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Abstract

:

This paper considers the photoelectrochemical characteristics of a composite porous TiO2 thin film with deposited plasmonic gold nanoparticles. The deposition of gold nanoparticles was carried out by the laser-induced chemical liquid-phase deposition (LCLD) method. The structural characteristics of the composite have been studied; it has been shown that the porous TiO2 film has a lattice related to the tetragonal system and is in the anatase phase. Gold nanoparticles form on the surface of a porous TiO2 film. A complex of photoelectrochemical measurements was carried out. It was shown that the deposition of plasmonic gold nanoparticles led to a significant increase in the photocurrent density by ~820%. The proposed concept is aimed at testing the method of forming a uniform layer of plasmonic gold nanoparticles on a porous TiO2 film, studying their photocatalytic properties for further scaling, and obtaining large area Au/TiO2/FTO photoelectrodes, including in the roll-to-roll process.
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1. Introduction


Photoelectrochemistry is one of an important area of chemical science and uses the renewable resource of the sun to initiate a complex of chemical transformations required in industry and in everyday life. The main photoelectrochemical processes include the decomposition of water into molecular H2 and O2 [1,2,3], the reduction of CO2 to the simplest organic compounds (artificial photosynthesis) [4,5,6,7], and dye-sensitized solar cell cells [8,9].



A large number of photoactive semiconductor materials based on double or ternary oxides [10], sulfides [11], and phosphides [12] of transition metals exhibiting high activity in various photoelectrochemicals reactions have been studied and proposed. The mechanism of action of these photoactive semiconductor materials is as follows: by absorbing a photon in a photoactive semiconductor, an electron–hole pair (e− and h+) is generated, which, when it diffuses to the surface, can participate in a cycle of redox reactions on anodes and cathodes.



A significant problem is the fact that wide-gap semiconductors (especially oxide semiconductors) have a low absorption coefficient in thin layers. This problem was solved by applying metal nanoparticles, such as Au, Ag, Cu, etc., to the semiconductor [13,14,15]. Metal nanoparticles have the effect of surface plasmon resonance, increasing the absorption coefficient of visible radiation by a semiconductor film increasing its photocatalytic and photoelectrochemical characteristics The material, morphology, and size of metal particles are key factors that determine the spectral region in which plasmon resonance will be observed [16] and, therefore, whether the absorption of visible radiation will increase. In the literature, the formation of a layer of metal nanoparticles using a physical and chemical approach is considered. As an example, we can cite the production of granular gold films by magnetron [17] and thermal [18] sputtering methods. The chemical approach to the deposition of gold nanoparticles is also diverse; standard methods of wet chemistry [19] and methods of photochemistry [20] have both been proposed. In our opinion, one of the most promising methods related to photochemistry is the method of laser-induced chemical liquid-phase deposition (LCLD) of metals from solution on the surface [21,22]. This method was used to form gold nanoparticles on the oxide-modified surface. This technique is based on the photochemical reduction of a metal on the surface of a dielectric under the influence of laser radiation. LCLD method makes it possible to form metal nanoparticles both in porous media [23] and on flat surfaces [24]. In this study, we propose a simple technique for applying a layer of plasmonic gold nanoparticles to the surface of a porous TiO2 film in order to increase its photoelectrochemical characteristics. Moreover, with the help of such photo-deposition it is possible to scale the process over large surface areas while maintaining the particle size distribution [24]. This will allow the formation of large area photoelectrodes with reproducible properties, which can become the basis for the formation of commercial artificial photosynthesis modules.




2. Materials and Methods


2.1. Materials


Titanium isopropoxide Ti(OCH(CH3)2)4 (TTIP), titanium acetylacetonate Ti(AcAc), isopropyl alcohol (C3H7OH), oleylamine (C18H37N), and PEG 4000, nitric acid (HNO3) were used as precursors for the synthesis of a porous TiO2 film. For the synthesis of plasmonic gold nanoparticles, we used tetrachloroaurate trihydrate (HAuCl4·3H2O) and deionized water. To prepare a Cu2S counter electrode and buffer solution for photoelectrochemical measurements, we used hydrochloric acid (HCl), sodium sulfide (Na2S), and sodium chloride (NaCl). All reagents used were classified as chemically pure. Commercial FTO transparent electrode on glass substrate ~10 Ω/sq was used as conductive substrate for the studied composite film.




2.2. Synthesis of TiO2 Porous Film on FTO/Glass Substrate


A suspension of titanium dioxide was synthesized by the hydrothermal method; at the first stage, titanium isopropoxide, isopropyl alcohol, oleylamine, deionized water, and nitric acid were mixed in a mass ratio of 1:4:2:200:0.5. At the second stage, the mixture was placed in a stainless-steel autoclave with a Teflon liner and kept at a temperature of 180° C for 15 h.



Next, a 20% solution of Ti(AcAc) in isopropyl alcohol, at 10% of the volume of the suspension, was added to the titanium dioxide suspension. To increase the viscosity, 0.5% PEG 4000 was added to the mixture.



After that, the mixture was applied to glass with an FTO layer using the Dr. Blade method. The liquid film was dry at 90 °C degrees to remove water without boiling for 30 min, after drying, the system was annealed for 1 h at 450 °C. After annealing, the TiO2/FTO/glass structure was washed with isopropyl alcohol.




2.3. LCLD Gold Nanoparticles on TiO2 Porous Film


For the synthesis of gold nanoparticles, a solution of chloroauric acid (HAuCl4·3H2O) in water was used as a working solution. A typical concentration value of 3 mM was used. In order to ensure a uniform coating of the sample surface with the precursor solution, the following technique was applied: 70 μL of solution was dropped onto the center of the sample, after which the drop and the sample were covered with a layer of glass with a thickness of 450 μm. Thus, the entire solution was evenly distributed under the coverslip. After applying the solution, the sample was placed on a motorized optical stage. This stage was able to move in the plane of the sample, so enabled us to irradiate all parts of the sample at the same time. The samples were irradiated using a MATRIX pulsed laser (Coherent Inc., Santa Clara, CA, USA) with a diode pump with a wavelength of 355 nm, operating in the single-mode regime, which allows the generation of radiation in a wide power range. The duration of the optical pulses was 25 ns, and the frequency was 8000 Hz. The laser radiation power on the sample was 0.3 Watts. Using focusing lenses, a radiation spot 1 cm in diameter was formed in the sample plane. The area inside this spot was irradiated with a uniform intensity. After positioning the sample and adjusting the laser, we opened the shutter for 2 min 20 s. During this time, gold nanoparticles were synthesized on the sample surface. Then, the sample was dried at room conditions.



The complete process of reduction of gold atoms under light irradiation and their nucleation into nanoparticles can be described using the following six reaction equations [22]:
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2.4. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) Study


The morphology of the TiO2/FTO and Au/TiO2/FTO films was studied using the FE-SEM method on a S-5500 (Hitachi, Tokyo, Japan); the accelerated voltage was 3 kV. EDS analysis was carried out using a TM4000 Plus (Hitachi, Tokyo, Japan) equipped with a Bruker X-Flash 630Hc (Bruker, Billerica, MA, USA) detector, the accelerating voltage during mapping was 20 kV at maximum current (mode 4), the card accumulation time was 5 min.



The distribution of the elements and the morphology of the Au/TiO2 porous film composite were studied using a high-resolution TEM in the cross-section mode. The lamellas were prepared using dual beam SEM FEI Scios (FEI Company, Hillsboro, OR, USA). The electron microscopy TEM (measurements, analysis) and EDS experiments were carried out using a high-resolution transmission electron microscope FEI Tecnai Osiris (FEI Company, USA, Oregon, Hillsboro) with field emission gun operating on at 200 kV and Bruker SuperX EDS detector (Bruker, Billerica, MA, USA) in TEM, HRTEM, STEM, and EDS modes.




2.5. XRD Analysis


The powder diffraction data of all of the samples for Rietveld analysis were collected at room temperature with a Bruker D8 ADVANCE powder diffractometer (CuKαradiation) and linear VANTEC detector (Bruker, Billerica, MA, USA). The step size of 2θ was 0.016°, and the counting time was 0.5 s per step. Rietveld refinement of all structures was performed using a TOPAS 4.2 (Bruker AXS TOPAS V4: General profile and structure analysis software for powder diffraction data—User’s Manual. Bruker AXS, Karlsruhe, Germany, 2008).




2.6. Optical Properties’ Measurements


The optical density spectra for the TiO2/FTO and Au/TiO2/FTO photoelectrode samples were measured in the range of 400–700 nm on a UV 3600 spectrophotometer (Shimadzu, Kyoto, Japan). The measurements were carried out using an aperture 10 mm in diameter and a resolution of 1 nm.




2.7. Photoelectrochemical Measurements


The photoelectrochemical properties of the samples were studied in a two-electrode cell. The provided photoelectrodes were used as working electrodes. Cu2S deposited on the brass served as a counter electrode. The counter electrode was obtained by treating the brass for an hour with concentrated hydrochloric acid at 70 °C, rinsing with distilled water, and immersing it in a 1 M aqueous solution of sodium sulfide for fifteen minutes [25]. The electrolyte used was a solution consisting of 1 M S (hereinafter referred to as 1 M Na2Sn), 1 M Na2S, and 0.1 M NaCl [26]. The electrodes were compressed to optimize contact. Photovoltaic characteristics were measured using a P-45X potentiostat–galvanostat with an FRA-24M electrochemical impedance measurement module (Electrochemical Instruments, Chernogolovka, Russia) in a voltage range from −0.8 to +0.8 V. The potential sweep rate was 0.02 V/s. The time dependences of the changes in the photocurrent density were recorded at a potential equal to 0 V. The measurements taken using impedance spectroscopy were carried out in the frequency range of 0.8–105 Hz, with an amplitude of 10 mV at a constant value of the potential equal to 0.2 V. The Mott–Schottky dependences were studied in the voltage range from −0.6 V to 0.7 V, with an amplitude of 10 mV at a constant frequency of 1000 Hz. All potentials are given in comparison with those measured using a normal hydrogen electrode. In all experiments, a 450-LED light-emitting diode with a wavelength of 450 nm and radiation power of 19.2 mW/cm2 was used as an illumination source. The area of the illuminated surface in the cell was 1 cm2.





3. Results and Discussion


3.1. SEM and TEM Study TiO2/FTO and Au/TiO2/FTO Films


The study of the surface of composite porous TiO2 layers using the SEM method before and after gold deposition by the LCLD method provides complete information on the morphology of the porous TiO2 film, as well as the morphology, geometric dimensions, and specific density of gold nanoparticles. Figure 1 shows typical SEM images of surface a porous TiO2 film (Figure 1a) and a composite Au/TiO2 film (Figure 1b).



According to SEM data, the porous TiO2 film consists of nanoparticles with an average diameter of 13.5 nm (Figure 1a histogram in the inset), the morphology of the particles is close to spherical, but ellipsoidal particles can also be found.



The average diameter of gold nanoparticles is 45.7 nm (Figure 1c histogram in the inset). The areal density of gold nanoparticles is 1–3 nanoparticles per µm2 (Figure 1c). The LCLD method makes it possible to obtain particles with different morphologies (triangle, rod, star-like, etc.) [23].



It can be seen in the EDS analysis of TiO2/FTO/glass (Figure 1d) that the spectrum contains lines characteristic of the carrier glass substrate—these are the peaks for Si (Kα1~1.740 keV) and Ca (Kα1~3.692 keV). The Sn peaks (Lα1~3.444 keV and Lβ1~3.663 keV) belong to the transparent conductive FTO film. The highest intensity peaks are observed for Ti (Kα1~4.512 keV and Kβ1~4.933 keV) and oxygen O (Kα1~0.525 keV). It should be noted that oxygen is present in all layers.



After the LCLD process, the EDS spectrum shows (Figure 1e) the same set of peaks, except that the 2–2.5 keV region in which the Au peak appeared changed (Mα1~2.123 keV); however, the region overlaps with the Pt peak (Mα~2.050 keV). Reliable evidence for the presence of Au on the photoelectrode is a low-intensity peak with an energy of 9.713 keV corresponding to the Lα1 series of gold (Figure 1e).



TEM studies in cross-section mode provide a complete picture of the thickness morphology of the Au/TiO2 composite and the distribution of elements over the cross section. Figure 2a–c show TEM images of Au/TiO2 film.



According to TEM images, gold nanoparticles are present only on the surface, directly at the interface of the porous TiO2 film and air (Figure 2a).



EDS analysis provides an idea of the distribution of elements by thickness (Figure 2d). It can be seen that the elements Ti and O are uniformly distributed over the cross section of the composite, while Au is concentrated at the interface.




3.2. XRD Study TiO2/FTO and Au/TiO2/FTO Films


TiO2 has three polymorphic modifications: low-temperature phases anatase (tetragonal system, space group I41/amd) and brookite (orthorhombic system, space group Pbca), which irreversibly transform on heating into the high-temperature modification of rutile (tetragonal system, space group P42/mnm) [27,28]. From the point of view of photocatalysis and photoelectrochemical application, the anatase phase is interesting. It is more active than rutile due to the rapid transfer of excitons from the bulk to the surface [29]. Figure 3 shows XRD pattern for TiO2/FTO (Figure 3a) and Au/TiO2/FTO.



From the analysis of XRD patterns, it was found that the porous TiO2 film belongs to the tetragonal system with the unit cell parameters a = 3.7797(13) Å, and c = 9.500(4) Å and the volume V = 135.71(11) Å3 belonging to the space group of symmetry I41/amd (Figure 3a). The set of hkl indexes and d-space for TiO2 are shown in Table S1. The LCLD process does not affect the structural properties of the porous TiO2 film (Figure 3b). After the LCLD process, the unit cell parameters of the porous TiO2 film are a = 3.7780(2) Å, and c = 9.504(6) Å and the unit cell volume is V = 135.80(17) Å3. The XRD pattern also has Au peaks, the weak intensity of the peaks is due to the small amount of gold, which is confirmed by the data of SEM (Figure 1) and TEM (Figure 2). According to XRD analysis, gold has a cubic crystal lattice, the unit cell parameter is a = 4.087(3) Å, and the unit cell volume is V = 68.29(15) Å3. The crystal lattice of gold belongs to the group of spatial symmetry Fm-3m. The set of hkl indexes and d-space for Au are shown in Table S2.



In addition to TiO2 and Au, the XRD patterns show peaks associated with the transparent electrode FTO (SnO2:F) (Figure 3a,b). The hkl indexes and d-space for SnO2 is shown in Table S3.



Since, according to SEM data (Figure 1), the particle sizes of TiO2 and Au are less than 1000 nm, it is possible to make an approximate estimate of the average particle size, using the total profile fitting during the Rietveld refinement in Topas 4.2, taking into account instrumental FWHM peak broadening, which was measured from standard sample SiO2. According to the calculation, the average diameter of TiO2 particles before the LCLD process is 13.7(2) nm; after the LCLD process, the average diameter of TiO2 particles is 12.9(2) nm. The average size of a gold nanoparticle is 19.2(11) nm.




3.3. Optical Properties of TiO2/FTO and Au/TiO2/FTO Films


Spectral absorption is a key characteristic of any photoactive material. It is the absorption spectrum that provides information on which wavelengths the material most actively interacts with. Figure 4 shows the optical density spectra of photoelectrodes before and after the LCLD process.



The maximum optical density for TiO2/FTO is 0.387 at a wavelength of 400 nm; therefore, the transmittance is 0.41. The reason for the increase in optical density with decreasing radiation wavelength is Rayleigh scattering.



The application of gold nanoparticles leads to an increase in the overall level of optical density, and plasmon resonance is also observed at a wavelength of 531 nm. According to the spectrum, at the resonance frequency, the optical density becomes 0.445, and the transmittance is 0.358. The maximum optical density is observed at a wavelength of 400 nm and is 0.592; the transmittance is 0.255. The value of the resonance wavelength obtained in this work agrees with the calculations completed using the FTDT method [30] of gold nanoparticles on a TiO2 substrate. Accordingly, our results have a high level of agreement with the theoretical results for gold particles with a diameter of 50 nm in point contact with a TiO2 substrate, whose resonance wavelength is 530 nm.




3.4. Photoelectrochemical Properties of TiO2/FTO and Au/TiO2/FTO Photoelectrodes


Figure 5a shows voltammograms of the samples under study. The titanium dioxide electrode is electrochemically stable over the entire potential range. The deposition of gold promotes an increase in the current density; however, peaks of electrochemical transformations of unknown origin at 0.4 V appear on the voltammogram. The probable explanation of the observed phenomenon may be supported by the electrochemical gold oxidation in basic solutions to the corresponding oxide. This effect was mentioned for bare gold in solutions of sodium hydroxide [31] or sodium hydrocarbonate [32]. This peak would have been saved if gold particles were deposited on the substrate, for example, on nickel hydroxide [31]. Perhaps, in solutions of sodium sulfide, gold oxidation by hydroxide ions may also be occurred. The ox–red potential of gold oxidation is known to be ca. 0.5 V; however, this position may be changed depending on hydroxide concentration and/or sweep rates.



Figure 5b shows on–off curves for the studied photoelectrodes. It can be seen that in the first three cycles of switching the lighting on and off, a slight decrease in the short-circuit current density occurs, and, over the next six cycles, this value does not change. Thus, the obtained materials are distinguished by high stability of electrodes in time, which is important when considering aspects of the practical application of the obtained photoelectrodes.



In a stable mode of operation, a porous TiO2 film is characterized by a photocurrent density of about 0.2 mA/cm2. The deposition of plasmonic gold nanoparticles by the LCLD method has a significant effect on the photocurrent density, increasing it approximately 10-fold. As shown in Table 1, gold deposition can improve other photovoltaic characteristics, for example, open circuit potential, which increased from 13 mV to 27 mV. The maximum value of the open circuit potential is logarithmically related to the short circuit current density [33]. An increase in Jsc by 9.2 times leads to an increase in Voc by a factor of 2.2, in accordance with the logarithmic dependence. The filling factor for both electrodes is the same and amounts to 28%. The efficiency of converting the energy of light radiation into electricity η increases when gold is deposited on the surface of titanium dioxide. It is likely that the deposition of gold makes it possible to improve the separation of charge carriers in space, which favors the photocatalytic and photovoltaic properties of the samples under study.



For a more detailed consideration of the effect arising from the deposition of gold on titanium dioxide, studies were carried out using impedance spectroscopy. The obtained data in Nyquist coordinates are shown in Figure 6. It can be seen that the TiO2/FTO hodograph radius significantly decreases when the sample surface is modified with gold. Thus, the resistance in the system is significantly reduced, which may be associated with an increase in the photovoltaic characteristics Jsc and η.



The obtained hodographs can be approximated by an equivalent electrical circuit [34] shown in Figure 6b, the approximation parameters are given in Table 2. The circuit consists of a series resistance RD, which includes the resistances of conductive glass and electrolyte Rw, which is associated with the transfer of charge carriers from the photoelectrode surface to the electrolyte solution, and RK, which is responsible for the processes that occur on the counter electrode and at the interface between the phases, the counter electrode/electrolyte. The capacitors C1 and C2 in the diagram denote electric double layers arising at the interface between the phases of the working electrode/electrolyte and the counter electrode/electrolyte, respectively.



The RD parameter shows the resistance in the electrochemical circuit associated with the resistance of the solution itself, the connection of electrodes to an external circuit, etc. As a rule, this value is no more than 10 Ω and depends only slightly on the nature of the photoelectrode. The Rk parameter, which reflects the processes occurring on the counter electrode, sharply decreases when gold is deposited on titanium dioxide. In the case of the RW parameter, which reflects the processes occurring at the working electrode, it is difficult to establish certain patterns. In the general case, changes in resistance are associated with the features of the microstructure of the samples, the formation of an electric double layer, and the transfer of charges across the phase interface.



Additionally, the lifetimes of charge carriers were calculated from the impedance data and are shown in Table 2. The lifetime of electrons for a sample containing gold is almost an order of magnitude higher than that for titanium dioxide. Note that an increase in the short-circuit current density also occurs 10 times. The deposition of gold on the surface of titanium dioxide leads to an improvement in the separation of electron–hole pairs, which is quantitatively reflected in the same changes in the electron lifetime and short circuit current density.



According to modern concepts, plasmonic nanoparticles can affect the photoelectrochemical properties in three ways: plasmon-induced resonant energy transfer, scattering, and hot electron injection (direct or indirect mechanism) [35]. The most probable mechanisms are a combination of scattering and injection of hot carriers into the semiconductor TiO2 layer. This assumption follows from Table 2, where it is shown that the addition of plasmonic gold nanoparticles leads to an increase in the concentration of charge carriers from 2.0 × 1017 to 2.5 × 1018 cm−3.





4. Conclusions


The LCLD method was used to form a layer of plasmonic gold nanoparticles on the surface of a porous TiO2 film. This method is productive and promising for the formation of large-area photocatalytic panels. A comprehensive physicochemical analysis of the morphology and structure of photoelectrodes of two types TiO2/FTO and Au/TiO2/FTO has been carried out. According to the data of photoelectrochemical measurements and data of impedance spectroscopy, the deposition of a layer of plasmonic gold nanoparticles increases the photocurrent density from 0.295 mA/cm2 to 2.711 mA/cm2. The efficiency of the process increases from 0.019% to 0.374% at a wavelength of 450 nm. The significant effect of plasmonic gold nanoparticles on the complex of photochemical transformations is an important factor in the optimization of photocatalytic modules. The LSLD method appears to be a promising solution for the formation of a uniform layer of plasmonic gold particles, including the roll-to-roll process.
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Figure 1. SEM image of the surface of a Au/TiO2/FTO composite film at various magnifications (a–c); EDS analysis of the photoelectrode before (d) and after (e) deposition of gold nanoparticles using the LCLD method. 
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Figure 2. TEM images of the Au/TiO2 layer in cross-section mode at various magnifications (a–c); EDS map of the Au/TiO2/FTO layer (d). 
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Figure 3. XRD pattern of (a) TiO2/FTO/glass and (b) Au/TiO2/FTO/glass photoelectrodes. 
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Figure 4. Optical density spectra of TiO2/FTO and Au/TiO2/FTO films. 
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Figure 5. Cyclic voltammogram of the TiO2/FTO and Au/TiO2/FTO samples (a); time variation of the short-circuit current density of the TiO2/FTO and Au/TiO2/FTO samples (b). 
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Figure 6. Nyquist plots for TiO2/FTO and Au/TiO2/FTO (a); equivalent circuit used to simulate the frequency dependence of the impedance of an electrochemical cell (b). 
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Table 1. Photovoltaic characteristics of the photoelectrodes under study.
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	Photoelectrode
	Jsc, mA/cm2
	Voc, mV
	FF, %
	η, %





	TiO2/FTO
	0.294
	13
	28
	0.019



	Au/TiO2/FTO
	2.711
	27
	28
	0.374
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Table 2. Approximation of data obtained using impedance spectroscopy.
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	Sample
	RK, Ω
	RW, Ω
	RD, Ω
	R2
	τ, ms
	Vfb, V
	N, m−3





	TiO2/FTO
	254 ± 1
	0.83 ± 0.05
	10.0 ± 0.2
	0.999
	0.12
	−0.34
	2.0 × 1017



	Au/TiO2/FTO
	1.0 ± 0.1
	3.05 ± 0.03
	4.8 ± 0.1
	0.989
	1
	−0.43
	2.5 × 1018
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