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Figure S1: (a) TEM image of Au-ZnO hybrid nanoparticles. (b) High resolution TEM image 

of the basal facet of Au-ZnO hybrid acquired along [0001] zone axis. (c) FFT pattern obtained 

from the marked region in (b). (d) High resolution TEM image showing the epitaxial 

relationship at the Au-ZnO interface.   

 

 

Figure S2: UV-Visible extinction spectra obtained prior to photocatalysis experiments (to 

confirm that all catalysts were at the same concentration). 

 



 

Figure S3: High resolution XPS spectrum of Zn 2p doublet. 

 

 

Figure S4. (a) ESR spectra of TEMPO collected before and after the photocatalytic reaction 

when Pt-Au-ZnO was used as the catalyst. (b) ESR spectrum of TEMPO after standing the 

reaction system in (a) for 2 hours after turning off the UV light and (c) ESR spectra of TEMPO 

collected before and after the photocatalytic reaction when Au-ZnO was used as the catalyst.   

 

 



 

 

Figure S5: Time-resolved UV-Visible extinction spectra collected during photocatalytic 

reduction/degradation of toluidine blue for Pt-Au-ZnO, Pt-p-Au-ZnO and Pt-ZnO. It is 

interesting to note here that photocatalysis rate of Pt-p-Au-ZnO and Pt-ZnO during the first 

few seconds is greater compared to that of Pt-Au-ZnO. Although Pt metal exhibits fast electron 

discharge, the metal-semiconductor interface in these particles (Pt-p-Au-ZnO and Pt-ZnO) are 

non-epitaxial. The charge transfer via the non-epitaxial interface is expected to be inefficient 

compared to the epitaxial interface. Therefore, there might be some electron accumulation at 

ZnO and Au surfaces leading to the photoreduction of toluidine blue, albeit slower compared 

to photoreduction rates of Au-ZnO and Au@Au-ZnO hybrids discussed in the main article. In 

Pt-Au-ZnO, the metal-semiconductor interface is epitaxial, therefore, rapid electron discharge 

occurs via the Pt nanoparticle (lacks negative shift in Fermi level potential). 

 

S6: Computational method 

Quantum-chemical modeling was performed within the framework of density 

functional theory (DFT)1,2 using plane-wave basis set and the PAW method3,4 within local 

density approximation (LDA) as implemented in VASP.5–7 For the Brillouin zone sampling 

gamma-centered Monkhorst-Pack scheme8 with a 2×2×1 k-point mesh was chosen. The plane 

wave basis cut-off energy Ecutoff = 350 eV was used. The vacuum spacing of 15 Å 

perpendicular to surface planes was incorporated within the simulation cell to avoid spurious 

interactions. All calculations were performed until the maximal force acting on any atom 

became less than 0.05 eV/Å. All structures were visualized in VESTA.9 

 

 

 

 



S7: Calculation of absolute redox potential 

Absolute redox potential was calculated according to Ref.10 

The following relationship exists between the absolute potential scale (V) and physical scale 

(eV). 

𝐴𝐵𝑆𝑂𝐿𝑈𝑇𝐸 𝑃𝑂𝑇𝐸𝑁𝑇𝐼𝐴𝐿 𝑆𝐶𝐴𝐿𝐸 = −(𝑃𝐻𝑌𝑆𝐼𝐶𝐴𝐿 𝑆𝐶𝐴𝐿𝐸) (1) 

The following relationship exists between the absolute potential (𝐸(𝑎𝑏𝑠)/𝑉) and the redox 

potential with respect to standard hydrogen electrode (𝐸(𝑆𝐻𝐸)/𝑉). 

𝐸(𝑎𝑏𝑠)/𝑉 =  𝐸(𝑆𝐻𝐸)/𝑉 +  4.44 (2) 

 

Toluidine blue 

Toluidine blue/leuco-toluidine blue (TB/TB2-), 𝐸(𝑆𝐻𝐸)/𝑉 = 0.034 V11 

Therefore, from equation (2) above, 𝐸(𝑎𝑏𝑠)/𝑉 (TB/TB2-) = 4.47 V 

TEMPO 

TEMPO/TEMPO+, 𝐸(𝑆𝐻𝐸)/𝑉 = 0.76 V12 

Therefore, from equation (2) above, 𝐸(𝑎𝑏𝑠)/𝑉 (TEMPO/TEMPO+) = ~5.2 V  

ZnO 

Valence band position of ZnO ~ - 7.4 eV13 

Therefore, from equation (1) above, 𝐸(𝑎𝑏𝑠)/𝑉 ~ 7.4 V 

 

S8: Calculation of initial photoreduction rate 

The photoreduction rate expressed in this paper represents the net relative rate of change in 

color absorbing molecules in the solution, calculated by measuring the change in the 

absorbance over time. The initial photoreduction rate can be calculated by only using time 

resolved data from a sufficiently short time period at the start of photoreduction. During this 

short time period, the change in absorption changes linearly with time with the gradient equal 

to the initial photoreduction rate. The time period used for initial photoreduction rate 

calculations was the time required for the total photoreduction to reach 50% of the maximum 

photoreduction achieved. 

S9: Photodegradation mechanism 

Figure 1 below shows the IR spectrum obtained from a dried Au-ZnO hybrid sample. The 

broad peak centered at 3360 cm-1 is attributed to surface bound hydroxyl (OH) species. Note 



that Au-ZnO was used as the precursor to prepare Pt-Au-ZnO and Au@Au-ZnO hybrid 

nanoparticles. 

 

Figure S6: IR spectrum of Au-ZnO powder. 

In semiconductors, such as ZnO and TiO2, photogenerated hole trapping by surface-OH can 

generate hydroxyl radicals (OH•).14, 15 Surface OH• plays the key role in the photodegradation 

of organic dye molecules. Particularly, for the Pt-Au-ZnO system studied here, more OH• could 

be generated owing to efficient electro-hole separation, as discussed in the manuscript. Further, 

surface peroxo-species can also be formed by combination of OH• radicals: 

(𝑍𝑛𝐼𝐼 − 𝑂2− − 𝑍𝑛𝐼𝐼) − 𝑂𝐻− +  ℎ𝑣𝑏
+ ↔ (𝑍𝑛𝐼𝐼 − 𝑂2− − 𝑍𝑛𝐼𝐼) − 𝑂𝐻• 

2(𝑂𝐻•)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ↔ (𝐻2𝑂2)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

Degradation/mineralization pathways of thiazine type dye molecules to CO2, NH4
+, NO3

− and 

SO4
2− in the presence OH• are well documented in the literature.16 

The electron acceptor in the Pt-Au-ZnO system:  The work function of Pt is ~5.64 V on the 

absolute potential scale. Due to absence of electron accumulation in the Pt-Au-ZnO 

photocatalyst, the redox potential of photogenerated electrons in Pt-Au-ZnO should be close to 

~ 5.64 V. Therefore, the redox potential of the electron acceptor should be more positive 

compared to this value. Upon UV irradiation of the Pt-Au-ZnO system, a number of reactions 

can take place at the photocatalyst surface (Refer ref14 for reactions occurring at TiO2 surface). 
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For instance, (H2O2)surface can be formed as shown above; (H2O2)surface is a good electron 

acceptor (Eabs = ~5.79 V vs SHE at pH 7). 

2(𝑂𝐻•)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 ↔ (𝐻2𝑂2)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

(𝐻2𝑂2)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 2𝐻+ + 2𝑒 ↔ 2(𝐻2𝑂)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 

H+ required for the above reaction can be formed by oxidation of ethanol. 

2ℎ𝑣𝑏
+ + 𝐶2𝐻5𝑂𝐻 → 𝐶𝐻3𝐶𝐻𝑂 + 2𝐻+ 

(H2O)surface formed above would also take part in further chain reactions. 
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