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A B S T R A C T

A series lanthanum perovskite supports (LaBO3, where B = Cr, Mn, Fe, Co and Ni) were synthesised using a hard 
templating methodology with a mesoporous silica template (SBA-15). This methodology produced high surface 
area perovskites with surface areas of 70–160 m2 g− 1. 1 wt% AuPt was added to the perovskite supports using sol 
immobilisation and the resultant catalysts tested for the oxidation of glycerol. When the AuPt/LaBO3 catalysts 
were tested for glycerol oxidation the product distributions via either the oxidation mechanism or a dehydration 
mechanism could be tuned by substituting different transition metals into the B site. In line with previous studies, 
AuPt/LaMnO3 and AuPt/LaCoO3 gave the highest yield of oxidation products (glyceric acid with small amounts 
of tartronic acid), AuPt/LaCrO3 gave the highest yield of lactic acid through the dehydration pathway, while 
AuPt/LaNiO3 and AuPt/LaFeO3 gave a mixture of products from both the oxidation and dehydration pathways. 
The product distributions were found to change over the course of the reaction due to the relative rates of the two 
reaction pathways. For all catalysts except AuPt/LaMnO3 the yield of oxidation products stopped after two hours, 
while all catalysts except AuPt/LaMnO3 continued to produce lactic acid over the whole reaction. This suggests 
the perovskite supported catalysts are not stable over the course of the reaction. The most interesting behaviour 
was found for the AuPt/LaFeO3 catalyst that gave a high initial selectivity to tartronic acid, although further 
studies are needed to elucidate the mechanism fully.

1. Introduction

Glycerol (GLY) is a versatile multifunctional organic molecule which 
is produced as a by-product from the transesterification of tri
acylglycerols to biodiesel [1–3]. Each carbon atom in the structure is 
bound to a hydroxyl group which gives it great potential for exploitation 
as a platform chemical. For this reason, the selective oxidation of glyc
erol over heterogeneous catalysts (commonly supported platinum group 
metals) has long been a subject of scientific interest [4]. It has been 
determined that the choice of catalyst [5], the size of the platinum group 
metal (PGM) [6] and the reaction conditions [7] can all significantly 
influence the selectivity and the rate of the reaction.

Scheme 1 shows the large distribution of products which can be 
formed from the oxidation of glycerol. Using heterogeneous catalysts for 
glycerol oxidation allows for an additional avenue to control reaction 
selectivity. The pioneering work of Prati et al. demonstrated that sup
ported Au catalysts were active for the selective oxidation of glycerol 
[10]. It was found that Au/C could selectively produce glyceric acid 

through the sequential oxidation of glycerol. Further development of the 
Au catalysts found that the activity of the catalysts could be significantly 
increased through the addition of Pd [11,12] or Pt [11]. The most 
desirable products that can be produced from glycerol oxidation are 
either the C3 oxidation products, glyceric acid (GA) and the sequential 
oxidation of this product, tartronic acid (TA); or lactic acid (LA) pro
duced through the opposing dehydration pathway. To achieve the se
lective formation of these products, C-C scission must be hindered as 
much as possible. It is believed that this unfavourable cleavage leading 
to shorter carbon chnage molecules is as a result of the in-situ production 
of H2O2 from the reduction of O2 by H2O on the catalysts surface 
[13–15]. The application of hydrophobic materials as supports for the 
PGM has been shown to reduce this unfavourable C-C bond cleavage 
[16].

It has been well documented that the catalyst support has an influ
ence on the conversion of glycerol and product selectivity under 
oxidative and basic conditions [17–19]. Single metal oxides and carbon 
are popular supports for glycerol oxidation, with carbon shown to be 
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more active than supports such as TiO2 and Fe2O3 [11].
Supports such as Al2O3 and NiO are highly active, but have a large 

product distribution and are not very selective [20]. A study by Villa et 
al. [21] demonstrated the role of acid and basic sites on supports used for 
glycerol oxidation. It was found that basic sites contributed to a higher 
activity with a poor selectivity breakdown of products, and supports 
containing acid sites had a lower activity, but higher selectivity to 
glyceraldehyde and dihydroxyacetone, therefore, controlling this step 
allows for a greater product selectivity. This clearly demonstrates that 
the support has a significant role on the activity and selectivity to 
products, and therefore, tailoring a support with the desired character
istics to enhance a selected mechanistic pathway is the key to selective 
formation of a desired product.

Perovskite materials are potentially ideal candidates as support 
materials as they have high compositional flexibility (they can be syn
thesised using around 90 % of the metallic elements in the periodic 
table) allowing different metal cations to be present in the structural and 
surface lattice. This structural flexibility enables the introduction of the 
desired active sites, achieving site isolation through the intrinsic struc
ture of the materials. Perovskites have the general formula ABO3 where 
the larger A cation is typically a lanthanide, alkaline or alkaline-earth 
cation and the smaller B cation is a transition metal. Partial sub
stitutions of the A and B sites are also possible which allows tailoring and 
tuning of their physiochemical properties.

However, perovskites are rarely used as catalyst supports due to the 
fact that high calcination temperatures are required to obtained a pure 
perovskite phase and this directly affects their surface area [22–24]. To 
achieve a good metal dispersion, a support material with surface area 
above 50 m2/g is desired [25]. Efforts have been made to synthesize 
perovskite oxides using different methods to improve their surface area 
and mitigate the poor phase purity for them to be used as catalyst sup
ports for metal nanoparticles [25,26]. Hutchings and coworkers have 
reported the use of supercritical anti-solvent precipitation for the 

synthesis of lanthanum-based perovskite oxides to improve the low 
surface area reported for convention methods [25]. Although the surface 
area is considerably improved by this method (achieving ca. 50 m2 g− 1), 
the cost associated with recycling high pressure CO2 and the phase pu
rity of the perovskites produced are major drawbacks to the process.

Here we describe the use of hard templating with SBA-15 to syn
thesise high surface area lanthanum-based perovskites. The materials 
were investigated as supports for AuPt glycerol oxidation catalysts with 
the aim of tuning the reaction pathways to either lactic acid, glyceric 
acid or tatronic acid.

2. Experimental

Perovskite synthesis

The perovskite oxides (LaBO3, where B = Cr, Mn, Fe, Co and Ni) were 
used as catalyst supports for the metal nanoparticles and synthesised by 
a hard templating method using SBA-15 as the template material.

Calculated amounts of La(NO3)3⋅6H2O and B(NO3)2⋅nH2O, were 
dissolved in 10 ml of de-ionized water and added to a 10 ml citric acid 
solution (0.006 M) to give a total metal:citric acid ratio of 2:1. The 
mixture was added dropwise to a suspension of 1.0 g of SBA-15 in 10 ml 
de-ionized water and stirred for 2 h at room temperature. The solvent 
was evaporated at 80 ◦C for 24 h and the resultant solid ground to a fine 
powder before calcining at 500 ◦C for 2 h with a ramp rate of 2 ◦C min− 1. 
The impregnation of the precursor was repeated with a metal-citric acid 
ratio (1:1), followed by calcination at 700 ◦C for 2 h with a ramp rate of 2 
◦C min− 1. The resultant calcined material was washed with an aqueous 
solution of NaOH (2 M) to leach out the SBA-15 from the composite and 
then washed with de-ionized water at room temperature.

Scheme 1. The potential pathways and products from glycerol oxidation. Key: 1. Glycerol (GLY); 2. Glyceraldehyde (GLD); 3. Dihydroxyacetone (DHA); 4. Glyceric 
acid (GA); 5. Tartronic acid (TA); 6. Glycolic acid (GLA); 7. Formic acid (FA); 8. Oxalic acid (OA); 9. Pyruvaldehyde (PALD); 10. Lactic acid (LA); 11. Pyruvic acid 
(PA); 12. Acetic acid (AA) [8]. Reproduced under terms of the CC-BY license [9]. Copyright 2020, M. Douthwaite, N. Powell, A. Taylor, G. Ford, J.M. López, B. 
Solsona, N. Yang, O. Sanahuja-Parejo, Q. He, D.J. Morgan, T. Garcia, S.H. Taylor, published by Wiley-VCH.
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Deposition of metals using sol immobilisation

An aqueous solution (400 mL) of HAuCl4 (5 mg, 0.41 mL, 12.25 mg/ 
ml) and H2PtCl6 (4.98 mg, 0.62 mL, 7.5 mg/ml) were prepared. Poly
vinyl alcohol (PVA, 1 wt% aqueous solution, MW = 10 kDa) was freshly 
prepared and used as the stabilising agent. NaBH4 (3.8 mL, 10 % 
aqueous solution) was also freshly prepared and used as the reducing 
agent. To an aqueous mixture of the HAuCl4 and H2PtCl6 in a concen
tration to produce 1:1 ratio by mass, with 1 wt% of total metal in the 
prepared catalyst, the PVA solution was added (0.1 M, 1.3:1 PVA:metals 
ratio) with vigorous stirring for 2 min. NaBH4 was subsequently added 
such that the NaBH4:total metal ratio (mol/mol) was 6.5. The resulting 
solution was stirred for 30 min to allow the stabilisation of the reducing 
colloidal particles, followed by the addition of the perovskite material. 
The solution was left stirring for a further 1 h, followed by washing with 
distilled water and drying at 110 ◦C for 16 h.

Glycerol oxidation reactions

Glycerol oxidation experiments were carried out using a 50 ml 
Colaver reactor charged with an aqueous solution of glycerol (10 ml, 0.3 
M) with a NaOH base (10 ml, 1.2 M) giving a glycerol:base ratio of 1:4. 
The catalyst was added to give a substrate:metal ratio of 1000:1. The 
reactor was heated to the reaction temperature using a silicone oil bath 
with a feedback loop to control the temperature. The round bottom flask 
was then sealed, purged 3 times with oxygen and pressurised to the 
required O2 pressure. The oxygen inlet valve was opened to ensure ox
ygen pressure remains constant throughout the reaction. The reactor 
was then heated to temperature and the stirrer speed set to the desired 
speed (400 – 1000 rpm). Samples were taken at different time intervals 
and analysed by high performance liquid chromatography (HPLC) using 
UV and refractive index detectors. Reactants and products were sepa
rated using a Metacarb 67 H column. The eluent was an aqueous solu
tion of phosphoric acid (0.01 M) at a flow rate of 0.25 ml min -1. Each 
sample (0.5 ml) was diluted with eluent (4.5 ml) and products were 
identified by comparison with commercial samples. Quantification was 
achieved using an external calibration method, which allows an easy 
comparison between the HPLC sample response to that of target 
compounds.

Catalyst characterization

X-ray diffraction: Powder XRD patterns were obtained using a 
PANalytical X’pert Pro powder diffractometer with a Cu Kα source 
operated at 40 kV and 40 mA to obtain the data. Phase identification was 
performed using the X’Pert High Score utilising the ICDD database.

Nitrogen physisorption: Surface areas of the materials were 
determined using the BET method using a Quadrasorb surface area 
analyser. A 5-point analysis of each material was performed using 150 
◦C operating temperature with nitrogen as the adsorbate gas. Samples 
were degassed at the maximum temperature (250 ◦C) for 2 hours prior 
the analysis.

Thermal gravimetric analysis (TGA): Approximately 20 mg of the 
materials were analysed on a Seteram TGA/DTA in a flow of oxygen to 
acquire the decomposition mass losses of catalyst precursors as outlined 
in the catalyst support preparation section and to obtain suitable calci
nation temperatures to form pure phase support materials.

Transition electron microscopy (TEM): TEM analysis was carried 
out using a Jeol 2100 microscope equipped with a LAB6 filament 
operating at 200 kV. Each sample was prepared by dispersing the 
powder catalyst in ethanol and dropping the suspension onto a lacey 
carbon film on a 300-mesh copper grid. Particle size distributions were 
generated from a statistically relevant number of micrographs from 
which a total 100 particles were counted using imageJ software.

X-ray photoelectron spectroscopy (XPS): XPS measurements were 
performed using a Kratos Axis DLD photoelectron spectrometer 

equipped with a charge neutralizer and a Mg Kα X-ray source (hυ =
1253.6 eV) and monochromated Al Kα (hυ = 1486.6 eV). Using the Mg 
source, high resolution spectra were recorded with an analyser pass 
energy of 20 eV and 80 eV for survey scans while for the mono
chromated Al source an analyser pass energy of 40 eV for high resolution 
scans and 160 eV for survey scans were employed.

Microwave plasma atomic emission spectroscopy (MP-AES): 
MP-AES analysis was carried out using an Agilent 4100 instrument. The 
Au content was determined using the 242.795 nm and 267.595 nm 
emission lines and the Pt content was determined from the 265.945 nm 
and 270.240 nm emission lines.

Results and discussion

Catalyst characterisation

A series lanthanum containing perovskite oxide supports were syn
thesised, LaBO3, containing different transition metal B sites (where B =
Cr, Mn, Fe, Co and Ni). This was carried out by impregnating SBA-15 
with solutions of metal nitrate salts and citric acid, followed by calci
nation and removal of the SBA-15 with base to give the perovskite 
materials. Thermogravimetric analysis was performed on the impreg
nated composite materials to determine the most appropriate calcina
tion temperature to form the perovskite phase. The analysis was 
conducted from 30 ◦C to 900 ◦C, as typical temperatures required to 
form the perovskite phase are between 400 ◦C and 900 ◦C. The TGA 
results (Fig. 1) showed that there are consecutive weight losses in all the 
perovskite precursors with notable weight loss in each case beginning at 
around 400 ◦C. This can be attributed to decomposition of the metal 
nitrates and oxidation of the chelating agent (citric acid) present in the 
perovskite precursor [27].

The weight losses at higher temperature (≥700 ◦C) are attributed to 
the transition from single metal oxide phases to the perovskite oxide 
phase, with the transition temperature dependant on, and controlled by, 
the variable oxidation states of the transition metal in the B site of the 
perovskite oxides [28]. The chosen calcination temperature for the 
perovskite precursors was 700 ◦C, as the final weight loss event begins 
before this point for all the samples.

After calcination of the precursor at 700 ◦C the SBA-15 was removed 
using 2 M NaOH followed by a second calcination at 450 ◦C, and the 
XRD patterns of the resultant materials are shown in Fig. 2. The patterns 
of the calcined perovskites, except for LaMnO3, all showed La2O3 was 
also present, and Fe2O3 was observed as a minor phase in LaFeO3. The 

Fig. 1. TGA plot illustrating the weight loss from the LaBO3-SBA-15 composites 
under calcination.
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semi quantitative ratio of the phases was calculated using the relative 
intensity ratios from the reference patterns and these are shown in 
Table 1, along with the crystallite sizes of the perovskite phases calcu
lated using the Debye-Scherrer equation.

The observed impurity phases are proposed to be due to a non- 
stoichiometric recrystallisation of metal precursors in the SBA-15 
pores resulting in a phase segregation of the metals coupled with a 
relatively low calcination temperature. The calcination temperature is 
known to have an influence on the formation of a single perovskite phase 
or phase segregated single oxides and we investigated this with the 
LaCrO3 perovskite. High temperature is needed to form the perovskite 
and the single metal oxide phase content decreases with increasing 
temperature. However, the surface area is drastically reduced with 
increasing calcination temperature (Table S1) and so the temperature 
used is a compromise between retaining a high surface area and forming 
the desired perovskite phase (Figure S1 and Table S1). Table 2 shows the 
surface area of the materials at different stages of the synthesis process 
and it can be seen that the impregnated SBA-15 composites have a 
surface area of less than 500 m2 g− 1 compared to 750 m2 g− 1 for the 
starting SBA-15. This increases to around 600 m2 g− 1 on calcination, but 
then drops considerably when the SBA-15 template is removed. How
ever, the surface areas of the synthesised supports of 70–125 m2 g− 1 are 
still very high compared to perovskites synthesised using other methods. 
Potentially the high surface area and small crystallite sizes of these 
supports will provide a larger distribution of defect sites on the surface of the perovskite materials, which allows the metals to coordinate to 

these defects and increases their stability when they are used in the 
liquid phase reaction. When 1 wt% of equal mass Au and Pt were added 
via sol immobilisation this surface area was retained.

The metals were added to the support using a sol immobilization 
method that produces inherently small and well dispersed nanoparticles 
across the surface of the support. Bing able to achieve a consistent 
particle size distribution that is independent of the support material is 
crucial to decoupling the support properties from the metal nanoparticle 
catalysts and understanding the role of the perovskites in the reaction.

Transmission electron microscopy was conducted on each of the 
prepared supports with the images and particle size distribution (PSD) 
shown below (Figs. 3 and 4).

For all the perovskite supports the mean particle size was found to be 
approximately 2 nm with a standard deviation of around 1 nm. It ap
pears that there is no strong correlation between particle size with either 

Fig. 2. Powder X-ray diffraction patterns of the LaBO3 perovskite phases where the mixture rhombohedral, orthorhombic, and cubic phases are not differentiated).

Table 1 
Phase composition calculated from ICDD relative intensity ratios of XRD pat
terns and crystallite sizes of the perovskite phases calculated using the Debye- 
Scherrer equation.

Catalyst Support Phase Composition Crystallite size (nm)

LaMnO3 100 % LaMnO3 7
LaCoO3 96 % LaCoO3 

4 % La2O3

3

LaFeO3 86 % LaFeO3 

12 % La2O3 

2 % Fe2O3

12

LaCrO3 89 % LaCrO3 

11 % La2O3

5

LaNiO3 91 % LaNiO3 

9 % La2O3

3

Table 2 
Surface areas of the perovskite based catalysts at different stages of the syn
thesis method.

Material Surface Area (m2 g¡1)

SBA-15 756
LaMnO3-SBA-15 Uncalcined 454
LaMnO3-SBA-15 Calcined 587
LaMnO3 95
1wt% AuPt/LaMnO3 95
LaCoO3-SBA-15 Uncalcined 488
LaCoO3-SBA-15 Calcined 596
LaCoO3 158
1wt% AuPt/LaCoO3 158
LaFeO3-SBA-15 Uncalcined 479
LaFeO3-SBA-15 Calcined 562
LaFeO3 68
1wt% AuPt/LaFeO3 68
LaCrO3-SBA-15 Uncalcined 471
LaCrO3-SBA-15 Calcined 599
LaCrO3 105
1wt% AuPt/LaCrO3 105
LaNiO3-SBA-15 Uncalcined 483
LaNiO3-SBA-15 Calcined 599
LaNiO3 125
1wt% AuPt/LaNiO3 125
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the relative surface area or the specific B site element used, confirming 
that the properties of the nanoparticles prepared using sol immobilisa
tion are independent of the support material. It is likely that the small 
well-defined PSD observed for these catalysts is a result of its low metal 
loading [33]. These results confirm previous studies in literature which 
report that the conventional sol immobilisation technique generates 
small nanoparticles with well-defined PSD [8].

The catalysts were characterized by X-ray photoelectron spectros
copy (XPS) to provide insight into oxidation state of the metal nano
particles and the relative Au-Pt surface composition and the Au and Pt 4f 
regions are shown in Figure S2. The Au peaks can be assigned to Au0. 
Bulk Au0 4f7/2 peaks are typically observed at 84.0 eV with a doublet 
due to spin-orbit splitting of 3.7 eV, but supported nanoparticles show a 
shift in binding energies to lower energy when they are dispersed as 

Fig. 3. Representative transmission electron micrographs of sol-immobilisation prepared AuPt supported on the various SBA-15 assisted LaBO3 perovskite oxide 
supports. Where, (a) LaCoO3, (b) LaCrO3, (c) LaFeO3, (d) LaMnO3, and (e) LaNiO3.
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small nanoparticles which is dependent on both the nature of the oxide 
support and the size of the nanoparticles [29]. The spectra shows the 
platinum is in an oxidised form with characteristic binding energies of 
PtO2 and PtO observed and only small amounts of Pt0 detected in some 
of the catalysts. As in the gold spectra, the binding energies are depen
dent on the nanparticle support interaction [30].

Table 3 shows the bulk and surface Au/Pt atomic ratios determined 
by MP-AES and XPS respectively. Although the bulk ratios were similar 
to the target values for all the catalysts, there is a range of surface 
compositions for the different supports detected by XPS. These changes 
can be attributed to composition of the metal nanoparticles, 

monometallic nanoparticles, a change in the composition of the alloy 
nanoparticles or the formation of core-shell structures dependent on the 
potential interactions with the various B site cations [31]. 
Sol-immobilisation is also known to produce both core-shell and random 
alloys of AuPt nanoparticles, in which the possible morphologies are 
well represented by the observed XPS metal ratios. Au/Pt ratios close to 
1, suggest random alloys, whereas ratios lower than 0.75 are indicative 
of Au core, Pt shell nanaomparticles [32]. In this study the XPS ratios are 
not definitive, particularly as some of the ratios are greater than 1. STEM 
analysis can be used to determine the structure of bimetallic nano
particles, although this is difficult for AuPt nanoparticles due to the 

Fig. 4. Particle size distribution histograms of AuPt supported on the different SBA-15 assisted LaBO3 perovskites.
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similar atomic numbers and weights.

Catalyst testing

Having synthesised that series of perovskite supported AuPt cata
lysts, they were evaluated as catalysts for the oxidation of glycerol in a 
glass reactor at 100 ◦C under 3 bar O2. The reactions were carried out in 
the presence of base, using 0.3 M aqueous solution of glycerol with a 
NaOH:glycerol ratio of 4:1 and a glycerol:catalyst ratio of 1000:1.

Initial experiments investigated the perovskite supports which were 
found to give ≤ 5 % conversion under these conditions, demonstrating 
their activity was low in the absence of the metal nanoparticles 
(Figure S3). The advantage of the relatively high surface area of 
perovskite supports obtained through utilising the hard templating 
method using SBA-15 enabled the deposition of small uniform Au and Pt 
nanoparticles on to the surface of each of the supports with high dis
persions. However, the choice of these high area supports was also due 
to their properties influencing the selectivity of the catalysts and the 
high surface area also provides a higher number of the functional active 
sites to assist in the reaction. When the AuPt/LaBO3 catalysts were 
tested in the glycerol oxidation reaction the conversion was much higher 
than the supports alone (Fig. 5).

The conversions and turnover frequencies (TOF) for the catalysts 
(Table 4) are slightly higher than those observed by Hutchings and co
workers under the same conditions [25], illustrating the benefits of the 
higher surface area perovskite supports.

Although the conversion and TOFs varied for the different catalysts, 
this is due to the support material properties rather than the metal 
nanoparticles as the sol immobilisation method gave very similar metal 
particles independent of the support.

The selectivities to different products were also dependent on the 
support material (Table 4, Fig. 6). In previous studies, perovskite sup
ports were found to be selective for one of two pathways to either lactic 

acid via a dehydration pathway or a combination of glyceric acid and 
tartronic acid via an oxidative pathway that are summarised in Scheme 
1.

The AuPt/LaMnO3 catalyst was found to favour the production of C3 
products, with a high selectivity to glyceric acid over a period of 6 hours 
and a relatively low selectivity to the potential C-C scission products 
(oxalic acid, glycolic acid, formic acid, and CO2) in line with previous 
studies. The AuPt/LaCoO3 and AuPt/LaNiO3 catalysts also showed good 
oxidation performance with high yields of glyceric acid although this 
was accompanied by a relatively high selectivity to lactic acid, indi
cating these catalysts contained active sites that could convert glycerol 
via both the dehydration and oxidation routes. AuPt/LaCrO3 was very 
selective to lactic acid (~80 %) for the time studied and very little 
oxidation or C-C scission products.

It has been reported that, under these conditions, with the use of 
AuPt nanoparticles supported on CeO2 and TiO2 produce up to 80 % of 
lactic acid [8,34], which suggests the LaCrO3 support has similar 
properties. However, at lower reaction temperatures (60 ◦C) and sub
strate:base ratios (2:1) have been shown to favour the production of 
glyceric acid with a selectivity of around 80 %, which is similar to results 
found here for the LaMnO3 supported catalyst. Above 80 ◦C with a 
higher base concentration, the selectivity to LA has been found to 
dominate with TiO2 as the support material. However, Tsuji et al. re
ported that Pt/hydrotalcite (HT) catalysts, under similar conditions in 
the absence of base, achieved 55 % glycerol conversion with high 
selectivity to GA. The authors noted that dehydration route was 
completely hindered by these catalysts and ascribed this to the basic 
nature of the support [35].

In the study by Hutchings and coworkers, selectivity to tartronic acid 
was generally low compared to glyceric acid for all catalysts [25]. 
However, for the best oxidation catalysts at high conversion (after 24 h), 
the tartronic acid increased leading to the conclusion that it was a 
product of sequential oxidation of glyceric acid. In our study the 

Table 3 
Au and Pt bulk and surface composition for AuPt/LaBO3 catalysts analysed by 
MP-AES and XPS.

Catalyst Bulk Au/Pt ratioa Surface Au/Pt ratiob

LaCrO3 0.50 (Au), 0.50 (Pt) 1.0
LaMnO3 0.47 (Au), 0.46 (Pt) 1.1
LaFeO3 0.54 (Au), 0.46(Pt) 1.4
LaCoO3 0.55 (Au), 0.50 (Pt) 0.8
LaNiO3 0.50 (Au), 0.50(Pt) 1.5

aBulk Au/Pt ratio from MP-AES
bSurface atomic ratio from XPS

Fig. 5. The conversion of glycerol with AuPt/LaBO3 catalysts. Reaction con
ditions: glycerol (0.3 M), NaOH: substrate ratio (4:1), O2 (3 bar), substrate: 
metal ratio = 1000, 100 ◦C.

Table 4 
Glycerol oxidation over the AuPt/LaBO3 catalysts.a.

B-site Element Time (h) TOF (h− 1)b Selectivity (%)c CMBd (%)

GA TA LA C-C sc

Cr 0.5 750 9 4 79 8 96
​ 1 ​ 7 2 81 10 93
​ 2 ​ 7 3 80 10 87
​ 4 ​ 8 2 82 8 82
​ 6 ​ 7 1 82 10 81
Mn 0.5 520 61 5 15 19 100
​ 1 ​ 63 7 15 15 96
​ 2 ​ 65 9 14 12 98
​ 4 ​ 67 11 12 10 89
​ 6 ​ 70 14 10 6 83
Fe 0.5 490 5 31 41 23 99
​ 1 ​ 8 24 42 26 91
​ 2 ​ 5 21 47 27 89
​ 4 ​ 3 19 49 29 84
​ 6 ​ 2 12 55 31 79
Co 0.5 560 61 4 14 21 98
​ 1 ​ 62 3 15 20 99
​ 2 ​ 58 3 17 22 92
​ 4 ​ 52 4 21 23 87
​ 6 ​ 42 4 22 32 84
Ni 0.5 660 45 2 32 21 100
​ 1 ​ 43 3 35 19 96
​ 2 ​ 41 3 39 17 86
​ 4 ​ 39 4 45 12 81
​ 6 ​ 35 6 51 8 79

a Reaction conditions: glycerol (0.3 M), NaOH: substrate ratio (4:1), O2 (3 
bar), substrate:metal ratio = 1000, 100 ◦C.

b TOF calculated at 30 min, moles of glycerol converted/moles of metal per h.
c Key: GA = glyceric acid, TA = tartronic acid, C–C sc = C1 and C2 products, 

and LA = lactic acid.
d Carbon mass balance.
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AuPt/LaFeO3 catalysts gave extremely high tartronic acid selectivity 
with very little glyceric acid, despite having the lowest conversion of all 
the perovskite supported catalysts tested. This catalyst also gave a fairly 
high selectivity to lactic acid, indicating it was not a particularly good 
oxidation catalyst which does not fit with the sequential oxidation hy
pothesis. To investigate this discrepancy and to try and understand the 
mechanism over the different catalysts the number of moles of products 
produced were plotted to determine how these changed with 
time-on-line (Fig. 6).

From Fig. 6 it is clear that the selectivities to the different pathways 
are changing with time-on-line for several of the catalysts. The best 
performing oxidation catalyst, AuPt/LaMnO3, produces the highest 
amount of glyceric acid and after 6 hours, the highest amount of tar
tronic acid. However, the rate of production and ratio of these two 
products remains similar over the course of the reaction, suggesting that 
the formation of glyceric acid and its sequential oxidation to tartonic 
acid occurs at a similar rate. The production of lactic acid is low and 
after the first hour the dehydration sites appear to switch off and no 
further lactic acid is produced. Similarly, The C-C scission products 
remain at a constant rate over the course of the reaction after the first 
hour.

For the other catalalysts, AuPt/LaCrO3, AuPt/LaFeO3, AuPt/LaCoO3, 
AuPt/LaNiO3, no products from the oxidative route are produced after 2 
hours, indicating that these sites are deactivated during the reaction, 
while the lactic acid continues to increase at a steady rate during the 
reaction, showing that the dehydration pathway remains active.

The AuPt/LaFeO3 catalyst shows particularly interesting behaviour. 
The selectivity to tartronic acid is the highest observed for these 

catalysts and this is unusual as it is typically only formed for longer time- 
on-line with good oxidation catalysts from the sequential oxidation of 
glyceric acid once the glycerol has all been converted. Not only was 
AuPt/LaFeO3 found to give the lowest conversion, it also produced very 
little glyceric acid suggesting the sequential oxidation process is fav
oured over this catalyst. It is also interesting that the major reaction 
product was lactic acid, indicating this catalyst must have a balance of 
sites responsible for the dehydration and oxidation pathways which 
suggests it has a lower concentration of oxidation sites, but these are 
very active. This was the only perovskite that was found to have a phase 
segregated B site oxide present by XRD (Fe2O3), so this may be the cause 
of the very active oxidation sites. However, an AuPt/Fe2O3 catalyst has 
been previously tested under similar conditions and found to produce a 
high amount of C-C scission products, so this previous result and the low 
amounts of Fe2O3 suggest this is unlikely to be responsible for the high 
amounts of tartronic acid. For AuPt/LaFeO3 and AuPt/LaCoO3, the C-C 
scission products increase throughout the reaction. These products have 
been suggested to form over single oxide impurities in the perovskites 
suggesting that the supports are unstable under the reaction conditions. 
For all catalysts the carbon mass balance reduced during the course of 
the reaction (Table 3), which is attributed to humins that are often found 
to be secondary products in this and similar reactions.

The changes in product distribution during the reaction for all the 
catalysts are a clear indication that the perovskite materials are evolving 
over the course of the reaction. Kondrat and coworkers have investi
gated lanthanum based perovskites as supports in the aqueous phase 
reforming of glycerol [36–38]. Although these experiments are carried 
out under reducing rather than oxidising conditions, detailed 

Fig. 6. Time-on-line plot of the moles of products produced during the glycerol oxidation reaction using the AuPt/LaBO3 catalysts: (a) glyceric acid selectivity; (b) 
lactic acid selectivity; (c) tartronic acid selectivity; and (d) C–C scission selectivity. Reaction conditions: glycerol (0.3 M), NaOH: substrate ratio (4:1), O2 (3 bar), 
substrate:metal ratio = 1000, 100 ◦C.
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characterisation studies showed that perovskites typically phase sepa
rate in solution to give single oxides as well as leaching of some metals 
into solution. Although these changes often resulted in no loss in per
formance for reforming, for such a structure sensitive reaction like 
glycerol oxidation, where there are competing pathways to different 
product families, these changes could impact on the product 
distribution.

Conclusions

The use of a hard templating route with SBA-15 was found to give 
high surface area perovskites that could be used as catalyst supports for 
AuPt nanoparticles, resulting in a series of LaBO3 supports (where B =
Cr, Mn, Fe, Co or Ni) with surface areas of 70–160 m2 g− 1. Although this 
study used 1 wt% of metal to compare results to previous studies, it 
offers a potential route to increasing the metal loading further to in
crease space time yields of products.

When the AuPt/LaBO3 catalysts were tested for glycerol oxidation 
the product distributions could be tuned by substituting different tran
sition metals in the B site. In line with previous studies, AuPt/LaMnO3 
and AuPt/LaCoO3 gave the highest yield of oxidation products (glyceric 
acid with small amounts of tartronic acid), whereas AuPt/LaCrO3 gave 
the highest yield of lactic acid.

AuPt/LaNiO3 was found to give a reasonable selectivity to both 
glyceric acid and lactic acid, showing it had active sites that could direct 
the conversion of glycerol down both the oxidation and dehydration 
pathways. Over the course of the reaction (6 h) the selectivity switched 
from glyceric acid being the major product initially to lactic acid being 
the major product for reaction times longer than 2 h.

This switch in selectivity led us to investigate the product distribu
tions in more detail and found that all the catalysts had changes in 
performance with time-on-line. For all catalysts except AuPt/LaMnO3 
the yield of oxidation products stopped after a couple of hours, while all 
catalysts except AuPt/LaMnO3 continued to produce lactic acid over the 
whole reaction. This suggests the perovskite supported catalysts are not 
stable over the course of the reaction, supporting the findings of Kondrat 
and coworkers for perovskite supported reforming catalysts.

The most interesting behaviour was found for the AuPt/LaFeO3 
catalyst that gave a high initial selectivity to tartronic acid. Typically, 
tartronic acid is only seen in high quantities when glyceric acid is 
sequentially oxidised after long reaction times. However, over the AuPt/ 
LaFeO3 catalyst tartronic acid is produced initially, with very low 
amounts of glyceric acid, indicating that the oxidation of glyceric acid is 
very fast over this catalyst or tartronic acid is being produced via a 
different route. However further studies are needed to elucidate the 
mechanism fully.
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