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Abstract

:

Cu/Zr-modified TiO2 photocatalysts were prepared in the form of nanopowders and characterized by photothermal spectrometry, UV–Vis spectrophotometry and X-ray diffraction (XRD) to investigate the effect of Cu/Zr content on their thermo-optical and transport properties. Adding Cu (0.05%) caused a change in the light absorption range limit, which reduced from 3.25 eV for pure TiO2 to 2.85 eV for Cu-modified TiO2. The decrease in energy band gap was accompanied by a 19.5% decrease in the charge carrier lifetime, which is not favorable for photocatalysis. The decrease in charge carrier lifetime can be minimized by additional modification of TiO2 with Zr (1%), which showed insignificant effects on the energy band gap of the investigated materials. Furthermore, modification of TiO2 with Zr affected the material’s structure and increased its specific surface area, which improved the adsorption of degraded compounds as well as the absorption of light. Altogether, these effects resulted in higher photocatalytic degradation rate constants of the investigated TiO2-based photocatalyst. It was also found that modification of TiO2 with Cu and/or Zr increases both the material’s thermal diffusivity and conductivity due to changes in the band gap and structure of material. Beam deflection spectrometry (BDS) has demonstrated high potential in materials’ characterization which stems from its high sensitivity and precision.
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1. Introduction


Nowadays, water pollution is a big concern for many countries in the world. Contaminant substances in wastewater might include recalcitrant organic compounds and/or metals which require breakthrough technology for treatment and purification processes. One of the technologies of high interest is photocatalysis, which is based on energy absorption of UV radiation from sunlight that in turn activates a photocatalyst to degrade the contaminant. One of the most promising photocatalysts in terms of reaction efficiency, in many environmental and energy applications, is titanium dioxide (TiO2). It is chemically stable and therefore almost inert to the environment and humans, abundant and inexpensive. Furthermore, it has a high ability to break molecular bonds, leading to their degradation. TiO2 in the form of nanoparticles is especially very attractive because it is more reactive than its bulk form as a result of the smaller particle sizes and thus larger surface area.



Unfortunately, the activation of TiO2 occurs mainly due to UV irradiation, which represents only around 5% of the solar light spectrum, thus providing relatively low photocatalytic efficiency. This is a result of the large band gap (~3.2 eV) as well as the rapid recombination of the photogenerated electron–hole pairs. To increase its efficiency and enable activation also by visible light from solar radiation, TiO2 must be modified by loading N, C, S, another semiconductor, dyes or metal particles (e.g., Cu or Zr) to reduce its band gap and, consequently, electron–hole recombination rates. The modification includes doping, decoration and structural modification of TiO2 particles to enhance its photoactivity [1,2,3,4,5]. A common approach to evaluate the capability of photocatalysts to act under visible light is by determining the apparent band gap of the material. This is usually performed using a UV–Vis spectrophotometer to record the sample’s absorption spectra over a chosen wavelength range. After plotting the graph of (α  h υ  )n as a function of photon energy hυ (named a Tauc plot), it is possible to determine the values of band gaps as the intercept of extrapolation of the linear parts of the graphs to the abscissa axis, for which α  h υ   = 0. Parameters α,  h ,  υ  and n represent, respectively, an energy-dependent absorption coefficient, the Planck constant, the photon’s frequency and the factor depending on the nature of the electron transition, which is equal to 1/2 or 2 for the direct and indirect transition band gaps, respectively. Such a method does not provide sufficient sensitivity in case the samples are weakly absorbing.



Another factor that determines the material’s photocatalytic activity is the carrier lifetime of photogenerated electron–hole pairs that tend to recombine at different defects (e.g., interstitial atoms, vacancies and grain boundaries), which decreases materials’ photocatalytic activity but can be overcome by eliminating all the internal defects. Nanopowders are rich in defects because of their size and have many particle boundaries. Furthermore, the distance from bulk to surface is shorter compared to larger particles, causing faster migration and trapping of the charge carriers. This leads to low carrier mobility and reduces the lifetimes of photogenerated charge carriers. Nevertheless, in combination with a high surface area, it can result in enhancement of the overall photocatalytic activity since the photocatalytic reaction takes place on the surface of the material, and thus, particles with smaller sizes provide more reactive sites. Furthermore, the migration of photogenerated electron–hole pairs occurs through shorter distances, which reduces the carrier quenching rate. It is also important that the diffusion length of photogenerated electron–hole pairs should be longer than the material particle size. Due to this, the recombination of carriers on the surface of the photocatalyst is negligible, and thus, efficient charge carrier separation is provided.



The carrier lifetimes of photogenerated charge carriers are determined by time-resolved spectroscopy as time-resolved absorption/diffuse reflectance spectroscopy (TAS/TDRS) [6], time-resolved photoluminescence spectroscopy (TPLS) [7] and time-resolved IR spectroscopy (TIRS) [8]. The measurements are based on analysis of the optical absorption, reflection or emission peaks of the material. Unfortunately, their position and intensity critically depend on the nature of the semiconductors (e.g., size, crystal phase and morphology), excitation wavelength, irradiation time and the measurement circumstances, which may disturb the measurements and give unreliable results. Thus, the use of more sensitive and reliable techniques is required, such as those based on photothermal effect [9,10,11,12,13]. Among them, photothermal beam deflection spectrometry (BDS) is of high interest as it is suitable for the characterization of opaque and weakly absorbing samples. Furthermore, an additional advantage of the BDS technique is that it enables simultaneous determination of spectroscopic (e.g., extinction coefficients and band gap energies) and thermal parameters (e.g., thermal diffusivity, thermal conductivity and thermal effusivity) as well as other important parameters which are closely related to these properties (e.g., porosity) [14,15].



In the BDS technique, the examined sample is irradiated by a modulated excitation laser beam. The absorbed photon energy is converted into heat, inducing temperature oscillations (TOs) in the sample and further in an adjacent gas layer close to its surface. Subsequently, the generation of TOs leads to the creation of a density gradient in the adjacent gas layer and a change in its index of refraction. These changes are detected by a probe laser beam deflection measured by a position sensitive detector, which generates phase and amplitude signals related to the photothermal parameters of the sample. The BDS method has already been applied for determination of the optical, structural and transport properties of different materials that, in turn, define their photocatalytic activity [12,15].



The aim of this work was to develop Cu- and/or Zr-modified TiO2 nanoparticles and characterize them by the use of the BDS technique, UV–Vis spectrophotometry, X-ray diffraction (XRD)and energy-dispersive X-ray (EDX) to determine their thermo-optical and transport parameters. The modification of TiO2 materials exhibits induced spectral shifts into the visible spectral region, thus enhancing the absorption capacity of a photon under solar light. Additionally, a number of variables that affect the photocatalytic activity were examined. By knowing these parameters, it is possible to conclude about their potential application for photodegradation of various chemical and microbiological pollutants. Therefore, creating a proof of concept was the first step in testing the photodegradation activity of the characterized samples. In this regard, we used reactive blue 19 (RB19) dye as a test sample in the initial proof of concept and the thermal lens spectrometry (TLS) technique [16] in order to monitor the rate of photocatalytic reaction.




2. Materials and Methods


2.1. Materials and Sample Preparation


For preparation of samples, we used the following materials: titanium dioxide P25 (Aeroxide® Degussa, Evonik, Germany); copper (II) acetyl-acetonate (C10H14CuO4), 99% (Merck, Germany); zirconium (IV) butoxide Zr (OC4H9)4, 80% (Sigma-Aldrich, Germany); absolute ethanol (C2H5OH), 96% (Sigma-Aldrich); acetylacetone (C5H8O2), 99% (Merck, Germany); 1-butanol (Sigma-Aldrich, Germany) and double-deionized water 2xDI (NANOpure, Barnstead).



The surface-modified titanium dioxide (TiO2)-based samples were prepared using the sol–gel method in combination with the impregnation technique by modification of commercial titanium dioxide (P25) to further enhance its photocatalytic performance. Proper amounts of copper (ll) acetyl-acetonate (0.008 g; 0.016 g; 0.080 g) and zirconium (lV) butoxide (286 μL) were dissolved in 20 mL of absolute ethanol to obtain a titanium dioxide slurry containing 0.05 mol%; 0.1 mol% of copper and/or 1 mol% of zirconium, and after that, a chelating agent (acetylacetone) was added. The molar ratio of metal precursors (MPs) and C5H8O2 was ensured to be 1/3. To such a mixture, 2xDI was added drop by drop. The stoichiometric amount of 2xDI to MP was 10. The slurry was stirred for 1 h, after which 5 g of P25 was added. The mixture was stirred for another 1 h and then dried at 80 °C, calcined at 500 °C for 2 h and ground in an agate mortar in order to obtain powders. BDS measurements require samples in the form of a plate. Thus, the previously prepared powders (0.3 g) containing a proper amount of Cu or Zr were pressed into pellets of around 0.5 mm in radius and around 1.0 mm in thickness by the use of a Laboratory Manual Hydraulic Press (Capital Lab Tech, Non CNC), with a maximum load of 30 tons.



For testing the photocatalytic performance of the analyzed samples, we used the same materials and followed the procedure already reported in our previous work [16].




2.2. Characterization Methods


TiO2 samples were characterized by X-ray diffraction (Mini Flex Benchtop 300/600, 150) by using Cu Kα irradiation from 10° to 80° at a scan rate of 2°/min. Analysis of phase composition was performed by the Rietveld refinement method (High Score Plus software). The semi-quantitative chemical analysis was based on energy-dispersive X-ray (EDX) by means of a field emission scanning electron microscope (JSM-7100F, JEOL, Japan) equipped with an EDX detector (X-Max80, OXFORD, UK).



From nitrogen adsorption isotherms at 77 K on a Micromeritics Tristar 3000 instrument, the specific surface areas of the powder samples were calculated. Nitrogen was used as the adsorbate gas. The amount of adsorbed gas is correlated to the total surface area of the particles, including pores in the surface. The calculation was based on the BET theory.



The reflectance spectra of the examined samples were recorded on a dual-beam spectrophotometer (PERKIN ELMER, model Lambda 650, USA) with a wavelength range of 350–500 nm.



The beam deflection spectrometry (BDS) was performed with a home-built experimental setup, presented in Figure 1.



The examined sample was illuminated by an intensity-modulated light beam (excitation beam) (EB) from a solid state laser (Coherent, OBIS 405 nm, USA) with 50 mW output power to provide high light absorption in the TiO2-based sample. The EB was modulated by a mechanical chopper (SCIENTIC INSTRUMENTS, USA, Control unit model 300C, chopping head model 300CD, chopping disk model 300H), focused by a lens of 100 mm focal length (LB1676-A, Thorlabs, USA) and directed by a mirror (BB1-E02, Thorlabs, USA) to hit the sample perpendicularly to its surface. The sample was placed on a 3D translation stage (CVI, Model 2480M/2488, USA) to vary its position in the x, y and z directions and to optimize the experimental configuration. The absorbed energy induced temperature oscillations (TOs) not only in the sample but also in its surroundings. The TOs were probed by a PB (543.1 nm) from a He-Ne laser with 2 mW output power (MELLES GRIOT, Model 25-LGR-393–230, USA). The interaction of the PB with TOs resulted in PB deflections, which were detected by a quadrant photodiode (RBM–R. Braumann GmbH, Model C30846E, Germany) equipped with an interference filter (632 nm CWL, Edmund Optics) and connected to a lock-in amplifier (Stanford research instruments, Model SR830 DSP, USA). To optimize the experimental setup, the PB was slightly focused by a lens of 50 mm focal length (LB1471-A, Thorlabs, USA) and carefully aligned close to the sample surface, just to skim it. For this reason, the measurements were performed on flat samples with small lateral dimensions, which were larger than the PB diameter (~100 µm radius).



The TLS experimental setup used for RB19 degradation measurements is presented in Figure 2. The EB was a diode-pumped 532 nm laser (MGL-III-532-100, UltraLasers. Canada) with 25 mW output power controlled by the neutral density filter (NDF). The laser beam was collimated and focused onto a spot of 20 µm in diameter in the center of the sample by a set of lenses, L3, L4 and L5, with focal lengths of 30, 150 and 100 mm (LB1757-A, LB1437-A, LB1676-A, Thorlabs, USA), respectively. The EB was modulated at 1 Hz by a signal generator (RIGOL DG1022, RIGOL Technologies, Inc., USA). The absorbed energy was converted into heat, and as a result, the refractive index of the sample changed, thus inducing the so-called thermal lens (TL) effect in the sample. The TL effect was probed by a PB from a He-Ne laser (632.8 nm, 3 mW, 05-UR-111, Melles Griot) that was collimated to a size of 3 mm in diameter by a set of lenses with focal lengths of 30 and 150 mm (LB1757-A, LB1437-A, Thorlabs, respectively). Both beams were directed coaxially through the sample using a dichroic mirror DM (DMSP605, Thorlabs). The PB’s intensity changes resulting from the TL effect were detected by a Si-amplified detector (PDA 36A-EC, Thorlabs) equipped with a 0.5 mm diameter pinhole. The TL signal was recorded directly using a digital oscilloscope (RIGOL DS1102E, RIGOL Technologies, Inc., USA).



The degradation of RB19 by unmodified and Cu- or/and Zr-modified TiO2 nanoparticles was investigated under simulated irradiation with a 300-watt UV lamp (Osram Ultra Vitalux 300W E27, UK) with a radiated power of 13.6 W in near-UV (315–400 nm) and 3.0 W at shorter wavelengths (280–315 nm). The lamp was placed in a vertical position, 5 cm away from a 1 × 1 × 5 cm quartz cuvette to irradiate the sample from the top through the 1 × 1 cm top opening/1 × 5 cm window. A sample (3 mL) containing 6 µg/L of photocatalyst suspended in aqueous solution with an initial concentration of 5 mg/L RB19 was pipetted into the cuvette and illuminated by the lamp for 50 min. After each 5 min of irradiation, the suspension was left for about 20 min to relax and remove any residual thermal energy induced by illumination. The TLS measurements were performed immediately after each 5-minute interval of irradiation.





3. Results and Discussion


XRD was performed to determine the crystal structure of TiO2-based catalysts. The X-ray diffraction patterns of the reference TiO2 compound as well as the Cu- and Zr-modified TiO2 catalysts are presented in Figure 3. The results indicate that only characteristic peaks belonging to TiO2 were found for all modified TiO2 samples. Therefore, no separate Cu or Zr phases formed in these catalysts during preparation, but 87% anatase and 13% rutile were present in the phase of TiO2.



In order to test the loading of Cu and Zr in catalysts, EDX analysis was carried out on pressed powders. Figure 4 shows the EDX spectra of the unmodified and P25/Zr (1%)Cu (0.05) catalysts. The analysis shows that in addition to Ti and O elements, copper and zirconium peaks exist. The STEM-EDX mapping of Cu/Zr-modified TiO2 by Ni TEM grid confirmed the homogeneous distribution of Cu and Zr on the surface of TiO2 (Figure 5).



The results of BET measurements indicate that the addition of Cu to TiO2 decreased the surface area (46.5 m2/g) with respect to the specific surface area of the reference catalyst, which was 48.4 m2/g. On the contrary, zirconium increased the surface area (50.7 m2/g) and could contribute to enhancement of the photocatalytic properties of Zr-modified TiO2. Interestingly, there was no observed Cu effect on the surface area in the presence of Zr (50.7 m2/g).



To examine the band gap of TiO2 materials, the absorption spectra were recorded and expressed as log α = f(λ), where α is the absorption coefficient and λ is the wavelength (Figure 6). The α values were obtained from the measured (decadic) absorbances, A, and thicknesses of samples, d, according to the following relation.


  α = 2.303  A d   



(1)







It is shown in Figure 6 that the absorption coefficient of TiO2 for the 405–430 nm wavelength range increases relatively rapidly with the increase in the incident photon energy, which is an indication of a direct band gap. For λ < 405 nm, α increases relatively slowly with the increase in the photon energy, which indicates the presence of an indirect band gap (the maximum valence band (VB) energy occurs at a different momentum value to the minimum in the conduction band (CB) energy) in the TiO2 material. The electronic band structure of TiO2, therefore, shows both band gaps. Thus, the photoabsorption is dominated by direct band gap transitions when the photon energy becomes equal to or greater than the direct band gap. At higher photon energies, the transitions are dominated by indirect band gap transition and the absorption coefficient begins to increase relatively slowly compared to its increase in the case of direct band gap [17,18].



The indirect process proceeds at a much slower rate than direct transitions, as it requires three entities to intersect in order to proceed, namely an electron, a photon and a phonon, whereas in case of direct Eg, an electron–hole pair is produced quite easily since the electron does not need to receive very much momentum.



Determination of the band gap by UV–Vis spectrophotometry was based on the measurement of the diffuse reflectance of the examined samples (Figure 7) [17]. The sample thickness (~1 mm) ensured the condition of all light being absorbed or scattered before reaching the back surface of the sample [9,11]. Furthermore, the size of particles in the sample (~25 nm) was much smaller than the wavelength of incident light. Due to this, there were no secondary contributions of reflection, refraction and diffraction to the diffuse reflectance signal.



As shown in Figure 7, the TiO2-based materials showed strong absorption in the ultraviolet region, with the absorption edge located at around 400 nm.



The values of direct and indirect band gaps were obtained from the diffuse reflectance spectra of unmodified and Cu- or/and Zr-modified TiO2 recorded on a UV–Vis spectrophotometer (Figure 7) on the basis of the Kubelka–Munk theory [17]. The indirect relationship between the band gap Eg and the linear absorption coefficient α was obtained from a plot of (α  h υ  )n versus the photon energy   h υ   using the following equation [17]:


     (  α h υ  )   n  ∝ h υ −  E g   



(2)




where Eg is the band gap of allowed transitions (eV), h is Planck’s constant (6.63 × 10−34 Js),  υ  is the frequency of the light (s−1) and n is the number characterizing the transition process (n = 0.5 corresponds to the indirectly allowed transition and n = 2 corresponds to the directly allowed transition).



In order to determine the values of the band gaps for examined TiO2, as well as Cu- and/or Zr-modified TiO2 samples, the graph of      [  α h υ  ]   n    as a function of photon energy E =   h υ   was plotted (Figure 8). Extrapolation of the linear parts of the graphs gives the values of band gaps as the intercept to the abscissa axis, for which      [  α h υ  ]   n  = 0  . The determined values of both direct and indirect band gaps for the examined samples are presented in Table 1, along with their 95% confidence intervals (CI). The fitting accuracy of the determined parameters (SDs) was estimated in both surface and frequency scan method by calculating the square root of the covariance matrix [13,19]:


   S p  =   c o v  ( P )     



(3)




where P is the fitted parameters matrix and


  c o v  ( P )  =  σ r     (   J f T   J f   )    − 1    



(4)




where σr is the variance on residuals:


   σ r  =  1  N − k     ∑   i = 1  N     [   y i  − f  (  P ’  )   ]   2   



(5)




where N is the number of points in the dataset, Jf denotes the Jacobian matrix and P’ is the matrix of fitted parameters for which the minimum of error function was reached.



To determine the source of uncertainty, the repeatability of the method was also tested. For that purpose, the measurements were repeated three times and the desired parameters found by the use of the multiparameter fitting procedure described above. To determine if significant differences exist between the obtained parameters, the p-values were calculated for all examined parameters at 95% CI. For all the calculated cases, the p-value was smaller than 0.05, which means that there were not significant differences between parameters’ values in the single determination. Thus, the source of determination uncertainty results from the optical approach, but not from batch variations.



With consistently higher values for the indirect band gap in all materials, a trend of decrease in band gaps was observed for Cu- and/or Zr-modified materials with respect to pure TiO2. However, due to the relatively high standard deviations (5.9–7.3% RSD for direct band gap and 6.3–7.8% RSD for indirect band gap), no difference can be confirmed for the examined materials at 95% CI. For the same reason, the differences in direct and indirect band gaps for a given material fall within the 95% CI, except for TiO2/Cu (0.05%)Zr (1%), which shows a difference of 0.60 ± 0.25 eV.



Although a decrease in the value of Eg for direct as well as indirect band gaps was expected after the TiO2 modification, which leads to a decrease in the material’s grain size [20,21], these changes were not significant at 95% CI. Such insignificant differences can be attributed to insufficient measurement sensitivity, which results in larger standard deviations of the determined band gap values. Consequently, the differences in band gaps of the investigated materials could not be confirmed by UV–Vis spectrometry transmission mode measurements. For this reason, the BDS technique, which is known for its high sensitivity and is less affected by light scattering within the sample, was applied for determination of the band gaps and relevant thermal and transport parameters in the characterized samples. The BDS signal results from the conversion of absorbed energy into heat. The heat generated in the BDS experiment depends on the power density of internal heat sources, which, in turn, are governed by intra-band transitions in the bulk, non-radiative inter-band transitions and non-radiative surface recombination [22]. Thus, only indirect band gaps can be determined in these experiments, since the indirect band gap is related to the non-radiative transitions between the energy levels with the presence of phonons in semiconductor material. Direct band gaps, on the other hand, are related to the radiative transitions with the emission of photons, which do not generate heat, and therefore, no BDS signal can be observed.



In the BDS measurements, the amplitude and phase of the signal were recorded as a function of modulation frequency of the pump beam (Figure 9) for unmodified and Zr- and/or Cu-modified TiO2 samples.



The BDS signal falls off with the increase in the modulation frequency. Furthermore, both the amplitude and phase of the BDS signal clearly differ between samples of different compositions since they have different thermal (thermal conductivity and diffusivity), transport (carrier lifetime) and optical (band gap) properties.



In fact, besides the band gap, BDS makes it possible to also determine the thermal and transport properties of materials. This can be accomplished by the multiparameter fitting process, in which the best fit of the theoretical model [21,22,23,24] to the experimental data is achieved by the least-squares procedure. The applied theoretical model interrelating the thermal, optical and transport properties of the material with the amplitude and phase of the BDS signal is presented in detail in the literature [21,22]. The best theoretical fits to the experimental data [21,22] were obtained for the values of the thermal diffusivities and conductivities, band gaps and carrier lifetimes presented in Table 2.



It can be seen from the results presented in Table 2 that modification of the TiO2 surface leads to changes in the thermal, transport and optical properties of the material. The thermal properties are governed by the heat transport within the sample, as well as by the ability of the sample to exchange heat with the surroundings. Loading of Cu particles clearly increased both the material’s thermal diffusivity and thermal conductivity, since the heat transport within the modified material occurs through the network of metal particles. Copper is characterized by a higher thermal conductivity compared to TiO2. For example, the thermal conductivity of Cu is over 40 times higher (~400 W/mK) than the thermal conductivity of TiO2 (9.4 W/mK, as determined for TiO2 powders in this work). Therefore, already a small amount of added Cu (0.05%) increased the thermal conductivity of the material. On the other hand, due to the relatively small difference between TiO2 and Zr (thermal conductivity ~23 W/mK), the determined value of thermal conductivity did not change beyond the range of determination error by the addition of 1% Zr when compared to TiO2 and TiO2/Cu (0.05%). It must be stated that the sample preparation process (pressing of nanopowders) changed its original thermal properties. Generally, pressing increases the compactness of a material and thus also increases the thermal conductivity, leaving the optical and transport properties unchanged (band gap and carrier lifetime) since the original structure of the nanomaterial is not changed by the formation of pellets.



Comparison of the optical properties determined by BDS for different TiO2-based materials showed that the optical absorption properties were significantly affected (95% CI) only in the case of modification by Cu (0.05%), which caused a 9.5–10.8% decrease in the band gap as compared to the pure TiO2 or Zr-modified TiO2.



It can be also seen that the standard deviations of the measurements in the case of BDS (1–2% RSD) are much lower than for UV–Vis spectrophotometry (6.3–7.8% RSD). This is the consequence of BDS’ independence on light scattering, which is not the case for UV–Vis spectrophotometry. Nonetheless, the values of indirect band gaps determined by the BDS and UV–Vis techniques are in good agreement at 95% CI. Still, the differences in band gaps between materials could only be confirmed by BDS. The observed decreases in band gaps in the case of Cu-modified TiO2 can be explained by the penetration of the charge state function into the forbidden energy gap, which creates extra energy levels within the band gap. Furthermore, Cu creates a p-type semiconductor; thus, the Fermi energy level shifts from the center of the band gap toward the valence band. Loading of Zr particles into TiO2 had no significant effect on the composite’s band gap at 95% CI as compared to the pure TiO2 or Cu-modified TiO2.



The comparison of charge carrier lifetimes in Table 2 reveals important effects of TiO2 modified with Cu as well as with Zr. Charge carrier lifetimes can be deduced from BDS measurements because the charge carrier density affects the thermal diffusivity of the material, which is directly related to the amplitude and phase of the BDS signal.



The charge carriers were generated throughout the entire irradiated volume of the sample. The collisions of excited electrons with phonons resulted in energy transfer to the bulk of the material and its heating. These processes are strongly dependent on the band gap of the material but also on its thermal properties. The increase in thermal diffusivity is associated with the decrease in carriers’ lifetime as a result of the increase in carriers’ concentration according to the relation   n ∝ 1 / τ   [10,25], where τ is the carrier lifetime and n is the carriers’ concentration. Furthermore, the modification of TiO2 introduced additional defects within the material, which in turn limited the carriers’ lifetime since they act as recombination centers in the band gap. In addition, the decrease in the carriers’ lifetime was also a consequence of collisions between the charge carriers, which increase with carriers’ concentration. This result confirms the predominance of free carriers’ contribution to heat transport.



The decrease in carriers’ lifetime (95% CI) was observed for both Cu-modified samples. The highest difference, i.e., a 20% decrease in charge carriers’ lifetime, was found in the case of TiO2 modification with 0.05% Cu. Within the determination uncertainty, the loading of TiO2 with 1% Zr did not result in a change in carriers’ lifetime when compared to unmodified TiO2. More importantly, the presence of 1% Zr in TiO2 containing 0.05% Cu significantly increased the charge carriers’ lifetime as compared to TiO2/Cu (0.05%) material and resulted in only a 15% lower charge carrier lifetime as compared to pure TiO2, which is of high importance for the efficiency of TiO2-based materials as photocatalysts.



It can be concluded that loading Cu into TiO2 material is effective for reducing the band gap of the photocatalyst. Unfortunately, at the same time, loading of Cu also reduces the carriers’ lifetime. This may have a negative effect on the material’s photocatalytic performance but can be compensated by additional Zr loading, which keeps the value of carriers’ lifetime nearly the same as in unmodified TiO2.



The carriers’ lifetime and the band gap are the factors that determine the photocatalytic activity of the material, which is reflected in the rates of photocatalytic reactions. In this work, we investigated the degradation of 5 mg L−1 RB19 aqueous solution exposed to illumination by a simulated solar light in the presence of unmodified TiO2 photocatalyst and TiO2 photocatalyst materials modified with Cu and/or Zr. In this regard, it is crucial to determine the efficiency of the modified catalysts by studying the photocatalytic reaction rates using a highly sensitive technique. The rate of photocatalytic reaction was monitored using the TLS technique since the LOQs of the UV–Vis (4 mg L−1) spectrophotometric technique were not sufficiently low to enable reliable determination of the RB19 concentrations used in this study. The rate law written in a differential form was used to describe the progress of the photocatalytic reaction, which follows first-order kinetics and is given by the following:


  ln  c   c 0    = −  K p  t  



(6)




where c0 and c are the concentrations of RB19 at the beginning and at time t of the photocatalytic reaction, respectively, and Kp is the first-order constant of photocatalytic reaction rate.



The photocatalytic reaction rate, defined as the amount of RB19 degraded in an infinitely short time interval, can be found as the slope of the plot showing the dependence of   ln  c   c 0      on time (Figure 10). For short reaction times, the slope can be considered linear. The results are presented in Table 3.



It can be seen that modification of TiO2 increased the photocatalytic reaction rates. The highest value was obtained in the case of Cu and Zr/Cu introduction as a result of the highest decrease in band gap coupled with the longest carrier lifetimes; thus, the photocatalytic reaction rates are related to the slopes of the curves presented in Figure 10.



The results summarized in Table 3 show clear differences at the 95% confidence level between the slopes of regression lines for all samples (TiO2/Cu (0.05%), TiO2/Zr (1%) and TiO2/Cu (0.05%) Zr (1%)).



This confirms that the modification of TiO2 with Cu (0.05%), Zr (1%) and Zr (1%)Cu (0.05%) accelerates the photocatalytic degradation process of RB19, as indicated by the photocatalytic reaction rate constants presented in Table 3. The results are in line with those presented in our previous paper [26]. The photocatalytic reaction rates correspond to a 99.5% degradation efficiency as calculated previously using same experimental data [26]. Moreover, these results indicate an improvement considering that the maximum efficiencies (98%, 100%) were achieved before with 20% longer (120 min) irradiation times [27].



As expected, the decrease in the band gap by addition of 0.05% Cu increased the reaction rate since such materials are able to absorb a larger portion of the simulated solar light. Further improvement of the efficiency of the photocatalyst in degradation of RB19 dye was achieved by modification with 1% Zr, which increased the charge carrier lifetime. It has to be noted that despite the insignificant effect of Zr on the material’s band gap, as discussed above, the TiO2/Zr (1%) material showed an increased photocatalytic efficiency, reflected in the 10% increase in the reaction rate constant as compared to pure TiO2. This might be attributed in part also to the change in the specific surface of the material (50.7 m2/g), which might also play some role in other investigated materials.



The particle size of the pure TiO2 crystallite material did not change substantially when introducing Cu and Zr particles, as demonstrated in a previous study [28]. Their average size lies around 25 nm for both unmodified and modified samples.



The addition of Zr to the TiO2 lattice results in an increase in the material surface area. This in turn enables better pollutant adsorption on the material and consequently more efficient photodegradation [26,27,28,29] and thus improves the photocatalytic properties. Additionally, an enhanced surface area favorizes the absorption of incoming photons, which results in higher light absorption at the surface of the photocatalyst. Thus, the presence of Cu and/or Zr particles is expected to increase the photocatalytic activity of TiO2, which is well supported by the results presented in Table 3.



TiO2 modified with Cu and Zr demonstrated higher photocatalytic activity and better pollutant degradation performance, attributed to the lower band gap, higher absorption of light in the visible region, sufficiently long charge carrier lifetime as well as larger material surface area. It was demonstrated that transition metal ion-doped TiO2 is considered an effective means to enhance the visible light-based photodegradation process. Nevertheless, the sustainability of the fabrication of TiO2 photocatalysts is a parameter that should be considered, and it is thought that it can be affected by the transition metal ion. However, Fernandes et al. found that the addition of doping metals does not significantly affect the sustainability of TiO2 fabrication [30].




4. Conclusions


In this study, the values of optical band gaps and charge carrier lifetimes of Cu- and/or Zr-modified TiO2 samples were determined by photothermal beam deflection spectrometry. According to the presented results, the lower light absorption range limit changed from 3.25 to 2.85 eV (381.5 to 435 nm) when adding 0.05% copper in the examined samples. In the case of Zr modification of TiO2, the optical band gap remained unaffected within the range of determination uncertainty. Furthermore, modification of TiO2 material changed its carriers’ lifetimes. Introduction of 0.05% Cu decreased the charge carrier lifetime, but this decrease could be prevented to a large extent by additional modification with Zr (1%). It was also shown that loading of Cu and/or Zr ions increases both the material thermal diffusivity (by up to 6%) and conductivity (by up to 9%) as a result of changes in the band gap and structure of the material, which determines the heat transfer within the material and its exchange with the surroundings. Furthermore, the modification with Cu and Zr increased the material’s surface area, enabling higher absorption of light at the surface of the photocatalyst as well as better pollutant adsorption and photodegradation. These results are in good agreement with the determined values of photocatalytic reaction rates which indicate that the highest photocatalytic performance is provided by TiO2/Cu (0.05%) and TiO2/Cu (0.05%) Zr (1%) materials.
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Figure 1. Schematic of the BDS experimental setup. L1, L2: lenses; M: turning mirror; IF: interference filter; QP: quadrant photodiode. 
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Figure 2. Scheme of the TLS experimental setup. L1, L2, L3, L4, L5: lenses; M1, M2, M3, M4: turning mirrors; DM: dichroic mirror; NDF: neutral density filter. 
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Figure 3. X-ray diffraction patterns of pure TiO2 and Cu- and Zr-modified TiO2 photocatalysts. 
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Figure 4. Qualitative EDX spectra of (a) unmodified TiO2 and (b) P25/Zr (1%)/Cu (0.05). 
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Figure 5. STEM-EDX mapping of Cu- and Zr-modified TiO2/Cu (0.05%)/Zr (1%) photocatalyst. 
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Figure 6. Photoabsorption curves for TiO2 material showing the presence of direct (1—rapid increase in α with the increase in the incident photon energy) and indirect band gap (2—slow increase in α with the increase in the incident photon energy). 
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Figure 7. Diffuse reflectance spectra of unmodified and Cu- or/and Zr-modified TiO2 recorded on a UV–Vis spectrophotometer. 
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Figure 8. Extrapolation of the direct (a) and indirect (b) band gaps on the basis of      [  α h υ  ]   n    versus hυ dependence. 
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Figure 9. The amplitude (a) and phase (b) of BDS signal for unmodified and Zr- and/or Cu-modified TiO2 samples. Points represent the experimental data, whereas continuous lines are the best linear fits to the experimental data by the model presented in [22]. The RSD% for the average of 3 measurements is 1–2%. 
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Figure 10. Decay profiles for first-order photocatalytic reactions during simulated solar light irradiation of RB19 aqueous solutions in presence of unmodified TiO2 and Cu- and/or Zr-modified TiO2 materials. 
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Table 1. Values of the direct and indirect band gaps and 95% CI of the unmodified and Cu- or/and Zr-modified TiO2 obtained by UV–Vis spectrophotometry and Kubelka–Munk theory.
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Sample

	
Direct Band Gap, eV

	
Indirect Band Gap, eV






	
TiO2

	
3.00 ± 0.20

	
3.35 ± 0.25




	
TiO2/Cu (0.05%)

	
2.85 ± 0.20

	
3.20 ± 0.25




	
TiO2/Zr (1%)

	
2.75 ± 0.20

	
3.30 ± 0.25




	
TiO2/Cu (0.05%) Zr (1%)

	
2.55 ± 0.15

	
3.15 ± 0.20




	

	
95% CI




	
TiO2

	
[2.66; 3.34]

	
[2.93; 3.77]




	
TiO2/Cu (0.05%)

	
[2.51; 3.19]

	
[2.78; 3.62]




	
TiO2/Zr (1%)

	
[2.41; 3.09]

	
[2.88; 3.72]




	
TiO2/Cu (0.05%) Zr (1%)

	
[2.30; 2.80]

	
[2.81; 3.49]
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Table 2. Values of the thermal, optical and transport properties for the unmodified and Cu- and/or Zr-modified TiO2 from the best fits between the experimental and theoretical data.
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Sample

	
Thermal Diffusivity, mm2 s−1

	
Thermal Conductivity, Wm−1 K−1

	
Carrier

Lifetime, ns

	
Indirect Band Gap, eV






	
TiO2

	
7.58 ± 0.04

	
9.35 ± 0.11

	
382 ± 10

	
3.25 ± 0.15




	
TiO2/Cu (0.05%)

	
8.05 ± 0.11

	
10.15 ± 0.22

	
302 ± 4

	
2.90 ± 0.10




	
TiO2/Zr (1%)

	
7.68 ± 0.03

	
9.65 ± 0.08

	
362 ± 8

	
3.15 ± 0.10




	
TiO2/Cu (0.05%) Zr (1%)

	
7.80 ± 0.04

	
9.95 ± 0.21

	
328 ± 4

	
2.85 ± 0.05




	

	
95% CI




	
TiO2

	
[7.51; 7.65]

	
[9.16; 9.54]

	
[365; 398]

	
[3.15; 3.35]




	
TiO2/Cu (0.05%)

	
[7.86; 8.24]

	
[9.78; 10.52]

	
[295; 308]

	
[2.83; 2.97]




	
TiO2/Zr (1%)

	
[7.63; 7.73]

	
[9.52; 9.78]

	
[349; 376]

	
[3.08; 3.22]




	
TiO2/Cu (0.05%) Zr (1%)

	
[7.73; 7.87]

	
[9.6; 10.3]

	
[321; 335]

	
[2.82; 2.88]
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Table 3. Photocatalytic reaction rate constants for different TiO2 materials.
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	Sample
	|Kp|, min−1





	TiO2
	0.039 ± 0.001



	TiO2/Cu (0.05%)
	0.054 ± 0.002



	TiO2/Zr (1%)
	0.044 ± 0.001



	TiO2/Cu (0.05%) Zr (1%)
	0.063 ± 0.002
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