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Abstract  

In this work, a two-step treatment of TiO2 nanotube (TNT) layers towards enhanced 

photocatalytic performance is presented. TNT layers with a thickness of ~7 µm and an average 

inner diameter of ~190 nm were prepared via electrochemical anodization of Ti foil in a fluoride 

containing ethylene glycol-based electrolyte. To improve the photocatalytic activity of the 

produced TNT layers a two-step post-treatment was conducted. First, the inner shell of the 

native double-wall TNT layers was removed via a mild pre-annealing followed by a selective 

etching treatment of the inner shell in piranha solution yielding single-wall TNT layers. Second, 

reduction via annealing in H2/Ar atmosphere was performed. The resulting Ti3+ doped single-

wall TNT layers possess 100% enhancement of photocatalytic activity compared to their non-

treated counterparts.  

 

Keywords: TiO2 nanotube layers; single-wall; H2 surface reduction; photoelectrochemistry; 
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1. Introduction 

Since the pioneering work of Fujishima and Honda [1] in 1972 on the use of titanium dioxide 

(TiO2) as a catalyst for the water splitting under UV light illumination, TiO2 has gained great 

interests due to its exceptional physical and chemical properties. The mechanism of 

photocatalysis on TiO2 surfaces is based on the UV light absorption, generation of e-/h+ pairs 

and subsequent formation of radicals with high oxidizing power [2,3]. Due to the relatively 

large band gap of ~3.2 eV for anatase TiO2 a significant photoresponse can only be generated 

by UV irradiation. Therefore, it is crucial to improve the optical absorption and charge 

separation in order to enhance the photocatalytic activity.  

So far, many approaches have been investigated to improve the photoactivity of TiO2 including 

metal and non-metal doping or co-doping [4–13]. Among most recent and very promising 

approaches to improve the TiO2 photocatalytic activity is the introduction of surface disorders 

within TiO2 by hydrogenation [14–22]. Two phenomena are responsible for the photoactivity 

enhancement: 1) Newly created oxygen vacancies inhibit the recombination of charge carriers 

and therefore improve the photoactivity [20,22]; 2) Formation of defect states in the TiO2 lattice 

by oxygen subtraction during the hydrogenation process, i.e. partial reduction of Ti4+ to Ti3+. 

As a result, the Fermi level of the semiconductive TiO2 is shifted towards its conduction band, 

which leads to a significant improvement of optical absorption and photoactivity [19,20,22]. 

Several techniques are available for the reduction of TiO2: high- and low-pressure hydrogen 

thermal treatment, hydrogen plasma treatment, and (electro)-chemical reduction or oxidation 

[23]. 

The synthesis of self-organized TiO2 nanotube (TNT) layers via electrochemical anodization of 

Ti foil was first reported in 1984 [24]. However, this unique one-dimensional (1D) nanomaterial 

has received a significant attention only after pioneering works [25,26] reported more than two 

decades later. TNT layers can be grown directly on the Ti surface by electrochemical 
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anodization in suitable aqueous- or organic-based electrolytes containing HF or fluoride salts 

[27–30]. Nowadays, ethylene glycol-based electrolytes containing NH4F and H2O are the most 

widely used electrolytes [31,32]. TNT layers are commonly accepted to be excellent materials 

in photoelectrochemical applications, in particular photocatalysis [33–38]. The exceptional 

geometry and electronic properties of TNT layers (such as high surface area, short diffusion 

path within enclosed nanoscale compartments) facilitate an effective charge transfer, a strong 

light absorption, and the ability to suppress the recombination of photogenerated e-/h+ pairs. 

These are also key advantages of the TNT layers which favor them compared to other TiO2 

nanostructures [39–43]. It is well-known that in common ethylene glycol-based electrolytes a 

double layer oxide structure is formed [44] composed of an inner and an outer shell, yielding 

the double-wall (DW) structure. The origin of DW can be explained considering the plastic 

flow model for the nanotube formation [45,46]. Recent papers studied the exact composition of 

the inner and outer shell [47,48]. The results show a high C and F contamination of the inner 

shell, originating from the voltage induced decomposition of the electrolyte while the outer 

shell consists of almost pure TiO2. Several studies report that the removal of the inner shell has 

a positive impact on the efficiency of DSSCs [46,49–51]. Moreover, we recently reported on 

enhanced photoelectrochemical properties of such single-wall (SW) TNT layers [52]. To the 

best of our knowledge, there is no study on the photocatalytic performance of SW TNT layers. 

Regarding the reduction of TNT layers by annealing in H2/Ar atmosphere, an improved 

electrochemical performance as electrode materials for supercapacitors [53], an improved 

power density for lithium-ion batteries [54] and an enhanced photocatalytic activity [21,55,56] 

were already reported. So far, a two-step treatment combining the inner shell removal and the 

reduction of TNT layers and study of their photoelectrochemical and photocatalytic 

performance has not been reported yet.  
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Here, we present a combination of the inner shell removal and the reduction by a low-pressure 

annealing in H2/Ar atmosphere to achieve a highly efficient photocatalyst based on SW anodic 

TNT layers. The influence of both treatments on photoelectrochemical performance and 

photocatalytic activity of such SW TNT layers is investigated and discussed. 

2. Experimental 

2.1 Synthesis of pristine and modified TNT layers 

Titanium foil (Sigma-Aldrich, 2x1 cm with 0.127 mm thickness, 99.7% purity) was used as a 

starting substrate for the growth of TNT layers. The electrochemical anodization, conducted at 

80 V for 4 h at room temperature in ethylene glycol-based (CentralChem, Slovakia) electrolyte 

containing 130 mM NH4F (CentralChem, Slovakia) and 12 wt.% distilled H2O, led to the 

synthesis of self-organized double-wall (DW) TNT layers. As previously reported, an etching 

treatment [52] was used to remove the C- and F-rich inner shell. First, as-prepared DW layers 

were pre-annealed in air at 150 °C for 1 h. Second, the DW layers were immersed in piranha 

solution for 8 min at 70°C. Finally, the etched TNT layers were immersed in H2O and EtOH 

for 1 min, respectively, and dried with a nitrogen stream, yielding SW TNT layers. In order to 

obtain anatase structure, both types of TNT layers were annealed in a muffle oven at 450 °C for 

2h [21]. Non-reduced TNT layers were annealed in air while to obtain reduced SW and DW 

TNT layers, annealing in 5% H2/Ar at 450 °C for 2 h was additionally conducted, yielding r-

SW and r-DW, respectively. XRD patterns of all types of TNT layers are reported in 

Supplementary file (Fig. S1). 

2.2 Material characterization 

The crystal structure of TNT layers was characterized by X-ray Diffractometer (XRD, 

PANalytical, Cu Kα radiation, λ = 1.5418 Å) in the grazing incidence mode. To evaluate the 

partial reduction of Ti4+ to Ti3+ and Fermi levels, X-ray Photoelectron Spectroscopy (XPS, 
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Omicron multi-probe system) with hemispherical analyzer (monochromatic Al K-alpha X-rays 

1486.6 eV) was performed. The overall morphology of the TNT layers was investigated by 

Scanning Electron Microscope (SEM, Lyra 3 Tescan, at 10 and 30 kV). The morphology of 

individual nanotubes and nanotube walls was characterized by analytical Transmission Electron 

Microscope with atomic resolution (JEM ARM 200 cF, JEOL, at 200 kV). For the Energy 

Dispersive X-ray Spectroscopy (EDX) a large angle detector (JEOL JED-2300T CENTURIO 

SDD) with solid angle up to 0.98 sr and a detection area of 100 mm2 was used.  For the Electron 

Energy Loss Spectroscopy (EELS) measurements post column GIF Quantum ER spectrometer 

with DualEELS capability was employed. The samples were prepared by scratching the 

nanotubes on a carbon-coated copper grid.  

2.3 Photoelectrochemical and photocatalytic activity measurements 

The photocurrent measurements of TNT layers were carried out in aqueous solution 0.1 M 

Na2SO4 at 0.4 Vvs.Ag/AgCl in the spectral range from 300 to 450 nm. A photoelectric 

spectrophotometer (Instytut Fotonowy) with a 150 W Xe lamp and a monochromator with a 

bandwidth of 10 nm connected with a modular electrochemical system AUTOLAB (PGSTAT 

204; MetrohmAutolab B. V.; Nova 1.10 software) was used for the photocurrent measurements. 

Photocurrent stability tests were carried out by measuring the photocurrent produced under 

chopped light irradiation (light/dark cycles of 10s). Cyclic voltammograms were recorded in 

the potential range from -0.4 V to 1 V vs. 3 M Ag/AgCl with a sweep rate of 5 mV/s, starting 

at 0 V towards positive voltages in the dark and at 350 nm, respectively. 

The photocatalytic activity was investigated by monitoring the photodegradation of methylene 

blue (MB) and rhodamine B (RB) solutions with an initial concentrations of 10-5 mol/L under 

constant bubbling with air in a self-constructed apparatus [4] using a polychromatic light 

irradiation (mercury lamp HPA 400 W, Philips, wavelength range 300 – 800 nm; λMAX= 365 

nm, 6.51 mW/cm2). Prior to each measurement, a sample was placed for 60 min in the dye 
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solution in the dark to achieve an adsorption/desorption equilibrium. The decrease in the dye 

concentration was estimated from the absorbance of the solution measured at 553 nm for RB 

and at 670 nm for MB using an UV-VIS spectrophotometer (Jasco V-530).  In addition, we 

conducted photocatalytic experiments with aqueous phenol solution using Total Organic 

Carbon (TOC) analysis. The description of these experiments is extensive and it is provided in 

the Supplementary file. To investigate the stability of the samples, the photocatalytic 

measurements were performed 3 times (with 1-week step). Generally, the differences between 

repeated measurements did not exceed ±5%. 

3. Results and discussion 

3.1 Morphology, structure, and composition of TNT layers 

Fig. 1A and B show representative top-view and cross-sectional SEM images of self-organized 

TNT layers with a thickness of ~7 μm and an average inner tube diameter of ~190 nm. Due to 

the nature of nanotube formation in ethylene glycol based electrolytes [44], the presence of the 

inner shell at the bottom parts of the TNT layers is revealed and is clearly visible by SEM as 

the porous areas within the interiors of nanotubes (Fig. 1C). Fig. 1D shows the TNT layers after 

complete removal of the inner shell and single-wall morphology with no visible porous areas 

within the nanotubes were observed. To point out, prolonging the etching time and/or increasing 

the temperature during etching over the optimized values results in the TNT layers to peel off 

from the Ti substrate. For shorter time and/or lower temperatures, the inner shell is not 

completely dissolved. 
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Fig. 1. SEM images of TiO2 nanotube layers: (A) top-view, (B) cross-sectional view, (C) 

double-wall structure and (D) single-wall structure of the nanotube bottoms, respectively. 

To obtain additional information on the morphology, crystalline structure and composition of 

TNT layers, TEM-related techniques (Fig. 2, Fig. S2) and XPS (Fig. 3) analyses were carried 

out. 

Fig. 2A shows a representative top-view image of DW TNT layers obtained from the bottom 

part of the layer. The total thickness of the inner shell is ~60 nm. EDX analysis determined 17.8 

at % of C and 9.5 at % of F. EDX mapping identified that F is mainly situated on the outer wall 

of the nanotube while carbon is predominantly localized within the nanotube. These 

observations are in good agreement with the literature [47,48]. Fig. 2B shows a detailed side-

view HAADF STEM image of the DW nanotube fragment after annealing in air. The compact 

outer and the porous inner shell can be clearly distinguished. The inner shell composition did 

not significantly change neither upon annealing at 450 °C in air nor after reduction in H2/Ar 

atmosphere (17.2 at % of C and 9.7 at % of F). Using SAED (Fig. 2C) solely anatase phase was 
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identified in the case of all TNT layers annealed at 450 °C. Straight lattice fringes with a spacing 

of 0.35 nm, depicted by BF STEM mode from the outer wall of the nanotube (Fig. 2D), were 

assigned to the (101) plane of anatase. The outer wall of the nanotube is well crystalline with 

no visible crystal defects and/or amorphous content. The nanotube wall is viewed along <010> 

direction, as follows from the relevant Fast Fourier Transform.  

Point by point EELS analyzes across the nanotube wall of the reduced SW were carried out to 

investigate the differences in the local chemical composition close to the surface and in the bulk 

(Fig S2). Overall 19-point analyses were conducted and recorded by Dual EELS method at 

identical conditions. Some of them (measurements 9, 10, 11, 12, 13, and 16) are highlighted in 

the inset of Fig. S2. Close to the nanotube wall surface, the Ti-L2,3 edge is shifted to a lower 

energy by 1.5 eV. The energy loss of Ti-L2,3 position edges is sensitive to the valence of Ti and 

the shift of Ti-L2,3 edge to lower energy region indicates the valence reduction of Ti4+ to Ti3+ 

which is accompanied by a loss of O from the surface of anatase TiO2 [57]. According to our 

measurements, the lowered valence state Ti3+ was identified close to the surface up to 3 nm in 

depth (up to point 9 in Fig. S2). As for the data obtained from the body of nanotube wall over 

depth of 3 nm, solely the presence of Ti4+ was confirmed. Obtained EELS data clearly indicate 

the partial surface reduction of Ti4+ to Ti3+ during annealing in H2/Ar atmosphere.  
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Fig. 2. (A) TEM image of double-wall morphology of a nanotube (taken at the bottom part of 

the TNT layer), two broken separated walls are depicted. EDX mapping of Ti (A1), O (A2), F 

(A3), and C (A4); (B) HAADF STEM image of a fragment of double-wall nanotube annealed 

in air; (C) TEM and corresponding SAED image of double-wall nanotube, anatase reflection 

are assigned to individual SAED rings; (D) HRTEM image of outer nanotube wall with relevant 

FFT pattern (as an inset) indicating single crystalline nature of the wall.  
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Finally, the chemical binding within TNT layers was analyzed by XPS. Figure 3 shows high-

resolution scans of Ti2p state, O1s state and valence band maxima (VBM) position. All TNT 

layers show the presence of Ti4+ – O bond in the Ti2p spectrum (Fig. 3A), with binding energy 

of ∼458.7 eV and ∼464.5 eV corresponding to Ti 2p3/2 and Ti 2p1/2, respectively. The reduced 

Ti3+ peak with binding energy of  ∼457 eV is not clearly visible, due to the rapid oxidation of 

the surface in the ambient atmosphere [22]. The oxygen spectrum in Fig. 3B shows 

asymmetrical O1s peak for all TNT layers, deconvoluted after a Shirley background 

subtraction, using mixed Gauss-Lorentz function (GL30) into two peaks centered at ~530 eV 

and ~531.3 eV, and can be attributed to TiO2 and Ti-O-H and/or C=O bonds, respectively. 

Finally, the VBM of TNT layers were estimated from XPS spectra by a linear extrapolation of 

the peaks with the baseline near a Fermi energy (Fig. 3C). A small negative shift of valance 

band maxima around 0.2 eV was observed for reduced TNT layers. This band gap narrowing, 

observed after reduction of the TNT layers, is attributed to the formation of localized Ti3+ states. 

In the Ti3+ doped TNT layers, the newly created oxygen vacancies form donor levels in below 

the conduction band of TiO2. These defects act as important adsorptive and active sites for 

heterogeneous catalysis thus enhance the light absorption and electronic conductivity of TNT 

layers [19].  
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Fig. 3. XPS spectra showing (A) Ti2p peak, (B) O1s deconvoluted peak and (C) valence band 

maxima (VBM), respectively, of single-wall (SW), reduced single-wall (r-SW), double-wall 

(DW) and reduced double-wall (r-DW) TiO2 nanotube layers. 

3.2 Photoelectrochemical and photocatalytic performance of TNT layers 

Fig. 4A shows the incident photon-to-electron conversion efficiencies (IPCE) in the wavelength 

range from 300 to 450 nm. The IPCE data are in agreement with the obtained photocurrent 

densities (Fig. S3). The ~5% increase in IPCEs for both SW TNT layers compared to DW ones 

in the range from ~325 nm to ~375 nm is ascribed to the removal of the inner shell which 

enhances the incident light absorption [52]. For further analysis, photocurrent transients were 

recorded and examined in detail. As the IMAX of the used light irradiation source for 

photocatalysis is at the wavelength of 365 nm, the photocurrent transients at 350 nm, 360 nm, 
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370 nm, and 380 nm are presented in Fig. 4B. The photocurrent transients from 300 nm to 

500 nm are shown in the Supplementary information (Fig. S3).  

Fig. 4C and D shows cyclic voltammetry (CV) curves obtained in the dark and under UV 

irradiation (λ = 350 nm), respectively. In general, the CV shape for all TNTs is typical for the 

anatase structure [45]. The dark currents are almost identical for all TNTs. After UV irradiation, 

the photocurrent densities are comparable for all TNTs. The photocurrent densities for all TNTs 

increased until the potential of ~0.4 V. At higher potentials a photocurrent plateau was observed 

indicating that the thickness of the nanotube walls equals the space charge layer [58]. For SW 

and r-SW, the photocurrents are higher than for DW and r-DW, however, the difference is not 

pronounced. Based on the obtained photoelectrochemical results (Fig.4A-C), the reduction in 

H2/Ar atmosphere had little or no effect on the photoelectrochemical performance of TNT 

layers. 

All TNT layers were explored for the photocatalytic degradation of MB and RB under UV light 

irradiation. Fig. 4E and F shows the corresponding decomposition rates of MB and RB, 

respectively. For both dyes, the highest decomposition rates were obtained using r-SW TNT 

layers. The photocatalytic degradation of organic dyes follows the first-order reaction [37]: 

ln (c/c0) = - kt      (1) 

where c0 and c are the initial and after the time t concentrations, respectively, and k is the 

pseudo-first-rate kinetic constant.  

The obtained photocatalytic results indicate that both employed modifications (i.e. removal of 

the inner shell and the reduction in H2/Ar atmosphere) increase the photodegradation rate of 

MB and RB under UV light irradiation. When one compares these modifications, the reduction 

by annealing leads to more distinct improvement of the photoactivity than the inner shell 

removal. Indeed, the presence of Ti3+ in reduced TNT layers contributes to an improved charge 
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carriers transfer efficiency and limits the e-/h+ pair recombination by introducing intra-band gap 

states in anatase TiO2 [59]. On the other hand, the distinct porous morphology of the inner shell 

in DW and r-DW (visible in Fig. 1C) have a negative contribution to the charge recombination 

[46]. Therefore, the photocatalytic activity follows trends of SW being better than DW and r-

SW being better than r-DW.  Overall, the photodegradation rate of r-SW (k = 0.029 min-1 for 

MB; k = 0.028 min-1 for RB) is enhanced by ~100% compared to the DW (k = 0.014 min-1 for 

MB; k = 0.014 min-1 for RB), by ~50% compared to the SW (k = 0.019 min-1 for MB; k = 0.017 

min-1 for RB) and by ~20% compared to the r-DW (k = 0.023 min-1 for MB; k = 0.023 min-1 

for RB). 

To further prove that TNT layers are responsible for the enhanced photocatalytic activity and 

to exclude the possible degradation of MB and RB via dye-sensitization and/or reduction 

[60,61], additional photocatalytic tests were carried out with an aqueous phenol solution, using 

TOC analysis. The results are shown in Figure S4 in the Supplementary file. Nevertheless, a 

similar trend where the photocatalytic activity follows the order r-SW>r-DW>SW>DW (where 

r-SW is the most active photocatalyst) was obtained. The phenol solution was fully degraded 

after 150 min using r-SW. This clearly proves the efficient degradation of studied pollutants as 

a result of a photocatalytic reaction on the solid/liquid interface between TNT layers/organic 

pollutant. The possible dye-sensitization and/or reduction in case of MB and RB can therefore 

be refuted. 

Table 1. Summary of 1D Ti3+ doped TiO2 photocatalysts under UV light irradiation. The rate 

constants and removal efficiencies were directly taken from the cited references, wherever 

possible. 

Photocatalyst Weight 
Irradiation 

(λMAX) 

Target 
pollutant & 

concentration 
Time 

Removal 
efficiency 

Rate 
constant 

Ref. 

N-Ti3+- TiO2 
nanotubes 

- N/A 
Diclofenac (5 

mg/L) 
4h 100% N/A [62] 
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N-Ti3+- TiO2 
nanorods 

- 365 nm 
2-ME (N/A) 

- 
31% N/A 

[63] BE (N/A) 37% N/A 
2-ATP (N/A) 42% N/A 

N-Ti3+-TiO2 
nanorods 

20 mg N/A MB (10 mg/L) 120 min 88% N/A [64] 

Ti3+-TiO2/g-
C3N4 

nanotubes 
40 mg 450 nm MB (20 mg/L) 100 min 100% 0.038 min-1 [65] 

Ti3+-TiO2 
nanotubes 

10 mg 365 nm 
RB (10-6 
mol/L) 

100 min 60% 0.018 min-1 [21] 

Ag/S-Ti3+-
TiO2 

25 mg N/A 
Phenol 

(10mg/L) 
180min 99% 0.029 min-1 [66] 

This work <10 mg 365 nm 

MB (10-5 
mol/L) 

100 min 100% 0.029 min-1 

- 
RB (10-5 
mol/L) 

100 min 100% 0.028 min-1 

Phenol 
(10mg/L) 

150 min 99% N/A 

 

In Table 1, the photocatalytic activity of our most efficient r-SW is compared to other reports 

on 1D Ti3+ doped TiO2 photocatalysts found in literature. Considering the fact that the amount 

of TNTs on the area of 2 cm2 (area with nanotubes used for photocatalytic degradation) is less 

than 10 mg, the photocatalytic efficiency of r-SW is enhanced compared to previous reports 

where the amount of photocatalyst is 2.5 - 4 times higher (25 - 40 mg) [21,62–67]. 

The observed photocatalytic trend is not fully in the agreement with photocurrent results; 

however, the difference can be described as follows. The photodegradation of the dye solutions 

proceeds on the liquid/solid interfaces. The low-pressure hydrogenation of the surface of 

anatase TiO2 leads to the creation of Ti centers or unpaired electrons, and subsequently forms 

donor levels in the electronic structure of TiO2 [18]. Oxygen vacancies suppress the 

recombination of photogenerated e-/h+ which consequently improve the photocatalytic activity. 

Moreover, the oxygen vacancies act as e- donors, increasing the donor density in reduced TiO2 

[18]. The increased donor density results in an increased charge transport and shifts the Fermi 

level of TiO2 towards the conduction band. Contrary, when the photocurrent is collected, the 
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photogenerated e- have to be transported to the positive electrode across the whole thickness of 

TNT layers. Due to this fact, the Ti3+ and oxygen vacancies are necessary in the whole bulk of 

the nanotube wall to efficiently trap the generated e- thus improve the photocurrent density. The 

effect of the surface/bulk defects on the photocatalytic activity of TiO2 was previously reported 

[68]. In general, the photogenerated e- on the surface of TiO2 can reduce electron acceptors and 

the photogenerated h+ can oxidize electron donors, initiating the photo-redox reaction. 

However, considering the fact that only surface defects are present in r-DW and r-SW, the 

photogenerated h+ can be trapped in the bulk through electrostatic interaction [68]. The trapped 

h+ in the bulk are not available in the photocatalytic reaction anymore and they rather act as 

new recombination centers. On the other hand, the photogenerated h+ can also be trapped by 

surface defects (i.e. defects clusters) and the separation of e-/h+ pairs is facilitated. These defects 

clusters are ready to react with electron donors and the photocatalytic reaction is greatly 

promoted while the photoelectrochemical performance is not affected significantly. In order to 

obtain simultaneous enhancement of photocatalytic and photoelectrochemical performance of 

TiO2, both surface and bulk defects are necessary. All in all, the presence of surface defects 

plays a vital role in the enhancement of the photocatalytic activity with little or no effect on the 

photoelectrochemical performance of TNT layers.  
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Fig. 4. (A) Incident photon-to-electron conversion efficiencies (IPCE) vs wavelength, (B) 

photocurrent transients recorded at 350 nm, 360 nm, 370nm, and 380 nm, respectively, CV 

curves (C) in the dark, (D) under UV irradiation (λ = 350 nm) and photocatalytic decomposition 

rates of (E)  methylene blue (MB) and (F) rhodamine B (RB) for single-wall (SW), reduced 

single-wall (r-SW), double-wall (DW) and reduced double-wall (r-DW) TiO2 nanotube layers. 

4. Conclusions 
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In this work, we present a two-step treatment of TNT layers to enhance their photocatalytic 

performance. Optimized etching treatment in piranha solution led to the dissolution of C and F 

containing inner shell and the consequent formation of SW TNTs. Low-pressure annealing in 

H2/Ar led to partial surface reduction of Ti4+ to Ti3+. The combination of these two treatments 

results in an enhanced photocatalytic performance in degradation of organic dyes and phenol 

compared to the non-treated, solely hydrogenated, or solely etched counterparts due to an 

improved transfer efficiency of charge carriers and decelerating the e-/h+ recombination rate. 

Such two-step treated TNT layers possess 100% and more than 20% enhancement in 

photocatalytic activity compared to the non-treated and single-step treated TNT layers, 

respectively. 
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