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ABSTRACT: Pd modified TiO2 displayed an increased light harvesting potential into the visible region of the solar spectrum by 8% and an enhanced photocatalytic decolorization rate of rhodamine B by a factor of 19 compared to bare TiO2. A red-shift in the light harvesting ability of the catalyst means that there is photochemical activity present for excitations up to 600 nm. We attribute this enhanced photo-reactivity to a localized plasmon associated with nanostructured Pd that we photochemically deposited onto TiO2 prior to dye decolorization.  This catalyst system has significant potential to treat environmental pollution via solar energy harvesting. 

The use of commercial dyes by manufacturing industries such as the textile, pharmaceutical, paint and cosmetic industries regularly results in the release of excess contaminants into the local environment posing a threat to both aquatic and human populations.1 A promising method for the effective treatment of this industrial effluent is via photocatalysis. Of the photocatalytic materials used in the remediation of environmental pollution, titanium dioxide (TiO2) has been one of the most studied catalysts2–10 ever since Fujishima and Honda reported the photolysis of water by a TiO2 coated electrode under ultraviolet (UV) irradiation.11 Due to its low toxicity, high chemical stability and photosensitivity, TiO2 is a promising material in a wide range of applications from environmental depollution to the production of solar fuels.12–18 However, its energy band gap value of 3.2 eV limits the photo-functionality of TiO2 to the UV region of the electromagnetic (EM) spectrum. As only around 4 % of solar irradiation incident on the surface of the Earth is in the UV, many efforts have been made to increase the absorption cross-section of TiO2 photocatalysts into the visible region.19–21
The photo-active properties of TiO2 arise from the absorption of incident super band gap photons resulting in the generation of excited charge carriers within the material known as electron-hole pairs. The absorption of a photon puts an electron (e-) into an excited state where it can make a transition from the valence band of the TiO2 to the conduction band (CB). This energy band gap transition generates a vacancy in the valence band (VB) known as a positively charged hole (h+). This photo-induced charge separation can then propagate in one of two ways:  the e- and h+ migrate to the surface and react with adsorbed species in reduction/ oxidation (redox) reactions, or recombination occurs and the excess energy is dissipated radiatively or non-radiatively. The effective charge separation and prevention of e- and h+ recombination, as well as the increase in the absorption by TiO2 are crucial to increasing its photocatalytic activity.
 Tuning the physical properties of TiO2 can be achieved via techniques such as doping or surface modification. The efficiency of the modified catalyst can be increased by either: introducing trap sites to prevent the recombination of excited charge carriers responsible for redox reactions with adsorbates on its surface; extending its optical response into the visible spectrum; a combination of both.22,23
Surface modification with some transition metal nanoparticles such as those of Ag and Au are known to exhibit distinct absorption peaks due to the localized surface plasmon resonance (LSPR). This has been reported to increase the absorption cross-section of the catalyst into the visible region and increase its overall activity.24–26
LSPR can be described as the collective excitation of free electrons around a fixed positive ion center resulting in an increased absorption of light at the resonance frequency of the oscillation27 and is reported to be highly dependent on the size, morphology, distribution and the local environment of the NPs.28 In the case of Pd, Leong et al. have shown that there is a shift of the Pd LSPR to the visible for Pd particles that are in the order of 20-30nm, this shift in plasmon position over that of free standing Pd particles is associated with an interaction with the support material.29
To date many TiO2 based photocatalysts have been developed and tested in dye decolorization experiments.30 One of the most common ways to present the results of dye degradation experiments is via half-life of decolorization (t1/2) or the reaction rate. The lowest t1/2 values reported for any TiO2 based catalyst, to the best of our knowledge are limited to around 7 minutes under solar and visible light irradiation.31,32 This work reports the synthesis and characterization of a photocatalyst composed of palladium nanoparticles (NPs) supported on TiO2 (Pd:TiO2) and tested in the degradation of rhodamine b dye (RhB) under solar, UV and visible light irradiation. A 19-fold increase in activity compared with untreated TiO2 was observed for the new Pd:TiO2 photocatalyst under solar light irradiation where a significant increase in activity was observed under visible light irradiation only.
Palladium was chosen as the metal for deposition on TiO2 as it is one of the most versatile metals at catalyzing chemical reactions33 and shows excellent catalytic activity compared with Ag and Au.34 Furthermore, the photocatalytic degradation of organic compounds in the presence of supported Pd nanoparticles has not thus far been as well reported compared with supported Au or Ag, hence the motivation to add research to the body of work in this field.
The Pd:TiO2 catalyst was prepared via the photochemical reduction of Pd metal from a PdCl2 solution onto commercially available TiO2 (P25) under UV irradiation (see SI for details). The BET (Brunauer-Emmet-Teller) surface area was measured at 52 m2/g and the Pd loading was determined via ICP (inductively coupled plasma) to be 0.5 wt %. The deposited NPs were confirmed to be metallic Pd by XPS and ranging in size from 1.8 nm to 3.0 nm as determined through TEM analysis. The distribution of the Pd NPs and the morphology of the catalyst are shown in figure 1.
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Figure 1 TEM micrographs of the Pd:TiO2 photocatalyst showing Pd NPs as hemispherical artefacts distributed on the TiO2 support. The Pd is well dispersed in a range of sizes to a maximum of 3 nm
The Pd nanoparticles are well dispersed on the P25 although the distribution appears to be uneven across the surface. Crystallographic data from these samples were unable to shed light regarding the crystal structure of the Pd as the metal loading and supported NP sizes were such that they were not detected via XRD. No changes were observed to the supporting material indicating that the photo-deposition procedure did not interfere with the structure of P25.  
Diffuse reflectance (DR) analysis measured a significant increase in light absorption in the visible region for the Pd:TiO2 compared with that of P25 as shown in figure 2. An 8% increase in light harvesting capability of the catalyst was calculated from the normalized spectra, which highlighted the change in the absorption profile of the new catalyst and where no anamorphic effects were observed after normalization. 

[image: ]
Figure 2 Normalized absorption specrtra of DR measurements of Pd:TiO2 compared with P25 a) and energy band gap calculation from the Tauc plot b) where the extinction coefficient α is approximately the Kubelka-Munk function and is plotted against the energy of incident photons in eV
The onset of absorption for P25 is in agreement with that of the literature (~ 390 nm) and the band gap was estimated to be 3.23 eV. In contrast to the sharp absorption of P25, the Pd:TiO2 exhibits a broad absorption into the visible region with the peak centered at 456 nm and an estimated energy band gap of 3.19 eV. This lower value of the band gap is significant as it shows that electron excitation within Pd:TiO2 can occur at longer wavelengths compared with P25
In addition, a well-defined absorption peak observed during diffuse reflectance measurements is a characteristic feature of the LSPR of certain metal NPs such as that of Au and Ag plasmons. The LSPR effects of Pd nanoparticles is known, however, these studies have usually been confined to discrete nanoparticles and the LSPR effect of supported Pd is less well documented. The absorption peak measured for the Pd:TiO2 catalyst is attributed to the LSPR effect of the Pd NPs and thought to be the source of the increase in optical response of the system.
On account of the increased light harvesting potential of Pd:TiO2 we investigated whether this directly translated to an increase in the photocatalytic efficiency of the system. This was done by testing the efficiency of the catalyst in the photodecolourisation of RhB under simulated sunlight and using optical filters to block regions of the spectrum and determine the activity of the catalyst under these conditions. The irradiance value from the solar simulator was adjusted when using the optical filters to compensate for the reduction in transmittance of photons. For each filter used, the power of the solar simulator was adjusted to match the irradiance value of the region of interest to the same value as when no filter was used. This ensured that there was no loss of irradiation intensity at the incoming regions. 
The decolorization of RhB in the presence of Pd:TiO2 was monitored by measuring the change in the absorbance value of the dye over time at λmax = 554 nm following the Beer-Lambert law. This was repeated over several experiments using optical filters to block irradiation at λ > 400 nm (VIS block) and also at λ < 400 nm (UV block) where P25 was used as a reference. The catalysts and optical filters used, as well as the calculated t1/2 and rate of reaction values of RhB are given in table 1. 
Table 1 The photocatalytic activity of Pd:TiO2 compared with P25. 
	Photocatalyst
	Filter used
	t1/2/ minutes
	kapp/ 
minute-1

	TiO2
	No filter
	9.4
	0.073

	
	VIS block
	19.3
	0.04

	
	UV block
	63.6
	0.011

	Pd-TiO2
	No filter
	0.5
	1.410

	
	VIS block
	3.1
	0.226

	
	UV block
	8.5
	0.078



The decolorization pathway and mechanism for the degradation of RhB has been reported elsewhere35-37 for TiO2 based catalysts and it is thought that the degradation of RhB in the presence of the Pd:TiO2 co-catalyst undergoes a similar pathway.
The lowest t1/2 value was measured for the Pd:TiO2 catalyst under full solar irradiation. This value constitutes a 19 fold increase in activity compared with P25 under the same conditions. For visible irradiation the reaction rate of P25 was significantly reduced and was the lowest value of any catalyst for the conditions tested. The minimal activity observed for P25 under these conditions is attributed to the photo-assisted oxidation (PAO) of the dye. Since RhB absorbs light at 554 nm, this stimulation can lead to the transfer of an excited electron to the conduction band of TiO2. The electron is then free to react with adsorbed species and the RhB may decompose via this mechanism. This is likely to be occurring in tandem with the photocatalytic oxidation of RhB in the presence of an active catalyst.
Under visible irradiation Pd:TiO2 gave the highest t1/2 value for this new catalyst but showed a marginally higher rate of reaction compared with P25 under full solar illumination. At λ < 400 nm irradiation, the rate of P25 was reduced compared with its activity in solar conditions, while the Pd:TiO2 catalyst also showed an intermediate value compared to its activity under full spectrum and visible spectrum irradiation. This effect was attributed the cut-off point of the optical filter that blocked some super band gap photons and thus reduced the reaction rate under UV conditions for both P25 and the new catalyst. The decolorization rate profiles for P25 and Pd:TiO2 in the RhB decolorization experiments are shown in figure 3 (A comparison of the catalytic performance of this catalyst compared with other Pd-TiO2 systems can be found in the SI).
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Figure 3 Decolorization profiles of RhB under different regions of the spectrum a) normalized decolorization curves of P25 and Pd:TiO2, b) logarithmic plots used to calculate the rate constant for the degradation reactions 
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Figure 4 Schematic representation of the reaction mechanisms thought to be occurring on during photocatalyst excitation by different regions of the spectrum where a) shows that excited electrons can overcome the Schottky barrier and transfer to the TiO2 via resonant energy transfer (RET) from Pd NP promoting oxidation on the Pd under visible light irradiation b) Under UV irradiation, charge carriers are generated within TiO2. The LSPR effect of the Pd also extends into the UV region where RET can occur leading to charge transfer to TiO2 and oxidation on Pd c) the combination of these processes results in the enhanced photocatalytic activity of the co-catalyst system d) shows the Schottky barrier formed at the metal/ semiconductor interface and the values of χ, ϕB and ϕM, which are the TiO2 electron affinity, barrier height and the Pd work function, respectively.

The Pd:TiO2 catalyst was shown to outperform P25 under all the experimental conditions. A significant activity for this catalyst was observed under visible light irradiation showing that the Pd NPs extended the photo-activity of P25 into the visible region. However, it was found that a combination of both UV and visible light irradiation was necessary for the catalyst to reach the highest rate of reaction. 
The optical filters were used in this investigation to highlight the activity of the catalyst in the visible region by effectively stopping charge carrier excitation in the TiO2 support via blocking the transmission of super band gap photons with the UV cut-off filter. As TiO2 does not absorb photons at λ > 390 nm, the photo-excited charge carriers required for redox reactions are not generated. However, the presence of the Pd NPs was found to enhance the optical response of the catalyst up to ~ 600 nm, which constitutes an increase of 8% compared with P25. This altered absorption profile improved the photocatalytic activity of Pd:TiO2 in the visible region and may be explained in terms of the LSPR effect of the Pd NPs as depicted in figure 4. 
It has been reported that self-supported Pd nanocubes of diameters of 10 nm do not exhibit LSPR above at wavelengths 300 nm.38 However, Kelly et al. showed that a strong metal-support interaction for supported Ag nanoparticles exists. This was found to result in a red-shift of the LSPR peak wavelength by up to 100 nm and proportional to the refractive index of the substrate.39 The LSPR for supported Pd on TiO2 has been reported for nanoparticles ranging from 17 nm to 27 nm to be in the visible region29 and we believe a similar metal-support effect is responsible for the increase in light harvesting potential of our catalyst and the corresponding enhancement in its photocatalytic activity. 
Two main processes are thought to be taking place on the catalyst surface. One mechanism is attributed to the LSPR effect where the incident irradiation can excite some of the electrons in the Pd sufficiently to overcome the Schottky barrier at the semiconductor/ metal interface and transfer ‘hot electrons’ to the TiO2 (figure 4a). This phenomenon has been reported for TiO2 supported Au nanoparticles40 and may explain some of the increase in activity of the Pd:TiO2 catalyst. Furthermore, the height of the Schottky barrier (ϕB) formed at the Pd/TiO2 junction was calculated to be 1.10 eV (figure 4d and details in SI), which makes it theoretically possible for visible irradiation to excite electrons above this value and transfer to the CB of TiO2. It has also been suggested that the ‘hot holes’ remaining in the metal NP can react with adsorbed species and further increasing the reactivity of the co-catalyst.41
The other mechanism occurs under UV irradiation where electron excitation within the TiO2 occurs, generating the charge carriers required for redox on the surface (figure 4b). Hot electrons may also be excited from the Pd NP to the CB of TiO2 and thus the activity of the catalyst is further increased by the combination of these processes. It is also possible that charge recombination is suppressed, where the Pd NPs on the surface of the TiO2 can act as electron sinks, thus increasing carrier lifetimes. 
Under full solar irradiation both mechanisms are thought to be occurring simultaneously (figure 4c) and this results in the highest rate of reaction. It was also found that that the combination of the two processes had a beneficial synergistic effect on the photocatalytic activity.
In experiments measuring the activity of the catalyst in the decolorization of dye, we showed that the activity of Pd:TiO2 changed significantly under different irradiation conditions and propose that the changes in the rates of reaction are due to separate mechanisms occurring under stimulation by different regions of the spectrum. The separation and combination of the two mechanisms was shown experimentally via the use of optical band pass filters and calculations of the height of the Schottky barrier from band gap measurements confirmed it was theoretically possible for ‘hot electron’ transfer to the CB of TiO2 under visible light conditions. At full solar irradiation the photocatalytic activity of Pd:TiO2 was found to be greater in terms of the reaction rate than the sum of the reaction rates under visible and UV excitation suggesting a beneficial synergistic effect to be taking place.  In solar conditions, the activity of the Pd:TiO2 catalyst showed a 19 fold improvement on the activity of commercially available TiO2. This work adds further support to the beneficial properties of supported transition metals as co-catalysts in efficient light harvesting systems in the visible region for environmental remediation.
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