from 

International Light Technologies Inc. (USA). The total irradiance was 9.7 mW cm–2 for UV-LED 

and 164 mW cm–2 for Vis-LED. 

Figure S1c shows a typical CO2 concentration profile during the photocatalytic experiment 

and a range for evaluation of steady-state activity. 

 
Figure S1. Emission spectra of the diodes used for irradiation of photocatalysts (a,b) and a 

typical CO2 concentration profile during the photocatalytic experiment (c). 

 

2. Analysis of XRD patterns 

Consideration of only the size effect during the analysis of XRD patterns does not give 

accurate fitting of the experimental patterns of synthesized samples (Figure S2). Therefore, the 

estimation of crystallite size was performed considering the effect of strains according to the Le 

Bail fitting method. Using this approach, a good agreement between fitted and experimental patters 

was observed. 

 
Figure S2. Experimental and fitted XRD patterns of the TiO2-N sample synthesized at 350 °C. 

 



The diffraction peaks of N-doped TiO2 are slightly shifted compared to TiO2 sample 

because the constants of the tetragonal lattice (a and c) and, consequently, the volume of the unit 

cell (V) are changed (Table S1). A greater content of nitrogen led to a higher value of strains (i.e., 

microdeformations) but a lower value of unit cell volume (V). 

 

Table S1. Average crystallite sizes (D), strain values (ε), lattice constants (a and c), volumes of 

unit cell (V) for TiO2 and TiO2-N samples calcined at different temperatures. 

Sample D, nm ε a, Ǻ c, Ǻ V, Ǻ3 
TiO2 

(350 °C) 
15 0.0020 3.790(1) 9.497(2) 136.4(1) 

TiO2-N 
(350 °C) 

17 0.0031 3.786(1) 9.471(2) 135.8(1) 

TiO2-N 
(500 °C) 

23 0.0017 3.787(1) 9.498(1) 136.2(1) 

TiO2-N 
(600 °C) 

25 0.0010 3.788(1) 9.508(2) 136.4(1) 

PDF#21-1272 (TiO2, anatase, I41/amd, a=3.785Å, c=9.513Å, V=136.3Å3)   

 

3. Hydrogen evolution 

For testing in hydrogen evolution, TiO2-N sample synthesized at 350 °C was modified with 

noble metals. 1 wt.% of Pt, Pd, or Rh was deposited on the surface of TiO2-N via chemical 

reduction of precursors (H2PtCl6, PdCl2, Rh(NO3)3) with NaBH4. Commercially available TiO2 

Aeroxide P25 (Evonik Ind., Germany) was used as a reference sample and was modified by the 

same way. 

The experiments on the photocatalytic water splitting were performed in a batch rector with 

100 mg of photocatalyst suspended in 200 mL of deionized water. Analysis of gas mixture in the 

reactor was performed using a GCh1000 gas chromatograph (Choromos Engineering, Russia) 

equipped with TCD by taken probes using a syringe. 

TiO2-N supported with Pt, Pd, or Rh (1 wt.%) can photocatalytically decompose water with 

formation of molecular hydrogen in the gas phase. Kinetic curves of hydrogen evolution under 

irradiation with UV light (20 mW cm–2) are shown in Figure S3a. Under concerned conditions, 

activity of photocatalysts based on TiO2-N is much higher than the activity of TiO2 P25 supported 

with Pt (1 wt.%). 

The activity of the synthesized catalysts was also evaluated in H2 evolution from a 

methanol–water solution in a continuous-flow setup. In this setup, a maintained flow of helium 

passed through a saturator with water to smooth the effect of water evaporation. Thereafter flow 

of He went to the photoreactor with a LED light source on top of it. The outlet reaction mixture 

was analyzed using a GCh1000 gas chromatograph. Probes were collected automatically every 20 



min to monitor the concentration of hydrogen. The H2 evolution rate was calculated from the 

experimental values of H2 concentration as follows: 

𝑊𝑊𝐻𝐻2 = 𝐶𝐶𝐻𝐻2 × 𝑈𝑈 ×
𝑃𝑃
𝑅𝑅𝑅𝑅

 

where 𝑊𝑊𝐻𝐻2 is the rate of H2 evolution (μmol min–1), 𝐶𝐶𝐻𝐻2 is the volume fraction of H2 in outlet flow, 

U is the volume flow rate (cm3/min), R is the gas constant (8.2 × 10–5 cm3 atm μmol–1 K–1), T is 

the temperature of chromatograph calibration (298 K), P is the atmospheric pressure (accepted as 

1 atm).  

Under irradiation of metal-supported photocatalysts (50 mg) with 20 mW cm–2 of UV light 

in the continuous-flow setup, evolution of hydrogen occurred with a high rate for long time (see 

Figure S3b), but in this case the activity of samples based on TiO2-N was lower than the activity 

of reference sample (i.e., 1%Pt/TiO2 P25). 

 
Figure S3. Photocatalytic evolution of hydrogen from pure water (a) and a methanol–water 

solution (b) over TiO2-N and TiO2 P25 modified with noble metals. 

In both regimes mentioned above, evolution of hydrogen over TiO2-N-based 

photocatalysts can be also achieved under blue light (450 nm, 100 mW cm–2), but the reaction rates 

are much lower compared to UV. 

 

4. Analysis of DRIFT spectra 

All catalysts calcined at different temperatures, as well as an uncalcined sample, were 

studied by DRIFTS. All samples are characterized by bands at 3690 and 1640 cm–1, which are 

assigned to OH-groups on the surface of TiO2.  

For the uncalcined sample, a broad peak at 1440 cm–1 and a very weak peak at 1323 cm–1 

are observed (Figure S4). These peaks can be attributed to ammonia adsorbed on the surface [1]. 

In addition, we previously studied bands of adsorbed ammonia on anatase TiO2 Hombifine N and 

bands of photocatalytic oxidation products. It was shown that during ammonia adsorption a broad 



band at 1450 cm–1 appears together with the band at 1327 cm–1, which are very close to the bands 

observed at 1440 cm–1 and 1323 cm–1. 

For the calcined catalysts, such bands as 1357 cm–1 (bidentate nitrate [2]), 1387 cm–1 

(monodentate nitrite [3]), 1430 cm–1 (monodentate nitrate [1,2,4]), 1552 cm–1 (bidentate nitrate 

[1,4,5]), 2146 cm–1 (Ti4+–NO+ [3]) can be detected (Figure S4). 

The band at 1552 cm–1 was found for all calcined samples, however, for samples at 250 

and 300 °C, this peak is very weak. For an annealing temperature of 350–600 °C, the 1552 cm–1 

band has a high intensity. In addition, for samples with an annealing temperature of 350–600 °C, 

a weak band was found at 1357 cm–1, which also refers to bidentate nitrate groups, as well as 

1430 cm–1, which refers to monodentate nitrate groups adsorbed on the TiO2 surface. It should be 

noted that for samples with an annealing temperature of 250 and 300 °C, a broad band with a 

maximum at 1415–1430 cm–1 was found, which, together with a weak band at 1552 cm–1, can 

mean both NOx and NH4+ adsorbed on the surface [4].  

Also, two bands were found at 1387 cm–1 and 2146 cm–1, for samples calcined at a 

temperature of 350–500 °C (Figure S4), which were correlated with surface monodentate nitrite 

and Ti4+–NO+, respectively, while the intensity maximum was observed for the sample calcined 

at 400 °С. 

Based on the results obtained, it can be concluded that all samples calcined at temperatures 

above 350 °C no bands are observed that could be attributed to ammonia adsorbed on the surface. 

In addition, at an annealing temperature above 500 °C, all the observed bands can only be 

attributed to completely oxidized nitrogen. On the contrary, at a temperature of 350–500 °C, not 

only bands are observed that are correlated with surface nitrate groups, but also incompletely 

oxidized forms of nitrogen, such as nitrite and NO+. 

 
Figure S4. DRIFT spectra of TiO2-N samples calcined at different temperatures in 

reflectance (a) and Kubelka-Munk (b) modes. 



 

It is important to note that the described states were not detected on the surface of TiO2-N 

during XPS analysis due to the treatment in vacuum in combination with long-term exposure to 

X-ray radiation. 

 

5. Comparison of photocatalytic activity 

Table S2 shows visible-light activity of TiO2-N photocatalysts described in the previously 

published papers for comparison. A comparison of activity in the degradation of pollutants is made 

as a ratio to the activity of commercially available Aeroxide TiO2 P25 photocatalyst used as a 

benchmark. 

 

Table S2. Visible-light activity of TiO2-N toward Aeroxide P25 
Synthesis Pollutant Ratio 

Ultrasound-assisted 

impregnation of P25 with 

urea [6] 

Dibenzothiophene 6 times higher 

Grinding P25 with urea [7] Ethylbenzene 1.6 times higher 

Hydrolysis of Ti(OBu)4 

with ammonia [8] 

Phenol 4 times higher 

Hydrolysis of Ti(i-OPr)4 

with 2-methoxyethylamine 

[9] 

Methylcyclohexane 10 times higher 

Hydrolysis of Ti(OBu)4 

with hydrazine [10] 

Methyl orange 2 times higher 

Hydrolysis of Ti(OBu)4 

with ammonia [11] 

Phenol 12 times higher 

Hydrolysis of Ti(OBu)4 

with ethylenediamine [12] 

Methyl orange 26 times higher 

Methylene blue 10 times higher 

Annealing TiO2 nanotubes 

in NH3 flow [13] 

Methylene blue 4 times higher 



Annealing P25 

impregnated with tri-

thiocyanuric acid [14] 

NOx 3 times higher 

Hydrolysis of Ti(OBu)4 

with NH4F [15] 

Methylene blue 4 times higher 

Ti(OBu)4 + N2 with 

plasma [16] 

Toluene 5 times higher 

Hydrolysis of Ti(i-OPr)4 

with 1-ethyl-3-

methylimidazolium 

chloride [17] 

Hydrogen production 22 times higher 

Hydrolysis of TiOSO4 

with ammonia [18] 

Benzyl alcohol 10 times higher 

Hydrolysis of TiOSO4 

with ammonia [19] 

4-nitrophenol 6 times higher 

Hydrolysis of TiOSO4 

with urea [20] 

Methyl orange 3 times higher 

Methylene blue 3 times higher 

This study Acetone 40 times higher 

 

6. Effect of Fe on the activity of TiO2-N under visible light 

TiO2-N sample synthesized at 350 °C was modified using Fe (see the main text of article). 

The content of Fe was varied from 0.01 wt.% to 0.5 wt.%. Further, the prepared samples were 

investigated in a test rection of acetone oxidation under visible light similarly to the conditions 

described in the main text of article).  

The effect of Fe content on the photocatalytic activity of Fe/TiO2-N under visible light is 

shown in Figure S5. This figure shows that an optimum content of Fe is to be in a range of 0.1–

0.3 wt.%. 



 
Figure S5. Effect of Fe content on the visible-light activity of Fe/TiO2-N 

 

The synthesized Fe/TiO2-N sample with 0.3 wt.% of Fe was investigated by XPS. The 

results are shown in Figure S6. The peaks with an energy of 709.8 (Fe2p3/2), 715.1 (Fe2p3/2 

satellite), and 722.4 eV (Fe2p1/2) were detected. Fe2p3/2 satellite with an energy of 715.1 eV allows 

us to establish that the observed peak can be attributed to Fe2+ state [21].  

 
Figure S6. Photoelectron Fe2p spectral region for 0.3% Fe/TiO2-N sample. 
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