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Abstract
The aqueous phase reforming of glycerol, to hydrogen, alkanes and liquid phase dehydration/dehydrogenation products, 
was studied over a series of 1 wt% Pt/LaMO3 (where M = Al, Cr, Mn, Fe, Co, Ni) catalysts and compared to a standard 1 
wt% Pt/γ-Al2O3 catalyst. The sol–gel combustion synthesis of lanthanum-based perovskites  LaMO3 produced pure phase 
perovskites with surface areas of 8–18  m2g−1. Glycerol conversions were higher than the Pt/γ-Al2O3 (10%) for several 
perovskite supported catalysts, with the highest being for Pt/LaNiO3 (19%). Perovskite-based catalysts showed reduced 
alkane formation and significantly increased lactic acid formation compared to the standard catalyst. However, most of the 
perovskite materials undergo phase separation to  LaCO3OH and respective M site oxides with Pt particle migration. The 
exception being the  LaCrO3 support which was found to remain structurally stable. Catalytic performance remained stable 
over several cycles, for catalysts M = Al, Cr and Ni, despite phase separation of some of these materials. Materials where M 
site leaching into solution was observed (M = Mn and Co), were found to be catalytically unstable, which was hypothesised 
to be due to significant loss in support surface area and uncontrolled migration of Pt to the remaining support surface. In the 
case of Pt/LaNiO3 alloying between the exsoluted Ni and Pt was observed post reaction.

Keywords Perovskite supported catalyst · Hydrothermal deactivation · Hydrogen production · Aqueous phase reforming

1 Introduction

Hydrogen has the potential to replace conventional fossil 
fuels as a clean energy carrier, with applications in electric 
generation, storage and transportation, through utilisation 
of fuel cell technology and direct combustion in turbines 

and heating [1–3]. Current industrial production methods, 
such as methane steam reforming, result in depletion of finite 
fossil fuels and high  CO2 emissions [4]. While these current 
production methods will remain important, a whole host of 
other production technologies with lower  CO2 emission are 
required.

Aqueous phase reforming (APR) utilises waste oxy-
genates derived from biomass sources such as methanol, 
ethylene glycol, sorbitol, and glycerol for the renewable 
production of hydrogen. The process was first described by 
Dumesic et al. using operating conditions at low tempera-
tures (200–250 °C) and intermediate pressures (15–50 bar) 
[5–7]. Thermodynamically, the low operation temperature 
favours the water gas shift (WGS) reaction which results in 
low CO concentrations in the feed and is therefore favour-
able for fuel cell applications [8]. Additionally, the energy 
demand for APR is reduced compared to steam reforming 
due to the lower operating temperature and no requirement 
to vaporise the solvent [9].

Several active metals have been utilised for APR, includ-
ing Pt, Ni, Pd, Ru [10–12]. Pt is commonly used due to its 

 * Simon A. Kondrat 
 S.Kondrat@lboro.ac.uk

1 Department of Chemistry, Loughborough University, Epinal 
Way, Loughborough, Leicestershire LE11 3TU, UK

2 Diamond Light Source Ltd, Harwell Science and Innovation 
Campus, Fermi Ave, Didcot OX11 0DE, UK

3 School of Chemistry, University of Glasgow, Joseph Black 
Building, Glasgow G12 8QQ, UK

4 Research Complex at Harwell, Rutherford 
Appleton Laboratory, UK Catalysis Hub, Harwell, 
Oxfordshire OX11 0FA, UK

5 School of Chemistry, Cardiff Catalysis Institute, Cardiff 
University, Main Building, Park Place, Cardiff CF10 3AT, 
UK

http://orcid.org/0000-0003-4972-693X
http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-021-01449-6&domain=pdf


 Topics in Catalysis

1 3

high activity for C–C bond scission and WGS, whilst main-
taining low methanation activity [13]. The choice of catalyst 
support material is also key to controlling the selectivity and 
reaction pathways in APR. Pt/γ-Al2O3 is a promising candi-
date for the APR reaction, displaying favourable acid–base 
properties, good activity, and high surface areas [14]. Yet, 
the material undergoes phase transition to boehmite under 
reaction conditions, resulting in increased surface acidity 
and decreased catalytic activity [15, 16]. Significant work 
to improve the stability of γ-Al2O3 includes the use of silica 
or ZnO coatings [17, 18]. Alternatively, Guo et al. evaluated 
the performance of a range of other support materials with 
different basicity and found the more basic materials facili-
tated WGS reaction and higher hydrogen selectivity [19]. 
However, these catalysts display low hydrothermal stability. 
Other materials such as hydrotalcites and spinels have been 
utilised to increase the hydrothermal stability and catalytic 
activity [20–23].

Perovskites are mixed metal materials with the structural 
formula  ABO3 [24] that are known to have structural ver-
satility and thermal stability, which has led to widespread 
use in a variety of applications [25]. Previous studies 
have shown Ni/LaAlO3 and Ni-Cu/LaAlO3 catalysts have 
enhanced performance and stability in the APR process, 
relative to Ni/γ-Al2O3 [26, 27]. Yet, the structure diver-
sity of the perovskite, with numerous possible A and the 
B sites [28], has not been exploited in the APR reaction. 
Given the diversity in catalytic activity and selectivity of 
lanthanum perovskites of various B site composition, for a 
range of reactions including glycerol oxidation [29, 30], we 
have evaluated the APR performance of Pt nanoparticles 
supported on  LaMO3 catalysts (where M = Al, Cr, Mn, Fe, 
Co, Ni). The catalytic performance of APR of glycerol is 
compared with a Pt/γ-Al2O3 standard catalysts. Analysis of 
the main liquid products highlighted differences between 
the perovskite and alumina catalysts with structure–activity 
relationships and catalyst stability being discussed.

2  Experimental

2.1  Catalyst Preparation

The perovskite materials were prepared by a sol–gel 
combustion method discussed in detail in the following 
reference [31]. Briefly, La(NO3)3·6H2O, M(NO3)x·yH2O, 
[where M = Al, Cr, Mn, Fe, Co, Ni; x = 2,3, y = 4,6] were 
added in stoichiometric amounts. Citric acid was then 
added in a 2:1 ratio to metal nitrates and dissolved in mini-
mum amount of deionised water. The pH of the resultant 
solution was adjusted to 7 using 3 M ammonia solution 
and aged at 130 °C until gel formation. The gel was then 
combusted at 400 °C for 10 min and further calcined at the 
required temperature (Table 1), as determined by thermo-
gravimetric analysis (TGA) (Figure S1), for 2 h.

LaCO3OH was prepared by a hydrothermal synthesis 
method [32]. In a standard preparation, equimolar amounts 
of NaOH and  Na2CO3 were dissolved in 40 ml deionised 
water. The solution was added into a 20 ml solution of 
La(NO3)3·6H2O under stirring. The resultant white slurry 
was transferred to a 125 ml autoclave and held at 230 °C 
for 8 h. Once cooled, the resultant powder was washed 
with ethanol and deionised water and dried overnight at 
90 °C.

The 1 wt% Pt supported catalysts were then prepared 
by a conventional wet impregnation method. The requi-
site amount of  PtCl4 solution was dispensed and deionised 
water was added to give an overall solution of 16 ml. The 
mixture was vigorously stirred at 60 °C. The support (0.99 
g) was periodically added slowly over a period of 20 min. 
The resulting slurry was stirred for 15 min before heating 
to 95 °C and left to dry overnight. The dried powder was 
then ground and calcined in air at 450 °C for 2 h.

Table 1  Physicochemical 
properties of the prepared Pt/
LaMO3 and standard Pt/Al2O3 
catalysts

a chemisorption after 2 h reduction at 240 °C in 10% hydrogen (temperature chosen to be equivalent to APR 
reaction temperature)
b Particle count of sample size 100–200

Calcination Tem-
perature (°C)

Surface area 
 (m2g−1)

Pt surface area Mean particle size from 
TEM (nm) with S.Db

Dispersiona 
(%)

Particlea size 
(nm)

Pt/LaAlO3 700 18 42 0.9 n/a
Pt/LaCrO3 710 8 76 0.5 1.06 ± 0.29
Pt/LaMnO3 700 18 35 1.1 1.31 ± 0.39
Pt/LaFeO3 700 11 40 0.9 1.17 ± 0.34
Pt/LaCoO3 700 11 53 0.7 n/a
Pt/LaNiO3 710 11 77 0.5 n/a
Pt/γ-Al2O3 – 127 52 0.7 1.54 ± 0.69
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2.2  Catalyst Characterisation

X-ray powder (XRD) patterns of the catalysts were 
recorded with a Bruker d8 discover with a monochromated 
Co source operating at 35 kV and 40 mA and a Vantec 
detector in the 2θ scan range 20–100°, using a 0.014° step 
size. Patterns were matched using ICDD database PDF 
with a list of database files is given in Table S1.  N2 adsorp-
tion experiments were performed at − 196 °C (Micromer-
itics Tristar 3000) to obtain surface areas determined by 
BET method. Before measurements, the required amount 
of sample was measured and degassed overnight at 90 °C. 
Thermogravimetric analysis (TGA) of the samples was 
carried out using a TA SDT Q600 to investigate the for-
mation temperature of the perovskites. The samples were 
heated to 900 °C under air with a 10 °C/min ramp rate. 
CO chemisorption measurements were performed using a 
Quantachrome ChemBET. 100 mg of sample was loaded 
into 125 μL loop in-between quartz wool and reduced 
under 10%  H2 flow at 240 °C for 2 h and cooled to room 
temperature under  N2 flow. For analysis, Helium carrier 
was used, allowing the detector to stabilise for approx. 45 
min and consequently titrating with 10% CO (injection vol. 
12.5 uL). Data-processing then performed on the Quan-
tachrome software. ICP-OES experiments were performed 
on reaction filtrates using an Agilient 4210 MP-OES fit-
ted with a SPS4 autosampler to determine extent of metal 
leaching. Pt  L3-edge X-ray absorption spectra (XAS) were 
collected in fluorescence mode on the B18 beamline at 
Diamond Light Source using the Si (311) monochroma-
tor. All samples were pressed into a pellet using cellu-
lose as a diluent. The XAS data and the extended X-ray 
absorption fine structure (EXAFS) were processed and 
fitted using IFEFFIT with the Horae package (Athena and 
Artemis) [33, 34].The fit range for the EXAFS data was 
2.5 < k < 12.5  A−1, 1.0 < R < 2 Å (Fresh) and 1.0 < R < 3.3 
Å (Used). XPS data was acquired using a Kratos Axis 
SUPRA using monochromated Al kα (1486.69 eV) X-rays 
at 15 mA emission and 12 kV HT (180 W) and a spot 
size/analysis area of 700 × 300 µm. High resolution spec-
tra were obtained using a pass energy of 20 eV, step size 
of 0.1 eV and sweep time of 60 s. Survey spectra were 
obtained using a pass energy of 160 eV. Charge neu-
tralisation was achieved using an electron flood gun with 
filament current = 0.38 A, charge balance = 2 V, filament 
bias = 4.2 V. Spectra have been charge corrected to adven-
titious carbon at 284.8 eV. All data was recorded at a base 
pressure of below 9 ×  10−9 Torr and a room temperature of 
294 K. Data was analysed using CasaXPS v2.3.19PR1.0. 
Peaks were fit with a Shirley background prior to compo-
nent analysis. Transmission electron microscopy (TEM) 
was performed on a JEOL JEM-2100 operating at 200 kV. 

Samples were prepared by dry dispersion on 300 mesh 
copper grids coated with holey carbon film.

2.3  Catalytic Testing

Catalyst testing was carried out using a Parr 5500 series bench 
top micro reactor (50 ml) equipped with a Parr 4848 reactor 
controller system. The catalysts were tested using a standard 
procedure where 20 ml of 10 wt% glycerol solution and 60 mg 
of the catalyst were loaded into the autoclave. The reaction 
was then carried out over a period of 2 h at 240 °C, 42 bar Ar, 
1000 RPM. Gas products were collected and analysed using a 
Varian 3800 GC equipped with a TCD and FID detector and a 
Shincarbon ST column to give  H2, CO,  CO2,  CH4,  C2H6, and 
minor peaks for ethene and propene. The reactant and products 
in liquid phase were analysed by HPLC using a Hitachi Chro-
master equipped with an Agilent Metacarb 67H column and 
a refractive index detector. The products observed included 
Lactic Acid (LA), Ethylene Glycol (EG), Hydroxyacetone 
(HA), 1,2-Propanediol, 2-Propanol (2-P), 1-Propanol (1-P), 
and Ethanol (E). Calculations were carried out as follows:

 Turnover frequency TOF
(

h−1
)

=
(

([glycerol]in−[glycerol]out∕mol Pt)
time

)

 where R = stoichiometric reforming ratio of 2.33

where  Ps = specified carbon product;  Pi = carbon product; 
 Cn = carbon number 

3  Results and Discussion

3.1  Fresh Catalyst Characterisation

Powder X-ray diffraction (XRD) patterns of the synthe-
sised Pt/LaMO3 and Pt/Al2O3 are given in Fig. 1. For all 
catalysts, no peaks associated with Pt or  PtOx were found, 
due to the low loading (1 wt%) and probable dispersed 

ConversionX(%) =

([

glycerol
]

in
−
[

glycerol
]

out

)

[

glycerol
]

in

× 100

Conversion to gas Xgas(%) =

(

�(mol gas produced)

�(mol theoretical gas)

)

× 100

Hydrogen selectivity S
(

H2

)

(%) =
molH2 produced

mol glycerol converted
×

1

R
× 100

Carbon product selectivity S
�

Ci

�

(%) =

�
�

molPs × Cn

�

�
∑

(molPi × Cn

�

�

× 100

Hydrogen formation rate r
(

H2

)(

�molmin−1g−1
cat

)

=
�mol

(

H2

)

∕min

g(catalyst)



 Topics in Catalysis

1 3

nature of the particles. Perovskite phases are predominant 
in all synthesised  LaMO3 materials, with clear splitting 
of reflections indicating the presence of the expected 
rhombohedral or orthorhombic phases. Minor by-product 
phases of  LaCrO4 and NiO are observed in the  LaCrO3 and 
LaNiO-3 catalysts respectively. The presence of  LaCrO4 
intermediate is consistent with previous reports [35]. 
These phases could be further minimised by higher calci-
nation temperature. However, the reduction in surface area 
associated with higher calcination temperatures would be 
counterproductive for Pt dispersion.

Table 1 shows the physicochemical properties of the as 
prepared catalysts. The calcination temperatures for perovs-
kite were determined by thermogravimetric analysis (TGA) 
of the amorphous combusted gels (Figure S1). Surface area 
values for the perovskite materials ranged between 8 and 
18  m2g−1 and are significantly lower than the 127  m2g−1 
of Pt/γ-Al2O3. CO chemisorption of the fresh catalysts, 

prior to sufficient reduction, resulted in little CO uptake and 
is suggestive of the Pt being present in an oxidised form. 
Pre-reduction of the catalysts for 2 h at the APR reaction 
temperature of 240 °C resulted in a range of Pt dispersions 
between 42 and 77% on the perovskite supported catalysts. 
By comparison, a Pt dispersion of 52% was observed for 
Pt γ-Al2O3. The dispersions on the perovskite supports can 
be considered quite exceptional given their relatively low 
surface area. It is not anticipated that M site metals in the 
 LaMO3 structures will have reduced to metallic form during 
this reduction process.

XPS determined binding energies for La, M, Pt species 
and surface At % of the synthesised perovskites are summa-
rised in Table 2, and shown in Fig. 2 and 3. The observed 
La 3d peaks at 834–835 eV with a band gap of 3.9 eV could 
be assigned to La(OH)3 species and is consistent with previ-
ous reports for the oxide and perovskite materials [36, 37]. 
However, the band gap splitting of 3.5 eV for the  LaNiO3 La 

Fig. 1  Powder X-ray diffraction patterns of prepared a Pt/Al2O3 (black), Pt/LaAlO3 (red), Pt/LaCrO3 b Pt/LaMnO3 (green), Pt/LaFeO3 (grey), 
Pt/LaCoO3 (orange), Pt/LaNiO3 (pink). Phases:  perovskite;  γ-Al2O3;   LaCrO4; and  NiO

Table 2  XPS surface data for 
La  3d5/2, M 2p, and Pt 4f peaks 
detected in spectra of freshly 
prepared Pt/Al2O3 and Pt/
LaMO3 (where M = Al, Cr, Mn, 
Fe, Co, Ni)

Catalyst La  3d5/2 region M 2p region Pt 4f region

B.E. (eV) at.% B.E. (eV) at.% B.E. (eV) at.%

Pt/LaAlO3 834.18
838.08

13.88 73.76/74.20 14.15 74.52/77.87 0.42

Pt/LaCrO3 834.51
838.41

12.84 576.11
579.36

5.96 72.45/75.8
74.59/77.94

1.36

Pt/LaMnO3 834.32
838.22

14.13 642.24
654.15

2.15 73.35/76.70
75.25/78.60

0.78

Pt/LaFeO3 834.11
838.01

13.60 710.54 3.67 72.80/76.15
74.79/78.14

0.92

Pt/LaCoO3 834.01 837.91 12.16 780.30 4.1 74.49/77.84 0.57
Pt/LaNiO3 834.17

837.67
23.84 855.25 32.11 75.01/78.36 0.46

Pt/γ-Al2O3 – – 74.32/74.76 50.9 74.96/78.31 0.26
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3d species at 834.17 eV suggests the presence of  La2(CO3)3, 
possibly from carbonation in air or the presence of phase 
separated La species [38]. The M site 2p regions have peaks 
indicative of 3 + species with satellite features similar to the 
reported single oxides and perovskites [39–42]. The Cr 2p 
bands can be assigned to  Cr3+ at 576.11 eV and  Cr5+/Cr6+ at 
579.36 eV, the intensity of the  Cr5+/Cr6+ peak is consistent 
with the XRD pattern analysis and the presence of minor 
 LaCrO4 phase, however, the presence of surface  Cr5+/Cr6+ is 
also suggested as stabilisation of Cr at the surface of samples 
[43]. The Al 2p peaks at 73–75 eV overlaps with the Pt 4f 
doublets at 74.5 eV assigned as  PtO2. The most intense Ni 
2p peak at 855.21 eV overlaps with the La  3d3/2 peaks lead-
ing to difficulties in peak analysis, however the peaks can 
be assigned as  Ni2+/Ni3+ and agree with previous literature 

with the presence of  LaNiO3 phase [36, 44, 45]. The Pt 4f 
species gives doublets at binding energies of 74.4–75.0 eV 
and 72.2–73.4 eV assigned as  PtO2 and PtO species respec-
tively [46].  

TEM micrographs of the fresh Pt/LaMO3 materials show 
similar structural behaviour, with minor differences between 
each catalyst (representative images shown in Fig. 4). Due to 
small clusters and oxide form of Pt, it was difficult to analyse 
the Pt particle size for Pt/LaMO3 (where M = Al, Co, Ni), 
with Pt not seen even at high magnification (Figure S2). 
Particle sizes that could be determined by TEM (Table 1) 
correspond with the chemisorption results, showing highly 
dispersed small particles of  PtOx. The slightly higher par-
ticle sizes seen by TEM vs chemisorption being accounted 
by the limited resolution of the instrument not accounting 

Fig. 2  XPS spectra of La 3d/Ni 2p and Pt 4f/Al 2p regions for a Pt/LaNiO3, b Pt/LaCoO3, c Pt/LaFeO3, d Pt/LaMnO3, e Pt/LaCrO3, f Pt/
LaAlO3, g Pt/Al2O3

Table 3  Catalytic test results for the APR over Pt/Al2O3, and Pt/LaMO-3 catalysts

Reaction conditions: 240 °C,  PAr = 42 bar, 1000 RPM, 20 ml 10 wt % glycerol, 60 mg catalyst, 2 h. Results are the mean average of 2 tests. Error 
is the standard deviation of these tests
a All Catalysts 1 wt%
b Ideal ratio of 2.33 based on reforming reaction alone

Catalysta Conversion (%) Conversion to gas 
(%)

Hydrogen 
selectivity 
(%)

Hydrogen formation 
rate (µmol−1min−1 
 gcat−1)

TOF glycerol  (h−1) H2:CO2  Ratiob Carbon mass 
balance (%)

Pt/γ-Al2O3 10(± 0.0079) 14(± 0.19) 38(± 1.1) 260(± 7.7) 346(± 0.27) 1.98(± 0.0071) 104 (± 0.53)
Pt/LaAlO3 17(± 0.85) 8(± 0.079) 24(± 0.57) 275(± 20) 571(± 29) 3.00(± 0.19) 99 (± 0.98)
Pt/LaCrO3 13(± 0.71) 10(± 0.52) 32(± 1.2) 279(± 3.3) 442(± 22) 3.41(± 0.097) 98 (± 0.22)
Pt/LaMnO3 8(± 0.51) 13(± 0.57) 52(± 2.4) 274(± 4.6) 263(± 16) 11.60(± 0.59) 102 (± 0.33)
Pt/LaFeO3 6(± 0.096) 10(± 0.16) 41(± 0.65) 169(± 0.030) 205(± 3.3) 28.80(± 0.77) 101 (± 0.16)
Pt/LaCoO3 7(± 1.5) 19(± 4.1) 75(± 18) 332(± 9.7) 235(± 50) 12.11(± 4.1) 100 (± 1.9)
Pt/LaNiO3 19(± 0.67) 9(± 0.35) 23(± 1.3) 294(± 5.7) 652(± 25) 2.06(± 0.062) 98 (± 1.2)
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Fig. 3  XPS Spectra of M 2p region for Pt/LaCrO3, Pt/LaMnO3, Pt/LaCoO3, Pt/LaFeO3

Fig. 4  TEM micrographs of freshly prepared a Pt/LaAlO3 and b Pt/LaCrO3
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for sub-nanometre particles and also the limited number of 
particles counted by TEM.

Finally, Pt  L3-edge XAS of the fresh catalysts was per-
formed to elucidate oxidation state and provide informa-
tion on structure. Linear combination fitting of the XANES 
showed, in agreement with XPS, that the bulk structure in 
all fresh samples comprised of  PtO2 with trace Pt(0) seen in 
Pt/γ-Al2O3 (16 at.%). The magnitude of the EXAFS Fourier 
Transform of all catalysts (Figure S3–S9) showed a reduced 
signal associated with Pt–Pt distances relative to an  PtO2 
standard (Fig. 5). The extent of this signal reduction pre-
vented accurate fitting of this path with only the first shell 
Pt–O distance being fitted. As anticipated for metal oxides, 
the coordination number for 1st shell Pt–O in all samples 
was, within error 6, that of bulk  PtO2. Although, the Pt–Pt 
coordination couldn’t be fitted, the data can be used quali-
tatively to show that the long-range order of  PtO2 is signifi-
cantly reduced in the catalysts compared to bulk  PtO2, due 
to the highly dispersed nature of particles. In summary, all 
 LaMO3 perovskites of reasonable phase purity were pre-
pared and successfully supported highly dispersed  PtOx 

species, which were reducible at 240 °C to give highly dis-
persed Pt.

3.2  Catalytic Performance in the APR of Glycerol

The catalyst performance of the perovskite-based catalysts 
was investigated for the APR reaction of 10 wt% aqueous 
pure glycerol, in a batch reactor and under optimised condi-
tions (240 °C, 1000 RPM, 42 bar) as determined by Sub-
ramanian et al. [14]. The catalyst performance of the per-
ovskite and standard catalysts over a 2 h reaction is shown 
in Table 3. Prior to discussion of the catalytic results, it is 
important to note that the support materials show no activ-
ity for the APR reaction, confirming the importance of Pt.

Catalytic performance of the 1 wt% Pt/γ-Al2O3 standard 
was found to be comparable with results reported by Subra-
manian et al., under identical reaction conditions using a 2 
wt% Pt/γ-Al2O3 catalyst, with TOFs of 346  h−1 and 368  h−1 
respectively. Hydrogen production rates are also compara-
ble, with formation rates 260 vs 371 µmol−1min−1gcat

−1. The 
slightly lower TOF seen for the catalyst within this study 
can be attributed to a lower substrate/metal molar ratio [14]. 
Further, a  H2:CO2 ratio of 1.98 was observed in the current 
study, which is lower than the 2.8 reported by Subramanian 
et al. Values below the stoichiometry value of 2.33 were 
previously observed by Wawrzetz et al., with a  H2:CO2 ratio 
of 1.90 and were attributed to hydrogen consumption in the 
hydrogenation of unsaturated intermediates [47]. Therefore, 
it can be concluded that similar hydrogen consuming reac-
tion pathways are seen in the present APR reaction.

Activity towards glycerol conversion, expressed as per-
centage conversion or TOF, for the perovskite supported Pt 
was found to vary from 6 to 19%/205–652  h−1. Normalisa-
tion of TOF (Table S2) by Pt dispersion showed little correla-
tion between activity and Pt surface area. The conversion for 
glycerol was highest for Pt/LaNiO3 (19%), which along with 
Pt/LaAlO3 and Pt/LaCrO3 was higher than the Pt/γ-Al2O3 
standard. While conversion was higher for these perovskite 
supported catalysts, conversion to gas and hydrogen selec-
tivity (calculated from the  H2:CO2 ratio of reforming glyc-
erol) was lower than the Pt/γ-Al2O3 standard. Consequently, 

0 1 2 3 4 5 6

FT
k2

χχ(
R
)(
Å

-3
)

R (Å)

Pt-O

Pt-Pt

Fig. 5  Pt  L3 edge EXAFS Magnitude of the Fourier Transform χR of 
PtO2 (black),  PtLaCrO3 Fresh (red) and  PtLaMnO3 Fresh (blue)

Table 4  MP-AES analysis of 
reaction filtrates to determine 
extent of La, M (where M = Al, 
Cr, Mn, Fe, Co, Ni), Pt leaching

a (%) Percentage leaching from theoretical wt% material

Catalyst used La content ppm/(%)a M content ppm/(%) Pt content ppm/(%)

Pt/Al2O3 – 60.2 (5.7) 1.97 (6.6)
Pt/LaAlO-3 2.15 (0.1) 60.5 (16.4) 0.414 (1.4)
Pt/LaCrO-3 0.105 (0.006) 0 (0) 0.142 (0.5)
Pt/LaMnO-3 0.543 (0.03) 505 (75.2) 0.241 (0.8)
Pt/LaFeO-3 0.190 (0.01) 146 (21.4) 0.181 (0.6)
Pt/LaCoO-3 0.972 (0.06) 469 (66.1) 0.151 (0.5)
Pt/LaNiO-3 0.615 (0.04) 51.3 (7.3) 0.145 (0.5)
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hydrogen production rates were only modestly higher than 
for the standard, with the highest being 282 µmol−1min−1g−1

cat 
for Pt/LaNiO3 compared to 260 µmol−1min−1g−1

cat for Pt/γ-
Al2O3. Lower conversion of glycerol was exhibited by Pt/
LaMnO3, Pt/LaFeO3, and Pt/LaCoO3 catalysts (lowest for 
Pt/LaFeO3 at 6%). Interestingly, aside from Pt/LaFeO3, 
which exhibited a low  H2 formation rate, the higher con-
version to gas and hydrogen selectivities resulted in hydro-
gen production rates not dissimilar to the higher conversion 
perovskite supported catalysts. Despite low conversion, the 
Pt/LaCoO3 catalyst exhibited the highest conversion to gas 
(19%), hydrogen formation rate (331.8 μmolmin−1g−1

cat) and 
hydrogen selectivity (75%).

Notably, the  H2:  CO2 ratios are significantly above the 
stoichiometry value for nearly all the perovskite catalysts, 
aside from Pt/LaNiO3, which indicates hydrogen produc-
tion is occurring from competing reactions rather than the 
direct reforming reaction. The higher hydrogen formation 
rates coupled with low conversion to gas for the perovskite-
based catalysts also supports reduced reforming activity 
when compared to competing reactions.

3.3  Carbon Product Analysis

The carbon selectivity for a range of liquid and gas phase 
carbon products is shown in Fig. 6. Pt/γ-Al2O3 and Pt/
LaAlO3 showed similar carbon product selectivity, with 
modestly decreased alkane and  CO2 selectivity in the latter 
and increased lactic acid at the expense of hydroxyacetone. 
Proposed reaction pathways postulate hydroxyacetone as a 
first intermediate from glycerol dehydration, which can then 

convert to lactic acid [47, 48]. Pt/LaCrO3 and Pt/LaNiO3 
also showed comparable selectivity profiles, with subtle dif-
ferences in 1,2 propanediol and hydroxyacetone selectivities. 
The low conversion, but high hydrogen yielding reactions 
with Pt/LaMnO3 and Pt/LaCoO3, showed very high lactic 
acid selectivity and very low  CO2 selectivity, supporting 
the prior hypothesis that dehydration and dehydrogenation 
reaction pathways predominate over C–C scission (although 
ethanol is observed in comparable selectivity in all reac-
tions). The prevalence of these reaction pathways could be 
due to the acid–base character of the perovskite materials as 
it has been reported that lactic acid formation occurs under 
basic hydrothermal conditions [49–51].

The perovskite catalysts also showed lower formation of 
alkanes than Pt/γ-Al2O3, aside from Pt/LaNiO3, which can 
be attributed to the potential exposed Ni(0) sites formed 
under reaction that are known to have higher intrinsic metha-
nation rates [52]. CO was undetected in almost all the reac-
tion analysis suggesting high WGS activity, although the Pt/
LaNiO3 catalyst showed a small amount of CO, possibly due 
to the higher conversion or reduced WGS activity through 
Ni defect sites.

3.4  Catalyst Re‑use

Repeat reactions were carried out for several catalysts, under 
identical reaction conditions, to elucidated catalyst deacti-
vation (Fig. 7) as often seen in the APR of glycerol [7]. To 
note; Pt/LaFeO3 was not tested due to poor initial catalytic 
performance and Pt/LaCoO3 was not tested due to evident 
leaching of Co into the reaction solution (i.e., visible col-
our change of solution post reaction). Glycerol conversions 
remained stable after multiple reuses for each of the tested 
catalysts, apart from Pt/LaMnO3which saw conversion dra-
matically dropped after a single catalytic run. Pt/γ-Al2O3 
showed an initial slight increase in activity after the first 
run, which has been previously observed [14, 48]. However, 
it is known that upon prolonged testing this catalyst deacti-
vates, due to the phase change to boehmite, the presence of 
glycerol or carbonaceous product on surface blocking active 
sites, or Pt sintering [48]. Interestingly, the rates of hydro-
gen production and hence hydrogen selectivity for nearly 
all catalysts significantly reduces despite stable conversions 
indicating changes in reaction pathways possibly from struc-
tural changes or site blockage.

3.5  Post Reaction Catalyst Characterisation

MP-AES analysis of the reaction effluents, shown in Table 4, 
showed none or limited leaching of La or Pt during rection. 
Leaching of M sites was seen for nearly all perovskite cata-
lysts; however, the extent of leaching was different for each 
material. The highest degree of leaching was observed for 
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Fig. 6  Carbon product selectivity for APR of glycerol over Pt/LaMO3 
and Pt/Al2O3. Products: Lactic Acid (LA), Ethylene Glycol (EG), 
Hydroxyacetone (HA), 1,2-Propanediol, 2-Propanol (2-P), 1-Propanol 
(1-P), and Ethanol (E). Reaction conditions: 240 °C,  PAr = 42 bar, 
1000 RPM, 20 ml 10 wt% glycerol, 60 mg catalyst, 2 h. Error is the 
standard deviation of these tests
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Co and Mn perovskites, while Cr leaching was undetectable. 
Co leaching from perovskites is in agreement with X. Yang 
et al. who tested  LaCoO3 catalysts for lactic acid produc-
tion from cellulosic biomass and noted some Co leaching, 
however this was notably less extreme than seen currently 
[53]. The presence of Al leaching in  LaAlO3 was also sur-
prising given the reported stability of this support during 
APR [26, 27].

The XRD patterns of the catalysts post-reaction (after 
run 1) is given in Fig. 8. Nearly all the perovskite-based 
catalysts undergo phase transformation to  LaCO3OH or 
mixed  La2O(CO3).xH2O and  LaCO3OH phases, with only 
Pt/LaCrO3 remaining structurally stable. The observed 

breakdown of the  LaAlO3 perovskite is in contradiction to 
previous APR studies utilising the material with supported 
Ni [26, 27]. This contradiction with the preceding literature 
is interesting, given the similarity in reaction temperature, 
the use of a glycerol substrate and the concentration of glyc-
erol being comparable between studies. Differences in stabil-
ity could be attributable to: (1) the influence of liquid phase 
product distribution caused by the use of Ni instead of Pt. 
(2) The residence time of liquid phase products, with the 
former study being performed in flow and the current being 
in batch, resulting in longer contact times for the current 
study. (3) Differences in the synthesis of perovskite, namely 
a higher calcination temperature was used in prior work (850 

Fig. 7  a Glycerol conversion and b) Hydrogen formation rate for Pt/
Al2O3 and Pt/LaMO3 (where M = Al, Cr, Mn, Ni) over several cycles. 
Reaction conditions: 240 °C,  PAr = 42 bar, 1000 RPM, 20 ml 10 wt% 

glycerol, 60 mg catalyst, 2 h. Carbon mass balance for all reactions is 
between 95 and 104%

Table 5  XPS surface data for 
La  3d5/2, M 2p, and Pt 4f peaks 
detected in spectra of fresh 
and recovered Pt/Al2O3 and 
Pt/LaMO3 (where M = Al, Cr, 
Mn, Ni)

Catalyst Ln 3d region M 2p region Pt 4f region

B.E. (eV) at.% B.E. (eV) at.% B.E. (eV) at.%

Pt/LaAlO3 Fresh 834.18
838.08

13.88 73.76/74.20 14.15 74.52/77.87 0.42

Used 834.84
838.36

3.74 73.23/73.67 6.65 70.20/73.55
73.94/77.29

0.76

Pt/LaCrO3 Fresh 834.51
838.41

12.84 576.11
579.36

5.96 72.45/75.8
74.59/77.94

1.36

Used 834.45
838.35

5.41 575.93 9.84 71.04/74.39
75.18/78.53

0.75

Pt/LaMnO3 Fresh 834.32
838.22

14.13 642.24
654.15

2.15 73.35/76.70
75.25/78.60

0.78

Used 835.18
838.68

13.08 – 0 70.33/73.68
74.25/77.60

0.51

Pt/LaNiO3 Fresh 834.17
837.67

23.84 855.25 32.11 75.01/78.36 0.46

Used 835.46
858.96

17.32 854.73 4.07 68.44/71.79 0.09

Pt/γ-Al2O3 Fresh – – 74.32/74.76 50.9 74.96/78.31 0.26
Used – – 73.80/74.24 19.08 70.37/73.72

75.13/78.48
0.34
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°C vs 700 °C) and synthesis method. It is important to note 
however, that no by-phases were observed in the prepared 
700 °C  LaAlO3.

The XRD pattern of the Pt/LaNiO3 post reaction showed 
the formation of Ni(0) particles possibly from reduction of 
Ni from within perovskite structure, phase separated NiO, 
or residual NiO on reaction surface by in situ generated  H2. 
The reflections for Ni are shifted ((111) shifted from 52.2 
to 52.1 º2θ) from literature values potentially indicating 
alloy formation with Pt. Crystalline M site metal oxide was 
only observed by XRD in the used  LaFeO3 perovskite with 
 Fe3O4 present, alongside  LaCO3OH,  La2O(CO3)·xH2O, and 
some residual perovskite phase. No other decomposed per-
ovskites had observable crystalline M site metal or metal 
oxides present. As previously stated, leaching of Al, Fe, Ni 
into solution was observed. However, clearly the extent of 
leaching in Al was not significant enough to account for all 
the Al and therefore it is anticipated that poorly crystalline 
γ-Al2O3 or AlO(OH) was formed, which cannot be detected 
by XRD. Major leaching (> 66%) observed for the Co and 
Mn catalysts suggests the absence of significant amounts of 
oxide phases, crystalline or amorphous. The poor conver-
sion observed for the Co and Mn catalysts and lack of their 
catalytic stability indicates the importance of residual M site 
oxides in catalytic performance.

Despite the observed phase change, upon further testing, 
Pt/LaAlO3 and Pt/LaNiO3 maintain stable activity despite 
structural collapse. No further phase changes are noted in the 
XRD patterns upon testing up to three cycles (Figure S10). 
Evidently, these structures decompose into multiple phases 
in which an active component is present.

XPS analysis of the used catalysts is shown in Table 5 and 
Figs. 9 and 10. The La environment between fresh and used 
catalysts show changes in the multiplet splitting from 3.9 to 

3.5 eV, which can be assigned to changes from La(OH)3 to 
 La2(CO3)3 [38]. The extensive formation of lanthanum car-
bonates is consistent with the formation of  LaCO3OH and 
 La2O(CO3).xH2O phases seen by XRD. The exception is the 
La 3d environment in Pt/LaCrO3, which remains unchanged 
with an assigned to La(OH)3, in agreement with retention of 
the perovskite structure [37]. 

Regarding M site evolution during reaction by XPS the 
most dramatic change was the absence of any Mn 2p signal. 
The extent of Mn leaching in the reaction filtrate observed 
by MP-AES suggests that most Mn is leached from the sam-
ple and we hypothesis that any remaining is subsurface. The 
Cr 2p region post reaction shows reduction of the  Cr5+/Cr6+ 
peak at 654.15 eV with increased intensity of  Cr3+ peak at 
575.93 eV showing reduction of  LaCrO4 by-phase. Further 
analysis of the Pt/LaCrO3 post 2 and 3 re-use confirm the 
stability of Pt/LaCrO3 with limited changes in the Cr 2p 
and La 3d region (Fig. 10). Analysis of the Ni 2p region 
post reaction show peak at 854.73 eV that can be assigned 
to  Ni2+/Ni3+ species [54]. Interestingly, for the perovskites 
where La and M concentration could be accurately deter-
mined (Cr and Al) a clear inversion of La:M surface concen-
tration was observed post reaction, with surface enrichment 
of the M site. This is clearly most significant for the structur-
ally stable Pt/LaCrO3 catalyst and indicates that, while the 
bulk structure is stable, surface reconstruction was observed. 
Reduction of Pt species during reaction by products, such 
as  H2, is also observed in the Pt 4f region of all the used 
catalysts, with asymmetric doublets at 70.2–71 eV assigned 
to Pt(0) [46, 55]. Therefore Pt(0) can be attributed as the 
active species but no prior reduction step is necessary for 
its production. Observed Pt(0) species in Pt/LaNiO3 are 
shifted negatively compared to standards, indicating elec-
tronic modification of Pt species by Ni atoms, which has 

Fig. 8  XRD patterns of recovered a Pt/Al2O3 (black), Pt/LaAlO3 (red), Pt/LaCrO3 b Pt/LaMnO3 (green), Pt/LaFeO3 (grey), Pt/LaCoO3 (orange), 
Pt/LaNiO3 (pink) post first reaction. Phases:  γ-Al2O3;   LaCO3OH;  perovskite;   La2O(CO3)2·xH2O;   Fe3O4;  Ni
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been previously attributed to alloy formation [56]. Except 
for Pt/LaAlO3 and Pt/γ-Al2O3, surface concentrations of Pt 
dropped during reaction which suggests aggregation of Pt 
or surface reconstruction, leading to lower atm % of surface 
Pt atoms.

XAS of all catalysts after 1st re use found that Pt was 
mostly reduced to Pt(0) in all catalysts (Table 6). How-
ever, linear combination fitting of the XANES and also the 
required inclusion of Pt–O paths in the EXAFS fits showed 
that all used catalysts contained a notable oxide component. 
The exception being for Pt/LaNiO3 which contained limited 
 PtOx (3% by LCF and none noted by XPS). Coordination 
numbers for 1st shell Pt(0) were found to vary, while in part 
due to its small contribution to the EXAFS signal, Pt-O 
coordination numbers were all found be relatively consist-
ent when floated around a value of 1. In several catalysts 

acceptable fits required fixing of the Pt–O coordination num-
ber to values between 1.3 and 1.8. The presence of  PtOx in 
the used catalysts could be attributable to incomplete reduc-
tion of Pt under APR reactions due to strong metal support 
interactions.

Considering the coordination numbers for Pt(0), it is 
known that for particles < 3 nm values drop below the ideal 
bulk coordination of 12 in cubic close packed metals such 
as Pt. It is therefore highly informative that the coordination 
numbers of ca. 8 were seen for catalysts that showed good 
catalytic stability (Pt/γ-Al2O3, Pt/LaAlO3/Pt/LaCrO3 and Pt/
LaNiO3). While coordination values approach the bulk value 
of 12 were seen for the catalytically unstable Pt/LaMnO3, Pt/
LaFeO3 and Pt/LaCoO3. Evidently, given the oxide compo-
nent, large Pt(0) particles would not be expected to have a 
coordination number of 12. Further, particle size distribution 

Table 6  EXAFS fitting for Pt 
 L3 edge data of fresh and used 
Pt/Al2O3 and Pt/LaMO3 (where 
M = Al, Cr, Ni, Co, Fe, Mn)

Fixed parameters: So
2 = 0.81

a Debye–Waller and amplitude reduction factors were fixed to 0.00203 (Å2)
b Coordination number fixed to 1.3
c Pt–Ni bond created from quick shell fitting, bond length was predicted as reported in literature [57]
d Coordination number fixed at 1.8
e Linear combination fitting of XANES using Pt(0) and  PtO2

Sample Scattering path Coordi-
nation 
number

2σ2 (Å2) R (Å) Ef (eV) Rfactor LCFe (wt%)

Pt/Al2O3 Fresh Pt–O(1)
Pt–O(2)

2(1)
3(1)

0.002(1) 1.9755(0)
2.0196(0)

1(1) 0.0098 84%  PtO2
16% Pt(0)

Pt/Al2O3 Used Pt–Pt(1)
Pt–O(1)

9(1)
1.1(2)

0.008(1)
0.00203a

2.749(8)
1.97(1)

0(1) 0.030 24%  PtO2
76% Pt(0)

PtLaAlO3 Fresh Pt–O(1)
Pt–O(2)

2.5(8)
4.0(8)

0.0034(8) 1.9755(0)
2.0196(0)

0.8(6) 0.0029 100%  PtO2
–

PtLaAlO3 Used Pt–Pt(1)
Pt–O(1)

9(1)
0.7(2)

0.0073(8)
0.00203a

2.733(6)
1.98(2)

− 0.6(9) 0.019 13%  PtO2
87% Pt(0)

PtLaCrO3 Fresh Pt–O(1)
Pt–O(2)

1.3(6)
4.8(6)

0.0026(6) 1.9755(0)
2.0196(0)

1.3(5) 0.0023 100%  PtO2
–

PtLaCrO3 Used Pt–Pt(1)
Pt–O(1)

7.8(9)
1.3b

0.0074(8)
0.002(1)

2.73(4)
1.97(1)

− 1(1) 0.022 13%  PtO2
87% Pt(0)

PtLaNiO3 Fresh Pt–O(1)
Pt–O(2)

2.5(5)
3.8(5)

0.0019(5) 1.9755(0)
2.0196(0)

0.5(4) 0.0015 100%  PtO2
–

PtLaNiO3 Used Pt–Nic 7.1(8) 0.0067(9) 2.536(8) − 3(1) 0.021 3%  PtO2
97% Pt(0)

PtLaCoO3 Fresh Pt–O(1)
Pt–O(2)

2.6(6)
3.7(7)

0.0020(6) 1.9755(0)
2.0196(0)

0.9(5) 0.0031 100%  PtO2
–

PtLaCoO3 Used Pt–Pt(1)
Pt–O(1)

11(2)
1.8d

0.010(1)
0.014(5)

2.70(1)
2.00(3)

− 1(1) 0.051 12%  PtO2
88% Pt(0)

PtLaFeO3 Fresh Pt–O(1)
Pt–O(2)

1(2)
6(2)

0.005(2) 1.9755(0)
2.0196(0)

1(1) 0.021 100%  PtO2
–

PtLaFeO3 Used Pt–Pt(1)
Pt–O(1)

10(1)
1.3b

0.011(1)
0.012(3)

2.723(8)
2.01(2)

− 0.8(9) 0.031 11%  PtO2
89% Pt(0)

PtLaMnO3 Fresh Pt–O(1)
Pt–O(2)

0(2)
6(2)

0.004(2) 1.9755(0)
2.0196(0

0(2) 0.012 100%  PtO2
–

PtLaMnO3 Used Pt–Pt(1)
Pt–O(1)

12(2)
1.3b

0.008(1)
0.02(1)

2.72(1)
2.09(7)

− 1(1) 0.06 5%  PtO2
95% Pt(0)
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cannot be accounted for in EXAFS which is a global aver-
aging technique. However, it does point to the presence of 
significant atomic fraction of < 3 nm Pt(0) particles in the 
catalytically stable catalysts. A final and intriguing observa-
tion from the EXAFS fitting of the used Pt/LaNiO3 was that 
fits that used Pt–Pt paths were poor when contrasted to using 
a Pt-Ni path (Figure S12 and Table S3). EXAFS therefore 
confirms observations from XRD and XPS analysis that Pt 
this used catalyst alloys during reaction with Ni exsoluted 
from the decomposed  LaNiO3 support structure.

TEM images taken of the catalysts after several reac-
tion cycles confirm the extent of phase separation of Pt/
LaMO-3 into distinct crystals of  LaCO3OH and  MOx 
phases after the reaction (TEM of Pt/LaAlO3 used as an 

exemplar in Fig.  11a). Little preference is noted for Pt 
nanoparticle migration onto these different phases. Forma-
tion of  LaCO3OH phases into various morphologies such 
as triangles or rods are observed within the different cata-
lysts (Figure S13), highlighting the complex mechanisms 
of perovskite degradation and carbonate phase formation. 
A single-phase carbonate is observed for Pt/LaMnO3 after 
two reaction cycles, where the Mn leaches into solution (Fig-
ure S13a). Whereas, in the stable Pt/LaCrO3 (Fig. 11b), a 
similar mixed metal oxide structure as the fresh catalyst is 
retained (Fig. 4b). Particle size distribution analysis of Pt 
particles in the used catalysts after three reaction cycles is 
shown in Fig. 11c–f. Catalysts that undergo phase separa-
tions (Pt/LaAlO3 and Pt/LaNiO3) have clear particle growth 
with large standard deviations, which can be attributed to the 
uncontrolled breakdown of perovskite structure and complex 
Pt particle migration mechanisms. Limited particle agglom-
eration is seen in Pt/Al2O3 and Pt/LaCrO3 where the support 
materials undergo only surface reconstructions.

From characterisation of post reaction catalysts, it can be 
hypothesised that the breakdown of the perovskite structure 
follows M site dissolves into solution or where the M sites 
undergoes phase separation to the respective single metal 
oxide (Eqs. 1 and 2). These reactions are potentially medi-
ated by the acidic products and/or through the aggressive 
hydrothermal conditions of the reaction.

During the APR of glycerol  CO2 is produced through 
the reforming reaction and dissolves in the aqueous condi-
tions to form carbonic acid, which rapidly dissociates to 

(1)LaMO3(s) + 3H+
→ La(OH)3(s) +Mn+

(aq)

(2)LaMO3(s) + H+ + H2O → La(OH)3(s) +MO(s)

Fig. 9  XPS spectra of La 3d/Ni 2p and Pt 4f/Al 2p regions for a Pt/LaNiO3, b Pt/LaMnO3, c Pt/LaCrO3, d Pt/LaAlO3, e Pt/Al2O3
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Fig. 10  XPS Spectrum of Cr 2p region for Pt/LaCrO3
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carbonate species [58] (Eq. 3). These carbonate species 
can undergo a reaction under the hydrothermal condi-
tions with La(OH)3 species to form the  LaCO3OH species 
(Eq. 4) or the  La2O(CO3)2·xH2O species (Eq. 5).

(3)CO2(aq) + H2O(aq) → HCO3H(aq) → CO2−
2(aq)

+ 2H+
(aq)

It should be noted that the fraction of  CO2 sequestered on 
the formation of lanthanum carbonate phases is very small 
and has little impact on the observed carbon mass balances. 
Taking the case for Pt/LaAlO3, the number of moles of La 

(4)La(OH)3(s) + CO2−
3(aq)

→ LaCO3OH(s) + 2OH−
(aq)

(5)2La(OH)3(s) + 2CO2−
2(aq)

→ La2
(

CO3

)

2
⋅ xH2O(s)

Fig. 11  TEM images of a Pt/LaAlO3 and b Pt/LaCrO3 and particle size distribution histograms of c Pt/Al2O3, d Pt/LaAlO3, e Pt/LaCrO3, and f 
Pt/LaNiO3 after three reaction cycles. Particle count of sample size 121–286
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able to sequester  CO2 within the reactor is 2.8 ×  10−4 mol. 
Assuming a reaction selectivity of 100% towards the reform-
ing reaction, all lanthanum present will be saturated with 
carbonate by 0.5% conversion of glycerol.

Reduced Pt species that are clearly responsible for glyc-
erol activation then appear to migrate to the  LaCO3OH and 
 MOx support structures, with little preference for either 
specific support. During this process clear agglomeration 
of Pt occurred, although perhaps not to the extent expected 
for the complete collapse of some support structures. It is 
worth noting the complex mechanisms that must be present 
to facilitate the migration of these Pt particles, although 
it is not without precedence, as it is often observed in the 
restructuring of MgO supported catalysts to Mg(OH)2 in a 
number of liquid phase biomass transformations [59]. Two 
clear questions arise from these observations; firstly, how 
influential are reaction conditions in causing perovskite seg-
regation. Are hydrothermal conditions or the formation of 
a reducing atmosphere and/or acids products the cause for 
the observed phase change? Secondly, is the high selectivity 
towards lactic acid at the expense of reforming caused by the 
phase change, or because of the subsequently produced Pt/
LaCO3OH catalyst?

3.6  Influence of Hydrothermal/Acidic Conditions 
on Perovskite Supports

To determine stability under the hydrothermal reaction 
conditions, XRD analysis of the  LaMO3 supports (without 
Pt) after reaction with the glycerol/water solution was per-
formed (Fig. 12). In contrast to the catalysts after the APR 
reaction,  LaAlO3 and  LaFeO3 are stable under hydrothermal 
conditions. Yet,  LaMnO3 and  LaCoO3 decomposes com-
pletely to La(OH)3 and  LaCO3OH with crystalline Co(OH)2 

and no crystalline Mn phases.  LaNiO3 also decomposed 
completely into  LaCO3OH, NiO and Ni, as seen with Pt/
LaNiO3. Although the fraction of reduced Ni was far greater 
for the Pt containing material due to  H2 produced in the APR 
reaction.

MP-AES analysis of the filtrates of the supports after 
reaction conditions (Table 7) showed that M site leaching is 
greatly reduced when compared to the Pt catalysts (Table 4). 
Despite no crystalline Mn phases, the low amount of Mn in 
the filtrate suggests the presence of amorphous Mn phases. 
Interestingly, the limited extent of Co leaching is similar 
to that in previous studies [53]. However, in contrast to the 
study by Yang et al., we observe phase separation of  LaCoO3 
to La(OH)3,  LaCO3OH and Co(OH)2.

It is notable that some of the perovskite materials 
 (LaAlO3 and  LaFeO3) are stable under hydrothermal con-
ditions, but not as the synthesised Pt/LaMO3 catalysts. The 
results suggest that for these supported catalysts, reaction 
products facilitate dissolution of the perovskite structure. 
To rationalise the observed stability of certain perovskite 
materials, various factors can be considered. Under reac-
tion conditions, the production of hydrogen in the batch 

Fig. 12  XRD patterns of a  LaAlO3 (black),  LaMnO3 (red); b  LaFeO3 (blue),  LaCoO3 (green),  LaNiO3 (grey) post reaction. Phases:  perovs-
kite;   LaCO3OH;  La(OH)3;  Co(OH)2;  NiO;  Ni

Table 7  MP-AES analysis of reaction filtrates to determine extent of 
La, M (where M = Al, Mn, Fe, Co, Ni)

a (%) Percentage leaching from theoretical wt% material

Support used La content ppm/(%)a M content ppm/(%)

LaAlO3 0.045 (0.002) 45.893 (12.1)
LaMnO3 0.030 (0.002) 101.873 (14.9)
LaFeO3 0.049 (0.003) 17.276 (2.5)
LaCoO3 0.049 (0.003) 50.401 (7.0)
LaNiO3 0.757 (0.045) 17.251 (2.4)
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reactor leads to a reducing atmosphere. Therefore, stability 
at elevated temperatures under reducing conditions must 
be considered. Nakamura et al. found the order of sta-
bility of perovskites under a reducing atmosphere to be: 
 LaCrO3 >  LaFeO3 >  LaMnO3 >  LaNiO3, which can be cor-
related to the relative M–O bond strengths (Table S4) and 
initial stability of the  M3+cation in the perovskite structure 
[60]. The stability of  LaCrO3 was noted to be due to the 
crystal-field stabilisation of low spin, t3

2g occupied,  Cr3 
in the octahedral configuration. The stability of  LaCrO3 
can therefore partly attributed to poor reducibility. Evi-
dently, reducibility is not a sufficient parameter to consider 
 LaAlO3 stability.

Clearly, the stability of the materials under acid condi-
tions must be considered. The pH of post reaction solu-
tions of was measured at room temperature, with Pt sup-
ported catalyst solutions having pH values in the range of 
2.7–3.3. Much higher pH values of 5.2 and 5.0 observed 
for the  LaCoO3 and  LaMnO3 effluents, where Co and Mn 
leached into solution, alongside a breakdown in the per-
ovskite structure through acid mediated pathways. Van 
Haasterecht et al. have demonstrated through experimen-
tal work and consultation of the relevant Pourbaix dia-
gram, with Ni catalysts, that water and acids are partially 
oxidising under APR conditions and can facilitate  Ni2+ 
dissolution [61, 62]. According to Pourbaix diagrams (Fig-
ures S14–S21), calculated in materials project [63, 64], all 
the perovskite material studied have limited stability under 
acid conditions but are stable under alkaline conditions. 
 Al2O3 has some stability under acidic conditions, how-
ever, at lower pHs the material is predicted to be unstable 
(Figure S20), and under APR conditions  Al2O3 is known 
to undergo phase change [16]. Therefore, according to 
the relevant Pourbaix diagram, the stability of Pt/LaCrO3 
catalyst is unexpected alongside the previously reported 
stability of Ni/LaAlO3 [26, 27]. As observed in studies of 
oxygen evolution perovskite catalysts within acidic media, 
potentially the mechanism of dissolution allows for a pas-
sivation effect and the formation of stable A or M site 
enriched surfaces [65]. This corresponds with the forma-
tion of M site enriched surfaces by XPS.

To verify the influence of acidic conditions an experi-
ment reported by Van Haasterecht et al., where the addi-
tion of base (KOH) improved an Ni/C catalysts activity 
and stability, was emulated [62]. 0.5 M KOH was added 
to the glycerol stock solution (pH 13.1) and investigated 
for APR using the Pt/LaAlO3 catalyst. As observed by Van 
Haasterecht et al., activity increased, with reduction in  CO2 
selectivity, possibly due to it being sequestered by KOH, 
and an increased hydrogen selectivity (Table 8). Substantial 
enhancement in lactic acid production was observed upon 
base addition (Fig. 13).

The pH of the effluent post reaction increased from 
3.0, observed in the absence of base, to 7.6. Characterisa-
tion of the recovered catalyst by XRD (Fig. 14) showed 
a substantial increase in perovskite structure stability, 
although clear reflections with  La2O(CO3)2·xH2O were 
also observed. As predicted by the Pourbaix diagram 
perovskite stability could be significantly enhanced by 

Table 8  Catalytic test results for the APR over Pt/LaAlO-3 with or without 0.5 M KOH. Reaction conditions: 240 °C,  PAr = 42 bar, 1000 RPM, 
20 ml 10 wt % glycerol, 60 mg catalyst, 2 h

a Ideal ratio of 2.33 based on reforming reaction alone

Conver-
sion (%)

Conversion to 
gas (%)

Hydrogen 
selectivity (%)

Hydrogen for-
mation rate
(µmol−1min−1 
 gcat−1)

TOF glycerol  (h−1) H2:CO2  ratioa Carbon 
mass bal-
ance (%)

Without 0.5 M KOH 17 8 24 275.2 571 3.00 99
With 0.5 M KOH 46 8 32 1004.7 1554.2 9.50 79

Fig. 13  Carbon product selectivity comparison for APR of glycerol 
over Pt/LaAlO3 with or without added KOH. Products: Lactic Acid 
(LA), Ethylene Glycol (EG), Hydroxyacetone (HA), 1,2-Propanediol, 
2-Propanol (2-P), 1-Propanol (1-P), and Ethanol (E). Reaction condi-
tions: 240 °C,  PAr = 42 bar, 1000 RPM, 20 ml 10 wt% glycerol, 0.5 M 
KOH, 60 mg catalyst, 2 h
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maintaining alkaline conditions. Potentially using flow 
reactors, pH control and contact time could be controlled 
to a sufficient extent to produce structurally stable 
catalysts.

3.7  Pt/LaCO3OH

Finally, the potential of Pt supported on  LaCO3OH, the 
by-product of  LaMO3 decomposition was briefly consid-
ered. Previous studies of liquid phase hydrogenolysis of 
glycerol using Ru/LaCO3OH catalysts show high stabil-
ity and activity of  LaCO3OH materials [32].  LaCO3OH 
with a surface area of 13  m2g−1 was synthesised and Pt 
successfully deposited. The catalyst showed good conver-
sion (15%), low conversion to gas (7%) and high lactic 
acid selectivity (31%). Carbon mass balance was 97%. 
The high lactic acid selectivity observed was similar to 
the Pt/LaMnO3 and Pt/LaCoO3 catalysts (39 and 38% 
respectively) which leach the M site metal during reac-
tion. Therefore, it can be concluded that Pt/LaCO3OH 
shows particularly high selectivity towards lactic acid 
relative to the standard Pt/γ-Al2O3. The higher conver-
sion observed relative to perovskite supported catalysts, 
in which M site leaching was observed, can be attributed 
to the uncontrolled redistribution of Pt during reaction in 
the latter case. The potential of these  LaCO3OH catalysts 
for the production of hydrogen through dehydrogenation 
and reactions with limited  CO2 production requires dedi-
cated further study.

4  Conclusions

The stability and activity of Pt/LaMO-3 catalysts (where 
M = Al, Cr, Mn, Fe, Co, Ni) have been evaluated for 
the aqueous phase reforming of glycerol at 240 °C, 42 
bar. Most of the perovskite catalysts break down into 
 LaCO3OH and the respective M oxides, or in the case of 
Mn and Co, forming water soluble complexes and leach-
ing into the reaction. An exception was the Pt/LaCrO3 
catalyst, which was stable under reaction conditions, with 
improved activity and hydrogen productivity when com-
pared to a standard Pt/γ-Al2O3 catalyst. While all other 
supports decomposed, catalytic stability was observed for 
Pt/LaAlO3 and Pt/LaNiO3, due to the redistribution of Pt 
over the formed  LaCO3OH and the respective M oxides. 
In the case of Pt/LaNiO3 there was evidence of PtNi alloy 
formation under reaction conditions. All  LaMO3 sup-
ported catalysts showed high selectivity towards lactic 
acid, which was attributed to the Lewis basic  LaCO3OH 
or  LaCrO3 phases. However, a lack of control over Pt 
dispersion, as seen by large particle size standard devia-
tions, over various phases on perovskite decomposition 
make most of these catalysts practically undesirable. The 
exception being Pt/LaCrO3. Stability can be correlated to 
various factors, which need to be considered when design-
ing catalysts for APR. These include acid stability, which 
has been preliminarily investigated using Pourbaix dia-
grams, stability of materials under reducing conditions, 
and M–O bond strength. Perovskite support stability could 
be improved by the addition of KOH base to the reac-
tion, which also dramatically increased reaction rates and 
hydrogen production. However, while significant amount 
of perovskite was observed by XRD post reaction, other 
phases were observed demonstrating decomposition rates 
had been reduced as opposed to being stopped. Intention-
ally prepared Pt/LaCO3OH catalysts were found to be 
active and stable in the APR reaction and the stability of 
materials warrants further study.

Supplementary Information The online version of this article (https:// 
doi. org/ 10. 1007/ s11244- 021- 01449-6).
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