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Abstract
A strategic option for the production of  H2 from renewable resources is use of the ethanol steam reforming reaction. Cata-
lysts based on nickel have been widely investigated for this reaction, offering the advantages of low cost and high activity. 
However, a difficulty is that nickel may be strongly deactivated by coke formation. Perovskite-type mixed oxides are prom-
ising precursors for nickel-based catalysts, since their reduction leads to the formation of highly dispersed metal particles 
that can mitigate carbon deposition. However, high calcination temperatures are required for perovskite structure formation, 
resulting in low surface areas and limiting the effectiveness of this method. In order to address this difficulty, the present 
work proposes a novel strategy whereby the perovskite-type oxide  LaNiO3 is supported on SBA-15. Characterization of 
the catalysts was performed using XRF, XRD, SEM, TPR, TEM, BET,  H2-TPD, and TGA techniques. Their performances 
were then evaluated in catalysis of the ethanol steam reforming reaction to produce hydrogen. Calcination at 750 °C resulted 
in formation of highly dispersed perovskite on a support that presented high specific surface area. The catalyst obtained 
from reduced  LaNiO3/SBA-15 with 33 wt% perovskite was the most active in the reaction. Analyses using TGA and SEM 
showed the formation of carbon mainly over Ni catalysts obtained from bulk  LaNiO3 perovskite, while supporting  LaNiO3 
on SBA-15 led to lower deposition of carbon. The superior performance of this material in catalysis could be attributed to 
the dispersion of the perovskite on SBA-15, resulting in smaller size of the Ni metal particles formed during the reduction, 
compared to the catalyst derived from bulk perovskite. This promising method could be used in the production of a wide 
range of other catalysts.
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1 Introduction

There is an urgent need to reduce dependence on tradi-
tional sources of energy including oil, coal, and natural 
gas, in order to minimize environmental impacts and ensure 
energy security. Consequently, with the increase of energy 
consumption and the depletion of fossil feedstocks, there is 

increasing interest in the development of alternative renew-
able energy resources [1, 2].

Hydrogen is especially important as an alternative source 
of energy, because the only byproduct formed during its 
combustion is water, and its energy content per mass is 
high, compared to petroleum. This high efficiency, when 
combined with fuel cells for energy generation, provides a 
highly promising technology [3–5]. Currently, most of the 
hydrogen produced comes from steam reforming of meth-
ane, which is the main component of natural gas, a fossil 
fuel. From an operational point of view, this process is still 
the most economical and viable method for the generation 
of hydrogen. Nonetheless, studies have investigated the pro-
duction of hydrogen from renewable sources, such as liquid 
biofuels derived from biomass, which are environmentally 
more attractive [6, 7]. In Brazil, there is high potential for 
applying these renewable sources to obtain hydrogen, since 
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the country has one of the most successful programs for the 
production of bioethanol from sugarcane fermentation. It is 
evident that the production of  H2 from renewable resources 
such as ethanol can provide clear environmental benefits 
[8–10].

The ethanol steam reforming reaction is an excellent strat-
egy for production of  H2. Nonetheless, although significant 
efforts have been made, there is a need for further work to 
develop catalysts providing high performance [8, 10]. Cata-
lysts based on nickel offer the greatest promise for industrial 
ethanol steam reforming, because they are inexpensive and 
present high activity, when compared with noble metals 
[11]. However, a difficulty is that they can undergo strong 
deactivation, due to the deposition of carbon [12, 13]. A 
method that can be used to minimize carbon deposition is 
to control the nickel particle size by using perovskite-type 
oxides as catalyst precursors [14–16]. The reduction of this 
type of mixed oxide results in the formation of small metal 
particles that are highly dispersed [17, 18] and on which 
carbon formation is hindered [19, 20]. Unfortunately, high 
calcination temperatures are required for formation of the 
perovskite structure, resulting in low surface areas (gener-
ally below 10  m2  g−1) and limiting the effectiveness of this 
strategy [17, 21].

A promising way to avoid these difficulties is to obtain 
perovskite highly dispersed on a support with high specific 
surface area [11, 21]. The literature reports various sup-
ported perovskite-type oxides used in different reactions 
[22–24]. Wang et al. (2013) evaluated the performances 
of nickel-based catalysts obtained from bulk  LaNiO3 per-
ovskite, as well as  LaNiO3 perovskite supported on several 
mesoporous silicas (SBA-15, MCM-41, and  SiO2), which 
were used in the dry reforming of methane. The supported 
catalysts presented much improved activity and stability, 
compared to the bulk perovskite. The supported catalyst that 
showed the highest stability was  LaNiO3/SBA-15, which 
was attributed to the good thermal stability of SBA-15 [24]. 
Marinho et al. (2016) studied ethanol steam reforming using 
Ni-based catalysts produced from the perovskite-type oxides 
 LaNiO3 and  LaNiO3/CeSiO2. Lower carbon formation was 
observed for the  LaNiO3 supported on  CeSiO2, which could 
be explained by the degree of dispersion of Ni, as well as 
the provision of oxygen to the metal surface, promoted by 
the support. Supported perovskite catalysts usually offer 
advantages, compared to unsupported catalysts, but there 
have been few published studies concerning the performance 
of catalysts obtained from supported perovskites, when used 
in the ethanol steam reforming reaction [25].

Therefore, the objective of the present study was to inves-
tigate the performance of nickel-based catalysts produced 
using bulk  LaNiO3 perovskite or  LaNiO3 perovskite sup-
ported on SBA-15 mesoporous silica, for hydrogen produc-
tion employing the ethanol steam reforming reaction. The 

physical–chemical properties of the catalysts were eluci-
dated using different characterization techniques. Evalua-
tion was then made of the relationship between catalytic 
performance and the properties of the materials.

2  Experimental

2.1  Catalyst Preparation

Bulk  LaNiO3 perovskite was obtained by the citrate com-
plexing method, also known as the modified Pechini method, 
as described by Liu et al. (2015) and Toniolo (2010), with 
modifications [16, 26]. Briefly, stoichiometric amounts of 
nickel and lanthanum nitrates (1.221 and 1.781 g, respec-
tively) were solubilized in deionized water (10 mL), fol-
lowed by addition of citric acid (1.887 g) to give a total 
metal cation/citric acid molar ratio of 1:1.2. This mixed 
solution was stirred for 30 min, at 60 °C, before addition of 
ethylene glycol (0.405 g) to give a citric acid/ethylene glycol 
molar ratio of 3:2. The solution obtained was then concen-
trated by heating at 90 °C, until a spongy solid was formed. 
This solid was dried for 12 h at 100 °C, followed by calcina-
tion, under a flow of air, at 170, 500, and 750 °C for 2, 4, and 
5 h, respectively, employing a heating rate of 2 °C  min−1. 
The catalyst derived from  LaNiO3 was denoted LN.

SBA-15 was synthesized according to a hydrothermal 
method based on the procedure developed by Zhao et al. [27, 
28] and Oemar et al. [29]. Firstly, the Pluronic 123 (P123) 
triblock copolymer surfactant (2.828 g) was added to deion-
ized water (75 mL), followed by addition of 37 wt% hydro-
chloric acid (HCl) (14 mL). The mixture was maintained 
under stirring for 2 h, at 35 °C, before addition of tetraethyl 
orthosilicate (TEOS) (6.122 g) and maintaining under agita-
tion for 24 h at 35 °C. The resultant gel was placed in a poly-
propylene bottle and hydrothermal treatment in an oven for 
48 h, at 90 °C, under static conditions. The silica obtained 
was filtered, washed with copious amounts of deionized 
water until reaching pH 7, and dried overnight at 60 °C in 
an oven. Subsequently, calcination was performed for 3 h, 
at 550 °C, using a heating rate of 1 °C  min−1. The reagents 
molar ratio was fixed at 1 TEOS: 0.0169 P123: 5.85 HCl: 
142 deionized water.

The loading of  LaNiO3 on the SBA-15 support was 
performed using a procedure combining incipient wetness 
impregnation with citrate complexing, as described by 
Zhao et al. [30] and Li et al. [31], with modifications. This 
method of preparation of the supported  LaNiO3 perovskite 
was similar to the synthesis of the bulk perovskite, described 
above. Firstly, the nickel and lanthanum nitrates (0.305 g and 
0.445 g, respectively) were solubilized in deionized water 
(5 mL), together with citric acid (0.472 g). The resulting 
solution was stirred for 30 min, at 60 °C, in order to ensure 
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complexation of all the ions. Ethylene glycol (0.101 g) was 
then added to the mixed nitrate solution, under stirring. The 
total metal cation/citric acid and citric acid/ethylene gly-
col molar ratios were kept at 1/1.2 and 3/2, respectively. 
The aqueous solution obtained was stirred for 30 min, at 
60 °C, prior to addition of the SBA-15 support. The support 
dispersed in deionized water was then added slowly into 
the solution. In a typical synthesis, 0.5 g of SBA-15 was 
dispersed in 5 mL of deionized water, with stirring for 4 h 
at room temperature, followed by evaporation of the solvent 
under vacuum, using a rotary evaporator. This was a crucial 
step to ensure that the aqueous solution impregnated the 
mesopores of the support. After drying, the material was 
calcined under the same conditions used for the bulk per-
ovskite, described above. The  LaNiO3 supported on SBA-15 
was denoted 33LN/SBA-15, with 33 wt% of perovskite in 
the material. The content of perovskite used in the supported 
catalysts (33%) was based in a previous study performed 
by our group, which evaluated the ethanol conversion and 
hydrogen yield.

2.2  Characterization of the Catalysts

The catalyst crystalline structures were investigated by X-ray 
diffraction (XRD), using a Rigaku Miniflex diffractometer, 
with Cu Kα radiation (λ = 0.15496 nm). The diffractograms 
were collected in a wide angle between 10° and 80° (2θ) 
(step = 0.02 and speed = 10°/min), for the bulk and sup-
ported perovskite, and at low angles between 1° and 5° (2θ) 
(step = 0.02 and speed = 10°/min), for SBA-15 and the sup-
ported perovskite. The metallic Ni crystallite size was cal-
culated from the X-ray patterns using the Scherrer equation.

The catalyst surface areas were determined by the BET 
method, using a partial pressure range of 0–0.3. The pore 
size distributions and pore volumes were obtained from 
the desorption isotherm, according to the BJH (Bar-
ret–Joyner–Halenda) method. The assays employed a 
Micrometrics ASAP 2020 instrument, with  N2 adsorption 
at − 196 °C. Before starting the  N2 adsorption, the sample 
(100 mg) was degassed under vacuum for 2 h, at 200 °C, for 
removal of physisorbed substances.

The chemical compositions of the samples were analyzed 
by X-ray fluorescence spectrometry, using an energy disper-
sive X-ray spectrometer (Ray Ny EDX-720, Shimadzu), with 
emission of gamma radiation from the element rhodium.

Temperature-programmed reduction (TPR) analyses 
were performed by chemisorption, using a Micromeritics 
AutoChem II instrument. A sample mass of 75 mg (60–100 
mesh) was heated from ambient temperature to 800 °C, at a 
rate of 10 °C  min−1, under a 20 mL  min−1 flow of 10%  H2 in 
 N2. The consumption of  H2 was measured using a thermal 
conductivity detector (TCD). Before the measurements, the 
samples were pretreated for 1 h at 200 °C, under a flow of 

 N2, in order to remove adsorbed  H2O, followed by cooling 
to ambient temperature (under  N2).

The metallic area was determined by temperature-pro-
grammed hydrogen desorption  (H2-TPD), using an Auto-
Chem II instrument. The sample (0.150 g) was reduced for 
1 h, at 750 °C, under a flow of  H2. After cooling to 50 °C, 
purging was performed for 30 min, under a flow of  N2. 
Chemisorption of  H2 was performed at 50 °C, under a flow 
of  H2, followed by purging for 16 h, under a flow of  N2, to 
remove physisorbed  H2. In the  H2-TPD step, the sample was 
heated from 50 to 600 °C, at 10 °C  min−1, under a flow of 
 N2. The amount of hydrogen desorbed was determined using 
a TCD detector.

Transmission electron microscopy (TEM) images were 
acquired using an FEI TECNAI  G2 F20 instrument operat-
ing at 200 kV. For the analyses, the powder samples were 
dispersed in isopropanol, under ultrasonication, and depos-
ited onto copper grids coated with a film of holey carbon. 
Scanning electron microscopy (SEM) images were acquired 
using an FEI Magellan 400 L instrument.

Thermogravimetric analyses (TGA) were performed 
using a simultaneous DTA-TGA analyzer (ATG-DTG 60 
H, Shimadzu), in order to determine the amounts of coke 
present on the exhausted catalysts. For this, the exhausted 
catalyst (~ 10 mg) was heated from ambient temperature to 
1000 °C, at 10 °C  min−1, under a flow of air. The weight 
change was calculated as follows:

where,  W1 and  W2 are the initial and final weights of the 
exhausted catalyst, respectively.

2.3  Catalytic Activity Measurement

The assays of catalytic activity in the ethanol steam reform-
ing reaction were performed at atmospheric pressure, using 
a continuous flow fixed-bed reactor. The catalyst (60–100 
mesh grain size) was placed between layers of quartz wool, 
in a tubular reactor. In order to ensure that the amounts of 
nickel were the same in the assays using the catalyst derived 
from bulk material and the catalyst with perovskite sup-
ported at 33 wt% on SBA-15, amounts of 33 and 100 mg 
of LN and 33LN/SBA-15 were used, respectively. Before 
the reaction, the catalyst precursor was reduced for 1 h, at 
750 °C, under a flow of pure  H2 (30 mL  min−1), in order to 
generate the active sites for the reaction. The system was 
then cooled to the reaction temperature during 30 min, under 
a flow of  N2. A pump was used to stoichiometrically feed the 
liquid mixture of reactants  (H2O/ethanol molar ratio of 3.0) 
into the reactor, at a flow rate of 1.7 mL  h−1, with vaporiza-
tion at 180 °C. The catalytic reaction assays were performed 

(1)
W

1
−W

2

W
1

∗ 100%
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during 5 h, at 550 °C. The activity and stability of the cata-
lysts were evaluated by performing the ethanol steam reform-
ing reaction with and without the use of carrier gas  (N2, at 
100 mL  min−1). The gaseous products at the outlet were 
analyzed online using a gas chromatograph (CG-3800, Var-
ian) equipped with two columns in parallel (Porapak N and 
Molecular Sieve 13X), each connected to a TCD. After the 
reactions, the condensed liquid products were recovered for 
analysis using a Shimadzu gas chromatograph equipped with 
an RTX1 capillary column and an FID detector. The ethanol 
conversion ( XEthanol,% ), hydrogen yield ( YHydrogen ), and mean 
product selectivity ( Si,% ) or selectivity of products versus 
time on stream ( Si,mol of product∕mol of ethanol converted ) 
were determined using Eqs. (2), (3), and (4), respectively:

where:  ne = moles of ethanol fed;  ns = moles of ethanol not 
converted during a 5 h reaction period; nHydrogen = moles 
of hydrogen produced; ni = moles of product;FP(i) = mean 
molar flow rate of product i produced (i = hydrogen, CO, 
 CO2, methane, acetaldehyde, or ethene); and 

∑

FP(i) = mean 
total molar flow rate of products i.

3  Results and Discussion

3.1  Catalyst Characterizations

3.1.1  N2 Adsorption–Desorption Isotherms

Figure 1a shows the  N2 adsorption–desorption isotherms 
obtained for the SBA-15 support and the supported  LaNiO3 
sample. The materials exhibited type IV isotherms, charac-
teristic of mesoporous materials, according to the IUPAC 
classification. Sharp increases of the adsorbed volumes 
occurred in the relative pressure (P/P0) ranges  10–5 to  10–2 
and 0.5–0.8, for the support and the supported perovskite, 
corresponding to the filling of micropores and mesopores, 
respectively [28, 32]. This behavior could be explained by 
capillary condensation within the structured mesoporous 
material [27]. A hysteresis loop was observed for these 
materials, suggesting a difference between the processes of 

(2)XEthanol(%) =
ne − ns

ne
∗ 100%

(3)YHydrogen =
nHydrogen

ne

(4)
Si(%) =

FP(i)
∑

FP(i)

∗ 100% or

Si =
ni

ne − ns

condensation and evaporation of the gas [24]. Comparison 
of these findings with those of other studies concerning sup-
ported perovskites confirmed that the SBA-15 mesoporous 
structures remained after addition of the active component 
and calcination [22, 24, 32, 33].

As shown in Fig. 1a, compared to SBA-15, the adsorp-
tion shifted to lower P/P0 for the supported perovskite, with 
the hysteresis loop becoming smaller. At the same time, the 
pore size distribution (Fig. 1b) shifted to smaller sizes after 
the loading of  LaNiO3 on the SBA-15. The pore sizes were 
distributed uniformly in the range 4–8 nm for SBA-15 and 
in the range 3–6 nm for the supported  LaNiO3. The narrow 
distributions were characteristic of mesoporous SBA-15 
silica. These observations were indicative of confinement 
of  LaNiO3 within the SBA-15 pores, leading to reductions 
of the BET surface area, pore volume, and mean pore size 
(Table 1). This was consistent with the findings of Wang 
et al. (2013), who showed that the textural properties of 
SBA-15 changed after formation of the perovskite structure 
on this silica matrix. This was attributed to anchoring of the 
 LaNiO3 particles in the SBA-15 pores, as revealed by TEM 
images showing the dispersion of perovskite within the pores 
of the support [24].

In this work, very low BET surface area (2.8  m2  g−1) was 
observed for the bulk LN perovskite (Table 1). According to 
the literature, the surface area of perovskite is generally < 10 
 m2  g−1, due to the high calcination temperature needed to 
form this structure [21]. In order to overcome these limi-
tations and improve catalytic performance, a strategy is to 
disperse perovskite on materials with high surface area, such 
as SBA-15. The resulting increase in the perovskite specific 
surface area (Table 1) enables exposure of greater quantities 
of active sites to the reactants and gas-phase intermediates 
[31, 34].

Fig. 1  Nitrogen adsorption and desorption isotherm curves (a) and 
pore size distributions (b) of the SBA-15 support material and the 
33LN/SBA-15 supported perovskite
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The Ni contents of the catalysts, obtained by XRF anal-
ysis, are shown in Table 1. For both samples, the experi-
mental compositions were close to the nominal values.

3.1.2  XRD and Morphological Analyses

The X-ray diffractograms of the bulk perovskite (LN) and 
the supported perovskite (33LN/SBA-15) are shown in 
Fig. 2. The diffraction patterns of the materials presented 
peaks characteristic of the  LaNiO3 phase (JCPDS 33-711). 
The diffractogram for the supported perovskite also showed 
peaks typical of the NiO phase (JCPDS 44-1159). No dif-
fraction peaks corresponding to impurity phases such as 
NiO and  La2O3 were observed for the bulk perovskite, 
indicating formation of the pure  LaNiO3 perovskite phase. 
The NiO impurity phase can arise from high dispersion of 
oxide phases on mesoporous materials, which can hinder 
formation of the  LaNiO3 perovskite phase in the calcination 
step by the reaction between NiO and  La2O3. Similar results 
for  LaNiO3 supported on SBA-15 mesoporous silica were 
reported by Wang et al. [24] and Rivas et al. [32].

The broad peak centered at 27.5° (Fig. 2) was associ-
ated with the amorphous pore wall feature of pure SBA-15 
silica. The SBA-15 support only presented low-angle diffrac-
tion peaks, which could be explained by the well-developed 
structure with ordered hexagonal pores, providing long-
range order. Figure 3a shows the low-angle diffractograms 
for the support material and the supported 33LN/SBA-15 
catalyst. The two well-resolved characteristic peaks could 

Table 1  Characteristics of 
the materials: Ni content, 
BET surface area  (SBET), pore 
volume  (VP), and average pore 
size  (Dp)

Sample Ni (wt%) SBET  (m2  g−1) VP  (cm3  g−1) DP (nm)

Theoretical Experimental

SBA-15 – – 624 0.870 6.10
LN 23.9 26.1 2.8 – –
33LN/SBA-15 7.9 8.8 131 0.250 4.46

Fig. 2  X-ray diffraction patterns obtained for the calcined LN and 
33LN/SBA-15 samples. #LaNiO3 JCPDS 33-711; *NiO JCPDS 
44-1159

Fig. 3  a Low-angle X-ray diffractograms of SBA-15 and the supported 33LN/SBA-15 catalyst, and b TEM image of the SBA-15 sample after 
calcination
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be assigned to diffraction planes (110) and (200) of SBA-15. 
The main peak [plane (100)] of SBA-15 is only observed in 
2θ values less than 1°. In this work, this peak was not identi-
fied in the diffractogram of SBA-15, because the limitations 
of the equipment for angles smaller than 1°. Figure 3b shows 
the highly ordered mesoporous structure of SBA-15, provid-
ing confirmation of the formation of this silica. The load-
ing with  LaNiO3 significantly influenced the SBA-15 pore 
structure. The diffraction peaks for 33LN/SBA-15 showed 
considerably lower intensity, which could be explained by 
partial blocking of the mesopores and decreased long-range 
order of the hexagonal arrangement. These results were in 
agreement with the adsorption–desorption isotherms for the 
perovskite-type oxides loaded on SBA-15 (Fig. 1, Table 1), 
which indicated dispersion of this structure within the 
mesopores of the support. Similar results were reported by 
Albuquerque et al. (2008) for CaO supported on mesoporous 
silica, where the intensities of the diffraction peaks corre-
sponding to the hexagonal structure decreased after loading 
of the oxide phase on the support [35].

The use of SEM was important for elucidation of the mor-
phologies and microstructures of the synthesized catalysts. 
Figure 4a shows the microstructure of LN after calcination, 
with the presence of grains. It is known that sol–gel methods 
lead to the formation of perovskites with fine and uniform 
grains. SBA-15 rods with meso-channels were clearly pre-
sent for the 33LN/SBA-15 sample (Fig. 4b), indicating that 
the long-range structural order of SBA-15 was retained after 
loading with  LaNiO3.

The low-angle XRD and SEM analyses suggested that 
the structure of the SBA-15 support remained after loading 
and calcination at 750 °C, which could be attributed to the 
inherent good thermal stability of SBA-15 [24, 36]. The pore 
wall thickness for SBA-15 prepared with P123 is estimated 

to be 3.1 nm. These wall structures are much thicker, com-
pared to those typically obtained using MCM-41 (around 
10 to 15 Å), with cationic alkylammonium surfactant spe-
cies as structure-directing agents. Therefore, SBA-15 shows 
improved stability at high temperatures or during longer 
reaction times, compared to MCM-41 [27, 36].

3.1.3  Reducibility of the Catalysts

The  H2-TPR profiles of the materials, the bulk  LaNiO3 per-
ovskite, and the  LaNiO3 perovskite supported on SBA-15 
are shown in Fig. 5. The LN reduction profile showed a peak 
centered at 361 °C, with a shoulder at 364 °C, and a second 
peak centered at 485 °C. The first peak at 361 °C could be 
attributed to the reduction of  Ni3+ to  Ni2+, while the second 

Fig. 4  SEM images of a LN and b 33LN/SBA-15, after calcination

Fig. 5  TPR profiles of the calcined LN and 33LN/SBA-15 catalysts
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peak at 485 °C corresponded to the reduction of  Ni2+ to 
 Ni0, with both peaks related to the perovskite structure. 
The shoulder peak at 364 °C was due to the reduction of 
 Ni2+ to  Ni0, for the nickel oxide (NiO) from the Ni that was 
not a constituent of the perovskite structure. Similar reduc-
tion steps were reported by De Lima et al. (2010) for bulk 
 LaNiO3 perovskite, where the shoulder peak was attributed 
to reduction of an NiO impurity phase that was undetected 
by XRD, suggesting the possible presence of well-dispersed 
particles of NiO in the material [14].

This two-step reduction process of the bulk perovskite 
indicated formation of the intermediate  La2Ni2O5 species, 
as follows [14, 30, 37]:

The second step involved complete reduction of perovskite 
to  La2O3 and  Ni0:

The hydrogen consumption values for the bulk and sup-
ported  LaNiO3 materials are provided in Table 2. A value 
of 2 for the ratio of the area of the second peak to that of the 
first peak generally indicates that the first reduction step is 
the formation of  Ni2+, which is then reduced to  Ni0. In the 
case of LN, the hydrogen consumption during the first step 
was approximately 1/3 of the consumption during the second 
step. This ratio corresponded to the formation of  Ni0 from 
the impurity NiO phase during the first stage of the reduc-
tion, in agreement with previous reports [14, 38], where the 
shoulder peak at 368 °C was attributed to reduction of the 
NiO particles.

Compared to the bulk perovskite, reduction of the sup-
ported perovskite showed a substantial shift towards higher 
temperatures, with broadening of the signal. A likely expla-
nation for this difference in the TPR profiles was decrease 
of the particle size, from bulk material to ultrafine particles 
[24, 32]. Additionally, a shoulder peak between 100 and 
350 °C observed for the supported  LaNiO3 catalyst could 
be attributed to nickel oxide (NiO), while the other peaks 
corresponded to reduction of  LaNiO3. An earlier study also 

(5)LaNiO
3
+ H

2
→ La

2
Ni

2
O

5
+ H

2
O

(6)La
2
Ni

2
O

5
+ 2H

2
→ 2Ni

0 + La
2
O

3
+ 2H

2
O

reported reduction of nickel oxide supported on SBA-15 in 
this temperature range (127–347 °C) [38]. The NiO phase 
could have originated from the Ni precursor salt that did not 
contribute to the perovskite structure during the synthesis 
[14, 39].

The NiO phase could also be attributed to the ease of 
insertion of metal cations into the perovskite structure. In 
the study by Xiao et al. (2014), the X-ray diffractogram of 
 LaCoO3/SBA-15 showed the formation of pure perovskite 
phase. Since Co has a smaller ionic radius than Ni, the per-
ovskite structural arrangement is more easily formed with 
this metal. In addition, the tolerance factor (t) is closer to 
1, indicating the formation of a perovskite structure that is 
more stable [17, 33].

As can be seen in the information summarized in Table 2, 
the loading with  LaNiO3 led to identification of a fourth 
reduction zone (530–715 °C), together with substantial 
decreases of the peak percentages for the third reduction 
zone (425–530 °C). Therefore, the third peak between 450 
and 550 °C for the supported perovskite could be explained 
by the reduction of segregated perovskite  LaNiO3 particles, 
which could be observed by comparing the reduction profile 
to that of the bulk perovskite. This showed the positive influ-
ence of the support in dispersion of the  LaNiO3 particles.

In summary, the reduction steps of the supported per-
ovskite were similar to the features observed for the bulk 
perovskite. The TPR experiments demonstrated that forma-
tion of the active sites (metallic nickel) for the ethanol steam 
reforming occurred during the reduction step. This indicated 
that the perovskite structure was destroyed after reduction 
at 750 °C, with  Ni0 particles being deposited over the lan-
thanum oxide.

3.1.4  Nickel Particle Size and Metallic Area

The TPR experiments showed the formation of active sites 
(metallic nickel) for ethanol steam reforming during the 
reduction step. The X-ray diffractograms of the reduced 
materials are provided in Fig. 6. The  LaNiO3 and  LaNiO3/
SBA-15 diffractograms showed the presence of metallic 
phases of Ni at 2θ of ~ 44.5°, as well as  La2O3. For the sup-
ported perovskite, the diffraction peaks of  La2O3 were of low 
intensity, which could be explained by the dispersion of the 
 La2O3 on the SBA-15.

The Ni crystallite size was estimated from the X-ray line 
broadening, applying the Scherrer equation. The average 
metallic Ni crystallite sizes were 7.6 and 2.0 nm for LN and 
33LN/SBA-15, respectively (Table 3), showing that use of 
the SBA-15 support resulted in a substantial decrease of the 
Ni crystallite size, compared to the bulk perovskite, indicat-
ing that the  LaNiO3 was highly dispersed on the SBA-15 
[22].

Table 2  H2 consumption according to deconvoluted TPR region

Sample H2 consumption (%)

First peak
(100–
350 °C)

Second 
peak
(350–
425 °C)

Third peak
(425–
530 °C)

Fourth peak
(530–
715 °C)

LN – 40 60 –
33LN/SBA-

15
5.50 33.8 12.4 48.3
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The morphological features of the reduced catalysts were 
investigated using TEM. Representative images of LN and 
30LN/SBA-15 after reduction are shown in Figs. 7 and 8, 
respectively. The darker regions in the images correspond 
to the Ni particles with different sizes. The TEM images of 
33LN/SBA-15 (Fig. 8) revealed that the long-range order of 
SBA-15 was maintained after the reduction. The small dark 
spots in area I could be attributed to Ni particles located 
in the channels of the support. Larger dark spots over the 
pores in area II are due to some agglomerated particles on 
the external surface, formed by migration of the perovskite 
species out of the support during calcination [22, 24].

The sizes of Ni particles, estimated by TEM, were around 
7.7 nm for LN (Fig. 7b) and 2.2 nm for 33LN/SBA-15 
(Fig. 8b), which were in agreement with the XRD results 
(Table 3). For 33LN/SBA-15, the Ni particles were in the 
size range 1–4 nm (Fig. 8b), with the size distribution being 
narrower, compared to LN. The metallic area results for LN 
and 30LN/SBA-15 after reduction are shown in Table 3. The 
metallic area of the Ni nanoparticles was higher for 33LN/
SBA-15, indicating that the nickel catalyst prepared from 
 LaNiO3/SBA-15 provided higher dispersion of nickel after 

reduction, in agreement with the particle sizes indicated by 
the XRD and TEM analyses.

3.2  Catalytic Performance in Ethanol Steam 
Reforming

Evaluation of the activities of Ni catalysts prepared from 
 LaNiO3 and  LaNiO3 supported on SBA-15 was first per-
formed using the ethanol steam reforming reaction at 
500 °C, with  H2O/ethanol molar ratio of 3.0, and  N2 as the 
carrier gas. The ethanol conversions obtained for  LaNiO3 
and  LaNiO3 supported on SBA-15 were 78 and 99%, respec-
tively (Table 3). The hydrogen yields obtained using LN 
and 33LN/SBA-15, according to time on stream, are shown 
in Fig. 9. As shown in Table 3, the ethanol conversion 
increased with the perovskite loading on the support, which 
explained the higher hydrogen yield shown in Fig. 9. Besides 
being more active, the performance of the 33LN/SBA-15 
catalyst remained almost constant with time on stream. The 
hydrogen yield followed the same trend for both catalysts, 
increasing at the start of the reaction and then remaining 
constant at around 2.7 and 3.8 mol  H2  mol−1 ethanol for LN 
and 33LN/SBA-15, respectively, although a decrease after 
60 min was observed for LN.

The experimental results showed that the SBA-15 support 
had a significant effect on the Ni particle size, as shown by 
the XRD and TEM analyses. Dispersion of the active phase 
on the support resulted in a smaller size of the metallic Ni 
particles on 33LN/SBA-15 during the reduction. Therefore, 
the higher activity of 33LN/SBA-15 in the reaction could be 
explained by the greater nickel dispersion, as shown by the 
metallic area, which increased the quantity of active sites 
available to the reactants and the gas-phase intermediates.

The results of the catalytic assays, together with the Ni 
particle size data, suggested that the agglomeration of nickel 
species was hindered by the presence of the mesoporous 
support. The higher stability observed for 33LN/SBA-15 
could have been associated with the better dispersion of 
the particles, compared to the LN catalyst that showed a 
decrease of the hydrogen yield after 60 min of reaction. 
Hence, greater dispersion acted to reduce the possibility of 
catalyst deactivation by nickel sintering. Similar features 
concerning the influence of particle size on catalytic per-
formance have been reported previously. Wang et al. (2013) 
studied the properties of Ni perovskite catalysts supported 
on SBA-15 and MCM-41, used in the dry reforming of  CH4. 
Higher dispersion of the Ni particles on SBA-15 was sug-
gested to be the main reason for stabilization of the metallic 
particles, avoiding agglomeration and maintaining catalytic 
performance [24].

Similar behavior was reported by Rabelo-Neto et  al. 
(2018) for the performance of Ni catalysts obtained using 
 LaNiO3,  LaNiO3/Al2O3, and  LaNiO3/CeSiO2, which were 

Fig. 6  X-ray diffractograms obtained for LN and 33LN/SBA-15 after 
reduction. ( ⊗ )  La2O3; (+) Ni

Table 3  Crystal sizes after reduction (nm), metallic areas  (m2  gNi
−1), 

ethanol conversions (%), and crystal sizes after stability testing (nm)

a Calculated using the Scherrer equation and the characteristic Ni 
(111) line at 2θ = 44.5°, after reduction at 750 °C

Sample dNi (nm)a Metallic 
area
(m2  gNi

−1)

Conver-
sion (%)

dNi (nm)a

(after 
reaction)XRDa TEM

LN 7.6 7.7 ± 1.9 1.2 78 11.4
33LN/SBA-

15
2.0 2.2 ± 0.3 3.9 99 2.4
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employed in the methane dry reforming reaction, with higher 
initial reaction rates observed for the supported perovskites. 
In addition, the dispersion of Ni was higher for these sup-
ported catalysts, compared to the unsupported ones [34]. 
Hence, similarly, greater dispersion of nickel provided an 
explanation for the higher activity of 33LN/SBA-15.

A similar or higher specific activity (Ni mass normal-
ized activity) was observed in the supported material com-
pared to literature results. The hydrogen yield obtained 
in this work with 33LN/SBA-15 was similar to the yields 
reported by other authors using silica-supported Ni catalysts 
[37, 40] (Table 4). However, here it was possible to obtain 
this similar yield at lower temperatures and with stoichio-
metric  H2O feeding, in addition to higher specific activity. 
These observations highlight the importance of the syn-
thesis method proposed in this work to obtain Ni catalysts 
from perovskites supported on mesoporous silica, with an 

improved yield of  H2 reached using Ni/La2O3 obtained from 
 LaNiO3. Figure 10 shows the selectivity results for all the 
products during the five-hour stability test. The only prod-
ucts detected were hydrogen, CO,  CO2, and  CH4. Superior 
 H2 and  CO2 selectivity provided by 33LN could be explained 
by the highest rate of decomposition of the dehydrogenated 
species, producing  H2, CO, and  CHx species, as well as the 
highest reaction rate for conversion of CO to  CO2. The lower 
 CH4 selectivity presented by LN could be attributed to faster 
formation of  CHx species, relative to the rate of desorption 
of these species in the form of  CH4. Further dehydrogenation 
of the  CHx species could lead to the formation of H and C. 
Similar results were reported by Marinho et al. (2016) for 
ethanol steam reforming using Ni catalysts produced from 
bulk and supported  LaNiO3 perovskites [25].

Table 5 provides a comparison of catalytic activity 
in ethanol steam reforming for nickel-based materials 

Fig. 7  TEM image and element mapping (a) and particle size distribution (b) for the LN catalyst after reduction
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derived from perovskite and supported on mesoporous 
silicas such as SBA-15 or disordered silicas [25, 30, 41, 
42]. The different results can be explained by the natures 
of the catalysts (obtained using different synthesis 
methods) and the operating conditions. Comparing the 
results obtained in this work to those reported elsewhere 
(Table 5), it can be seen that the conversions achieved 
using 33LN/SBA-15 were similar to those for materials 
supported on silica, but higher than those obtained using 
 LaNiO3 and  LaNiO3/CeSiO2. Furthermore, 33LN/SBA-
15 presented higher selectivity to  H2, compared to the 
nickel catalysts  LaNiO3/ZrO2 and Ni/SiO2. These results 
confirmed the efficiency of Ni catalysts obtained from 
perovskite supported on SBA-15, which combined greater 
Ni–La2O3 interaction from the reduction of perovskite 
[37] with dispersion in a mesoporous structure presenting 
high specific area.

The main problem encountered during ethanol reform-
ing is deactivation of the catalyst. The crucial effect of the 
supported perovskite on avoidance of carbon deposition on 

Fig. 8  TEM image and element mapping (a) and particle size distribution (b) for the 33LN/SBA-15 catalyst after reduction

Fig. 9  Hydrogen yield versus time on stream, for ethanol steam 
reforming at 550 °C, with  H2O/ethanol molar ratio of 3.0, using the 
Ni catalysts obtained from bulk perovskite (LN) and supported per-
ovskite (33LN/SBA-15)
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the catalyst was demonstrated in stability tests performed 
for ethanol steam reforming without use of the  N2 carrier 
gas. The conversion values and average selectivities for all 

the products obtained during the five-hour stability test are 
shown in Table 6. Similar conversions were observed for the 
LN and 33LN/SBA-15 samples. The main products formed 

Table 4  Comparison of Ni 
mass normalized activity and 
hydrogen yields obtained in 
the present work and in studies 
reported in the literature for the 
steam reforming of ethanol

Catalysts Reaction conditions Ni mass normal-
ized Activity
(mol/h/g nickel)

H2 yield
(mol  H2 per mol 
ethanol fed)

References

Ni/SiO2 Temperature
500 °C
H2O/ethanol
(molar ratio) = 6

0.136 3.5 [37]

CuNi–La20SBA Temperature
600 ºC
H2O/ethanol
(molar ratio) = 3.7

1.64 3.8 [40]

6Ni/SBA-15(C) Temperature
550 °C
H2O/ethanol
(molar ratio) = 3

0.890 4.8 [41]

Ni(2)7.5SBA-15 Temperature
550 °C
H2O/ethanol
(molar ratio) = 6

0.318 – [42]

Cu2Ni7/SBA-15 (WI) Temperature
600 °C
H2O/ethanol
(molar ratio) = 3.7

1.74 3.2 [43]

6Ni-1.2Au/SBA-15
6Ni/SBA-15

Temperature
550 °C
H2O/ethanol
(molar ratio) = 3

0.911 4.8 [44]
0.966 4.0

LN  (LaNiO3)
33LN/SBA-15
(LaNiO3/SBA-15)

Temperature
550 ºC
H2O/ethanol
(molar ratio) = 3
Average of 5 h

1.37 2.8 This work
1.70 3.6 This work

Fig. 10  Selectivity of products versus time on stream for ethanol steam reforming at 550 °C, with  H2O/ethanol molar ratio of 3.0, using the Ni 
catalysts obtained from bulk perovskite (LN) (a) and supported perovskite (33LN/SBA-15) (b)
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were  H2, CO,  CO2, and  CH4. Small quantities of ethylene 
and acetaldehyde were also detected over the supported LN 
catalyst and 33LN/SBA-15, respectively.

Comparison of the conversions obtained in the catalytic 
tests carried out under different conditions showed that at 
low feed rates, similar conversions were obtained for LN and 

Table 5  Performance 
comparison of Ni-based 
catalysts used in the steam 
reforming of ethanol

Catalysts Operating conditions
(steam reforming of ethanol)

XEthanol (%) Mean selectivity 
to products

References

LaNiO3
23.0 wt% Ni

Temperature
500 °C
H2O/ethanol
(molar ratio) = 3
GHSV
200,000 mL  gcat

−1  h−1

97
(initial ethanol 

conversion)
70 and 60
(after 5 h and 

22 h of reaction, 
respectively)

H2 (68%)
CO2 (20%)
CO (10%)
CH4 (2%)

[25]

Ni/SiO2
9.3 wt% Ni

Temperature
500 °C
H2O/ethanol
(molar ratio) = 3
GHSV
48,500 mL  gcat

−1  h−1

100 H2 (54%)
CO2 (23%)
CO (6%)
CH4 (17%)

[45]

6Ni/SBA-15(C)
6 wt% Ni

Temperature
550 °C
H2O/ethanol
(molar ratio) = 3
GHSV
27,450 mL  gcat

−1  h−1

100 H2 (66%)
CO2 (17%)
CO (13%)
CH4 (4%)

[41]

LaNiO3/CeSiO2
6.9 wt% Ni

Temperature
500 °C
H2O/ethanol
(molar ratio) = 3
GHSV
59,701 mL  gcat

−1  h−1

85
(initial ethanol 

conversion)
70 and 60
(after 5 h and 

22 h of reaction, 
respectively)

H2 (69%)
CO2 (20%)
CO (6%)
CH4 (5%)

[25]

LaNiO3/ZrO2
5.4 wt% Ni

Temperature
550 °C
H2O/ethanol
(molar ratio) = 3
GHSV
66,000 mL  gcat

−1  h−1

100% H2 (58%)
CO2 (20%)
CO (13%)
CH4 (9%)

[30]

LN  (LaNiO3)
26.1 wt% Ni
33LN/SBA-15 

(LaNiO3/SBA-15)
8.8 wt% Ni

Temperature
550 °C
H2O/ethanol
(molar ratio) = 3
GHSV
(LN) and (33LN/SBA-15)
 ~ 850,000 mL  gNi

−1  h−1

(LN)
224,318 mL  gcat

−1  h−1

(33LN/SBA-15)
GHSV
74,025 mL  gcat

−1  h−1

78%
Average of 5 h

H2 (70%)
CO2 (18%)
CO (13%)
CH4 (2%)

This work

99%
Average of 5 h

H2 (65%)
CO2 (20%)
CO (8%)
CH4 (7%)

This work

Table 6  Catalytic performance of the catalysts obtained from the bulk and supported perovskite during stability testing for 5 h in the ethanol 
steam reforming reaction, without use of the  N2 carrier gas

Catalyst Conversion (%) Selectivity (%) CO2/CO ratio

H2 CH4 CO CO2 C2H4 C2H4O

LN 90 63.2 10.7 10.1 15.8 0.2 0 1.6
33LN/SBA-15 92 62.4 10.7 7.4 19.5 0 0.1 2.6
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33LN/SBA-15. However, with increase of the gas flow (from 
the  N2 feed), the 33LN/SBA-15 catalyst provided higher 
conversion, indicative of a higher reaction rate, which could 
be explained by the greater active surface of this catalyst.

Considering the products observed in the reaction tests 
(Fig. 10 and Table 4), the following steps could be proposed 
for the ethanol steam reforming using the catalysts studied:

(1) Ethanol dehydrogenation:

(2) Steam reforming of acetaldehyde:

(3) Acetaldehyde decomposition

(4) Methane steam reforming:

(5) Water gas shift reaction

In the other direction:
(6) Ethanol dehydration

(7) Aldolic condensation, followed by dehydrogenation

Steps 6 and 7 lead to species that are precursors of coke 
formation. Similar pathways have been proposed previously 
for ethanol steam reforming using perovskite Ni catalysts 
[30, 37]. De Lima et al. (2010) investigated the mechanism 
for ethanol reforming over perovskite Ni catalysts, using 
in situ DRIFTS experiments [14]. In the proposed reaction 
mechanism, decomposition of the dehydrogenated species 
produced  H2, CO, and  CHx species, which could then lead to 
carbon formation, depending on the hydrogen recombination 
rate. This carbon could react with water, or remain on the 
surface of the material, causing encapsulation of the nickel 
metal particles and catalyst deactivation.

Figure 11 shows the weight losses of LN and 33LN/
SBA-15 after reaction, determined by TGA. The greatest 
carbon formation was shown by  LaNiO3. SEM images of 
the catalysts after reaction (Fig. 12) revealed a large quantity 
of filamentous carbon over the LN catalyst, while a smaller 
amount of this type of carbon was detected on the 33LN/
SBA-15 catalyst, demonstrating that use of the supported 
 LaNiO3 resulted in significantly lower carbon deposition.

The XRD and TEM analyses showed that the pres-
ence of SBA-15 support had a major influence on the Ni 
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crystallite size. For 33LN/SBA-15, the Ni particle size 
was threefold smaller, compared to the unsupported cata-
lyst. This contributed to the lowest amount of carbon 
formed on the 33LN/SBA-15 catalyst, in agreement with 
results reported in the literature. Additionally, as shown 
in Table 6, the ethanol conversions and selectivities for  H2 
and  CH4 were approximately the same for the two cata-
lysts. Therefore, the increase of the  CO2/CO ratio for the 
supported catalysts could be associated with the improved 
resistance to carbon deposition. This ratio depends on the 
WGSR, so a higher  CO2/CO ratio indicates higher ability 
to activate water, favoring carbon removal reactions [30].

Marinho et al. (2016) also reported lower initial conver-
sion for a catalyst obtained from  LaNiO3 perovskite sup-
ported on  CeSiO2, compared to a catalyst obtained from 
bulk  LaNiO3 perovskite [25]. However, a lower carbon 
formation rate was observed for the supported catalyst. 
The  Ni0 size has a significant effect on carbon formation, 
because smaller crystallite size hinders the initiation step 
for carbon formation over metal particles [10, 20].

Table 7 shows the amounts of carbon formed during the 
steam reforming of ethanol, observed in this work and for 
different Ni-based catalysts reported in the literature [30, 
37, 42–44]. The Ni catalyst obtained from  LaNiO3 sup-
ported on SBA-15 (33LN/SBA-15) showed a lower rate 
of carbon formation, compared to materials supported 
on silica and SBA-15 (about 50% lower than for some 
of the other catalysts). Hence, the results obtained here 
demonstrated the effectiveness of the method employed 
to obtain Ni catalysts with considerable potential for use 
in the steam reforming of ethanol.

Fig. 11  TGA results for the used LN and 33LN/SBA-15 catalysts 
after stability testing in the ethanol steam reforming reaction, without 
use of the  N2 carrier gas, at 550 °C, with  H2O/ethanol molar ratio of 
3.0
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4  Conclusions

Overall, the catalysts obtained from supported  LaNiO3 
perovskite were found to be highly promising for appli-
cations involving ethanol steam reforming. The  LaNiO3 

perovskite was successfully formed on mesoporous SBA-
15 silica. The 33LN/SBA-15 catalyst was the most active 
in the reaction and presented the greatest stability dur-
ing use. The superior activity of this material could be 
attributed to the better perovskite dispersion on SBA-15, 

Fig. 12  SEM images of a LN and b 33LN/SBA-15 after stability testing in the ethanol steam reforming reaction, without use of the  N2 carrier 
gas

Table 7  Carbon formation in 
the ethanol steam reforming 
reaction for Ni catalysts 
reported in the literature and the 
catalysts studied in this work

Catalyst Reaction conditions TG (%) 
or 
amount of coke
(mg  gcat

−1  h−1)

References

Ni/SiO2 Reaction at 395 °C for 14 h
H2O/ethanol (molar ratio) = 6
GHSV = 94,950 mL  gcat

−1  h−1

57.8% [37]

6Ni/SBA-15(C) Reaction at 550 °C for 25 h
H2O/ethanol (molar ratio) = 3
GHSV = 27,450 mL  gcat

−1  h−1

 ~ 33% [41]

LaNiO3/ZrO2 Reaction at 650 °C for 50 h
H2O/ethanol (molar ratio) = 3
GHSV = 264,000 mL  gcat

−1  h−1

50% [30]

10%Ni/SiO2 Reaction at 500 °C for 4 h
H2O/ethanol (molar ratio) = 3
GHSV = 73,500 mL  gcat

−1  h−1

169
mg  gcat

−1  h−1
[46]

Ni@Zr-SBA-15 Reaction at 550 °C for 5 h
H2O/ethanol (molar ratio) = 3.2
GHSV = 20,000 mL  gcat

−1  h−1

152
mg  gcat

−1  h−1
[47]

LaNiO3 Reaction at 550 °C for 5 h
H2O/ethanol (molar ratio) = 3
GHSV
(LN) and (33LN/SBA-15)
 ~ 160,000 mL  gNi

−1  h−1

(LN)
42,500 mL  gcat

−1  h−1

(33LN/SBA-15)
14,025 mL  gcat

−1  h−1

539
(mgcarbon  gcat

−1  h−1)
or
75%

This work

LaNiO3/SBA-15 109
(mgcarbon  gcat

−1  h−1)
or
37%

This work
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which increased the quantity of active sites available to 
the reactants. Dispersion of the perovskite on the support 
resulted in a smaller size of the metallic Ni particles on 
33LN/SBA-15, compared to the LN catalyst derived from 
bulk  LaNiO3 perovskite, which increased the resistance 
to carbon deposition, since a smaller crystallite size hin-
dered the initiation step for the formation of carbon over 
the metal particles. Hence, this effect can contribute to 
improving catalyst stability during ethanol steam reform-
ing. Supported perovskites show considerable promise for 
the production of a wide range of other catalysts. In sum-
mary, catalysts derived from these supported oxides have 
advantages over those obtained from unsupported perovs-
kite, including a higher surface area available for contact 
between the perovskite and the reactants, as well as higher 
stability due to decreased carbon formation.
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