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Abstract 

AuPd nanoparticles supported on P25 TiO2 (AuPd/TiO2) were prepared by a facile sol-

immobilsation method and investigated for surface plasmon-assisted glycerol oxidation under 

base-free conditions. The AuPd/TiO2 samples were characterized by UV-vis spectroscopy 

and transmission electron microscopy. The sol-immobilisation method readily permitted the 

Au:Pd molar ratio to be changed over a wide range whilst keeping the mean particle size of 

the AuPd nanoparticles at 3nm. Visible light irradiation during the reaction has a beneficial 

effect on the conversion of glycerol with the most marked effect being observed with gold-

rich catalysts and the increase of conversion on light irradiation increases linearly with the 

gold content of the nanoparticles. The reaction selectivity is also affected by the plasmon-

assisted oxidation and glycolic acid, not observed during the dark reactions, was observed for 

all illuminated reactions due to the enhanced activity of these catalysts. 

 

Graphical Abstract 

 

 

 

 



3 
 

Introduction 

Glycerol is a by-product of biodiesel manufacturing and is a highly functionalised molecule 

which could be a viable starting material for the production of many important derivatives in 

the fine chemicals industry.1-3 The selective oxidation of glycerol has been extensively 

studied as a means of converting glycerol to potentially valuable products such as glyceric 

acid, tartronic acid and dihydroxyacetone.4,5 Supported Au catalysts have been shown to be 

highly active for glycerol oxidation to glyceric acid at high pH.6,7 The high pH is required to 

activate the hydroxyl group of glycerol by H-abstraction and catalysts that are active at high 

pH are not necessarily active at neutral pH.  Addition of Pd to Au can enhance the activity but 

in general basic conditions are required to observe activity with gold-containing catalysts. 

Indeed, although there are reports of base-free oxidation of glycerol with Au catalysts these 

tended to utilise basic supports such as MgO and these are found to dissolve during the 

reaction in sufficient amounts to induce the basic environment required for selective 

oxidation.8 Hence new approaches are required to observe catalysed base-free oxidation of 

glycerol, preferred from a green chemistry and cost-saving perspective.  

Plasmonic photocatalysis is an emerging field which aims to utilise renewable energy to 

power chemical reactions. This approach exploits  the plasmonic properties of noble metal 

nanoparticles, in particular those containing Au, to harvest visible light due to the localized 

surface plasmon resonance effect (LSPR) and this can then be transferred as a potential 

method to convert renewable energy into chemical energy. 9-17  Several studies have been 

conducted for selective alcohol oxidation driven by plasmonic photocatalysis.18-26 To date 

glycerol oxidation has been studied in limited detail using traditional photocatalysts based on 

Au.27-33   Recent studies have shown that base-free glycerol oxidation can be accelerated 

using catalysts capable of LSPR under visible light illumination. These earlier studies have 

used monometallic Au catalysts that contain significant amounts of gold, typically > 5wt% to 

see pronounced effects. In many studies of thermally-induced glycerol oxidation, a synergy 

between Au and Pd is commonly seen and results in an enhancement in activity.8  In this 

study we show that AuPd alloys supported on TiO2 prepared using sol-immobilisation can be 

very effective for the plasmonic photocatalysis of glycerol and that these catalysts are active 

using only 1 wt% of the noble metal. 
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Experimental 

Preparation of 1% wt AuPd/TiO2 catalysts 

Bimetallic (1% wt AuPd/TiO2 (molar ratio Au:Pd 1:1)) catalysts were prepared by sol-

immobilisation using polyvinyl alcohol (PVA) as a stabilising polymer. In a typical catalyst 

synthesis (1 g), an aqueous solution of HAuCl4·3H2O (0.8 mL, 12.5 mg Au/mL Sigma 

Aldrich, metal content ≥49.0%) and PdCl2 (Sigma Aldrich, Reagent Plus® 99%, 6 mg Pd/mL) 

were added to 400 mL of deionised water with stirring, followed by the addition of a polymer 

stabilizer (PVA 1 wt% aqueous solution (average molecular weight MW = 9000-10000 g/mol, 

80% hydrolysed), polymer/metal = 0.65 by weight). Subsequently, a freshly prepared 

solution of NaBH4 (≥99.99%, Aldrich,0.1 M) was added (mol NaBH4/mol Au = 5) to form a 

red sol. After 30 min, the colloid was immobilised by adding 0.99 g of TiO2 (P25 Aeroxide®, 

Evonik) together with concentrated H2SO4
 (1 ml). After 1 h of continuous stirring, the slurry 

was filtered, and the catalyst was recovered by filtration and washed thoroughly with 

deionised water and dried (110 °C, 16 h). A series of 1% wt AuPd/TiO2 catalysts with 

different Au:Pd molar ratios using the same procedure but with the different relative amounts 

of Au and Pd. 

Glycerol Oxidation 

Plasmonic oxidation of glycerol was carried out using a reactor design based on previously 

reported setups33, and comprised a stainless steel custom designed autoclave reactor built by 

DG Innovation. The reactor consisted of a borosilicate window, gas inlet, outlet, 

thermocouple inlet, pressure gauge and pressure release valve, and a vessel where the 

reaction liner was located. A glass vial (15 mL) was placed in a Teflon jacket (2.5 cm 

diameter) and wrapped in aluminium foil to ensure thermal contact, The maximum operating 

pressure of the reactor, determined by the presence of the window, is 11 bar. The maximum 

operating volume is 7.5 mL.  Heating was provided by a heating mantle designed, connected 

to a control box (K39 Ascon Tecnologic, assembled by Elmatic, Cardiff). The light source is 

a 300 W lamp (USHIO) (ORIEL OPL-500). For all experiments IR radiation was removed 

from the output light by a water filter, and wavelengths below 420 nm were eliminated 

through a cut-off filter (Newport Stablife® Technology). The filtered light was focused on 

the top of the reactor through a 90° mirror.  

Plasmonic photocatalytic glycerol oxidation at pH 7 was carried out under dark and 

illuminated conditions with aqueous glycerol (5 ml, 0.05 M), catalyst (5 mg), Gly/Au = 130. 
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After addition of the reactants the reactor was sealed, flushed with 5 bar O2 five times and 

finally pressurised with O2 (continuously supplied). The temperature was set to 90 °C and the 

experiment started when temperature in the heating mantle reached the selected value. Total 

reaction time was 3 h.  After reaction, the reactor was rapidly quenched in an ice bath, the 

liner weighed and the slurry collected, filtered through a micropore PTFE filter (0.25 µm) 

and directly injected to HPLC for analysis. Product analysis was carried out using an Agilent 

1260 Infinity HPLC with a Metacarb 67H column with a 0.1 wt% solution of phosphoric acid 

as mobile phase. 

Catalyst characterisation 

The plasmon resonance characteristics of the AuPd catalysts was determined using UV-

visible spectroscopy. The metal content of the catalysts was determined Inductively Coupled 

Plasma – Mass Spectrometry (Agilent 7900 ICP-MS) following digestion of the catalyst in 

aqua regia. Transmission electron microscopy analysis was performed using a JEOL 2100 

microscope with a LaB6 filament operating at 200 kV. Samples were prepared by dispersing 

the catalyst in ethanol and allowing a drop of suspension to evaporate on a lacey carbon film 

supported over a 300 mesh copper TEM grid.  

 

Results and Discussion 

A series of bimetallic 1% wt AuPd/TiO2 with different Au:Pd molar ratios were prepared by 

sol-immobilisation using PVA as stabilising agent. Table 1 shows the catalyst series with the 

corresponding nominal molar fractions and experimentally metal ratio determined by ICP 

analysis allowing the variation of activity with metal composition to be determined. It is 

known that the presence of Pd in the surface of Au nanoparticles suppresses the gold plasmon 

resonance,34 as shown in Figure 1. Of all the samples, only the Au9Pd1 catalyst showed a 

clear plasmonic peak at about 550 nm, as expected from its higher gold loading and this 

decreased significantly with higher Pd loadings. Transmission electron microscopy of the 

catalysts, Figure 2, did not show any particle size dependence of the Au/Pd ratio. The 

nanoparticles appear to be generally spherical and well dispersed on the support. The size 

distribution derived from counting 100 nanoparticles showed similar mean particle size 2.6 - 

3.3 nm with similar standard deviatinos, suggesting that the metal ratio is not influencing the 

morphology of the nanoparticles as can be expected with the colloidal synthesis of these 

bimetallic metal nanoparticles.  
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Table 1 1% wt AuPd/TiO2 catalysts prepared via sol-immobilisation method  

Catalyst 
Theoretical 

Au/(Au+Pd) 

Experimental 

Au/(Au+Pd) 

Au<Pd 

Au1Pd9 0.10 0.17 

Au1Pd4 0.20 0.21 

Au1Pd3 0.25 0.29 

Au1Pd2 0.33 0.38 

 Au1Pd1 0.50 0.44 

Au>Pd 

Au1.5Pd1 0.60 0.49 

Au2Pd1 0.67 0.56 

Au3Pd1 0.75 0.66 

Au5Pd1 0.83 0.76 

Au9Pd1 0.90 0.90 

 

 

Figure 1  Diffuse Reflectance UV-Vis of 1% wt AuPd/TiO2 catalysts Au rich and Pd rich, 

compared with the spectra of pure 1% wt Au/TiO2 and 1% wt Pd/TiO2.  
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Figure 2 –Particle size distribution determined by TEM for a representative selection of 1% 

wt AuPd/ TiO2 selected catalysts 

 

Figure 3 shows glycerol conversion under illumination and dark conditions versus the gold 

molar fraction for the 1% wt AuPd/TiO2 series. As has been observed in previous studies of 

AuPd alloy catalysts for alcohol oxidation there is a pronounced synergy and maximum in 

conversion for the bimetallic alloy catalysts.8 In principle, it is possible to observe two 

different trends for the catalysts, depending on the gold and palladium content centered 

around the Au:Pd = 1 catalyst. The Pd-rich catalysts, as expected,35 are more active under 

dark conditions but they do not show a marked enhancement in activity when illuminated. 

Conversely, the gold-rich catalysts were less active under dark conditions, but when 

illuminated they showed a higher conversion enhancement and the enhancement in 

conversion increased with increasing gold content. 
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Figure 3 Catalytic performance of AuPd/TiO2 catalysts for glycerol oxidation under dark and 

illumination conditions 

Figure 4 shows the selectivity to the major products of glycerol oxidation under dark and 

illuminated reaction conditions.  The lower carbon mass balance observed for the illuminated 

samples has been suggested to be linked to a higher H2O2 production under these 

conditions,36,37 which favours the over-oxidation of products to CO2. The production of H2O2 

on Au nanoparticles has been documented also in dark conditions.38-40 In particular, in their 

studies on CO oxidation and glycerol oxidation in basic conditions, Davis and co-workers38,39 

demonstrated, with the support of DFT calculations, that O2 acts as a scavenger of the 

electrons accumulated on the Au nanoparticle after the substrate oxidation, thereby closing 

the catalytic cycle. They proposed that the H2O2 detected in the solution arises from the 

reduction of O2 on Au surface, in a process that eventually leads to the regeneration of the 

hydroxide ions. The H2O2 formed reacts with the products of glycerol oxidation leading to 

carbon-carbon bond scission resulting in products with lower carbon number and eventually 

CO2. Since AuPd nanoparticles have been previously shown to be more active than Au for 

the synthesis of H2O2
41 this effect can be expected to be enhanced. Low amounts of tartronic 

acid and glyceraldehyde were detected for all the catalysts at similarly low levels for all 

catalysts but  due to the high levels of uncertainty at low concentration are omitted from 

figure 4. 
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Figure 4 Conversion and selectivity to the principle reaction products for the AuPd catalysts 

under dark and illumination conditions. Reaction conditions: 5 mL glycerol 0.05 M, 5 mg 

catalyst, 90 °C, 3 h. Key:  glycerol conversion;  pyruvic acid (PA);   glyceric acid 

(GA);  ◼ glycolic acid (GLYA);  dihydroxyacetone (DHA); remaining product is CO2. 
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general trend can be observed that there is a higher selectivity to C3 products under dark 

conditions. At higher Au content (Au>1.5, Figure 4) under dark conditions, the formation of 

glycolic acid is not favoured. Conversely, when the Pd-rich catalysts were used, glycolic acid 
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The formation of glycolic acid is the result of carbon-carbon bond scission due to the higher 
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bimetallic catalysts is related to the to the electronic heterogeneity of the alloy, whereby the 

electrons can flow across the Au and Pd interface to equalise the chemical potential 

throughout the alloy nanoparticle.25 Since the nanoparticles are able to absorb in the visible 

region, when illuminated, the additional energised electrons are also transported, enhancing 

the catalytic activity.25,43 In our study we confirm the enhanced activity for AuPd alloys 

under visible light illumination and also show that the selectivity can be influenced by 
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for the first time that by using the sol- immobilisation preparation method much lower metal 

contents can be used to demonstrate the effects. 

Conclusions 

It was shown that visible light irradiation triggered the plasmonic properties of AuPd alloy 

nanoparticles and that in the presence of visible light illumination higher activities of base-

free glycerol oxidation can be observed. The addition of Pd induces a synergistic effect with 

the highest activity being observed with the Au:Pd 1:2 molar ratio AuPd/TiO2 alloy catalyst. 

However, the enhanced conversion observed on illumination is most pronounced with gold 

rich catalysts, which can be expected from the intensity of the plasmon resonance. Plasmon 

driven reactions produce higher amounts of H2O2 which is a typical intermediate in 

photocatalytic reactions, and this leads to C–C cleavage and produces glycolic acid. This 

study has shown that the effects of using the plasmon resonance can be readily observed with 

low amounts of the noble metal opening up further possibilities for catalyst design. 
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